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PREFACE

Studies on the components of the extracellular matrix have expanded recently and
greatly increased our understanding of their biological functions and roles in
development and in disease. Because so many new areas have been defined,
selection of chapter topics was difficult to limit. Areas with recent developments
in both basic knowledge and diseased states have been emphasized. Some of the
chapters detail evolving frontiers which are of intense interest, but complete
information is not known. For example, several bone morphogenetic factors have
been described and others likely exist. The structures of these multifunctional
proteins are determined and they appear related. The description of extracellular
matrix component receptors is far from complete, but worthy of a progress report
since much is already known. Of particular interest is the “promiscuity” of some
of these receptors in their interaction with more than one matrix protein and even
different ligand specificities on different cell types. Such variability in these
interactions challenges conventional ideas on the specificity of ligand-receptor
interactions. The collagens were traditionally thought of as structural molecules but
now have been found to be biologically active. The number of genetically distinct
collagen genes is greater than 27 (still increasing!) and their gene regulation is
unique. The demonstration of a bi-directional promoter for the a1 and a2 collagen
IV chains has stimulated research on gene regulation and the DNA binding proteins.
A number of diseases have also been shown recently to involve collagens. The
proteoglycans have been thought of as largely carbohydrate-containing molecules
with the research emphasis placed on the sugars. With the recent DNA sequencing

xi
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of several protein cores, these molecules have been found to be of tremendous
interest. The basement membrane heparan sulfate proteoglycan contains domains
with homologies to laminin, immunoglobulin, and LDL. Proteoglycans have
multiple activities and function as adhesion factors, cellular receptors, growth
factor binding sites, etc.

Several chapters are devoted to whole basement membrane and to other matrix
components such as fibronectin, thrombospondin, laminin, collagen IV, en-
tactin/nidogen, and elastin which have been shown to have remarkable effects on
normal and malignant cell behavior. The structures of these matrix components
have been described, and now active sites as well as alternate forms are being
defined. The role in tumor growth and acquired and genetic diseases is also
reviewed. The potential clinical use of the molecules or active sites is only briefly
mentioned but likely to be important in the future.

Hynda K. Kleinman
Guest Editor
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I. INTRODUCTION

A. Definition of Collagen

The word “collagen” was coined in the 19th century to designate “that constituent
of connective tissue which yields gelatin on boiling” (Oxford Dictionary, 1893).
Some aspects of collagen chemistry were obviously known for a much longer time
for uses like the production of animal glue from hides and bones or the tanning of
leather. The more modern view of collagen as an assembly of protomers forming
a supramolecular fibrillar structure was only clearly formulated by Gross in the
early 1950s (Gross, 1956). Collagen could thus be viewed as a *substance”
composed of individual constituent molecules (termed tropocollagen originally and
now referred to as collagen molecules) assembled into cross-linked fibrils that give
connective tissues their resistance to tension. These molecules were shown to be
made of a particular triple-helical assembly of three polypeptide chains. The most
abundant molecule, studied in these early works, was shown to be composed of
two identical al chains and one distinct a2 chain.

It was not until the late 1960s that the existence of different collagen molecules
was recognized (Miller and Matukas, 1969; Miller, 1976). This has given rise to
our current nomenclature of collagen types that is based on the assumption that
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trimeric collagen molecules are assembled from polypeptide chains of the same
type number (Bornstein and Sage, 1980). As it will be seen later, recent findings
indicate that not all collagen molecules conform to this rule. With one likely
exception, all the collagen chains are distinct gene products. At the time of this
writing, 14 collagen types have been given type number and these include 27
distinct chains. Several additional candidate collagen genes or gene products have
been recently reported or are studied in different laboratories.

Many of the recently identified molecules are very different from the originally
described type I collagen molecule (van der Rest and Garrone, 1991). The generally
accepted current definition of a collagen is that it is a structural protein of the
extracellular matrix which contains one or more domains having the conformation
of a triple helix.! This definition implies that collagen molecules are multidomain
proteins and that some domain(s) are involved in the multimolecular aggregates
forming the architecture of the extracellular matrix (van der Rest and Garrone,
1990).

The triple-helical domains of collagens are thus the main characteristic of this
family of proteins to which they confer unique properties of aggregation. We will
thus, after a brief overview of the collagen family of proteins, discuss that particular
protein conformation, how itis formed, and how triple-helical domains can interact
to form multimolecular aggregates. The nontriple-helical domains of molecules
containing triple helices of the collagen type could be of any nature and they are
indeed highly diverse in structure and function. These domains will be discussed
separately.

B. The Collagen Family of Proteins

Most of the 27 collagen chains have been characterized at the protein, cDNA,
and genomic DNA levels. The analysis of the structure data can be used to establish
phylogenic relationships and homologies between these various chains. Table 1 gives
a list of the 14 collagen types, grouped by homology, and the main characteristics of
the molecules, namely their constituent chains and their tissue distribution.

The subfamily of collagens forming quarter-staggered fibrils (collagen types I,
IL, III, V and XI) is best known. The nine constituent chains all share the same
general features and their genes are all clearly derived from the same ancestral gene
(Sandell and Boyd, 1990b). They contain a main triple-helical domain of approxi-
mately 1000 amino acids/chain (see Figure 1). Their COOH-terminal propeptides
are highly homologous between themselves (Dion and Myers, 1987). Their modes
of aggregation also appear to be very similar. The subdivisions into collagen types
is based on the assumption that chains of a given type number assemble to form
trimeric molecules. Recent data indicate that hybrid molecules of chains of two
different types can also be formed. The a3(XI) is almost certainly the same gene
product as al(Il) (Morris and Bichinger, 1987). In addition, evidence for the
existence of hybrid type V-type XI molecules is building up (Niyibizi and Eyre,



Table 1. The Collagen Types

Structures Type Constituent
Formed Number Chains Molecular Formulas Described In
Quarter- Type 1 al()) [al(D)3 Dentin, skin (minor form)
staggered a(l) [al(D]202(1) Most connective tissues
fibrils Type Il aldl [al(1D)]3 Hyaline cartilages,
vitreous humor
Type 111 al(dll) [al(lD]3 Fetal skin, vessel walls,
soft connective tissues
Type V/XI al(V) [al(V)]3 Chinese hamster lung
cells
a2(V) [al(V)]202(V) Most type I collagen
containing tissues
al3(V) al(VYa2(V)a3(V) Placenta
al(XI) al(XDa2(XDa3(XI) Canilages
a2(XI) [al(X])]202(V) Bovine bone, endothelial
a3(X1) cells, A204 cells
Basement Type IV al(lVv) [a(IV)202(1V) Basement membranes
membranes a2(1V)
a3(dv) ? Glomerular basement
membrane
ad(1V)
as(1Vv)
Hexagonal Type VIII al(VII) ? Descemet’s membrane,
lattices endothelial cells
a2(VIIl)
Type X al(X) [al(X)]3 Growth plate cartilage
Beaded Type VI al(Vl) al(VDa2(VDa3(VI) Most connective tissues
filaments
a2Vl
al3(vl)
Fibril- Type IX al(iX) al(iX)a2(1X)a3(1X) Canilage, vitreous humor
associated
a2(IX)
a3(1X)
Type XII al(XII) [al(XID)]3 Tendon, skin
Type XIV al(XIV) [al(XIV)]3 Skin, tendon
Anchoring Type VII al(VIl) [al(VID]3 Mesenchyme-epithelium
fibrils junctions
? Type XIII al(XIil) ? Epithelial and endothelial

cells
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al(
22aa 86aa 45aa 25aa 1014 aa 26aa 246aa

a2(l)
2223a 11aa 45aa 1daa 1014 aa 15aa 245aa

aldl
25aa 76aa 79aa 24aa 1014 aa 27aa 246aa

al(lll)

al(V)
36aa 407aa 105aa 20 aa 1009 aa 22aa 244aa

az(y)

al(X1)
36aa 383aa 89aa 20aa 1009 aa 2taa 244aa
a2(X1) -

24 aa

Figure 1. Schematic representation of the structures of the fibrillar collagen chains.
The triple-helical domains are represented by (Eg), the globular domains by (Il), the
signal peptide by () and the junction regions containing demonstrated or putative
cleavage sites for the N- and C-proteinases by a solid bar. Regions that have not been
studied are shown as a dotted line. The positions of cysteine residues (7 ) or
putative N-glycosylation sites ( ¥ ) are indicated.

1989; Brown et al., 1991). It might therefore be more appropriate to consider the
molecules formed by type V and type XI collagen chains as isoforms.

The other collagen types are distinctly different. They are often called nonfibrillar
collagens because of their inabilities to form quarter-staggered fibrils by them-
selves. Some of them are nevertheless able to form other types of fibrils or to
participate in the quarter-staggered aggregates as essential constituents (van der
Rest and Garrone, 1991). Several subfamilies can now be distinguished among
nonfibrillar collagens, based on comparisons of the protein structures and of the
intron-exon gene organizations (Table 1).

Olsen has proposed the abbreviation FACIT (Fibril Associated Collagens with
Interrupted Triple-helices) for the subfamily comprising type IX, type XII, and type
XTIV collagens (Shaw and Olsen, 1991). These collagens are closely associated with
the quarter-staggered fibrils and are characterized by the presence of a short
triple-helical domain located near the carboxyl end of the molecule. This domain
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is homologous in this group of collagen types and may play a role in the interaction
with the fibrils. Type IX collagen is covalently bound to type II coliagen and should
therefore be considered as a constituent of the fibrillar assembly (Eyre etal., 1987,
van der Rest and Mayne, 1988; Wu and Eyre, 1989). The structural homologies
between type XII and type XIV collagens are actually much higher than between
these two molecules and type IX collagen (Aubert-Foucher et al., 1992). Type XII
and type XIV collagens are characterized by the presence of very large N-terminal
nontriple-helical domains with clear similarities to adhesive glycoproteins, a char-
acteristic which is not found in type IX collagen (Dublet et al., 1989; Gordon et al.,
1989; Yamagata et al., 1991).

The aggregates formed by the other nonfibrillar collagens are very diverse. Some
of them assemble into meshworks that are responsible for the formation of sheets
or “protein membranes” that surround tissues and organs. The best known of these
sheet-forming collagens is type IV collagen which is now known to include five
different chains (Hostikka et al., 1990). This suggests the existence of isoforms in
this collagen type. These five type IV collagen chains constitute clearly another
distinct subfamily of collagen gene products. Type VIII collagen is responsible for
the formation of another sheet structure, the hexagonal lattice of Descemet’s
membrane (Sawada et al., 1990) and is closely homologous to type X collagen,
which is synthesized by hypertrophic chondrocytes in the growth plate (Yamaguchi
et al., 1989; Muragaki et al., 1991a). In vitro, type X collagen is able to form
hexagonal aggregates which are very similar to that observed in Descemet’s
membrane (Kwan et al., 1991). Type VIII and type X collagen thus constitute yet
another subfamily of collagen gene products.

Type VI collagen is characterized by the presence of very large multidomain
amino and carboxy terminal nontriple-helical regions (Bonaldo and Colombatti,
1989; Koller et al., 1989; Chu et al., 1989; Chu et al., 1990b; Colombatti et al.,
1990) and assembles into beaded filaments that are formed by a complex aggrega-
tion process (Engel et al., 1985). While the nontriple-helical regions of type VI
collagen contain domains of homology with other proteins (see below), this
collagen type with its three constituent chains represents a subfamily of its own.
Because the size of its triple-helical domain is similar to that of type VIII and type
X collagens, it has been sometimes included in the same subgroup of “short chain”
collagens (Ninomiya et al., 1990). We feel that this is not appropriate any more
since besides the triple helix no clear homology can be detected between type VI
and these other two collagen types.

Type VII collagen also constitutes a subfamily of its own. It is characterized by
a very long triple-helical region and by a large N-terminal domain that appears as
a three-finger structure by rotary shadowing electron microscopy (Burgeson et al.,
1990). This collagen aggregates into structures known as anchoring fibrils which
contribute to the cohesiveness of the junction between epithelial basement mem-
branes and the underlying stroma (Keene et al., 1987b).
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Type XIII collagen has been described at the cDNA level (Tikka et al., 1988) and
shown to be subjected to very complex alternative splicing (Pihlajaniemi and
Tamminen, 1990; Tikka et al., 1991). Little is known yet about the protein itself
which has been detected only with antibodies prepared against peptides synthesized
according to the cDNA sequence. Again, it bears no clear homology with any of
the other collagen types.

This quick survey of the collagen family of proteins shows how diverse these
molecules are. Their common denominators (i.e., the presence of triple-helical
domains in their structures and the fact that they are constituents of the architecture
of the extracellular matrix) justify to group them into a unique protein family
although it could certainly be argued differently. To better understand this diversity,
we will discuss first the properties of the collagen triple helix, the posttranslational
modification steps required for its formation, and how this structure has the
potential to form the different types of aggregates that are used in a number of
different biological situations.

We will then describe the nontriple-helical regions of collagen molecules. They
are extremely diverse in size, shape, and properties. Within certain subfamilies of
collagen molecules, it can be said that the major differences among the various
types reside in their nontriple-helical regions. We will show how the different
collagen molecules are assembled into supramolecular aggregates that can, in most
cases, be observed by electron microscopy as distinct histological structures. These
aggregates are often stabilized by covalent cross-linking between constituent
chains and molecules. These cross-links and the biosynthetic steps involved in their
formation will then be discussed. Finally, we will show how the collagen diversity
is reflected at the gene level.

Il. THE COLLAGEN TRIPLE HELIX

A. Conformation

The collagen triple helix has a coiled-coil structure made of three parallel
polypeptide chains (Figure 2). Each chain forms a left handed helix with an
approximate threefold screw-axis symmetry, closely similar to a polyproline helix
(Ramachandran and Ramakrishnan, 1976). The three chains are assembled around
a central axis and form a right-handed superhelix; This superhelix is due to the
twisting of the chain helices around the central axis by about +30° at every turn.

Every third amino acid is thus in the center of the helix and, for steric reasons,
only glycine, with a side chain limited to a single hydrogen atom, can occupy this
position without altering the triple-helical conformation. Hence the primary struc-
ture of a collagen triple helix can be written as (Gly-Xaa-Yaa).. The presence of
another amino acid in the Gly position or the presence of imperfections in this
repetitive structure seriously alters the stability or the conformation of the helix.



8 MICHEL VAN DER REST, ROBERT GARRONE, and DANIEL HERBAGE

Figure 2. Cross-section of a collagen triple helix. The o carbons of the amino-acyl
residues are represented by balls and the peptide bonds by sticks. The side chains of
the residues are omitted. The sizes of the G, X and Y lettering, of the balls and of the
sticks are varied according to the depth in the field. Note that the three chains are not
equivalent since only one glycine can occupy the center of the helix at a given depth.
It can be seen that all the X and Y residues are at the surface and will have their side
chains pointing outward of the helix. Each polypeptide forms a left handed helix and
assemble with the other two chains in a right handed superhelix. [Reprinted from van
der Rest and Garrone (1990), with permission].

Imperfections (e.g., Gly-Xaa-Gly-Xaa-Yaa or Gly-Xaa-Yaa-Xaa-Yaa) are found
frequently in the triple-helical domains of nonfibrillar collagens (Mayne and
Burgeson, 1987). These imperfections are certainly responsible for subtle altera-
tions of structure that may be functionally important but are yet poorly understood.
On the other hand, single-based substitutions in glycine codons in type I collagen
genes, changing a glycine for another amino acid, have been shown to be respon-
sible for most cases of perinatal lethal Osteogenesis Imperfecta (Engel and Prockop,
1991).
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The positions Xaa and Yaa can be occupied by any amino acid residue without
disrupting this structure. Imino acids (proline and hydroxyproline) in these posi-
tions do favor the polyproline-like conformation, as their five-membered ring limits
the rotation freedom around the bond between the imino group and the alpha-carbon
(Ramachandran and Ramakrishnan, 1976). The restriction imposed to the orienta-
tion of a peptide bond involving the imino group in a trans conformation is just
appropriate to stabilize the structure. In addition, hydroxyproline in the Yaa position
allows the formation of additional water bridges between adjacent chains, therefore
further stabilizing this structure. This increased stability is clearly demonstrated by
the observation that nonhydroxylated collagen, obtained in vitro by inhibition of
prolyl-hydroxylase, melts at a temperature 15 °C lower than the normally hydroxy-
lated molecule (Berg and Prockop, 1973). In collagen, about one-third of the Xaa
and Yaa positions are occupied by prolines and hydroxyprolines respectively
(Fietzek and Kiihn, 1976).

B. Properties

The presence of other amino acids in positions Xaa and Yaa is of major
importance for the lateral interactions between a collagen molecule and its sur-
rounding environment. As can be deduced from Figure 2, the side chains of residues
Xaa and Yaa are pointing outward from the helix, and are therefore all available for
lateral ionic or hydrophobic interactions. The triple-helix structure has the remark-
able property of having two-thirds of the amino acids of the polypeptide chains at
the surface of the protein. Lateral interactions are obviously most favored between
adjacent triple helices, and thus play a fundamental role in fibril formation and in
other forms of lateral aggregation of collagen molecules. These lateral interactions
also impose some restrictions on the nature of the residues in positions Xaa and
Yaa. For example, tryptophan residues are absent from most triple-helical domains
while amino acids with short side chains, such as alanine, are overrepresented
(Fietzek and Kiihn, 1976).

The triple-helical domains can also be considered as molecular rods of ~1.5 nm
in diameter and of ~30 nm in Iength/100 amino-acyl residues/chain. Thus they can
be used in proteins to separate or to bridge functional domains. Type IX collagen
nicely illustrates the main properties of this protein conformation (Figure 3). The
two triple-helical domains nearest to the C-terminus (COL1 and COL2) are
involved in lateral interactions with the fibril-containing type II collagen. A
nontriple-helical domain (NC3), containing in the a2(IX) chain a glycosaminogly-
can attachment site, serves as a hinge to the last triple-helical domain (COL3),
which itself serves as a molecular rod to project the N-terminal globular domain of
the al(IX) chain (NC4) out of the fibril (van der Rest and Mayne, 1987; Vaughan
et al., 1988).

The thermal stability of triple-helical domains are clearly related to their imino
acid contents. While most triple-helical domains have denaturation temperatures
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Type IX collagen

CcoLl coL2 cow

b

. <« Fibril

100 nm

Figure 3. Schematic representation of the interaction between type IX collagen and
a cartilage collagen fibril. The triple-helical domains COL1 and COL2 are thought to
interact in an antiparalle! fashion with type Il collagen molecules while the triple-
helical COL3 domain acts as an arm to project the globular NC4 domain out of the
fibril. Modified from van der Rest and Mayne (1988).

slightly above the physiological temperatures, some triple helices have denatura-
tion temperatures in the 45 to 50 °C range; for example, type X collagen and the
COL3 domain of type IX collagen (Bruckner et al., 1983; Linsenmayer etal., 1986;
van der Rest and Mayne, 1987). It should be remembered that the denaturation
temperatures are usually measured on soluble molecules and that aggregated
molecules may have substantially higher denaturation temperatures.

lll. BIOSYNTHETIC STEPS IN TRIPLE-HELIX FORMATION

The collagen biosynthesis as usually described is that of type I collagen. However,
several important posttranslational modification steps in the biosynthesis of type I
collagen are not applicable to other collagen types, in particular to the nonfibrillar
collagens. Here we will discuss only the biosynthetic steps that are necessary for
the formation of the triple helices common to all the collagen types.

Like all secreted proteins, the collagen polypeptide chains are synthesized with
a signal peptide that directs the polysomes to the surface of the endoplasmic
reticulum in the lumen of which the nascent polypeptide is secreted. The specific
posttranslational modifications start as the chains are still nascent.

A. Prolyl Hydroxylation

The folding of collagen triple helices is possible at physiological temperature
only if enough prolyl residues in the Yaa positions of the (Gly-Xaa-Yaa), repeats
are hydroxylated into hydroxyprolyl residues (Prockop et al., 1976). The enzyme
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prolyl 4-hydroxylase is a tetrameric protein a282. cDNA clones for both subunits
have been obtained and characterized (Parkkonen et al., 1988; Tasanen et al., 1988;
Helaakoski et al., 1989). The individual subunits of the enzyme are catalytically
inactive for prolyl hydroxylation, although it appears that the o subunit (64 kDa)
contributes most of the catalytic site. Cooperativity of both subunits is required for
activity (Kivirikko et al., 1989).

The B subunit (60 kDa) is a multifunctional polypeptide. It is the same gene
product as the protein disulfide isomerase which is found in many different cell
types and is active in the monomeric form. This same subunit may actually have
three additional functions: (1) as thyroid hormone binding protein in the endoplas-
mic reticulum; (2) as cellular iodothyronine 5'-monodeiodinase; and (3) as the
component binding to the glycosylation site (the sequence -Asn-Xaa-Ser/Thr-) in
oligosaccharyl transferase (Kivirikko et al., 1989).

Prolyl 4-hydroxylase recognizes the sequence -Xaa-Pro-Gly- in collagen and in
some other proteins. It requires Fe?*, 2-oxoglutarate, molecular oxygen, and
ascorbate for activity (Prockop et al., 1976). Oxygen and 2-oxoglutarate are used
stoichiometrically in the hydroxylation reaction. The 2-oxoglutarate undergoes an
oxidative decarboxylation into succinate, with the incorporation of one of the
oxygen atoms. The second oxygen atom is incorporated into the hydroxyl group
formed on the prolyl residue. Ascorbate is not used stoichiometrically. It appears
to act as an alternative oxygen acceptor during the catalytic cycles in which
decarboxylation of 2-oxoglutarate occurs uncoupled to prolyl hydroxylation, a side
reaction that occurs even at saturating substrate concentration (Kivirikko et al., 1989).

Prolyl 4-hydroxylase is only active on unfolded collagen polypeptide chains and
the level of prolyl hydroxylation is therefore limited by the rate of helix formation.
In the studied mammalian collagens, most prolines in the Yaa position are however
hydroxylated (Prockop et al., 1976).

A second enzyme, prolyl 3-hydroxylase, is involved in collagen posttranslational
modifications of prolyl residues (Prockop et al., 1976). This enzyme hydrox ylates
very few prolyl residues that are in the Xaa position of the Gly-Xaa-Yaa triplet. In
type I collagen, only one residue near the C-terminal end of the main triple helix is
3-hydroxylated. The conformational effect and the role of this modification are not
known. 3-Hydroxyproline residues are usually observed near the C-terminal end
of triple-helical domains (Fietzek and Kiihn, 1976).

B. Lysyl Hydroxylation and Glycosylation

Three other enzymes are involved in collagen-specific posttranslational modifi-
cations: (1) peptidyl lysyl hydroxylase; (2) UDPGal-collagen galactosyl trans-
ferase; (3) and UDPGlc-collagen glucosyl transferase (see Prockop et al., 1976).
The products of these reactions—peptidyl hydroxylysine, galactosyl-hydroxylys-
ine, and glucosyl-galactosyl-hydroxylysine—are not necessary for the stability of
the triple helix, but probably play a role in the interactions between collagen
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molecules and, in particular, in the formation of the cross-links (see below). Like
prolyl-4-hydroxylase, these enzymes are only active on nontriple-helical chains.
The extent of lysyl hydroxylation and of further glycosylation will thus depend on
the rate of helix formation and on the concentrations of enzymes and substrates.

C. Chain Selection and Assembly

Collagen molecules can be assembled in homotrimers or heterotrimers with two
or three different polypeptide chains (see Table 1). In addition, the same cell can
synthesize simultaneously more than one collagen type (Gay et al., 1976). The
accuracy of the chain selection in the assembly of the trimers is astonishing. For
example, it is known that type I collagen can form heterotrimers [a1(I)]202(I) and
homotrimers [t 1(I)]3. In most tissues, however, no homotrimer can be detected. In
a pathological condition in which a mutant proa2(I) chain is synthesized which
cannot assemble with the normal proal(I) chains, it is, however, the homotrimer
which is formed (Nicholls et al., 1979; Nicholls et al., 1984).

In fibrillar collagens, it is clear that the C-propeptide domains are responsible for
chain association and that the formation of the disulfide-bonded C-propeptide
serves as the single nucleation site of triple-helix formation (Doege and Fessler,
1986). Several spontaneous mutations in this region of the molecule, including the
one mentioned above, have been shown to prevent proper chain assembly (Pihla-
janiemi et al., 1984; Deak et al., 1985; Bateman et al., 1989). It is, however, quite
likely that chain selection involves more than the C-propeptide. Veis and Kirk
(1989) have suggested that chain selection would already start at the level of the
mRNAs, and that the translation of the type I collagen mRNAs are physically and
spatially coordinated. No chaperone protein has yet been demonstrated for collagen
chain selection, but the current data do not exclude the existence of such a molecule.
Collagen-binding proteins from the endoplasmic reticulum have, however, been
described that could actually be potential chaperone proteins (Nandan et al., 1990;
Clarke et al., 1991).

In many other collagen types, there is no domain equivalent to the C-propeptide.
Forexample, it has been known for some time that type IX collagen is a heterotrimer
of three different chains, al(IX)a2(IX)a3(IX). The nontriple-helical C-terminal
domains (NC1) of the three chains are very short (15-25 residues) and show little
sequence similarity between the three chains, except for a short region (6 residues)
which is located at the junction of the last triple-helical domain (COL!) and
contains two cysteines (van der Rest and Mayne, 1987). The mechanism of chain
selection is not fully known yet.

In every case, the formation of disulfide bonds to stabilize the trimer appears
important. Protein disulfide isomerase, which is regarded as the catalyst of disulfide
bond formation in vivo, probably plays a role in this process, although this activity
is not necessary for the catalytic mechanism of prolyl 4-hydroxylase (Myllyld et
al., 1989).
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D. Formation of the Helix

The formation of the helix has been extensively studied. It has been shown to
proceed from the C-terminal end of the molecule to the N-terminus by a “zipper-
like” process (Bruckner and Eikenberry, 1984). The cis-trans isomerization of the
peptide bonds involving proline or hydroxyproline as nitrogen donors has been
shown to be the rate limiting step of triple helix folding. This was demonstrated
initially by kinetic studies (Bichinger et al., 1978; Bruckner and Eikenberry, 1984).
More recently, it has been shown that this rate is increased in the presence of the
enzyme prolyl cis-trans isomerase (Bichinger, 1987).

The prolyl and hydroxyprolyl residues are not evenly spaced in the triple-helical
domains of collagen molecules and therefore all regions of these domains do not
have the same stability and do not fold at the same rate. This has been particularly
studied for collagen types V and XI (Morris et al., 1990). The regions containing
the cross-linking sites or the cleavage site of tissue collagenase are remarkable for
their low imino acid content. This may allow the triple helix to “breathe” so that
these regions can perform their special functions (Eyre et al., 1984). On the other
hand, the regions near the extremities of the triple-helical domains tend to be
particularly rich in imino acids, thereby locking the conformation (Fietzek and
Kiihn, 1976). There are some exceptions that may be of critical biological impor-
tance. For example, the C-terminal ends of the triple-helical COL2 domains of the
highly homologous type XII and type XIV collagens are made respectively of four
and three Gly-Xaa- Yaa repeats that do not contain any imino acid, but a conserved
RGD sequence that may be involved in cell interactions (Gordon et al., 1989;
Dublet and van der Rest, 1991; Yamagata et al., 1991). It is quite likely that this
short region does not fold as a perfect collagenous triple helix and this may be
critical for potential interactions with cell receptors.

The triple helices of most nonfibrillar collagens contain a few imperfections of
the repetitive sequence; the most common ones being Gly-Xaa- Yaa-Xaa-Yaa and
Gly-Xaa-Gly-Xaa-Yaa. These imperfections are actually similar if one considers
the second Gly of the latter imperfection as the first Yaa residue in the first motif.
Exactly how these imperfections affect the conformation of the triple helix is not
known, but their high conservation between collagens from the same subfamily
[e.g., between type VIII and type X collagen chains (Ninomiya et al., 1990), or
between the COL1 domains of the FACIT molecules (Gordon et al., 1987; Dublet
and van der Rest, 1991)], suggests that they are essential for the functions of these
molecules.

Most procollagen or collagen molecules contain more than one triple helical
(COL) domain. The exceptions are collagen types VI, VIII, and X. The nontriple-
helical (NC) domains separating the COL domains that have been described so far
as always rather short (<50 amino acyl residues). How the triple helix propagates
past these imperfections is notknown. Itis possible that these imperfections contain
new nucleation sites for triple-helix formation.
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IV. INTERACTIONS BETWEEN TRIPLE-HELICAL (COL)
DOMAINS

The particular conformation of the collagen triple helices makes them remarkably
fitted for lateral interactions between themselves since two-thirds of their amino-
acyl residues have their side chains pointing outward of the triple helix, at the
surface of the protein. The interactions between collagen triple-helical domains are
governed by the same general principles of molecular association that have been
described for other biological systems (Kadler et al., 1988). It is entropy driven,
and the energy needed for association is provided primarily by the formation of
hydrophobic interactions while specificity is provided by H-bonds and ionic bonds.
These assemblies are often further stabilized by covalent bond formation (see
section VII).

Collagen triple helices can be compared to cylinders whose lateral surfaces are
the domains of binding available for intermolecular interactions (Hofmann et al.,
1980). The positions of the interactive sites on these surfaces are determined by the
amino acid sequence of the three constituent chains, their relative position in the
helix (A, B, and C chains in Figure 2), and the geometrical parameters of the triple
helices. In principle, it is possible to establish a detailed map of these interacting
surfaces if these three sets of data are known. From there, one should be able to
draw conclusions about the most favorable interactions between triple helices. Such
an approach has been used with some success for type I and type III collagens
(Hofmann et al., 1980), and can be envisaged for the other collagen types whose
amino acid sequences and chain stoichiometries have been determined. It should
be remembered, however, that the triple-helical domains are not perfectly regular
objects since they often contain imperfections or regions of low imino acid content
and, therefore, of low triple-helical stability. Such studies are therefore only
valuable if they complete other biochemical, biophysical and morphological data.

A. Staggered Aggregates

The collagen fibril with a 67-nm striation, as observed in most connective tissues,
is classically viewed as being formed by a quasi crystalline lattice of staggered
molecules (see Figures 4 and 5; Hodge and Petruska, 1963; Olsen, 1963). The
67-nm periodicity of the fibril (D) corresponds to about 1/4.4 the length of an
individual molecule. The analysis of the primary structure of the type I and type III
collagen chains has revealed internal homologies between four related units of 234
residues, particularly within a1(I) and a1 (IIT) chains (Hofmann et al., 1980). This
length corresponds precisely to the D period. Charged amino acids are more
variable than hydrophobic amino acids. These internal homologies can thus pro-
mote a staggered lateral aggregation of individual molecules as proposed in the
classical model. Recently, a model has been proposed in which the D staggering
would occur between microfibrils rather than between individual molecules (Ka-
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Figure 4. Schematic representations of aggregates formed by collagen molecules in
striated fibrils. In the top part of the figure is the classical quarter-staggered fibril
proposed by Hodge and Petruska (1962). Between the molecules of each row is a
space called the gap that plays an important function in several processes such as the
initial mineral deposition in mineralization. The gaps and overlaps are vertically
aligned giving rise to the alternate clear (overlap) and dark (gap) bands seen in the
negatively stained electron micrograph of a collagen fibril seen in the central part of
the figure. The period of the fibril (D) is 67 nm. The fine transverse striated pattern is
due to the regular alignment of charged residues between adjacent molecules. The
lower diagram represents an alternate model that was recently proposed by Kajava
(1991). In this model, a microfibril is formed by end-to-end association of nonstag-
gered units of six collagen molecules. Each of these units interacts with the adjacent
unit by interdigitation of their extremities over a length of 0.4 D. The microfibrils
themselves would be staggered in the fibril. This model can easily explain such
observations as the pattern of intermolecular cross-linking described in Figure 12.
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java, 1991; see below). Such a model is also consistent with internal homologies
corresponding to the D unit.

At least in vitro, all the collagen molecules from the fibrillar subgroup (types I,
IL, I, V, and XI) are able to form striated fibrils, although in vivo, all fibrils are
probably heterotypic. It has also been proposed that the triple helical domains of
type IV collagen molecules forming the legs of the “spider” interact laterally in a
staggered fashion so that the network formed is denser than if it was formed by
individual molecules (Yurchenco and Ruben, 1988; Yurchenco and Schittny, 1990).

B. Nonstaggered Molecules

Many collagen molecules are able to self-aggregate laterally in a nonstaggered
parallel fashion in vivo and/or in vitro. This mode of aggregation is often referred
toas 0D stagger, in reference to the D-staggering unit described above. Such amode
of aggregation has been demonstrated for a long time in the so-called segment-long
spacing (SLS) aggregates of fibrillar collagens that can be obtained by precipitation
of the molecules under acidic conditions in the presence of ATP (see Figure 7)
(Bruns and Gross, 1973). Similar aggregates have been observed in vivo for the
dimers of type VII collagen that form anchoring fibrils (Figure 5; see also Figure
9; Sakai et al., 1986; Morris et al., 1986).

For fibrillar collagens, the in vivo mode of aggregation is classically considered
to occur by quarter-staggering of the individual molecules. However, loose non-
staggered aggregates have been observed in secretory vesicles (Weinstock and
Leblond, 1974). Recently, an interesting alternative model for striated fibrils has
been proposed by Kajava (1991) based on the chemical and X-ray diffraction data
from the literature. This model is based on a microfibril made of interdigitated units
of six O0D-staggered molecules (see Figure 4). This model is particularly interesting
since it easily explains observations such as the formation of intermolecular
cross-links almost exclusively between telopeptides and lysyl residues, approxi-
mately 90 residues from the extremities of the triple helix (Eyre et al., 1984). The
proposed mode of interdigitation between molecules also corresponds nicely to the
initial intermolecular interaction that has been observed in vitro by light scattering
(Silver and Trelstad, 1979).

Lateral self-aggregation between parallel and nonstaggered triple-helical do-
mains of collagen molecules is obviously favored by hydrophobic interactions
between the identically positioned hydrophobic amino acids. The ionic bonds
between charged amino acids, which are classically viewed as conferring specific-
ity in protein-protein interactions, are at first glance not favored in nonstaggered
aggregates. However, a close examination of the primary structures of collagen
molecules reveals a high proportion of pairs of charged amino acids, one acidic
residue next or close to a basic one. For example, two-thirds of the basic residues
in the sequence of the triple-helical region of the a1(I) collagen chain are immedi-
ately adjacent or within three residues of a glutamate or aspartate residue (Fietzek
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and Kiihn, 1976). This makes the formation of a large number of ionic bonds
between nonstaggered molecules possible.

C. Antiparallel Aggregates

The interaction between identical collagen molecules has been shown to involve
antiparalle] aggregation between triple-helical domains in the 7S domain of type
IV collagen (Timpl et al., 1981; Siebold et al., 1987), in type VI collagen (Engel et
al., 1985) and at the C-terminal end of the P1 domain of type VII collagen (Morris
et al., 1986).2 These interactions involve two or four molecules and only part of
their triple-helical domains. The resulting aggregates present an internal rotation
symmetry, in contrast to the translation symmetry that can be attributed to the other
homotypic collagen aggregates. In all cases, the extremity of the molecule opposite
to the domain involved in the antiparallel aggregation consists of an adhesive
nontriple-helical domain (see below). Thus, they are molecules that are able to
interact as divalent or tetravalent linkers to form bridges (like type VII collagen),
chains (like type VI collagen), or networks (like type IV collagen; see Figure 5).
The interactions between the domains involved in antiparallel aggregations are all
stabilized by symmetrical disulfide bonds. In addition, the 7S domain of type IV
collagen has also been shown to contain sites for the formation of lysine-derived
cross-links (Kiihn et al., 1981).

D. Heterotypic Interactions

The aggregates discussed so far can all be described as homotypic. It should be
remembered however that many structures, in particular the collagen fibrils, are
actually heterotypic aggregates. Heterotypic fibrils containing collagens types I and
I, types I and V, or types II, IX and XI have all been clearly demonstrated (Henkel
and Glanville, 1982; Keene et al., 1987a; Birk et al., 1988; Mendler et al., 1989).
It is actually very likely that in many tissues the striated fibrils contain simultane-
ously the collagen types I, III, and V. It is not clear however whether these
heterotypic fibrils are made of homotypic subaggregates (microfibrils?) or are
rather homogeneous mixtures of their constituents. The observation by Eyre et al.
(1992) that most cross-links involving type XI collagen molecules are between
molecules of the same type suggest the presence of some homotypic subaggregates.

Other collagen molecules, unable to form identifiable structures of their own, are
found in association with other collagen types. This heterotypic mode of aggrega-
tion has been postulated for all the FACIT molecules (Shaw and Olsen, 1991),
although it has only been firmly proven for type IX collagen. The characterization
of covalent cross-links between type IX and type II collagens (Eyre et al., 1987;
van der Rest and Mayne, 1988) and the direct visualization by rotary shadowing
electron microscopy of type IX collagen molecules deposited onto cartilage colla-
gen fibrils (Vaughan et al., 1988) have demonstrated that this collagen is involved
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in an heterotypic interaction. The original data did not permit orientation of type
IX collagen in relation to type II collagen molecules. Very recent studies on the
cross-linking of bovine type IX collagen (Eyre et al.,, 1992) and unpublished
modelization of the interaction between type IX and type II collagen (Hofmann,
H., Dublet, B., Kiihn, K., and van der Rest, M., manuscript in preparation) suggest
that the preferred orientation of the two molecules is antiparallel. The direct
influence of copolymerization of type II collagen with type IX and XI collagens on
the size of the resulting fibrils was recently demonstrated by Eikenberry et al.
(1992). Only the proper mixture of these three molecules in their intact tissue form
is able to result in the formation of fibrils similar to the ones observed in cartilage.

Type X1I and type XIV collagens are closely, but not covalently, associated with
fibrils containing type I collagen as their major constituent (Keene et al., 1991;
Lunstrum et al., 1991; van der Rest et al., 1991). The homology between the COL1
domains of all FACIT molecules has been used as an argument to suggest that this
domain is involved in the interaction of these molecules with the fibrils. There is
at the moment no experimental proof that this is the case. The presence of
subdomains homologous to von Willebrand factor A domains in the nontriple-
helical NC3 domain of type XII indicates that, in these molecules, regions other
that COL1 may be able to interact with collagens (Yamagata et al., 1991).

V. STRUCTURE AND FUNCTION OF
NONTRIPLE-HELICAL (NC) DOMAINS

A. Propeptides of Fibril-Forming Collagens

The C-Propeptides

The C-propeptides of the fibril forming collagens have been shown to play arole
as nucleation sites for the formation of the triple helix and in the process of chain
selection (Prockop et al., 1979a,b). Some other functions, in particular in relation
to fibrillogenesis, have also been postulated for the cleaved C-propeptides that
sometimes accumulate in tissues (Fleischmajer et al., 1988), and in culture (Rug-
giero et al., 1988). The accumulation of the C-propeptide of type II collagen in the
mineralizing zone of growth plate cartilage led to the suggestion that it may play a
roleinthe calcification process (Poole et al., 1984; van der Rest et al., 1986; Kujawa
et al., 1989).

The structures of the C-propeptides of all the fibrillar collagen chains are closely
homologous to each other (see Figure 1; Dion and Myers, 1987). They contain
between 241 and 247 amino acid residues. The homology between C-propeptides
extends to distant species, such as sponges and sea urchins (D’ Alessio et al., 1989;
Exposito and Garrone, 1990). It is characterized by the presence of conserved
regions; in particular, the C-proteinase cleavage site, the cysteinyl residues, and an
attachment site for a N-linked oligosaccharide.
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The C-propeptides of the various fibrillar collagen a chains contain seven or
eight cysteinyl residues. Six residues are involved in intrachain disulfide bonds
(Dion and Myers, 1987). The presence of eight cysteines has been correlated with
the ability of a given chain to participate in the formation of homotrimeric
molecules, while chains participating in heterotrimers only would have C-propeptides
containing only seven cysteines (Bernard et al., 1988). Between the highly con-
served regions, several variable regions are noted which probably correspond to
loops at the surface of the globular domain.

The same enzyme, called the C-proteinase, appears to be responsible for the
cleavage of the C-propeptide of all the fibrillar collagens (Hojima et al., 1985).

The N-Propeptides

The N-propeptides of the fibrillar collagens are composed of a highly diverse
N-terminal nontriple-helical domain (11 to ~ 435 residues). A triple helical domain
(41-105 residues) connects the N-terminal nontriple-helical domain to a short
nontriple-helical region (14-26 residues) containing the cleavage site for the
N-protease in the collagens that are processed at this position. The triple-helical
domain contained in the N-propeptide is interrupted in the known chains of type V
and type XI collagens. The main structural features of the N-propeptides of fibrillar
collagens are presented in Figure 1.

The N-propeptides are thus the most diverse domains in the fibrillar collagens,
and it is therefore tempting to speculate that this structural diversity correlates to a
functional diversity. The precise functions of the N-propeptides are not yet com-
pletely known. Two main functions are supported by experimental evidences. The
first one is a role in the control of fibrillogenesis (for collagen types I and III;
Fleischmajer et al., 1981), and the second is a feedback control on collagen
synthesis (for collagen type I; Fouser et al., 1991).

The N-propeptides of type I and type II collagen are apparently cleaved by the
same enzyme (Hojima et al., 1989). A distinct enzy me is, however, responsible for
the cleavage of the N-propeptide of type III collagen (Halila and Peltonen, 1986).

The Propeptides and Fibril Formation

While it is easy to understand that the presence of N-propeptides still attached to
collagen molecules (pN-collagen molecules) will affect fibril formation by steric
hindrance, the precise effect is difficult to predict. In vitro fibrillogenesis of
pN-collagen molecules has been shown to result in the formation of thin sheet-like
structures (Holmes et al., 1991). In vivo, the presence of the N-propeptide of type
III collagen has been demonstrated at the surface of thin fibrils, suggesting that it
could act as a limiting element in fibril lateral growth (Fleischmajer et al., 1981).
In disorders where the proteolytic cleavage of the N-propeptide of type I collagen
is impaired, either by an enzymatic defect (dermatosparaxis; Lenaers et al., 1971)
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or by a mutation affecting the cleavage site on the procollagen molecule (Weil et
al., 1989a,b; Vasan et al., 1991), abnormal fibrils are observed.

Obviously, the control of fibril formation is not limited to the presence or absence
of N-propeptides and the processing of procollagen molecules both at the N- and
C-terminal ends dramatically affects fibril formation. In addition, the heterotypic
nature of the fibrils and the presence of noncollagenous fibril constituents such as
the proteoglycan decorin (Pringle and Dodd, 1990; Fleischmajer et al., 1991) have
to be taken into consideration.

B. NC1 Domain of Basement Membrane Collagens

The C-terminal nontriple-helical domain of type IV collagen (NC1) has been
extensively studied (Weber et al., 1984; Siebold et al., 1988; Weber et al., 1988). It
has been obtained in a sufficiently large quantity from human placenta to be
crystallized, and its detailed structure derived from X-ray diffraction analysis can
be expected soon (Stubbs et al., 1990). This domain is highly conserved between
species. The mouse al(IV) NC1 domain is 97% identical to the human one
(Muthukumaran et al., 1989), and the Drosophila NC1 domain is 59% homologous
to its mammalian counterparts (Blumberg et al., 1988). Between o1 (IV)and a2(IV)
NCI domains, there is a 65% sequence homology (Hostikka and Tryggvason,
1988). The NC1 domains are all about 220 residues in length. The NC1 domain of
each chain contains two subdomains with an internal homology of 35%.

The NC1 subdomains each contain a set of six cysteines. The pattern of disulfide
bridge formation has been established and a model resembling a four-leaf clover
has been derived (Weber et al., 1984). The main known function of the NC1 domain
in matrix assembly is to provide the tail-to-tail interaction between two type IV
collagen molecules (Timpl et al., 1981). The trimeric NC1 of one type IV molecule
[two a1(IV) NC1 and one a2(IV) NC1] dimerizes into a highly ordered hexamer
which is subsequently stabilized by intermolecular disulfide bond formation (We-
ber et al., 1988).

The existence of an additional basement membrane collagen chain was discov-
ered during the characterization of the epitope of autoantibodies in Goodpasture
syndrome, a very severe autoimmune disease characterized by the formation of
anti-glomerular antibodies. The Goodpasture epitope was found to be in a NCI
domain homologous but distinct to those of a1(IV) and a2(IV) chains (Butkowski
etal., 1990; Gunwar et al., 1991). The chain was called a3(IV) (Saus et al., 1988).
Another novel NC1 domain was discovered in collagenase extracts of glomerular
basement membranes and led to the characterization of the chain that was called
a4(IV) (Gunwar et al., 1990). A fifth chain, a5(IV), was identified and shown to
be defective in Alport’s syndrome, an X-linked heritable nephritis (Hostikka et al.,
1990; Myers et al., 1990). In all these three novel chains, the NC1 domains have
the same overall structure as described above for the al1(IV) and a2(IV) chains.
The detailed molecular organizations of these domains are not known.
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C. Large Globular Domains of Type VI Collagen

Type VI collagen chains are characterized by the presence of large nontriple-
helical regions at both extremities of the central triple helix. These regions are
composed for the most part of repeats of domains with homologies to domains of
other proteins (Bonaldo et al., 1989; Chu et al., 1989; Bonaldo and Colombatti,
1989; Chuetal., 1990b; Colombatti et al., 1990; Haymanetal., 1991). Inthe o 1(VI)
and a2(VI) chains, the N-terminal domains are 234 and 237 residues long, respec-
tively, with one domain homologous to the type- A domain of von Willebrand factor.
The C-terminal domains are 429 and 436 residues long, respectively, with two
domains homologous to the same type-A domains. The sizes of the intact N-terminal
and C-terminal regions of the human a3(VI) chain predicted from c-DNA sequence
analysis, are 1804 and 803 residues long, respectively (Chu et al., 1990b). These
regions are also characterized by the presence of about 200 residue-long repeats
homologous to the A domains of von Willebrand factor. The N-terminal region
contains nine such repeats. The C-terminal region contains two of these repeats,
and, in addition, one domain similar to salivary proteins, one domain similar to
fibronectin type III repeats and one domain similar to Kunitz type protease
inhibitors. The functions of these domains remain to be elucidated.

Recently, alternative splicing has been demonstrated in the A domains of the
a3(VI) chain, explaining in part the observations of multiple forms of type VI
collagens (Little et al., 1989; Kielty et al., 1990; Saitta et al., 1990).

D. Three-Fingered N-Terminal Domains

Collagen types VII, XII, and XIV have large N-terminal nontriple-helical do-
mains that have similar appearances on rotary shadowing electron micrographs
(Burgeson, 1987; Dublet et al., 1989; Lunstrum et al., 1991; Aubert-Foucheretal.,
1992).% Three fingers of sizes ranging from about 45 nm (in type VII collagen) to
about 85 nm (in the long form of type XII collagen) extend from a central globule
and are terminated by smaller globules. The apparent molecular weights of these
domains are approximately 150 kDa/chain in type VII collagen (Burgeson, 1987),
190 kDa/chain in type XII (short form) and type XIV collagens (Dubletetal., 1989;
Aubert-Foucher et al., 1992), and up to 310 kDa/chain in the longer form of type
XII collagen (Yamagata et al., 1991). They all contain interchain disulfide bonds.
These domains are called NC3 in collagen types XII and XIV and NC1 in type VII
collagen,

The function of the NC1 domain in type VII collagen is to interact with basement
membranes and anchoring plaques (Keene et al., 1987b). However, the nature and
the detailed structure of this domain is not known. In contrast, the function of the
NC3 domain of type XII collagen is not known but its complete primary structure
has been derived from cDNA sequencing (Yamagata et al., 1991). The size of the
NC3 domain of type XII collagen varies according to the tissue. In tendons of
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17-day chick embryos, we have shown that its apparent molecular mass is approxi-
mately 190 kDa (Dublet et al., 1989). However, the reported cDNA sequence
suggests that the NC3 domain contains 2727 amino acids. Immunoblotting per-
formed with an antibody made to a fusion protein shows indeed that the molecular
mass of the whole type XII collagen varies from 340 to 350 kDa in extracts from
4-day embryos down to about 220 kDa in tendons of 17-day chick embryos
(Yamagata et al., 1991). The presence of these molecules of various sizes can only
be explained by differences in the NC3 domain. We have shown that the tendon
type XII collagen does not undergo proteolytic processing (Dublet et al., 1989).
Partial sequencing at the protein level of the NC3 domain of the tendon molecule
indicates that it contains only peptide from the C-terminal half of the published
cDNA sequence (B. Dublet and M. van der Rest, unpublished data). This suggests
that the primary transcript of the type XII collagen gene is subject to alternate
splicing in the 5'end of the gene, or that this gene has an alternate promoter for a
shorter transcript as has been described in the case of type IX collagen (see below).

The structure of the NC3 domain of type XII collagen is schematically repre-
sented on Figure 6. It should be viewed as a matrix glycoprotein and, like many
such glycoproteins, it has a mosaic structure (Yamagata et al., 1991). The long form
of the molecule contains 18 units homologous to fibronectin type III repeats that
are interspersed by 4 units homologous to domain A motifs of von Willebrand
factor. In addition, it contains, immediately upstream of the triple helical COL2
domain, a region that presents structural similarities to the N-terminal globular
domain of other collagens (types IX and XI; Gordon et al., 1989; Yamagata et al.,
1991).

While the full structure of the NC3 domain of type XIV collagen is not known
yet, the current data demonstrate a very close homology to the organization of the
corresponding domain in type XII collagen (Aubert-Foucher et al., 1992). Com-
parison of primary structure data obtained at the protein level on the NC3 domain
of the chicken-type XIV collagen with those reported for the glycoprotein called
“undulin” (Schuppan et al., 1990; Just et al., 1991) suggests that these two proteins
may be products of the same gene (B. Dublet and M. van der Rest, unpublished
data).

E. The NC Domains of Type X Collagen

The a1(IX) chain of the cartilage-type IX collagen differs from the two other
chains of this molecule by the presence of a large N-terminal globular domain (243
residues; van der Restand Mayne, 1987; Vasiosetal., 1988). In the other two chains,
the NC4 domain is limited to a few amino acids only. The pI for this domain has
been estimated from its amino acid composition to be 9.7 in the chicken (Vasios et
al., 1988), and 10.55 in the human (Kimura et al., 1989). It is thought to interact
with the acidic glycosaminoglycans of the cartilage matrix (see below).
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Northern blot analysis of the a1(IX) mRNAs of the primary stroma of the cornea
of the chick embryo has shown that the messages for this chain are shorter in this
tissue than in cartilage (Svoboda et al., 1988). This shorter size is due to the usage
of an alternate promoter which is located between exons 6 and 7 of the gene used
for the cartilage transcript (Nishimura et al., 1989). The predicted translation
product is almost completely missing the NC4 domain of the cartilage chain,
retaining only its last amino acyl residue. An alternative first exon encodes for a
different signal peptide. The remaining part of the molecule, including all the
triple-helical domains, would be identical between the two gene products. The
resulting short form of type IX collagen would thus be made of three highly similar
chains and would only contain very short nontriple-helical domains.

The NC3 domain of the a2(IX) chain is 19 residue long and is characterized by
the insertion of five amino acid residues as compared to the homologous domain
in the other two chains (McCormick et al., 1987). These five residues (-Val-Glu-
Gly-Ser-Ala-) define an atypical glycosaminoglycan attachment site since the
“classical™ attachment site is a -Ser-Gly-sequence. In cartilage, the glycosamino-
glycan residue that is attached is about 40 kDa (Vaughan et al., 1985). In the avian
vitreous humor, the chondroitin sulfate side chain is much larger (~300 kDa) and
accounts for the largest part of the glycosaminoglycan content of this tissue (Yada
et al., 1990; Brewton et al., 1991). Interestingly, the type IX collagen of this tissue
appears to be the short form with no NC4 domain visible on rotary-shadowing
electron micrographs.

F. The Globular Domains of Short-Chain (types VIl and X) Collagens

The primary structures of the al(X), al(VII) and o2(VIII) were recently
determined by cDNA and genomic DNA sequence analysis (Ninomiya et al., 1986;
Yamaguchi etal., 1989; Thomas etal., 1990; Muragaki et al., 1991a,b). These three
chains are very homologous. They consist of a central triple-helical domain (460,
454, and 457 residues respectively) bordered by two nontriple-helical domains. The
C-terminal NC1 domains are 162, 173, and 167 residues respectively. This domain
can be divided into two regions: (1) the N-terminal region (25% of the domain) has
a sequence which shows no. similarity between the three chains (<8%); (2) the
C-terminal region (75% of this domain) is highly conserved, including one cysteine
[61% sequence identity at the amino acid level between al(VIII) and al(X); 63%
identity between al1(VIII) and a2(VIII)]. The N-terminal NC2 domains are not
conserved between al(VIII) and a1(X) (117 and 52 residues respectively). Only
the last 20 residues of the NC2 domain of a2(VIII) have been determined and they
show no clear similarity with the NC2 domains of the other two chains.

Although no function has been demonstrated for these domains, the participation
of short-chain collagens in hexagonal lattices (Sawada et al., 1990; Kwan et al.,
1991; see Figure 9), suggests that their NC domains may play a role as interactive
elements in these structures.
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V1. SUPRAMOLECULAR AGGREGATES MADE BY
COLLAGENS

A striking property of collagen is its restrictive molecular “social”” behavior. All
collagen molecules are involved in supramolecular assemblies with other collagen
molecules of either the same or of a different genetic type. These homogeneous
interactions lead to the formation of large aggregates, in vivo as well as in vitro,
which are usually easily recognizable by electron microscopy. In most cases, the
number of molecules involved, the length and the regularity of their triple-helical
domains result in the formation of highly ordered structures. Fibrils are formed by
fibrillar collagens with a characteristic transverse banding pattern of 67-nm peri-
odicity. Other assemblies are formed that involve fewer monomers, such as the
long, beaded filaments (collagen type VI) and the short, anchoring fibers (collagen
type VII). Other collagen molecules assemble differently, in sheets rather than in
fibrils. They can then form structures appearing as hexagonal lattices (collagen
types VIII and X), or as more complex meshworks in basement membranes
(collagen type IV).

A. Fibrils and Filaments

Collagen-rich tissues, such as tendons, ligaments or dermis, are composed of
bundles of filaments which were very early recognized as the main source of
collagen. It has been known for more than a century that these filaments can be
dissolved in acetic acid and reconstituted again when the acid is neutralized. It
became clear that this property was the result of the polymeric nature of the
collagenous filaments. In fact, as explained above, the interactive properties of the
triple helix make each collagen type able to polymerize. Even fragments of the
FACIT collagen type IX were shown to be able to aggregate in vitro in register,
forming crystallites (Ayad etal., 1981; Shimokomakietal., 1981; Ayad etal., 1982)
and fibrils (Tiollier and Garrone, 1985).

Fibrillar Assemblies

Banded fibrils with a periodic 67-nm pattern are considered as the prototype of
collagen assembly. Early electron microscope examination of mechanically sepa-
rated, metal-shadowed collagen fibrils revealed a periodic succession of annelate
structures, sometimes leading to the erroneous conclusion that they were made up
of a series of discs or rings [for a review of these early observations, see Gross
(1950)). It is now well established that the use of negative staining (heavy metal
salts used at a nonreactive pH) on native or reconstituted fibrils reveals a filamen-
tous substructure and a period composed of alternatively clear and dark bands (Torri
Tarelli and Petruccioli, 1971; Figure 4). The clear bands have retained few metallic
compounds and are thus electron translucent. They correspond to tightly aggregated
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Figure 7. Transmission electron microscopy of aggregates of type | collagen (x
30,000, positive staining). A. Staggered aggregation forming the cross-banded fibrils
with a 67 nm periodicity (rat skin). B. Collagen fibrils from rat tendons dehydrated
with ethylene glycol and embedded in glycol methacrylate. The swelling of the fibrils
reveals the filamentous units (courtesy of S. Franc). C. Ordered aggregates (SLS)
obtained in vitro by dialysis of a purified bovine skin type | collagen solution against
ATP. The length of the segments corresponds to the length of the collagen molecules.
The width is variable.

domains of the fibrils (overlap region). The dark bands which contain more stain
are then electron-dense and correspond to porous domains, and hence to loosely
packed units (gap region). The 67-nm period comprises one clear plus one dark
band. It is worth noting that noncollagenous components can accumulate at the
level of gap regions and subsequently lower the contrast along the fibril axis
(Eikenberry et al., 1984). Changing the pH of the staining solution, thereby
modifying its reactivity, reveals a 67-nm period composed by a series of thin
transverse bands (Figure 7). The pattern can change according to the nature of the
solution used, but the period remains of 67 nm. Several detailed studies on native
or reconstituted fibrils have clarified these aspects of collagen fibrils (Bairati et al.,
1969), in particular by correlating the staining pattern with sequence data (Chap-
man, 1974; Meek et al., 1979; Chapman and Hulmes, 1984).
In addition to these general studies, several points have to be stressed:

1. The staining pattern is independent of the collagen type, at least for the three
main fibrillar collagen types, [, I, and III. Reconstituted fibrils of type [ and
type III collagens are identical (Wiedemann et al., 1975).

2. Amazing variations can be observed between reconstituted collagen fibrils
depending on the ex perimental conditions; for example, by using molecules
with the telopeptides cleaved, or by changing the precipitation conditions,
even with intact molecules [e.g., an oblique banding pattern has been
observed in type I collagen fibrils reconstituted in vitro after trypsin treat-
ment (Ghosh and Mitra, 1975); a staggered substructure has been obtained
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for reconstituted fibrils obtained with cartilage collagen from lathyritic
chicken and for reconstituted rat type I collagen (Bruns et al., 1973; Bruns,
1976); symmetrically banded fibrils (Fibrous Long Spacing or FLS) can be
obtained when the collagen solution precipitates in the presence of gly-
cosaminoglycans (Chapman and Armitage, 1972; Chapman and Hulmes,
1984)].

3. The chemical fixation used for processing samples in electron microscopy
acts as a cross-linking step. In all cases, it modifies the staining pattem
(Grant et al., 1967; Bairati et al., 1972; Meek and Chapman, 1985).

4. The axial periodicity is poorly visible on thin fibrils. Using small-angle
X-ray diffraction, Veis et al. (1979) have determined that the minimum
structure demonstrating axial periodicity is about 4 nm. However, an
electron microscope demonstration of an axial periodicity requires fibrils
of more than 10 nm.

5. Thin fibrils, possibly with a faintly visible periodicity, can assemble into
thick fibrils displaying an obvious banding pattern. This has been observed
in preparations of mechanically dispersed collagen fibrils; for example,
from the corneal stroma (Meek and Holmes, 1983).

6. The surface of collagen fibrils can interact with other macromolecules such
as fibronectin, proteoglycans, and the FACIT collagens. These latter two
components participate in particularly well organized interactions. Proteo-
glycans have been revealed by cytochemical methods (Scott, 1988) forming
projecting threads, regularly associated with the fibrils. More precisely,
decorin, a proteodermatan sulfate, has been localized by immunoelectron
microscopy regularly associated with definite transverse bands (Pringle and
Dodd, 1990). Type IX collagen appears as thin threads with a globular end
pointing out of type 1I collagen fibrils at regular intervals (Vaughan et al.,
1988).

There is a discrepancy between the aspect of collagen fibrils after negative
staining, where the filamentous substructure is obvious (Figure 4), and their
appearance after positive staining, emphasizing the cross-striation rather than the
longitudinal substriation (Figure 7). Special dehydration methods are able to reveal
the constitutive filaments of native or reconstituted fibrils, even after positive
staining (Bouteille and Pease, 1971; see Figure 7). Moreover, cytochemical meth-
ods suggested a carbohydrate-rich matrix inside native fibrils and clearly revealed
an helical arrangement of the subfibrils (Pease and Bouteille, 1971). Attempts have
been made to correlate this subfibrillar arrangement to the collagen type using
freeze-fracturing of native collagen in tissues (Reale et al., 1981).

Collagen fibrils from primitive animals such as sponges (Porifera), sea-
anemones, and jellyfish (Cnidaria) are thin (20 to 22 nm) and contain a simplified
banding pattern. Most often the 67-nm period is bordered by sharp bands, some-
times forming protruding rings rather than striations, and contains two internal
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bands of lower intensity, separating the period into three similar segments (Garrone,
1984; Franc et al., 1985). In contrast, collagen fibers forming the cuticle of certain
worms (Annelids) are coarse structures (up to 200 nmin diameter) but their surfaces
appear absolutely smooth. Special cytochemical treatment can only reveal a trans-
verse striation which is not of the conventional 67-nm type and which probably
corresponds to visualization of polysaccharides associated with the fibers
(Djaczenko and Calenda Cimmino, 1973). These fibers are composed of very long
(up to 2400 nm) pepsin-resistant collagen monomers (Murray and Tanzer, 1983;
Gaill et al., 1991b).

The ends of the fibrils are rarely seen when collagenous tissues are observed in
the electron microscope. In certain cases, accumulations of collagen fibrils which
taper to a sharp needle-like form have been described (Garrone, 1975; Connolly,
1981). This is particularly significant considering the demonstration that growing
collagen fibrils have a pointed tip (Kadler et al., 1990).

Cross sections of collagen fibrils appear roughly circular in normal tissues. In
pathological conditions, many variations can occur, the best known being the
flower-shaped sections of dermatosparaxic collagen fibrils (O’Hara et al., 1970).
However, a good preservation of fibrils during processing for electron microscopy
revealed a quasi-hexagonal packing of molecules when electron micrographs of
cross sections were submitted to optical diffraction (Hulmes et al., 1981). Real
hexagonal cross sections of collagen fibrils were obtained with a quick-freezing
(by liquid helium) and freeze-substitution procedure of tissues (Mallein-Gerin and
Garrone, 1986). This method preserves blocks of internal crystalline domains and
polygonal to hexagonal cross sections of the fibrils.

Once formed, collagen fibrils assemble differently according to tissues. A re-
markable organization is the cross-ply arrangement found in the submucosa of the
small intestine (Gabella, 1987) and in a large variety of tissues and organs.
Analogies between in vitro self-assembled and in vivo cell-assembled collagen
fibrils have been pointed out (Gaill et al., 1991a).

Filamentous Assemblies

Type VI collagen molecules assemble in an antiparallel fashion and form beaded
filaments highly characteristic when viewed in the electron microscope after rotary
shadowing (Figure 8). Special extraction procedures, under nonreducing and
nondenaturing conditions, can be used to isolate intact filamentous assemblies of
type VI collagen (Kielty et al., 1991). They appear to be strikingly similar to the
reconstructed in vitro filaments (Furthmayr et al., 1983). Inseveral tissues including
elastic tissues and vessel walls, type VI collagen forms smooth, thin filaments, only
distinguishable after labeling with specific antibodies (von der Mark et al., 1984).
However, it has been suggested that long-spacing, cross-striated banded structures
(Sun and White, 1975) occurring frequently in connective tissues (especially in
pathological conditions) are actually filamentous aggregates of type VI collagen
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Figure 8. Transmission electron microscopy of type VI collagen filamentous assem-
blies (x 60,000). A. Low angle PYC rotary shadowed replica of unit filaments obtained
from mechanical dispersion of bovine articular cartilage. The filaments in the back-
ground could be hyaluronic acid chains or DNA (courtesy from F. Ruggiero). B. Tissue
aggregates of type VI collagen forming “Zebra collagen” structures in human gingiva.

(Bruns, 1984; Engel et al., 1985). Such fibrous forms, sometimes called “zebra
collagen”, have dense cross bands measuring about 30 to 40 nm in thickness, with
arepeating periodicity of about 100 to 150 nm. The longitudinal filaments are about
8 nm in diameter and irregularly parallel. The width of the whole structure can reach
several thousand nm. A specific interaction of type VI collagen with hyaluronic
acid (McDevitt et al., 1991) has been recently demonstrated.

Segment Assemblies

Dialysis of a collagen solution against ATP led to precipitation of coilagen
molecules in register, forming bundles of a length equal to that of the molecule
(Figure 7). These Segment Long Spacing (SLS) have been extensively charac-
terized for the fibrillar collagen types (Kiihn, 1982). Slightly changing the precipi-
tation conditions resulted in the formation of narrow aggregates, or of extended
ribbons, or even of fibrils made by the partial overlapping of SLS. SLS are
commonly used to obtain an accurate measurement of the molecular length. They
can be obtained also after digestion of the nonhelical telopeptides (by pepsin) or
after collagenase splitting of the molecule. They have been largely considered as
in vitro artefacts. However, as mentioned earlier, in vivo fibrillogenesis involving
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intracellular SLS-like aggregates and extracellular fibril assembly by bundles of
nonstaggered molecules has been proposed (Trelstad and Hayashi, 1979; Kajava,
1991).

Type VII collagen constitutes the only in vivo example of normal, permanent
segment assembly of collagen molecules. Due to the antiparallel overlapping of the
C-terminal extremities of two molecules, the segments, which are in fact short
fibrils, are centrosymetrical (Morris et al., 1986). This organization has been clearly
demonstrated using the SLS technology (Bentz et al., 1983; Burgeson et al., 1985)
which reveals monomer aggregates of 425 nm in length and overlapping dimer
aggregates of 785 nmin length. These symmetrical segments, with fan-shaped ends,
were known as anchoring fibrils, which are fibrous structures found between the
dense layer of the basement membranes and the underlying stroma in various
tissues (Sakai et al., 1986; Figure 9). Such structures were known long before the
discovery of type VII collagen, and they were first described in the mid-1960s
(Palade and Farquhar, 1965; Rowlatt, 1969; Susi, 1969; Briggaman et al., 1971). It
now appears clearly that they form loops entrapping collagen fibrils, with their two
ends anchored within the lamina densa of the basement membrane, or with one end
attached to anchoring plaques formed by a condensation of material containing type
IV collagen (Burgeson, 1987).

B. Sheets

In vertebrates, sheet organization of collagen molecules is found in all basement
membranes for type IV collagen, in a special basement membrane, the Descemet’s
membrane for types IV and VIII collagen, and in hypertrophic cartilage, around
cells for type X collagen (Figure 10). Another type of sheet organization can also
be made by collagenous products often secreted by glandular cells or by epithelial
layers. In vertebrates, they are only represented by the egg case of Selacians, but
in lower animals they form cuticles, skeletal devices, and adhesive systems. Due
to their mode of elaboration they have been called “secreted collagens” [for a
review, see Bairati and Garrone (1985)]. In fact, they can be considered as collagens
with an extracorporeal location, contrary to all the other known collagens which
are intercellular products. In this respect, they can also be termed “outer collagens”.

Basement Membranes

Basement membranes separate tissues such as epithelia and their glandular
derivatives, endothelia, muscles of various types, and nerve and glial cells from
connective tissues. Viewed in conventional transmission electron microscopy, a
basement membrane (boundary membrane, basal lamina) appears as a network of
fluffy linear elements forming a plane of more or less uniform thickness. However,
this thickness can vary greatly (from 15 to 150 nm or even more) according to
tissues and species. This layer is usually referred to as the lamina densa and it is



Figure 9. Transmission electron microscopy of anchoring fibrils and basement mem-
branes. A. Conventional cross-section of the junctional area between the epithelial
cellsandthe underlying connective tissue in human gingiva. The basementmembrane
(BM) underlines the basal side of the epithelial cells (CELL) and is connected to
collagen fibrils (C), mostly seen in cross-sections, by anchoring fibrils (arrowheads)
(x 65,000). B and C. PY/C unidirectional replicas of basement membranes from chick
embryo cornea after quick freezing and deep etching (courtesy of A. Barge). These
“en face” views correspond to the lamina lucida side of the basement membrane. B.
Partial extraction of the tissue by guanidinium chloride revealing the basement
membrane network (x 45,000); C. Detailed view of the basement membrane network
(x 67,500).

32
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Figure 10. Model (top) and electron micrograph (bottom) of type VIII collagen
aggregates in Descemet’s membrane. Type VIII collagen molecules are thought to interact
laterally and by their extremities to form a regular hexagonal lattice in the basement
membrane of the corneal endothelium (Descemet’s membrane). A similar type of aggre-
gate has been demonstrated in vitro for type X collagen by Kwan et al. (1991).

one of the three layers composing the basement membranes. The lamina densa is
bordered by the lamina lucida which lines the cell plasma membrane, and by the
pars fibroreticularis constituting the transition zone between the lamina densa and
the rest of the extracellular matrix (Inoue, 1989). The anchoring fibrils made of
type VII collagen are components of this pars fibroreticularis. High-resolution
ultrastructural studies of cross sectioned basement membranes reveal that the
lamina densa is formed in fact by strands or “cords”. These cords contain collagen
type IV, laminin, nidogen, heparan sulfate proteoglycan, fibronectin, BM-40, and
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other glycoproteins, as demonstrated by immunostaining (Laurie et al., 1982;
Schittny et al., 1988; see also the review of Leblond and Inoue, 1989). This
composition is consistent with the biochemical characterization of basement mem-
branes (see the reviews of Paulsson, 1987, and of Timpl, 1989). However, the best
demonstration of type IV collagen organization in basement membranes came from
ultrastructural studies of Yurchenco and Ruben (1987). These authors examined
human amniotic basement membrane en face using stereoscopic high-resolution
electron microscopy after freeze-drying and with the unidirectional platinum
replication technique. Their observations were completed by antibody decoration
and morphometry. They clearly demonstrated that the backbone of basement
membrane is formed by type IV collagen organized into a crystalline-like lattice
using lateral and end-domain interactions. This kind of organization was observed
in the matrix of the Engelbreth-Holm-Swarm tumor of the mouse (Yurchenco and
Ruben, 1988) as well as in in vitro networks (Yurchenco et al., 1986), and it
confirms the originally postulated model (Timpl et al., 1981). Using quick-freezing
by liquid helium and deep-etching, this fundamental network organization was
observed in basement membranes deposited in culture and during development
(Barge et al., 1991).

Hexagonal Lattices

The basement membrane (Descemet’s membrane) deposited by the corneal
endothelium contains, in certain species, stacks of hexagonal lattices extending in
the plane of the membrane (Jakus, 1956). These lattices are composed of globular
nodes and rod-like structures connecting the nodes. A collagen, forming long
spacing fibrils, is present in this hexagonal lattice (Sawada et al., 1990). As type
VIII collagen is a major component of Descemet’s membrane, it is considered as a
good candidate to be the main structural element of this lattice (Kapooretal., 1988).
Strong evidence has been provided by Sawada et al. (1990) who showed the
decoration of the hexagonal lattice by monoclonal antibodies directed against type
VIII collagen extracted from Descemet’s membrane.

Aregular hexagonal array, analogous to the hexagonal lattice of the Descemet’s
membrane, has been obtained recently in vitro using type X collagen (Kwan et al.,
1991). Individual chicken type X collagen molecules incubated at 34 °C under
neutral conditions form multimeric clusters Via their carboxyterminal globular
domain. The result is a large, central nodule with filaments (the triple helices)
radiating outwards. The aggregation process continues with the lateral association
of juxtaposed triple helices from adjacent clusters.

This kind of hexagonal arrangement of collagen molecules forming “‘geodesic
domes” maintaining or reinforcing a curved architecture should have a biological
significance for the shape of the cornea (for type VIII collagen), and for the
environment of hypertrophic chondrocytes (for type X collagen). Finally, it is not
surprising that the high degree of similarity in the primary structure of these two
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collagen types (see above) correlates with a remarkably close structural organiza-
tion.

Outer Collagens

Most of these collagens were reviewed in detail by Bairati and Garrone (1985).
The eggs of sharks are contained in a collagenous envelope which has been studied
in detail in the dogfish (Knight and Hunt, 1976). It forms a structure in which the
axial period is 37 nm. The electron microscope reveals crystalline regions with a
square lattice of 11-nm sides. The proposed structural model implies that molecules
are arranged in planes diagonally bisecting the square prisms (Galloway, 1986).
This collagen is secreted by a special glandular apparatus. It is also a glandular
system which releases large granules fusing to form the collagenous filaments of
the byssal threads in mussels. The hypodermis (peripheral cell layer) of the
nematode worms secretes a proteinaceous sheet containing several collagens
clearly belonging to the nonfibrillar group (Cox, 1990). Generally the cuticle
appears as an amorphous material, often multilaminated. In certain species, areas
of striated material of about 20-nm periodicity are visible (Dick and Wright, 1973).

Cnidarians and sponges also contain large amount of a sheet-deposited col-
lagenous material, appearing as tiny filaments (of about 10 nm in diameter) packed
either with no regular organization, or forming striated arrangements and hexagonal
lattices. In sponges, some of these collagens have been characterized at the cDNA and
genomic level. They correspond to nonfibrillar, short-chain collagens, containing two
short (66 and 171 amino acyl residues) triple-helical domains (Exposito et al., 1991).

VIl. STABILIZATION OF AGGREGATES BY COVALENT
CROSS-LINKING

Non-covalent interactions between charged and hydrophobic side chains of amino
acids are responsible for the initial assembly of staggered collagen molecule into
D-periodic fibrils. The further stabilization of collagen fibrils (particularly their
tensile strength) depend largely upon the formation of intermolecular covalent
cross-links.

Current data demonstrate at least three different pathways by which collagen
molecules can be cross-linked: (1) lysyl oxydase-dependent, lysine-derived cross-
links; (2) lysine-derived cross-links formed through nonenzymatic glycation; and
(3) intermolecular disulfide bonds.

A. Lysyl Oxidase-Dependent, Lysine-Derived Cross-Links
At Jeast three events leading to the stabilization of collagen fibrils in tissues can

be defined during this cross-linking pathway: (1) the enzy matic oxidation of some
specific lysine and/or hydroxylysine residues into the corresponding aldehydes; (2)
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Figure 11. Allysine- and hydroxyallysine-based cross-links. Schematic repre-
sentation of the two routes of lysyl oxidase-derived cross-linking in collagen. (The
prefix A stands for dehydro).

the spontaneous formation of several different intra- and intermolecular reducible
cross-links; and (3) the progressive replacement with aging of some reducible
cross-links by stable nonreducible intermolecular compounds (Figure 11). [See
comprehensive reviews by Light and Bailey (1982), Robins (1982), Eyre et al.
(1984), Herbage et al. (1985), Yamauchi and Mechanic (1987), Ricard-Blum and
Ville (1988), Robins (1988), Ricard-Blum and Ville (1989), Last et al. (1990)].

The Action of Lysyl Oxidase

The enzymatic cross-linking pathway is initiated by the oxidative deamination
of specific lysine and hydroxylysine residues into the corresponding aldehydes at
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the nontriple helical ends (telopeptides) of collagen a chains. This posttranslational
modification is catalyzed by lysyl oxidase (EC 1.4.3.13.). Most of the information
available on the reaction pathway of lysyl oxidase was obtained by Kagan and his
associates (Kagan, 1986). Lysyl oxidase has been purified from several sources in
different forms. Recently it was demonstrated that rat aorta lysyl oxidase is
transiated from a 2.7-kb mRNA (of which 1.16 kb represent noncoding sequences)
as an initial product of 4648 kDa (Trackman et al., 1990). A 40-kDa precursor has
been isolated from rat skin. It probably undergoes a proteolytic processing to give
the 32-kDa protein usually isolated from elastin-rich or cartilaginous tissues
(Romero-Chapman et al., 1991).

This peptidyl amine oxidase contains both a copper ion and an aromatic carbonyl
as cofactors (Kagan, 1986). The organic cofactor is either pyrroloquinoline quinone
(PQQ) or 6-hydroxydopa (Williamson et al., 1986). This latter cofactor is appar-
ently derived from a tyrosine residue from the enzyme, as recently reported in
bovine serum amine oxidase (Janes et al., 1990). Steady-state kinetic analyses and
evidence for aldehyde production in the absence of oxygen have shown that lysyl
oxidase follows a Ping Pong Bi Ter kinetic course (Williamson and Kagan, 1987).
The oxidation of the amine to the corresponding aldehyde occurs in the first of two
half-reactions. The enzyme is reoxidized by molecular oxygen in the second
half-reaction.

Removal or chelation of copper from a preparation of 1ysyl oxidase results in the
loss of enzyme activity and copper deficiencies reduce cross-linkage formation in
vivo. Such evidence points to an essential role for copper in this enzyme, but very
little information is available about the exact nature of its action. Recently, Gacheru
et al. (1990) showed that 5 to 9 atoms of loosely bound copper and one atom of
tightly bound copper are associated with the 32-kDa monomer of purified lysyl
oxidase. The inability of the metal-free enzyme to catalyze the first half-reaction
of amine oxidation suggests a role for copper in this catalytic phase. This does not
fit however with the Ping Pong kinetic mechanism. Further studies are thus
necessary to determine the exact role of the copper in the copper-dependent amine
oxidases.

The native-staggered collagen fibril represents the optimal substrate form of
collagen for lysyl oxidase. Collagen monomers appear not to be effective substrates
(Siegel, 1974). Two binding sites for the enzyme have been proposed in highly
cationic regions of collagen triple helices. They correspond to sequences conserved
in the (a chains of type I, I1, II1, V, and XI collagens (Table 2) and, in 4D staggered
molecules, are located opposite to the oxidizable lysines (9 N and 16 C) of the N-
and C-terminal telopeptides. This hypothesis was supported by an in vitro demon-
stration of the binding of lysyl oxidase to the triple-helical portion of the collagen
molecule in a fibrillar array (Cronlund et al., 1985) and with the immunolocaliza-
tion of lysyl oxidase on collagen fibers in human placenta, skin, and aorta (Bac-
carani-Contri et al., 1989).



38 MICHEL VAN DER REST, ROBERT GARRONE, and DANIEL HERBAGE

Table 2. Lysine and Histidine Residues Important in the Formation of
Intermolecular Cross-Links in Fibrillar Collagens

Position and Composition of the

Lysine in Telopeptides Sequences Containing Lys (K) and His

(Greenspan et al. 1991) (H) in the Triple Helical Domain
Collagen Chain N-Terminal C-Terminal N-Terminal C-Terminal
ai(D + + 87(KGHR) 930 (KGHR)
az(l) + - 87(KGIRGH) 933(KGHN)
ai(Il) + + 87(KGHR) 930(KGHR)
a(Ill) + + 96(KGHR) 939(KGHR)
(V) - - 84(KGHR) 924(KGHP)
az(V) + - 87(KGHR) 933(KGHR)
ai(XI) - + 84(KGHR) 924(KGHP)
a2(XI) ND + ND 927(KGHP)

Note: ND: not determined

Reducible Cross-Links

The crystal-like arrangement of collagen molecules in a fibril favors the sponta-
neous reaction of lysine-derived aldehydes with free amino groups on adjacent
molecules. This results in the production of intermolecular Schiff-base cross-links.
An Amadori rearrangement can occur for all cross-links derived from hydroxyal-
lysine with the formation of chemically stable ketoamines. Intramolecular cross-
links are also possible between two o chains within the same molecule by the
formation of aldol cross-links (Figure 11).

The structure of these reducible cross-links has been extensively studied after
stabilization and labeling by tritiated borohydride, particularly by the groups of
Bailey and Robins in Langford and of the late Gerry Mechanic in Chapel Hill (Light
and Bailey, 1982; Robins, 1982; Yamauchi and Mechanic, 1987; Robins, 1988).

Since these cross-links decrease in number during aging, it has been postulated
that they are the chemical precursors of more complex nonreducible mature
cross-links that would be responsible for an increase in the stability of the fibers.

Nonreducible Mature Cross-Links

Pyridinoline. A fluorescent 3-hydroxypyridinium compound was first identi-
fied by Fujimoto et al. (1977) in Achilles tendon. It is usually referred to as
hydroxylysylpyridinoline (HP) (Figure 12). It has been shown to be the major
cross-link in mature cartilage (Eyre and Oguchi, 1980; Robins, 1983). Ananalogue
lacking the 3-hydroxyl group has been isolated by Barber et al. (1982) and called
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Figure 12. Structure of the non-reducible cross-links and their molecular locations.
These cross-links have been determined (a) by Robins and Ducan (1987); (b) by Eyre
et al. (1984); and (c) by Mechanic et al. (1987).

3-deoxypyridinoline or lysylpyridinoline (LP). The HP+LP content in a tissue
depends on the extent of hydroxylation of the telopeptide lysine residues. The
reported values (moles/mole of collagen) are 1.3 to 2.6 in cartilage and nucleus
pulposus, and 0.3 to 0.7 in bone, dentin, tendon, ligament, and aorta. These
cross-links are absent in skin and cornea (Eyre et al., 1984).

The content of these cross-links in human cartilage and bone increases during
skeletal growth, reaching a maximum in the 15-25-year age group. Thereafter, it
remains stable throughout life (Eyre et al., 1988). Similar values have been
observed in human and bovine mature cartilage (Eyre et al., 1984). This particular
cross-linking cannot, therefore, explain the difference in collagen solubility ob-
served between these two tissues. After pepsin digestion and proteoglycan extrac-
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tion, the human collagen remains insoluble while the bovine collagen is easily
solubilized (Herbage et al., 1977; Ronziére et al., 1990).

A mechanism of formation of pyridinoline cross-links has been proposed by Eyre
and Oguchi (1980). Two aligned divalent ketoamine cross-links in two adjacent
pairs of 4D staggered collagen molecules would react to form a trivalent hy-
droxypyridinium cross-link with the reformation of one free peptidyl hydroxylys-
ine residue. This is in good accordance with a stoichiometry of two reducible
cross-links disappearing for every HP formed (Eyre et al., 1984). A different
mechanism was proposed by Robins (1983) with the reaction of a ketoamine with
a telopeptide hydroxyallysine residue.

The location of pyridinoline (Figure 12) has been investigated in cartilage, bone,
dentin, tendon, and aorta collagen (Kubokietal., 1981; Robins, 1983; Wuand Eyre,
1984; Light and Bailey, 1985; Henkel et al., 1987; Robins and Ducan, 1987). Two
bonds of this trifunctional linkage involve the N- or C-telopeptides from a single
molecule (Figure 12a) or from two different molecules (Figure 12b). The third bond
is formed with the C- or N-terminal helical region of an adjacent molecule thereby
stabilizing 4D staggered molecules. A pyridinoline cross-link involving three
molecules (Figure 12b) instead of two (Figure 12a) would explain the correlation
between the increase in the mechanical strength of the fibers and the content in
nonreducible cross-links as well as the formation of heterotypic cross-linked
peptides containing the N-telopeptides from both the al(IIl) and o 1(I) chains
(Henkel and Glanville, 1982). The formation of such cross-links requires interac-
tion between two OD staggered molecules close enough for direct contact between
amino acid side chains from the telopeptides (Figure 12b). This is an argument that
has been used by Kajava (1991) to support the model of fibril formation that has
been described above (see Figure 4).

Robins and his colleagues (Robins, 1982; Black et al., 1988a,b) have developed
an enzyme-linked immunoassay (ELISA) for HP in urine and, more recently, a high
performance liquid chromatography (HPLC) technique to measure both HPand LP
simultaneously. This has allowed this group to use the values of the HP and LP
cross-links as clinical markers of joint and bone degradation. The urinary concen-
tration of LP which is derived mostly from bone collagen was increased signifi-
cantly in rheumatoid arthritis (RA) and in osteoarthritis (OA), suggesting an
accelerated bone degradation in both conditions. HP concentration was also in-
creased, but to a larger extent in patients with RA. For these patients, this index
correlated with clinical measures of joint involvement and biochemical parameters
of inflammatory activity (Siebel et al., 1989). Furthermore, an increase in free HP
and LP has been demonstrated in urine of rats with an increased bone resorption
induced by estrogen deficiency (Black et al., 1989). All these data demonstrate the
interest of measuring both HP and LP in urine to monitor degradative processes in
arthritic and bone diseases.
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Histidinohydroxylysinonorleucine (HHL). The exact structure and location
of this nonreducible cross-link present in mature skin were precisely described by
Mecharnic et al. (1987) and Yamauchi et al. (1987). Described by Housley et al.
(1975) as hydroxyaldolhistidine (HAH), histidinohydroxylysinonorleucine
(HHL), a nonreducible cross-link, is made from one histidine, one hydroxylysine,
and one lysine (Figure 12). The structure is consistent with a condensation of
dehydrohydroxylysinonorleucine and histidine (Figure 11) (Yamauchiet al., 1987).
The three amino acid residues participating in the formation of HHL in skin
collagen were identified as o1(I)-chain Hyl 87, al(I)-chain Lys 16C, and a2(I)-
chain His 92 (Mechanic et al., 1987). It was proposed that HHL links three
molecules as shown on Figure 12c. Such a cross-link is possible between 0D
staggered adjacent molecules, as also postulated for the formation of HP or LP
cross-links (Figure 12b). Furthermore, the HHL cross-linking pattern indicates a
different arrangement of collagen molecules in skin fibrils compared to skeletal
collagen fibrils (Mechanic et al., 1987). Such a difference had been already
demonstrated by X-ray diffraction (Brodsky et al., 1980; Stinson and Sweeney,
1980).

Quantification of HHL in bovine and human skin at various ages indicates that
it rapidly increases from birth through maturity, approaching 1 mole/mole of
collagen. It is absent from other collagenous tissues such as dentin, bone, and
tendon (Yamauchi et al., 1988). The quantity of HHL in adult human skin of the
same individuals is significantly decreased in sun-exposed sites compared to
“unexposed sites (0.13 = 0.07 and 0.69 = 0.17 moles/mole of collagen, respectively)
(Yamauchi et al., 1991). The decrease in the HHL concentration in sun-exposed
skin is not due to photolysis of HHL or to prevention of HHL formation by UV
irradiation. This demonstrates that the process of photoaging of dermal collagen is
different from the chronologic aging of human skin.

Other Proposed Mature Nonreducible Cross-Links. Davison (1978) and
Light and Bailey (1979, 1980) isolated from CNBr digest of insoluble tendon type
I collagen a polymeric form of the C-terminal CNBr-peptide of the al chain (al
CB6) that they called poly-a.l CB6. It was demonstrated that this cross-linking
occurs through interactions involving the C-terminal nonhelical region of al CB6
in one molecule and the triple-helical peptide ol CBS5 in an adjacent 1D staggered
molecule (Bailey et al., 1980). This cross-linked complex was extracted from skin,
tendon, and bone and did not contain pyridinoline. A cross-link compound called
M was partially characterized from an acid hydrolysate of poly-a.1 CB6, but further
proof is still needed to establish that this is a common mechanism for the maturation
of all collagens (Barnard et al., 1987).

From proteolytic digests of collagen-rich tissues (bone, tendon, skin, cartilage,
periosteum), Scott et al. (1981) isolated material that reacted rapidly at room
temperature with p-dimethylaminobenzaldehyde (Ehrlich’s reagent). This Ehrlich
chromogen, tentatively identified as a pyrrole derived from the amino-ketone
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cross-links of collagen, was found in three-chain peptides isolated from human type
III collagen and from the 7 S domain of type IV collagen (Scott et al., 1983). It was
recently proposed (Hayase et al., 1989) that this chromophore could be formed
through condensation of two adjacent lysyl-pyrraline residues, a glucose-derived
pyrrole, and would thus represent a sugar-derived cross-link (see below).

Collagen Types and Enzyme-Dependent Cross-Links

The formation of reducible cross-links in fibrillar collagens and their maturation
into nonreducible compounds depend on the presence of lysine (hydroxylysine)
and histidine residues at specific sites, such as the N- and C-telopeptides and
positions in the triple helix immediately adjacent to the N- and C-telopeptides in
4D staggered molecules.

Table 2 presents the positions of critical lysine and histidine residues in the
sequences of the different a chains published so far. It is worth noting that type V
collagen ([a1(V)]2 a2(V)) possesses only one oxidizable lysine per molecule, in
the N-telopeptide of the a2(V) chain (Greenspanet al., 1991). A canonical sequence
(KGHR or KGHP) thought to be important in cross-link formation is present in
both N- and C-terminal triple-helical domains of every a chains at very conserved
positions (Table 2). However, the participation of these amino acid residues in
cross-links has only been established so far for type I, I, and III collagens. This
canonical sequence may serve as an attachment site for lysyl oxidase as mentioned
earlier or as an autocatalytic site (Eyre et al., 1984).

Among nonfibrillar collagens, the presence of enzyme-dependent cross-linking
has been demonstrated only in type IV collagen and in type IX collagen which is
cross-linked to type II collagen.

B. Lysine-Derived Cross-Links Formed through Glycation

Glycation is the name given to a nonenzymatic glycosylation of peptides. A
sugar-derived cross-linking pathway in collagen fibrils was first suggested by
Bensusan (1965). Glycation of collagen was reported by Robins and Bailey (1972)
and by Tanzer et al. (1972). It has been shown to be increased in diabetes mellitus
and in experimental diabetes (Cohen et al., 1980; Schnider and Kohn, 1980; Le
Pape et al., 1981). More recently, the relationship between the browning products
observed in aging collagen and the advanced Maillard products derived from
glycated-lysine residues was demonstrated in several in vitro and in vivo studies.
Finally, pentosidine was described as a specific cross-link of collagen and as an end
product of the Maillard reaction. This demonstrated the importance of this cross-
linking pathway in the age-related changes of proteins with a slow turnover such
as collagen (Sell and Monnier, 1989).

If the lysyl oxidase-dependent cross-links can be considered as the normal and
necessary way to stabilize collagen fibrils, the nonenzymatic glycation of collagen
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seems to induce alterations in the physicochemical properties and biological
activities of collagen molecules and fibrils leading to pathophysiologic changes in
connective tissues.

As excellent and recent reviews are available (Baynes and Monnier, 1989;
Monnier et al., 1991; Reiseret al., 1991),we will limit our presentation to the recent
important advances made in this field, mainly by Monnier and his collaborators.

The Maillard Reaction

The general scheme of the Maillard reaction is presented in Figure 13 (Monnier
et al., 1991). Three major phases have been separated: initiation, propagation, and
termination (in analogy to the early, intermediate, and advanced steps of Maillard
reactions) (Baynes and Monnier, 1989).

The first step consists in the reaction of reducing sugars with free amino groups
of either lysine or hydroxylysine. A Schiff base is formed that is stabilized by
undergoing an Amadori rearrangement. Glucose, fructose, and pentose may react
with collagen in vitro and in vivo. Glycation is limited to 2 to 4 moles of
glucose/mole of protein when the proteins are incubated in vitro for extended period
of time (Bitensky et al., 1989).

The second step involves the conversion of the initial Amadori products into
more reactive compounds such as deoxyglucosones. In the advanced stage of the
Maillard reaction, these latter compounds may react with free amino groups to form
pyrrole-based yellow fluorescent pigments. An example of structure derived from
the 3-deoxyglucosone is the pyrraline, a pyrrolic compound that has been detected
in vivo by ELISA (Hayase et al., 1989). It was proposed, as noted above, that the
Ehrlich chromogen of Scott et al. (1981) could have been formed from further
condensation of two lysyl-pyrraline.

Fluorescent dimers (collagen b components) were observed in young rat tail
tendons incubated in solutions containing D-ribose and in tail tendons from older
rats (Tanaka et al., 1988b). Recently Hormel and Eyre (1991) isolated from human
intervertebral disc a CNBr-peptide (CB12) of type Il collagen containing a fluores-
cent chromophore that increases with age. They demonstrated that this chromo-
phore was attached to the peptide at a lysine residue.

Pentosidine, the only fully characterized sugar-derived cross-link of collagen,
involves a lysine and an arginine residue cross-linked via a pentose (Sell and
Monnier, 1989). It was detected at high levels in several human adult tissues such
as liver (330 pmol/mg collagen) tracheal cartilage (182 pmol/mg), cardiac muscle
(139 pmol/mg), and dura mater (150 pmol/mg). In this latter tissue, a linear 10-fold
increase throughout life was observed, reaching approximately 250 pmol/mg
collagen in aged individuals (Sell and Monnier, 1989). In human skin, pentosidine
was found to increase exponentially from 5 to 75 pmol/mg collagen over lifespan.

A 3- to 10-fold increase was noted in insulin-dependent diabetic and nondiabetic
individuals with severe end-stage renal disease requiring hemodialysis (Sell and
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Figure 13. General scheme of the Maillard reaction. (From Monnier et al. (1991),
with permission).

Monnier, 1990). In human articular cartilage, the amount of pentosidine per
collagen increases linearly with age, while the amount of pyridinoline per collagen
remained constant. On the other hand, the amount of pentosidine per pyridinoline
increased exponentially during life (Uchiyama et al., 1991). Recently, it was shown
(Grandhee and Monnier, 1991) that pentosidine can be formed not only from
pentoses but also from hexoses and ascorbate.
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There is evidence that formation of yellow-brown chromophores and fluorophores
could involve pathways other than the Maillard reaction, such as the reaction of
lipid peroxidation products on glycated residues (Hicks et al., 1989) or on constitu-
ent aromatic amino residues (Lunec et al., 1985).

Biological Implication of Sugar-Derived Cross-Links

Alterations in specific properties of collagen due to glycation have been reviewed
indetail by Reiser (1991). Tanaka et al. (1988a) have shown that glycation induces
expansion of the molecular packing of collagen with an increase in its intermolecu-
lar spacing. The mechanical properties of collagen fibers and their binding capaci-
ties to heparin, serum albumin, IgGs, and low density lipoproteins are progressively
altered by this unregulated cross-linking. For example, Le Pape et al. (1983)
observed an increased platelet aggregation by glycated collagen. Furthermore,
Bassiouny et al. (1983) have shown that glucosylated collagen is capable of
inducing the production of antibodies specifically directed against the modified
sites in collagen. In addition, allogenic diabetic sera contain antibodies capable of
binding in vitro glucosylated collagen. These authors postulated that altered vas-
cular collagen may be the initiating event of an autoimmune response leading to
the vascular complications of diabetes. The alterations in the binding properties of
the type IV collagen molecules due to glycation are of particular importance since
they may contribute to basement membrane structural abnormalities (Tsilibary et
al., 1988).

As expected for potentially damaging reactions to proteins and DNA, the
organism has developed powerful defense mechanisms. Several lines of defense
against toxic carbony] compounds have been considered by Monnier et al. (1991):

1. Atight contro] of the cellular and plasma concentrations of reactive sugars
(pentoses) and aldehydes is maintained.

2. The Amadori products can be modified into unreactive carboxymethyl-
lysine.

3. The Maillard reaction products can be enzymatically inactivated or de-
graded.

4. Protection can be obtained with scavenging agents (endogenous amines) of
the reactive Maillard intermediates. In order to improve this line of defense,
pharmacologic intervention is possible as demonstrated by treatments with
aminoguanidine (Brownlee et al., 1986; Nicholls and Mandel, 1989), cur-
rently in Phase II of clinical trials.

5. Some cells can remove and degrade advanced Maillard molecules. As
shown by Vlassara et al. (1987), macrophages have a specific receptor that
mediates the degradation of proteins modified by advanced glycosylation
end products. A possible negative effect of this reaction is the release by
macrophages of tumor necrosis factor (TNFa) and interleukin 1, potent
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initiators of tissue remodeling (Vlassara et al., 1988). For example, col-
lagenase is increased during wound healing in diabetic rats (Hennessey et
al., 1990).

C. Intermolecular Disulfide Bonds

Most of the cysteine residues present in fibrillar collagen are located in the N-
and C-terminal nontriple helical domains and form inter- and intrachain disulfide
bonds. For example, after aggregation of the carboxypropeptides of fibrillar colla-
gens, the triple-helix formation can only occur after the stabilization of the trimer
by disulfide bridges. The a1(XI) chain remains unique among fibrillar collagen
chains in containing a cysteinyl residue located approximately in the middle of the
triple-helical domain. However, this residue is not utilized in the formation of an
interchain disulfide bond because reduction of the pepsin-treated molecule does
not affect the migration of type XI chains on SDS-page (Bernard et al., 1988). In
type III collagen, the very end of the helix is joined by interchain disulfide bridges.

Type IV, VI, and VII collagen are known to form aggregates stabilized by
intermolecular disulfide bonds. Tetrameric aggregates of type IV collagen mole-
cules are formed by self assembly of the 7S domain and are stabilized by intermo-
lecular disulfide bonds and by lysine-derived cross-links. Furthermore, dimers can
be generated by interactions between globular NC| domains and stabilized by
formation of disulfide bonds (Timpl, 1989).

A most unique feature of collagen VI is its assembly into dimers and tetramers
stabilized by disulfide bonds and not by lysine-derived cross-links (Timpl and
Engel, 1987). The human a1(VI), a2(VI), and a3(VI) chains contain 19, 20, and
29 cysteine residues respectively, but only one is present in the triple-helical
domains. Two cysteines are required to form disulfide bridges between the
C-terminal globule and the triple helix in the staggered collagen VI dimers. An
unknown number of other disulfide bridges stabilizes the microfibrils formed by
an overlapping end-to-end association of tetramers (Chu et al., 1990a).

Type VII collagen forms centro-symmetric dimers stabilized by disulfide bonds
within an overlap of 60 nm of the carboxy-terminal ends of the triple helices.
Further lateral association of these dimers, in a nonstaggered array, gives rise to the
anchoring fibrils; important components of the junction between the basement
membrane and the underlying matrix (Burgeson, 1987).

VIIl. STRUCTURES OF COLLAGEN GENES

Excellent and comprehensive reviews on the structures and the organizations of the
collagen genes have been recently published (Bornstein and Sage, 1989; Sandell
and Boyd, 1990a; Vuorio and De Crombrugghe, 1990) and we will thus limit our
presentation to a few general comments pertinent to the main issues raised in this chapter.
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A. Exon Sizes and Ancestral Genel(s)

One of the objectives of this chapter was to underline the importance of the
domain organization in collagen molecules. This organization is usually reflected
at the gene level by the intron-exon structure, one of the best indicators for the
determination of homologies between related proteins. As mentioned earlier, the
collagen types can indeed be grouped in subfamilies according to their structural
homologies (see Table 1).

Fibrillar Collagen Genes

The fibrillar collagen genes (types L, II, III, V, and XI) are closely related and
clearly derived from a single ancestral gene. The large central triple-helical domain
is encoded by a series of 41 or 42 exons whose sizes are related to a 54-bp unit (54
bp and multiples of 54 bp, 45 bp, 99 bp) (Sandell and Boyd, 1990b). All these exons
are in phase with the repetitive triple helix protein sequence [(Gly-Xaa-Yaa)n]; that
is, they all start by a complete Gly codon and end with a complete codon for an
amino acid in the Yaa position. The intron-exon structure of all vertebrate fibrillar
collagen genes is essentially identical for the region of the gene encoding the large
triple helix. The C-propeptides are also very conserved and are encoded by four
exons, the first one being a junction exon encoding aiso the C-terminal end of the
triple helix. In evolutionary distant species, such as sea urchins and sponges, the
intron-exon structures of the described fibrillar collagen genes are not identical to
their vertebrate counterparts but are nevertheless clearly related (D’ Alessio et al.,
1989; Exposito and Garrone, 1990).

The greatest differences between the various fibrillar collagen chains are noted
in the N-propeptide region (see Figure 1). This is also reflected at the gene level
[see Figure 2a in Sandell and Boyd (1990b)]. The 5’ untranslated region, the signal
peptide and its cleavage site are always contained in the first exon that ends by a
split codon. For those chains that contain a cysteine-rich region, it is encoded in the
second exon. In the case of the a2(I) chain, two very short exons encode for nine
out of the 11 amino acids that separate the signal peptide cleavage site from the
short triple helix. This short triple helix is encoded by exons that are not all related
to the 54-bp unit or multiple of 9 bp. The intron-exon structure of this region is aiso
quite variable since it contains between two and five exons. At the protein level,
some of these domains contain interruptions of the triple helix [in particular in the
pro-a1(II), pro-a1(V), and pro-a1(XI) chains] (Sandell and Boyd, 1990; Yoshioka
and Ramirez, 1990; Greenspan et al., 1991). The nontriple-helical domain separat-
ing the main triple helix from the short one found in the N-propeptide is encoded
in all vertebrate genes by a junction exon containing also the N-terminal end of the
main triple helix (Sandell and Boyd, 1990).
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Nonfibrillar Collagen Genes

In the nonfibrillar collagen genes, the intron-exon structures are much more
diverse. The short-chain collagens [pro-al(VII), pro-a2(VIII), pro-al(X)] have
amuch simpler gene structure (Ninomiya et al., 1990; Muragaki et al., 1991a). The
pro-a1(X) gene contains only three exons. The first one contains an untranslated
sequence. Thesecond one encodes a short untranslated sequence, the signal peptide,
and most of the N-terminal nontriple-helical domain. The last one is very large and
encodes the end of this latter domain, the entire triple helix, and the C-terminal
nontriple-helical domain. Similar organizations have been described for the genes
of the two type VIII collagen chains.

The genes for type IV collagen chains are very fragmented [52 exons for the
pro-a1(IV) gene and 47 exons for the pro-a2(IV) gene] (Sandell and Boyd, 1990).
They contain a few exons that are related to the 54-bp unit found in fibrillar collagen
(45, 54,99, 108, and 162 bp) and many others that are not related to this basic unit.
In the case of the genes encoding type IX collagen chains, the exons encoding the
C-terminal COL1 domain, the C-terminal part of the COL2 domain, and the
N-terminal part of the COL3 domain are not related to a 54-bp unit. However, the
N-terminal part of the COL2 domain is encoded by a series of seven 54-bp exons
and three other 54-bp exons are found in the region of the gene encoding the COL3
domain.

The nonfibrillar collagen genes that have been described in invertebrates also
have a gene organization strikingly different from the fibrillar collagen genes. In
sponges, Exposito et al. (1991) have described a subfamily of nonfibrillar collagen
with a gene organization completely different from the fibrillar collagen gene from
the same species. At least two distinct forms of collagen gene organizations thus
also exist in the animal species that is most distant evolutionarily from vertebrates.
The divergence between the fibrillar collagen genes and other collagen genes thus
represents a very early event in the evolution of the animal kingdom or it may
represent a case of convergent evolution.

B. Regulatory Elements

Several laboratories are very actively investigating the control of collagen gene
expression and, in particular, regulatory elements that can bind stimulatory or
inhibitory transcription factors (Bornstein and Sage, 1989; Sandell and Boyd,
1990a; Vuorio and de Crombrugghe, 1990; de Crombrugghe et al., 1991). Since
many collagen molecules are heterotrimers, a very precise coordination of the
production of the constituent chains is required. For type I collagen, the genes of
the pro-a1(I) and pro-a2(I) chains are located on two different chromosomes and
are thus expected to function independently, although their expressions are known
to be tightly coordinated. For type IV collagen, the genes for the a1(IV)and a2(IV)
chains are very close in the genome since they are adjacent and in opposite, “head
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to head” directions, separated only by approximately 120 bp (Pollner et al., 1990).
Their transcription is thus regulated by a bidirectional promoter and direct interfer-
ence between the two genes for their expression can thus be expected.

Several regulatory sequences have been described in the promoter element, and
in the first intron of the studied collagen genes (Bornstein and Sage, 1989; de
Crombrugghe et al., 1991). These are in particular the genes for the type I, I, III,
and IV collagen chains. In the a2(I) gene, five regulatory elements binding
stimulatory transcription factors and two elements binding inhibitory factors have
been described in the first 400 bp upstream from the site of start of transcription.
The functional activity of these sites have been studied by deletion and mutagenesis
using a reporter gene such as that of bacterial chloramphenicol acetyltransferase
(CAT). These elements include a CCAAT motif at around —80 that binds a dimeric
CCAAT binding factor. An element at —300 binds nuclear factor I and was found
to mediate the activation effect of transforming growth factor § (TGF) on the
expression of this gene.

Important regdlatory elements have also been described in the first intron.
Insertion of a retrovirus in the first intron of the pro-a1(I) collagen gene results in
the complete inactivation of the expression of this gene in most tissues of homozy-
gous mice (called mov-13), as demonstrated by the group of Jaenisch (Harbers et
al., 1984). This results in a lethal phenotype at about 12 days of gestation. It is
remarkable that this gene is still active in some mov-13 cells, such as the odon-
toblast, when tooth rudiments from homozygous embryos are transplanted into
normal mice (Kratochwil et al., 1989).

The detailed description of the recent important findings concerning the many
regulatory elements of the various collagen genes would go much beyond the scope
of this chapter and the reader is referred to the recent reviews of Bornstein and Sage
(1989), Sandell and Boyd (1990a), Vuorio and de Crombrugghe (1990), and de
Crombrugghe et al. (1991). Diversity among the various collagen chains is now
also demonstrated in the regulatory elements of their genes, even for a given
collagen type. The unraveling of these complex control mechanisms will permit a
better understanding of the fine tuning of the expression of collagen genes that is
observed in different tissues during development.

C. Transcription and Splicing Variants

Diversity in the collagen family of proteins is generated not only by the existence
of a large number of different genes but also by the existence of different mRNAs
that can be obtained from the same gene. These variations are produced either by
the use of different transcription start sites or by alternative splicing of the primary
transcript.

There are, at the moment, two well-documented examples of alternative tran-
scription start sites. Two promoters have been described for the al(IX) gene
(Svoboda et al., 1988; Nishimura et al., 1989; Muragaki et al., 1990a,b). One
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promoter, used in cartilage, controls the expression of a long form of the protein
that include a globular and basic N-terminal domain (NC4) that is encoded by the
first seven exons. Between exons 6 and 7, another promoter is found which has
been shown initially to direct the biosynthesis of a short form of al(IX) in the
primary stroma of the cornea in embryonic chick tendon. This alternative promoter
is located upstream of an alternative first exon which is directly spliced to exon 8,
which codes for the last amino acid of NC4 and the N-terminal extremity of the
triple-helical COL3 domain. The resulting translation product must therefore have
a very short NC4 domain since the total size of this domain, plus the signal peptide
is only 25 amino acids. This short form is now known to be expressed in other
tissues (Muragaki et al., 1990b). It has been detected in particular by rotary-
shadowing electron microscopy in the avian vitreous humor (Brcwton et al.,
1991).

A cartilage-specific promoter has also been described in the second intron of the
a2(D) collagen gene (Bennett and Adams, 1990). In this case, the short predicted
translation product would not be in the same reading frame as the collagen chain
and would therefore have a completely different amino acid sequence. In particul ar,
it would not contain triple-helical domains. Whether a translation product is
synthesized from this second reading frame and the possible functions of this
protein remain to be established.

Alternative splicing has been demonstrated for transcription products from
several collagen genes: in particular, those coding for the ol (II), a2(VID), a3(VI)
and ol (XIII) chains. Except in this latter case, only regions coding for nontriple-
helical sequences are alternatively spliced. In the case of the pro-al1(II) chain, two
forms have been detected, one containing the cysteine rich region of the N-propeptide
(see Figure 1), encoded by exon 2, and one missing it due to alternative splicing
(Ryan and Sandell, 1990; Sandell et al., 1991). The alternatively spliced form is
more abundant in fetal mRNA. Alternative splicing has been described for exons
coding for the N-terminal nontriple-helical region of the a3(VI) chain. Three of the
nine subdomains having homologies with type A domains of von Willebrand factor
(N7 to N9) can be involved in alternative splicing (Stokes et al., 1991). Alternative
splicing for the C-terminal nontriple-helical region of a2(VI) has also been reported
(Saitta et al., 1990). .

Finally, type XIII collagen gene has been shown to undergo a very complex
process of alternative splicing, involving five different regions of the gene (Pihla-
janiemi et al., 1990; Tikka et al., 1991). Triple helical sequences are involved in
four cases, including the region corresponding to the junction between the
C-terminal triple-helical COL3 domain and the last nontriple-helical NC4 do-
main. This raises interesting questions about the molecular assembly of the trans-
lation products since one would expect that all three chains of a given molecule
should have triple-helical domains of approximately the same length.
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IX. PERSPECTIVES

This chapter has underlined the diversity of structures found in the collagen family
of proteins. In the last 20 years, the number of collagen types has increased very
rapidly and there is no reason to believe that the list is closed. Actually several
additional new collagens are being studied presently in different laboratories.
However, the known collagen types account for the vast majority of the hy-
droxyproline (taken as an indicator of collagen triple helix) of vertebrate organisms.
These additional collagen molecules can thus only represent minor components of
large tissues or major components of small and very specialized structures.

Collagens, like many other macromolecules from the extracellular matrix, serve
two main functions. The first one is structural. They provide a scaffold to the body,
being responsible for most of the biomechanical properties of tissues and organs.
The understanding of the multimolecular assemblies made by matrix macromole-
cules and the study of the biomechanical properties of these assemblies is far from
being complete. The possible subtle variations to these properties by changes in
molecular composition and in posttranslational modifications are still for a large
part unclear and much experimental work is still required.

The extracellular matrix proteins are not passive architectural components. They
are also involved in interactions with cells. Many cell receptors for collagens have
been described and the diversity of collagen molecules offers to the cells a further
opportunity for cells to refine their “feeling” for their environment. The fact that
several of the recently described collagens contain large nontriple-helical domains
with homologies to other noncollagenous matrix macromolecules may be of
particular importance in this respect.

Finally it should be remembered that most tissues are constantly remodeled and,
therefore, their constituent macromolecules, in particular collagen, have to be
degraded. The mechanisms of degradation are different for the various collagen
types. For example, although it is now known that type V and type I collagens form
heterotypic fibrils, their susceptibilities to degradation by interstitial collagenase
are different. Type I collagen is cleaved by this enzyme but type V is not. One can
therefore hypothesize that a selective remodeling of these heterotypic fibrils is
possible, with the type I collagen turning over and the type V collagen “core” being
retained as a template for the fibril reconstruction. The detailed knowledge of the
susceptibilities of the various collagen types to degradative enzymes is therefore
of primary importance and this should be performed not only on isolated molecules
but foremost on their aggregated tissue forms.

ACKNOWLEDGMENTS

The authors want to thank their colleagues, S. Shoshan, I. Pucci-Minafra, M. Moradi-Ameli
and M. Aumailley, for their careful reading and criticism of this manuscript. They also



52 MICHEL VAN DER REST, ROBERT GARRONE, and DANIEL HERBAGE

acknowledge the electron micrographs contributed by A. Barge, S. Franc and F. Ruggiero,
and the help of A. Bosch for the illustrations,

NOTES

1. Throughout this chapter we will use the terms triple helix and triple helical to designate the
conformation found in collagen triple helices. The reader is reminded that triple a helices are found in
some proteins, sometimes also containing collagen-like triple helices (Kodama et al., 1990).

2. The recent characterization and sequencing of a partial cDNA for type VII collagen strongly
indicates that the orientation of the molecules is opposite to what was previously suggested (Parente et
al., 1991). We are, nevertheless, keeping the original nomenclature of the domains of type VII collagen
(NC1, NC2, P1, and P2), but indicate the correct orientation relative to the N- and C-termini.
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. STRUCTURE

Proteoglycans consist of a core protein containing covalently bound glycosamino-
glycan (GAG) side chains (see Hascall et al., 1991; Kjellén and Lindahl, 1991;
Wight et al., 1991 for recent reviews). The number of GAG side chains can vary
from 1 to over 100, depending upon the nature of the core protein and the cell type
in which the core protein is expressed. GAGs are repeating disaccharides with
covalently bound sulfate esters. The structure of the various GAGs and their linkage
regions have been covered extensively in previous reviews (Fransson, 1985;
Kjellén and Lindhal, 1991). There are basically three different kinds of GAG side
chains: (1) chondroitin/dermatan sulfate, which consists of a repeating disaccharide
of galactosamine and either glucuronic acid or iduronic acid; (2) heparin and
heparan sulfate, which consists of a repeating disaccharide of glucosamine and
either glucuronic acid or iduronic acid; and (3) keratan sulfate, which consists of a
repeating disaccharide of glucosamine and galactose. All of these repeating disac-
charides are unbranched and are sulfated in various positions. Hyaluronate is also
a repeating disaccharide but it is not sulfated and is not known to be bound to any
protein. It exists in a free form and not as a proteoglycan. Keratan sulfate lacks
uronic acid and is, therefore, somewhat distinct from chondroitin/dermatan sulfate,
heparin, heparan sulfate, and hyaluronate.

The GAG side chains are attached to the core protein through a sequence of
sugars known as the linkage region. The linkage region for chondroitin/der-
matan sulfate, heparin, and heparan sulfate is glucuronic acid-galactose-galac-
tose-xylose-serine. Keratan sulfate can be linked to either serine/threonine or
asparagine. In aggrecan, the major proteoglycan of cartilage, the linkage region
for keratan sulfate is galactose-N-acetylglucosamine-N-acetylglucosamine-ser-
ine/threonine. In lumican, the major proteoglycan of the corneal stroma, the
linkage region for keratan sulfate is a complex type N-linked oligosaccharide.
Proteoglycans are also often substituted with O-linked and N-linked oligosac-
charides. The N-linked oligosaccharides can be either the complex or high
mannose type.

The core proteins of proteoglycans exhibit diverse structure. They contain most
of the structural motifs (i.e., transmembrane segments, cysteine rich regions,
leucine rich repeats, globular domains) seen in many glycoproteins. A hypothetical
proteoglycan, fantastican, is shown with diagrammatic representations of the
structural features contained in the core proteins and the side chains of proteogly-
cans is shown in Figure 1. Fantastican performs many of the same functions as
imagican (Kjellén and Lindahl, 1991). The structure and function of core proteins
is the subject of this review.
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Figure 1. Fantastican: A hypothetical composite proteoglycan that illustrates the
structural features found on proteoglycans.

Transmembrane segment

Il. BIOSYNTHESIS

The general steps involved in the synthesis of proteoglycans is shown in Figure 2.
The initial translation product of the proteoglycan, the precursor protein, takes place
from mRNA in the rough endoplasmic reticulum. High mannose-containing N-
linked oligosaccharides are also transferred to the precursor protein at certain
asparagine residues that are followed by any amino acid (except proline) and either
serine or threonine. The partially glycosylated precursor protein then moves to the
Golgi where the majority of posttranslational modifications take place. These
modifications include: (1) The conversion of certain high mannose N-linked
oligosaccharides to complex type oligosaccharides; (2) addition of O-linked oli-
gosaccharides into appropriate serine and threonine residues; (3) addition of linkage
regions to certain serine residues that are followed by a glycine residue; (4) addition
of GAG to linkage regions; and (5) sulfation of GAGs. The completed proteoglycan
may then enter a storage granule for secretion via the regulated pathway or be
constitutively secreted as either an extracellular matrix proteoglycan or external-
ized as a cell surface proteoglycan with an intercalated transmembrane segment.
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LOCATION EVENT
Nucleus Transcription into mMRNA
Cytoplasm :} Translation into precursor protein
Rough endoplasmic reticulum N-linked oligosaccharide addition

N-linked oligosaccharide processing
O-linked oligosaccharide addition

CGolgi Linkage region addition
Glycosaminoglycan polymerization
Sulfation
Secretory vesicles Packaging for secretion
Cell surface
Interactions with other molecules
Matrix

Figure 2. Major steps involved in the biosynthesis and secretion of proteoglycans.

Il. CLASSIFICATION AND NOMENCLATURE

Historically, GAGs were isolated and characterized first. When it was later discov-
ered that GAGs were attached to protein, the term proteoglycan was invented and
proteoglycans were named after the type of GAG side chain present. Attention also
changed to investigating the structure and properties of the intact proteoglycan. One
of the first properties discovered was the ability of some proteoglycans to aggregate.
This activity was shown to be due to a region of the core protein that could bind to
hyaluronic acid and lead to a nomenclature that, in addition to naming the GAG
type, also defined a proteoglycan as either aggregating or nonaggregating. Proteo-
glycan nomenclature was also expanded to include its size (i.e., large vs. small), its
buoyant density in CsCl (i.e., high vs. low), and the name of the tissues from which
the proteoglycan was isolated. As a result, many proteoglycans have long, multi-
word names that reflect all of these characteristics.

The information gleaned from core protein characterization, however, did not
necessarily relate to this multiword nomenclature. Antibodies (both polyclonal and
monoclonal) prepared against proteoglycans showed that the core proteins of some
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Table 1. Chromosome Localizations of Proteoglycan Core Protein Genes

Name Chromosome Reference

Syndecan mouse chromosome 12 Oettinger et al., 1991
Biglycan human chromosome X27-ter Fisher et al., 1991
Decorin human chromosome 129 McBride et al., 1990
Perlecan human chromosome 1p36.1 Wintle et al., 1990

Kallunki et al., 1991
mouse chromosome 4 linked to Ak-2 Chakravarti et al., 1991
Fibroglycan human chromosome 8q23 Marynen et al., 1991

proteoglycans had related, if not identical, epitopes, while the core proteins of other
proteoglycans were immunologically distinct. Antibodies were also used to identify
precursor proteins to some proteoglycans. Furthermore, the use of purified chon-
droitinase ABC, heparatinase, and keratanase to remove GAG side chains on
proteoglycans without proteolysis allowed estimates of core protein sizes to be
obtained by SDS-PAGE. As a result of these characterizations, distinct families of
proteoglycans began to emerge (for review see Hassell et al., 1986).

Knowledge of the structure of the core protein of proteoglycans increased
dramatically when recombinant DNA technology was used toisolate cDNA clones
to proteoglycans. The first clone to a proteoglycan, serglycin, was obtained in 1985
(Bourdon et al.) and complete cDNA clones for at least 16 different proteoglycans
have been obtained, sequenced, and published as of April 1992. Chromosome
localizations have been done for a few of these proteoglycans (Table 1). The amino
acid sequence deduced from the cDNA clones has provided the complete core
protein structure for many proteoglycans and established their identity. Analysis of
these core protein sequences showed that there is no relationship between the type
of GAG side chain and any structural domain on the core protein, except, of course,
for the 2-3 amino acids at the GAG attachment site. Furthermore, there are no
structural domains common to all proteoglycans, like the G-X-Y repeat in collagen,
that can be used to tie them together as a group. Consequently, there is a growing
trend away from the multiword nomenclature and to refer to each proteoglycan by
asingle simple name (i.e., aggrecan, syndecan, decorin, serglycin, etc.) that is based
on some structural and/or function properties of the core protein. This nomenclature
is more consistent with that of the other components of the extracellular matrix,
where a Roman numeral, in the case of collagen, or a simple name, in the case of
glycoproteins, is used to identify the gene or the gene product.

Despite the lack of a single unifying structural domain common to the core
protein of all proteoglycans, there are distinguishing characteristics that allow them
to be grouped into three broad categories. The first group consists of those whose
core proteins show only little or no homology (i.e., similarity) with each other or
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with known proteins or glycoproteins. These may be, or may have been derived
from, the first proteoglycans to evolve. The second group of proteoglycans consists
of those whose core proteins show considerable homology to known glycoproteins
and, in some cases, to each other as well. These proteoglycans likely evolved from
the ancestorial genes for extracellular matrix glycoproteins by the simple recruit-
ment and addition of a GAG binding region to a structural domain(s) from existing
glycoproteins. The third group of proteoglycans has previously been identified and
designated as “part-time proteoglycans” (for reviews see Kjellén and Lindahl,
1991; Wight et al., 1991). These are proteoglycans whose complete core protein
alsoexists as a glycoprotein. In these cases, the same gene is used for the production
of both a glycoprotein and a proteoglycan, and what differs is whether or not the
linkage regions and/or GAG side chains are put on the translation product. These
proteoglycans are probably at a transition stage during evolution. This review will
focus on the structural features and functional properties of the structurally distinct
proteoglycans and the proteoglycans that are homologous to known glycoproteins,
the proteoglycans found primarily in the first two groups.

IV. STRUCTURALLY DISTINCT PROTEOGLYCANS

This group of proteoglycans is typified by their notable lack of similarity of their
core proteins. The majority of proteoglycans in this group have a transmembrane
segment and because of this are cell surface proteoglycans. Since cell surfaces
developed very early in evolution and the amino acid sequence in their core proteins
are unique, showing little or no similarity to known glycoproteins, it may be that
these proteoglycans represent the first proteoglycans to evolve. This group can be
divided into two major families: proteoglycans associated with the secretory
pathway, and the cell surface proteoglycans. The secretory pathway associated class
has but a single known member, serglycin.

A. Serglycin: A Secretory Granule Proteoglycan

Serglycin was the first proteoglycan whose complete sequence was determined
(Bourdon et al., 1986). It received several names but serglycin was finally adopted
since it aptly describes the major feature of this molecule, a series of serine-glycine
repeats. Serglycin was originally isolated from rat yolk sac tumor cells as the
predominant chondroitin sulfate proteoglycan produced by these cells (Bourdon et
al., 1985; Bourdon et al., 1986). The deduced amino acid sequence for the core
protein shows it to be very small (19 kDa). It has since been cloned from rat
basophilic leukemia-1 cells (Avrahamet al., 1988), human promyelocytic leukemia
cells (Stevens et al., 1988), human platelets (Alliel et al., 1988), mouse mast cells
(Avrahamet al., 1989b), mouse mastocytoma cells (Kjellén et al., 1989), hemopoie-
tic cells (Stellrecht and Saunders, 1989), and rat natural killer cells (Giorda et al.,
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Hum MMQKLLKCSRLVLALALILVLESSVQGYPTQRARYQWVRCNPDSNSANCLEEKG
Mus ..MQVPVGSRLVLALAFVLVWGSSVQGYPARRARYQWVRCKPNGFFANCIEEKG
Rat .MRQVPVGTRLVLALAFVLVWGSSVQGYPARRARYQWVRCKPDGIFANCIEEKG

PMFELLPGESNKIPRLRTDLFPKTRIQDLNRIFPLSEDYSGSGFGSGSGSGSGS
PQFDLIDESNNIGPPMNNPVLMEGPSKDF .. .ISNYDDYGSGSGSGSGSGSGSG
PRFDLIAEESNVGPPMTDPVLMRGFPNDF. . .FPISDDYSGSGSGSGSGSGSGS

GSG ettt ittt ittt eerscniosennne FLTEMEQDYQLVDESDAFHDN
SGSGSG . ittt ittt it e s e FLGDMEWEYQPTDESNIVYFN
GSGSGSGSGSGSGSGSGSGSGSGSGSGSGSGSGSLADMEWEYQPTDENNIVYEN

LRSLDRNLPSDSQDLGQHGLEEDFML
YKPFDRIL.TE.QNQDQ..PEDDFII
YGPFDRML.TE.QNQEQ..P.GDFII

Figure 3. Alignment of human (hum), murine (mus), and rat (rat) serglycin core
protein sequence.

1990). The major species differences lie in the number of serine-glycine (S-G)
repeats characteristic of the molecule; the rat has 24 repeats, the mouse 10.5, and
the human 8 with a single interruption (see Figure 3). The human sequence also
shows some sequence divergence in the C-terminal portion of the molecule.

The S-G repeat of serglycin was originally speculated to be the standard sequence
for glycosaminoglycan side chain addition. However, this motif now appears to be
relatively rare among proteoglycans. It is found only as tandem pairs in syndecan,
fibroglycan, and ryudocan, and as a triplet in glypican. The S-G repeat sequence
does serve as the attachment site for glycosaminoglycans to the serglycin core
protein. This region of the core protein is densely substituted with large numbers
of either chondroitin sulfate or heparin side chains.

The gene structure for serglycin is now known for both the mouse (Avraham et
al., 1889a; Angerth et al., 1990) and human genes (Nicodemus et al., 1990). It
consists of three closely spaced exons, the S-G repeat is contained in the third exon.
Substantial sequence similarity between the two species is also found in the 5'
flanking region of the gene (Nicodemus et al., 1990), indicating a conserved
regulatory mechanism may be present.

Generally isolated from hemopoietic cells, where this proteoglycan enjoys
predominant expression, serglycin is contained within the abundant secretory
granules found in these cells. Serglycin is differentially expressed during he-
matopoieses, showing higher levels in promyelocytes, eosinophils, and basophils
(Stellrecht et al., 1991). The major function of this molecule may well be to provide
the substrate for the synthesis of glycosaminoglycan chains which have biological
activity. The completed molecule may also serve in the packaging of enzymes and
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other proteins into the secretory granules of many cell types (Huang et al., 1982;
Stevens, 1987). Unlike all other proteoglycans, a role in the assembly or function
of the extracellular or pericellular matrix is not known for serglycin. There is also
no known pathology associated with this molecule.

B. Cell Surface Proteoglycans

Proteoglycans which occur on the cell surface are associated with the cell
membrane either as an integral membrane protein or anchored via a phosphoinositol
linkage. All of these proteins also show the unique characteristic of being unrelated
to other extracellular proteins. These molecules can be further divided into four
distinct subfamilies based on the molecular sequences of the known members. The
first subfamily consists of related cell surface proteoglycans: syndecan, fibrogly-
can, and ryudocan. The other three subfamilies consist (at this time) of one member
each: the integral membrane proteoglycans betaglycan and NG2, and glypican, a
proteoglycan anchored to the cell surface by a phosphoinositol linkage. In spite of
their sequence differences, these molecules may share some common functions,
most notably functions attributable to the heparan sulfate side chains, the binding
of growth factors, matrix components, and antithrombin III.

The Syndecated Proteoglycans: Syndecan, Fibroglycan, and Ryudocan

This subfamily of proteoglycans consists of unique molecules characterized by
highly similar transmembrane and cytoplasmic domains as shown in Figure 4
(Marynen et al., 1989; Saunders et al., 1989; Kiefer et al., 1990; Mali et al., 1990;
Kojima et al., 1992b, Pierce et al., 1992). There is also a “pre” segment of nine
amino acids prior to the transmembrane segment which is also conserved. In
syndecan and fibroglycan, the “pre” segment contains a dibasic sequence which
has been proposed as the cleavage site for proteoglycan release; such a site is not
present in ryudocan. Other notable features shared by these molecules are a lack of
cysteine in the extracellular or intracellular domains, and the presence of a S-G-S-G
potential glycosaminoglycan attachment site. Although the primary sequences of
the extracellular domains differ substantially in these three molecules, they all
appear to take on an “extended” conformation; the core proteins characteristically
appear larger on SDS-PAGE electrophoresis than the sequence predicts.

The C-terminal cytoplasmic domain shared by these molecules appears to be able
to bind cytoskeletal elements. This evidence comes largely from studies on synde-
can. The molecule cosediments with F actin (Rapraeger et al., 1986), a subset
colocalizes with actin filament bundles, and when the molecule is cross-linked at
the cell surface, they cluster and are aggregated by the cytoskeleton (Rapraeger et
al., 1986). The C-terminous contains three conserved tyrosine residues, the possi-
bility of phosphorylation of which has been proposed, though these residues do not
conform to typical phosphorylation sites.
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Syndecan. Syndecan, cloned in mouse (Saunders et al., 1989), human (Mali
et al., 1990), hamster (Kiefer et al., 1990), and rat (Kojima et al., 1992b), is highly
conserved in these species with a 32-kDa core protein. Other than the S-G-S-G
potential glycosaminoglycan attachment site, there are three S-G-D/E potential
attachment sites conserved. The hamster sequence contains an additional S-G;
however, this occurs in a region of relative interspecies variability and is not likely
used for glycosaminoglycan attachment. A single cysteine residue is presentin the
transmembrane domain (another cysteine residue is found in the signal peptide
sequence). Syndecan is notably larger than fibroglycan or ryudocan, and has two
more potential glycosaminogly can attachment sites than these latter two molecules.
The single gene for syndecan has been mapped to human chromosome 2 (Ala-
Kapee et al., 1990).

Syndecan contains both heparan sulfate and chondroitin sulfate side chains.
These chains appear to be responsible for much of the ectodomain activities.
Syndecan binds to collagen types I, II, and V, and fibronectin, tenascin, and
thrombospondin (via the heparan sulfate chains). These interactions indicate that
the molecule can serve as an extracellular matrix receptor, linking certain extracel-
lular matrix molecules to the cell cytoskeleton. Further support for this function is
the restoration of an epithelial morphology by expression of syndecan in testosterone-
treated mammary cells (Leppa et al., 1992). These cells, when treated with testos-
terone, lose their epithelial morphology and have reduced syndecan expression;
transfection of the syndecan gene eliminates this response to testosterone.

However, matrix attachment does not appear to be the only function of syndecan.
The heparan sulfate chains can also bind various growth factors, in particular bFGF.
The importance of this binding is underlined by the fact that the hamster syndecan
sequence was identified by ligand-affinity cloning using bFGF (Kiefer et al., 1990).
While the exact function this molecule plays in the bFGF recognition is not known,
it does appear to be of importance. The affinity of bFGF for syndecan is lower than
that of the high-affinity receptors. However, these high-affinity receptors are
incapable of binding to bFGF in the absence of heparan sulfate proteoglycans
(Rapraeger et al., 1991; Yayon et al., 1991). One possibility is that the binding of
bFGF to heparan sulfate “activates” the FGF, allowing it to then bind to the
high-affinity receptors; another is that the heparan sulfate activates the high-affinity
receptors themselves (see Klagsbrun and Baird, 1991, forreview). The cytoplasmic
cytoskeleton-binding domain of syndecan may also be involved in delivering the
FGF-heparan sulfate complex to the high-affinity receptors. It should also be noted
that the growth factor receptor activity is probably not restricted to syndecan. All
the cell surface proteoglycans, with the exception of NG2, appear as heparan sulfate
proteoglycans and could have similar or even identical functions. It is possible that
they could also serve as competitive inhibitors, particularly in the case of glypican,
which could remain “free” in the membrane.

In the adult animal, syndecan is predominantly expressed on epithelial cells. It
is also present on the surfaces of other cell types, and is transiently expressed by
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mesenchymal cells during development in a number of systems (Thesleff et al.,
1988; Brauker et al., 1991; Trautman et al., 1991). Polymorphisms in the gly-
cosaminoglycan chain composition and length are also evident for syndecan. The
number of chondroitin sulfate chains, and the length of both chondroitin sulfate and
heparan sulfate chains is different in a number of cell types and during lung
development (Sanderson and Bernfield, 1988; Boutin et al., 1991; Brauker et al.,
1991). These changes may reflect altered synthesis patterns or the changes in tissue
composition (Brauker et al., 1991). However, such changes could also be the result
of changes in the quantities and types of growth factors present in these systems.
TGFp affects the glycosaminoglycan chain composition in NMuMG mammary
cells (Rasmussen and Rapraeger, 1988; Rapraeger, 1989), and also appears to alter
the glycosaminoglycan composition of betaglycan {Andres et al., 1992). Other
growth factors may also have effects on glycosaminoglycan composition. It has
been reported that IL-3, IL-5, and GM-CSF all increase the size of the chains
attached to serglycin in human eosinophils (Rothenberg et al., 1988).

TGFB does not appear to alter the synthetic rates of syndecan in NMuMG cells,
while both TGFB and bFGF substantially increases the synthesis of syndecan in
3T3 cells (Elenius et al., 1992). These two growth factors acted synergistically on
syndecan synthesis in 3T3 cells, also increasing the shedding of syndecan into the
media. In view of the studies which show that the FGF-like int 2 gene product and
TGFp expression correlate with syndecan expression in the developing tooth
(Thesleff et al., 1988; Wilkinson et al., 1989) and in developing lung (Heine et al.,
1987; Brauker et al., 1991), it has been proposed that these growth factors'may be
the signals mediating the transient expression of syndecan in mesenchymal cells
during development (Brauker et al., 1991; Elenius et al., 1992).

Fibroglycan. Cloned from human fibroblasts (Marynan et al., 1989) and rat
hepatocytes (Pierce et al., 1992), the core protein of fibroglycan (23 kDa) is
substantially smaller than syndecan. Fibroglycan has only three occurrences of S-G
repeats; two are in a tandem repeat like that in syndecan. The gene appears to be
unique and has been mapped to human chromosome 8q23 (Marynen et al., 1989).
Fibroglycan is highly expressed in liver and kidney, though unlike syndecan, it
appears to be widely distributed among different adult tissues (Pierce et al., 1992).

Ryudocan. Rat ryudocan was isolated and cloned from endothelial cells
{Kojima et al., 1992b) as a proteoglycan which, along with syndecan, has a
subfraction containing heparan sulfate chains that are active in anticoagulation and
antithrombin III binding (Kojima et al., 1992a). The name ryudocan was derived
from ryiidousel, meaning fluidity in Japanese. The core protein of ryudocan (22
kDa) is similar to fibroglycan in size, and, to a lesser extent, in sequence. In addition
to the common transmembrane region and cytoplasmic sequence, it has a S-G-S-G
sequence as well as one other S-G site. Unlike syndecan and fibroglycan, ryudocan
has no potential N-linked oligosaccharide sequences. A major difference between
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ryudocan and syndecan or fibroglycan is that it lacks the dibasic sequence which
appears to serve as the proteolytic cleavage site that releases syndecan and fibro-
glycan from the cell surface. However, this molecule was found in medium
preparations (Kojima et al., 1992a); the mechanism for removal from the cell
surface may be substantially different from syndecan and fibroglycan, indicating a
potentially different function.

The specific biological functions of fibroglycan and ryudocan remain to be
established, as well as their tissue distribution and roles, if any, in development.
Since these molecules contain relatively short extracellular segments, their major
functions may be mediated through their glycosaminoglycan side chains. Both of
these molecules have been identified as heparan sulfate proteoglycans, thus all the
functions ascribed to cell surface heparan sulfate proteoglycans could also be
ascribed to these molecules; namely, anticoagulant activity, growth factor binding
and presentation to the high-affinity receptors, and interactions with matrix com-
ponents. The conserved cytoplasmic domain that appears to be associated with the
cytoskeleton, as in syndecan, may be involved in these latter two functions.

Betaglycan

Betaglycan (Lopez-Casillas et al., 1991), like the members of the syndecated
family, has a transmembrane sequence and relatively short cytoplasmic tail (43
amino acids) and glycosaminoglycan chains, both heparan and chondroitin sulfate.
Apart from these structural features, these molecules share no other similarities.
The core protein of betaglycan is larger (92 kDa) and both the extracellular and
cytoplasmic sequences of betaglycan are completely different. The extracellular
domain of betaglycan is much larger than those of the syndecated family, and
contains 16 cysteines, which are absent in the extracellular domain of the syndecan
family. One of these cysteines occurs in the probable signal peptide sequence,
raising the possibility of an unpaired cysteine in betaglycan, though disulfide
bonding has not been noted for this molecule. There are six S-G repeats, none of
which are in tandem. Two of the sites are proposed as the most likely glycosami-
noglycan attachment sites. The cytoplasmic sequence of betaglycan is also unusual,
rich in threonine and serine, including one threonine which may be a substrate for
protein kinase C. There is also a single cysteine in the betaglycan cytoplasmic
domain.

The betagl ycan transmembrane and cytoplasmic domains bear a strong similarity
to another transmembrane protein, endoglin. Endoglin is a major membrane protein
isolated from human vascular endothelium (Gougos and Letarte, 1990). A role in
cell-cell adhesion has been proposed for endoglin; it contains an RGD sequence
which may be recognized by integrins. Such a function would also imply an
interaction between the endoglin (and by analogy betaglycan) and the cytoskeleton,
as is thought for members of the syndecan family.
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A major function of betaglycan is TGFpB binding. Betaglycan appears to be an
intermediate affinity receptor for TGFf3 (Cheifetzet al., 1988; Segarini and Seyedin,
1988). This binding is mediated by the core protein; the glycosaminoglycan chains
of betaglycan are not necessary (Cheifetz and Massague, 1989). The role of
betaglycan in the TGF signaling system is still unknown as yet. Three possibilities
have been proposed (Lopez-Casillas et al., 1991): (1) to activate TGFp action by
capturing TGFB from the pericellular environment for presentation to the
high-affinity receptors; (2) to suppress TGFp action by removing it from the
pericellular environment; and (3) to signal TGFf responses directly, though such
amechanismis unknown as yet. Betaglycan also can bind bFGF through its heparan
sulfate side chains and, in a manner similar to that proposed for the other cell surface
proteoglycans, may be involved in bFGF responses (Andres et al., 1992).

Like syndecan and fibroglycan, betaglycan is released from the cell surface as a
soluble form (Andres et al., 1989). This could occur through the dibasic sequences
present near the transmembrane domain as in syndecan and fibroglycan, or through
a separate sequence, L-A-V-V, which is identical to a cleavage sequence for TGFa
(Lopez-Casillas et al., 1991). The functional roles for soluble betaglycan—or for
that matter, soluble syndecan, fibroglycan, and ryudocan—are not yet clear.

NG2

While NG2 has a transmembrane segment (Nishiyama et al., 1991), it differs
from the other proteoglycans discussed in this section by criteria other than
sequence. NG2 has: a very large (251 kDa) core protein; chondroitin sulfate side
chains rather than heparan sulfate; and a large cytoplasmic sequence (76 amino
acids). Structurally, NG2 is divided into five domains. The extracellular segment
contains three of these domains: a cysteine containing domain 1, a cysteine-lacking
domain 2 which appears to contain the glycosaminoglycan side chains, and the
cysteine-containing domain 3. The cysteines in domain | appear to be interchain
disulfide-bonded, since this segment can be released intact by proteolysis (Nishi-
yama et al., 1991). The transmembrane segment and cytoplasmic domain make up
the remaining two domains of this molecule. Like most large molecules, NG2 does
show an internally repetitive sequence, with four repeats of 200 amino acids and
two other short repeats. The large repeats are of significance since they show some
degree of similarity to repeats found in chick N-cadherin, which have been
proposed to be calcium-binding domains. A single gene appears to exist for the
molecule, but the chromosomal localization is not yet known.

Isolated from developing neural tissue and cells, this molecule generally appears
to be absent or expressed at very low levels in adult tissues. NG2 has been reported
to bind collagen VI, and may act as a receptor for this molecule, but other functions
are not yet known. It is notable that NG2 appears to be the rat homologue of the
human melanoma specific antigen studied extensively by Harper and Reisfeld
(1987). N-terminal sequence from this molecule is comparable with that of NG2
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(Nishiyama et al., 1991). The expression of this molecule on malignant melanoma
cells, which are of neural crest origin, may indicate a loss of differentiation of these
cells, reverting to a more primitive neural precursor phenotype that, along with
increased NG2 expression, also have increased migratory and invasive potential.

Glypican

Glypican differs from the other cell surface proteoglycans not only in amino acid
sequence but in mechanism of cell surface attachment. It maintains its association
with the cell surface via a phosphoinositol linkage rather than a transmembrane
segment (David etal., 1990). This molecule has a short hydrophobic sequence near
the C-terminus, and a S-A-A sequence 10 residues before the hydrophobic sequence
that agrees with this site being used for the phosphoinositol linkage. The overall
sequence is quite different from that of the syndecan family, being more similar to
betaglycan in the size of its core protein (62 kDa) and the presence of numerous
cysteines. A wriplet of tandem S-G residues which appears near the C-terminus,
which along with a S-G-E sequence near the N-terminus are proposed to contain
the glycosaminoglycan linkage sites. Several dibasic residue pairs make this
proteoglycan a candidate for cleavage by the same protease that acts on syndecan,
fibroglycan, and betaglycan. In fact this molecule appears to be rapidly shed from
the cell surface.

Phosphoinositol-linked cell surface proteoglycans have been detected in several
cell types including rat liver (Ishihara et al., 1987), ovarian granulosa cells (Yana-
gashita and McQuillan, 1989), Schwann cells (Carey and Evans, 1989), and
embryonic heart cells (Chajek-Shaul et al., 1989). Interestingly, it is this molecule,
or a related one, that has been proposed to contribute the heparan sulfate chains
which localize to the nucleus in confluent liver cells and are associated with the
cell cycle (Ishihara et al., 1987). Found as a heparan sulfate proteoglycan, this
molecule may also have all the functions ascribed to the heparan sulfate chains of
the above proteoglycans. However, unlike these molecules, glypican does not
appear to have a direct relationship with the cytoskeleton, and may therefore
actually have a competitive role for these functions.

V. PROTEOGLYCANS THAT ARE STRUCTURALLY RELATED
TO GLYCOPROTEINS

This group of proteoglycans have core proteins that show considerable homology
to known glycoproteins and in some cases considerably homology with each other
as well. These proteoglycans are primarily present in extracellular matrices and are
often referred to as interstitial proteoglycans. Since extracellular matrices devel-
oped later in evolution than cell surfaces, and the core proteins of these interstitial
proteoglycans show homology to glycoproteins (many of which are also present in
extracellular matrices), it is likely that these proteoglycans evolved, in part, from
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domains for ancestorial genes for glycoproteins. These proteoglycans, although
homologous to some glycoproteins, are clearly a distinct and separate gene product
from the related glycoprotein. Members of this group can be divided into three
major families based on the structure and interaction of their core protein.

A. Proteoglycans with Leucine-Rich Repeats: Decorin, Lumican,
Fibromodulin, Biglycan, and PG-Lb

This family of proteoglycans has the largest number of members and has often
been referred to as the “small interstitial proteoglycans”. Decorin was originally
cloned from a human fibroblast cell line (Krusiusetal., 1986), biglycan from human
bone cells (Fisher et al., 1989), fibromodulin from bovine tracheal chondrocytes
(Oldberg et al., 1989), lumican from chick corneas (Blochberger et al., 1992), and
PG-Lb from chick epiphyseal cartilage (Shinomura et al., 1992). Decorin and
biglycan have been cloned from more than one species (Table 2). These five
proteoglycans are present in a variety of connective tissues with many tissues
containing more than one of these proteoglycans. Their core proteins are remark-
ably similar in size (Table 2) and they all consist of a centrally located leucine-rich
repeat domain flanked by N- and C-terminal domains containing cysteines. The
genes for biglycan and decorin have been mapped in humans to Xql3-qter and
12pl2.1-gter, respectively (McBride et al., 1990). Based solely on similarities in
amino acid sequence, these proteoglycans can be further divided into three sub-
families. The first subfamily consists of fibromodulin and lumican, and the second
subfamily consists of biglycan and decorin. The members of these two subfamilies
are approximately 50% identical with each other and approximately 30% identical
with members of the other subfamily. PG-Lb is the lone member of the third
subfamily.

Structure and Homology

The most striking feature of this family is the presence of a domain containing a
repetitive leucine-rich sequence with the structure L-X-X-L-X-L-X-X-N-X-L/1,
where X- is any amino acid. This leucine-rich domain comprises over 60% of the
core protein of lumican, decorin, biglycan, and fibromodulin. Alignment of the
leucine repeats in chick decorin (Li et al., 1992) and in chick lumican (Blochberger
et al., 1992) reveals that there are three variations, or motifs, of this leucine-rich
repeat. The three motifs are tandemly linked to form a unit and three units are
tandemly linked to form the nine leucine-rich repeats in this domain. There is a
distinct spacing pattern between the motifs in each unit and between the different
units that is consistent in all four proteoglycans. Using the asparagine in each motif
as areference point, there are 21 amino acids between motifs in adjacent units, and
24 to 26 amino acids between motifs within a unit {Blochberger et al., 1992; Li et
al,, 1992). PG-Lb does not contain as many leucine repeats as the other four
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proteoglycans and has a different spacing of leucine-rich repeats. Leucine-rich
repeats have been reported in at least 19 other proteins from a diverse range of
species. The spacing in many of these proteins occurs at approximately 24 amino
acid intervals or at multiples of 24. This spacing may be required for proper
functioning of the leucine-rich repeat domain. No obvious correlation exists
between the units and to the exons in the human gene for biglycan (Fisher, 1991).

Another feature shared by the five members of this proteoglycan family is the
number and positioning of cysteine residues. The amino terminus of each protein
contains four cysteines and the carboxy terminus contains two. Amino acid align-
ment shows that the cysteines align to the same position. Interestingly, bovine
osteoinductive factor (Bentz et al., 1990; Madison et al., 1990), drosophila toll
protein (Hashimoto et al., 1988), and drosophila chaoptin (Reinke et al., 1988),
which all contain leucine-rich repeats, also have four cysteine residues at their
N-terminus that align with the proteoglycans’ cysteines. In addition, bovine
osteoinductive factor has two cysteines at the C-terminus that align to the proteo-
glycans’ C-terminal cysteines (Fisher et al., 1991).

Although the primary structure of the small interstitial proteoglycans is defined,
one can only speculate about their three-dimensional shape. Chick decorin (Li et
al., 1992) contains the following sequence at both the amino and carboxy terminal
ends of each of its units: P-X-p-X-P-X-pB, where X = any amino acid, and p =
aspartic acid, asparagine, glycine, or serine (amino acids commonly found in
bends). Only half of this sequence, however, is found at the carboxy terminus of
unit 3. Decorin cloned from other species also displays this pattern with little
variation (Krusius et al., 1986, Day et al., 1987; Dreher et al., 1990). Biglycan
(Fisher et al., 1989; Neame et al., 1989), fibromodulin (Oldberg et al., 1989), and
lumican (Blochberger et al., 1992) deviate further from this sequence, but in all
cases two prolines flank both ends of all three units except, like decorin, only one
proline is found at the carboxy-terminus of unit 3. PG-Lb (Shinomura et al., 1992)
diverges even further from this pattern, but still contains proline residues between
some of its leucine repeats. The leucine motif has been shown to contain amphipa-
thic B-sheet structure (Krantz et al., 1991). Thus, one could envision a macromole-
cule where the p bend sequences cause the units to stack up together and align with
one another by their B-sheet structure. Biglycan from bovine articular cartilage has
been shown to contain disulfide bonds between the first and fourth cysteines and
between the fifth and sixth cysteines (Neame et al., 1989). This means each end of
the molecule would be curled upon itself due to disulfide bonds. This would agree
with rotary shadowed images viewed by electron microscopy which shows decorin
and lumican to be “tadpole” shaped, with a globular protein head (core protein) and
GAG chains which resemble tails (Scott et al., 1990).

There are also differences between the five proteoglycans. Most of these differ-
ences are at the N- and C-terminal ends. Decorin has been shown to possess a
propeptide (Sawhney et al., 1991) at the N-terminal end and biglycan may as well
(Fisheretal., 1989). No evidence for a propeptide exists for fibromodulin, lumican,
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and PG-Lb. Fibromodulin possesses a tyrosine-rich region near its amino terminus
(Oldberg et al., 1989). Tyrosylprotein sulfotransferase will sulfate tyrosine residues
adjacent to acidic residues (Niehrs et al., 1990). Five such tyrosines exist in
fibromodulin’s N-terminus. Fibromodulin was shown to possess sulfated tyrosine
on its amino terminus (Antonsson et al., 1991). How sulfated tyrosine affects a
protein’s biological activity is unclear. The authors (Antonsson et al., 1991) noted
that tyrosine sulfation was shown to increase the rate of protein secretion from cells
(Friederich et al., 1988) and to have an effect on the half-life of proteins released
into the circulation (Pauwels et al., 1987). Interestingly, lumican (Blochberger et
al., 1992) possesses four N-terminal tyrosine residues and PG-Lb (Shinomura et
al., 1992) two tyrosines which could potentially be sulfated. Biglycan and decorin
lack potential tyrosine sulfation sites.

Biglycan is thought to contain two chondroitin sulfate/dermatansulfate (CS/DS)
chains attached at amino acids 5 and 10, and two N-linked oligosaccharides (Fisher
et al.,, 1987; Choi et al., 1989; Neame et al., 1989), while decorin contains one
CS/DS chain at amino acid 4 (Chopra et al., 1985; Fisher et al., 1987; Choi et al.,
1989; Mann et al., 1990), one O-linked and three putative N-linked oligosaccha-
rides (Midura et al., 1989; Scott et al., 1990). Whether biglycan or decorin receive
CS or DS chains is partly affected by the type of tissue they are found in (Neame
et al., 1989). PG-Lb has been shown to contain dermatan sulfate (Shinomura et al.,
1992). Its two potential dermatan sulfate addition sites are in alignment with
biglycan’s two dermatan sulfate sites.

Lumican from cornea and fibromodulin from cartilage contain no CS/DS, but do
contain N-linked oligosaccharides with keratan sulfate (KS) chains attached onto
their ends. Four out of the five possible sites for KS addition (i.e., those sites which
receive N-linked oligosaccharides) on fibromodulin do receive KS (Plaas et al.,
1990). Lumican has been estimated to contain five N-linked oligosaccharides, of
which two to three of them are substituted with KS (Midura et al., 1989). Interest-
ingly, the first four sites (from the N-terminal end) of fibromodulin which receive
KS are located in the leucine-rich region and align with the first four potential KS
addition sites found on lumican. Their fifth potential KS sites lie outside of the
leucine-rich region and are not in alignment (Blochberger et al., 1992).

Tissue Distribution

The localization of both mRNAs and core proteins of biglycan and decorin was
examined in both human skeletal and nonskeletal tissues using [>°S]-labeled RNA
probes and antibodies directed against dissimilar regions on the two protein cores
(Bianco et al., 1990). Their tissue distributions were shown to differ significantly,
sometimes to the point of being mutually exclusive. In developing bones, biglycan
expression was localized to articular areas and territorial matrices, whereas decorin
expression was found in nonarticular areas and in interterritorial matrices. In
nonskeletal tissues, decorin was found in all connective tissues rich in collagen
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Type I or II such as dermis, tendon, and cornea. Biglycan was absent from these
matrices, but found in specialized connective tissue cells (endothelial cells, skeletal
myofibers), or other cell types in which it was located on the cell surface (kerati-
nocytes, renal tubular epithelia). Immunofluorescent staining of chick limb embryo
cartilage with antibodies directed to the core protein of PG-Lb showed the protein
to be present only in the zone of flattened chondrocytes (Shinomura et al., 1984).

Bovine fibromodulin was detected via radioimmunoassay in different types of
fibrillar connective tissues such as tendon, sclera, aorta, and possibly skin. Little
or no core protein was found in bone, lens, kidney, vitreous, skeletal muscle, liver,
and cornea. Indirect immunofluorescence showed fibromodulin was present in the
extracellular matrix of cartilage, primarily in the territorial matrix (Heinegérd et
al., 1986).

The presence of chick lumican was examined in various tissues via northern blot
analysis and immunoprecipitation of lumican precursor protein (Blochberger et al.,
1992). Cornea, corneal fibroblasts, muscle, and intestine contained the highest
levels of lumican mRNA with lesser amounts in heart, liver, and sclera, respectively.
Precursor protein synthesis levels for lumican correlated reasonably well with the
mRNA levels. However, antibodies to the keratan sulfate epitopes showed a more
restricted range in tissues (Funderburgh etal., 1987). This suggests that KS addition
to lumican or fibromodulin may be regulated by tissue specific posttranslational
modifications.

Functions

The interstitial proteoglycans can also be divided into groups based on tissue
distribution and function. Decorin, fibromodulin, and lumican constitute one group,
and both biglycan and PG-Lb would be placed into their own separate categories.
The proteoglycans in the first group are found in fibrillar matrices, bind fibrillar
collagen, and affect collagen fibrillogenesis (Vogel et al., 1984; Brown et al., 1989;
Hedbom et al., 1989; Rada et al., 1993). Biglycan is found in the pericellular space
of specialized cell types or associated with the surface of cells (Bianco et al., 1990)
and does not bind fibrillar collagen or affect its synthesis (Brown et al., 1989). No
interaction of PG-Lb with collagen has been reported.

The transparency of the corneal stroma depends, in part, on the small size of the
collagen fibrils and the small size of the interfibrillar spaces (Benedek, 1971). Both
decorin and lumican (Midura and Hascall, 1989; Schrecengost et al., 1992) are
present in the corneal stroma and they are suspected to play a role in maintaining
the small size of the collagen fibrils and their spacing. Both decorin and lumican
have also been shown to bind to type I collagen and limit the size of the collagen
fibrils forms in vitro. Their GAG chains, have no effect on fibrillogenesis (Brown
etal., 1989; Rada et al., 1991a). The highly charged glycosaminoglycan chains on
these proteoglycans impart to the stroma its hydrophilic character, and provide the
water retention necessary for preserving the proper interfibrillar distances neces-
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sary for corneal transparency. In addition, the GAG chains on the corneal proteo-
glycans may be providing a “yardstick™ function (Scott, 1991) to maintain fibril
spacing. Electron micrographs of Cupromeronic Blue-stained rabbit corneas show
glycan filament formation. These filaments are composed of two or more GAG
chains aligned side by side and end to end. Scott (1991) has proposed that the
proteoglycans bind to collagen fibrils and extend their GAG chains out through the
interfibrillar space until they reach an adjacent collagen fibril. The core proteins
would bind to the surface of the collagen fibril and the GAG chains in the
interfibrillar space would hybridize to each other. This arrangement would help to
maintain the proper distance between the fibrils. Thus, both the core proteins and
GAG components of lumican and decorin are playing separate roles in maintaining
collagen fibril diameters and spacing.

Lumican is not always expressed as a proteoglycan and therefore be considered
a“part time proteoglycan”. Bovine lumican was shown to be present in aorta almost
exclusively as a glycoprotein and not a proteoglycan (Funderburgh et al., 1991).
This indicates that the lumican exerts its biological activity in aorta through its core
protein, and thus may be involved in some aspect of collagen fibril regulation and
not water retention.

Another putative function of some of the members of this gene family may
involve regulation of cell growth and development. Osteoinductive factor (OIF)
(Bentz et al., 1990; Madisen et al., 1990) is a protein which is quite homologous to
the small interstitial proteoglycans. It contains the leucine-rich repeat domain and
the six cysteine residues which align to the same position as in all five proteogly-
cans. OIF purified from bovine bone matrix (Bentz et al., 1989) has been shown to
stimulate osteoblast and bone marrow cell proliferation, promote alkaline phos-
phatase activity, and prevent osteoclast cell development (Kukita et al., 1990).
Transforming growth factor § (TGF-P) type 1 or type 2 is needed for OIF’s activity.
One report (Fisher et al., 1991) speculated that because the mature form of OIF
contains only the last three leucine repeats and the two C-terminal cysteines, the
TGF-p binding domain may be located in the carboxylterminal segment of the
protein. This same region of decorin is suspected of being involved in inhibiting
collagen fibrillogenesis (Rada et al., 1991). Biglycan and decorin have been shown
to bind TGF-B1 (Yamaguchi et al., 1990). In one case, proliferation of Chinese
hamster ovary cells was inhibited upon increased decorin expression (Yamaguchi
et al., 1988). This inhibition is due, in part, by decorin binding TGF-f, which can
then no longer stimulate cell growth. Thus, some of these proteoglycans may be
involved in another aspect of matrix organization aside from collagen fibril regu-
lation.

Fisher et al. (1991) and Bionco et al. (1990) suggested several possible functions
for biglycan based on its localization. Since biglycan is structurally homologous to
the other three proteoglycans, it may be binding to collagen type VI or VIII which
are present in the pericellular space, but not in type I or II collagen-containing
fibrillar matrices. Biglycan expression was also seen in all the tissues examined
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where there was ongoing morphogenesis and differentiation. This suggests that
biglycan may play a role in developmental aspects.

The most fascinating aspect of the small interstitial proteoglycans is the presence
of the leucine repeat and the question of what role it plays in their functions. The
leucine-rich segment may act as a binding domain, allowing the proteoglycans to
interact with other proteins and cell membranes. Alternatively, it may serve as
scaffolding, providing a backbone structure which would allow other areas of the
protein, such as the N- or C-termini, to interact in a specific fashion with other
cellular components. Insertion and deletion mutagenesis experiments have shown
that the leucine motif is required for human placental ribonuclease inhibitor to bind
RNase A (Lee et al., 1990), for yeast adenylate cyclase to interact with RAS proteins
(Suzuki et al., 1990), and for human U2 snRNP A’ protein to reconstitute with the
other U2 snRNP proteins (Fresco et al., 1991). The leucine-rich repeats are not
likely, however, to be directly involved in collagen binding or regulate collagen
fibrillogenesis. Reduction and alkylation of lumican and decorin destroys its
fibrillogenesis-regulating activity (Brown et al., 1989; Radaetal., 1991a). Further-
more, biglycan, which has nine leucine motifs that align with the nine motifs in
lumican, decorin, and fibromodulin (Figure 1), does not bind collagen and has no
fibrillogenesis-regulating activity (Brown et al., 1989). Decorin shows normal
activity in the fibrillogenesis assay after removal of the N-terminal 17 amino acids.
This indicates that the N-terminal region of the protein does not contain the collagen
fibrillogenesis-regulating region. Most of the activity was lost, however, when the
C-terminal half of decorin was removed (Rada et al., 1991a). This suggests that the
C-terminus, where biglycan differs significantly from the other three proteogly-
cans, contains the fibrillogenesis-regulating activity.

Tissue Pathology

In the corneal stroma, lumican exists as a highly sulfated proteoglycan and
decorin as an undersulfated proteoglycan. Lumican can bind more water than
decorin, but can also release water more readily than decorin (Bettelheim et al.,
1975). These properties are thought to be important in maintaining the proper water
level in the stroma, and thus promoting transparency. There are several examples
of altered proteoglycans production during corneal opacities. During healing of
corneal wounds which penetrated the stroma, scar tissue develops and the cornea
becomes opaque. A low-sulfated lumican and a highly sulfated decorin are found
in the healing stroma. After the wound healed and the corneal stroma became
transparent again, lumican was found to be highly sulfated and decorin undersul-
fated (Funderburgh et al., 1989). In the disease keratoconus, the central part of the
cornea protrudes leading to scarring and thus corneal opacity. Again, lumican was
found to be undersulfated and decorin oversulfated (Funderburgh et al., 1990;
Sawaguchi et al., 1991). Macular corneal dystrophy is an inherited disease in which
a haze develops in the center of the corneal stroma. Deposits form in the extracel-
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lular matrix. Blindness develops within 10 to 20 years and vision must be restored
by keratoplasty (Hassell et al., 1989). In Type I macular corneal dystrophy, lumican
receives no sulfate on its poly-N-acetyl lactosamine chains, whereas decorin is
somewhat oversulfated (Hassell et al., 1980). Thus, it appears that the keratocytes
which synthesize these proteoglycans in the stroma respond to different situations
in a “wound healing” manner (Funderburgh et al., 1991). Synthesis of highly
sulfated lumican and low-sulfated decorin in the transparent state switches to
low-sulfated lumican and highly sulfated decorin in the opaque state. The sulfation
state of proteoglycans in the opaque cornea is that which is normally found for
proteoglycans in connective tissues other than cornea.

B. Hyaluronate-Binding Proteoglycans

Hyaluronate is thought to play an important role in embryonic development and
repair processes by providing a highly hydrated, relatively unresisting matrix
through which cells can migrate. Furthermore, hyaluronate forms a coat around
many types of cells, profoundly affecting their adhesive and migratory processes
(Toole, 1991). Several proteoglycans have been identified which exhibit related
structural homologies and specifically interact with hyaluronate (Norling et al.,
1978; Coster et al., 1979; Radhakrishnamurthy et al., 1980; Kiang et al., 1981;
Anderson, 1982; Iozzo and Wight, 1982; Chang et al., 1983; Bumol et al., 1984;
Heinegard et al., 1985; Johansson et al., 1985; Kimata et al., 1986; Goldstein et al.,
1989; Morgelin et al., 1989; Stamenkovic et al., 1989; Zimmerman and Ruoslahti,
1989; Heinegard et al., 1990; Rauch et al., 1991). cDNA clones to three proteogly-
cans—aggrecan, versican, and CD44—have revealed the presence of hyaluronate
binding domains. Although these proteoglycans have domains with other functions,
the hyaluronate binding domain makes them members of this family.

Aggrecan

Aggrecan, the major proteoglycan of cartilage, is composed of a large core
protein to which are attached approximately 100 chondroitin sulfate chains, 15 to
50 keratan sulfate chains, and numerous N- and O-linked oligosaccharides. The
complete amino acid sequence of the large aggregating proteoglycan from the rat
chondrosarcoma (Doege, et al., 1987), and human cartilage (Doege et al., 1991) as
well as partial sequences from human (Baldwin et al., 1989), bovine (Oldberg et
al., 1987), and chicken (Sai et al., 1986), have been deduced from cDNA clones.
Studies on the rat chondrosarcoma indicate that a continuous sequence of 6.55 kb
encodes for a 2124-amino acid-long core protein (220,952 Da), including a 19-
amino acid signal peptide (Doege et al., 1987). Analysis of the cDNA sequence,
together with past biochemical studies, suggest that the core protein contains some
8 structural domains. These domains are numbered from the NH2 terminus and are
designated based on their structure or function. Domains 1 (G1), 3 (G2),and 8 (G3)
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Figure 5. Schematic of related structural features among proteins and proteoglycans
sharing homologous domains with aggrecan. Related domains are shown as boxes
and are labeled A, B, and B’ for the link motifs; E,L, and C for the EGF-like, lectin-like,
and complement regulatory protein-like domains, respectively. The E and C domains
of aggrecan are blackened to indicate their apparent regulation by alternative splicing.
(From Doege etal., 1991).

are globular. Domain 1 is composed of two structural motifs, an Ig variable region
fold and a tandem repeat of two homologous loops (B and B’). This domain can
interact noncovalently with hyaluronic acid and has thus been termed the
hyaluronic acid binding region (HABR) (Heinegard and Hascall, 1974; Harding-
ham et al., 1986). The tandem repeat motif, but not the Ig fold, is also found in
domain 3. Domain 2 is an interglobular domain (IGD); domain 4 (KS) is highly
substituted with keratan sulfate; and domains 5 to 7 (CS1-CS3) make up the
chondroitin sulfate-bearing portion of the core protein and are distinguishable on
the basis of internal sequence repeats. The spacing of the glycosaminoglycan side
chains, their distribution along the core protein, and the size and nature of the side
chains differ between species. Typically, those from rat contain no, or very small
amounts of keratan sulfate compared with those from larger mammals like cow and
man (Heinegard and Oldberg, 1989). At the protein level this depends on the
presence of a region-contained hexapeptide repeated 23 times in the proteoglycans,
which is not represented in the proteoglycans from rat (Antonsson et al., 1989).
Due to the large number of structurally different domains in aggrecan, several
homologies can be identified between regions of aggrecan and known proteins.
Domains 1 and 3 have extensive sequence homology with link protein, a 39-kDa
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protein which interacts with domain 1 of aggrecan and hyaluronic acid to stabilize
the interaction. Domain 1 is a copy of the complete link protein sequence, while
domain 3 is a copy of the COOH-terminal two-thirds portion of link protein.
However, electron microscopical data have demonstrated that domain 3 (G2) is not
involved in the interactions of aggrecan with hyaluronic acid or link protein
(Morgelinetal., 1988). Domains | and 3 contain two homologous loops of atandem
repeat structure which share significant sequence homology with a human lympho-
cyte homing receptor, CD44. CD44 is a polymorphic integral membrane glycopro-
tein with a postulated role in matrix adhesion and has been identified as the
hyaluronate receptor on mouse and hamster fibroblast cell lines (see below).
Domain 8 (G3) has sequence homology with a family of animal lectins which can
bind specifically to galactose and fucose (Halberg et al., 1988). Domain 8 possesses
two additional disulfide-containing domains: one with homology to the EGF repeat,
and one related to complement regulatory proteins (CRP). Both the EGF-like
domain and CRP-like domains have been determined to be alternatively expressed
in the human proteoglycan (Doege et al., 1991) (Figure 5).

Under normal physiological conditions, aggrecan exists as large multimolecular
aggregates bound to hyaluronic acid and link protein. Link protein is thought to
stabilize the proteoglycan-hyaluronate interaction (Hardingham, 1979) and may
direct the arrangement of proteoglycans along the hyaluronic acid chain. Due to
the presence of numerous glycosaminoglycan side chains, aggrecan has a high
fixed-charge density which attracts water and provides a swelling pressure (Muir,
1982). In cartilage, this pressure functions to resist compression in joints, as well
as provides growth of skeletal rudiments during development. Defects in aggrecan
structure or synthesis lead to abnormalities in the cartilage matrix and result in
altered physical properties of the tissue. In the avian mutant, nanomelia (Argraves
etal., 1981), as well as in the murine cartilage matrix deficiency (cmd/cmd) mutant
(Kimataetal., 1981), the synthesis of aggrecan core protein is dramatically reduced,
resulting in pronounced defects in cartilaginous tissues and cartilage-derived
structures. An increase in aggrecan synthesis and accumulation has been shown to
occur within the posterior sclera of the chick eye during the development of
experimental myopia, resulting in exaggerated axial elongation of the eye globe
(Rada et al., 1991b).

Aggrecan shows an age-related decrease in size and an enrichment in keratan
sulfate relative to chondroitin sulfate (Thonar and Kuettner, 1987). These reflect
changes in the synthesis of the glycosaminoglycan and also cleavage of the core
protein by proteases (Sweet etal., 1979; Roughley and White, 1983). Furthermore,
in osteoarthritis, adegenerative joint disease, there is a generalized Joss of aggrecan
from the tissues, resulting eventually in the failure of the tissue as a load-bearing
material (Carney and Muir, 1988).

Although typically found in cartilage, a large (300 kDa) chondroitin/keratan
sulfate-rich aggregating proteoglycan with EGF and lectin-like domains similar to
those described for aggrecan has been identified in neuroglial cells of the central
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nervous system (Norling et al., 1978; Rauch et al., 1991). Furthermore, the core
proteins of large proteoglycans from both sclera and tendon have the same general
domain organization as described for aggrecan (Morgelin et al., 1989). Large
proteoglycans resembling cartilage proteoglycans have also been isolated from
aorta (McMurtry et al., 1979; Morgelin et al., 1989) which contain only two
globular domains, but which can aggregate with hyaluronic acid.

Versican

A large aggregating chondroitin sulfate proteoglycan from human fibroblasts
with a 2389-amino acid-long core protein has been named versican (“versatile
proteoglycan’) because it shares structural motifs with growth factors and adhesion
molecules (Zimmermann and Ruoslahti, 1989). Based on amino acid sequence
deduced from cDNA clones, the versican core protein is proposed to contain several
distinct domains (Figure 5). The amino-terminal domain of the versican core
protein is similar to the 3-loop structure of link protein, and to the link protein-like
sequences in aggrecan (Doege, 1987). The amino acid sequences of the B and B’
loops, which are known to mediate the hyaluronic acid binding of link protein
(Goetinck et al., 1987) are especially well conserved. Furthermore, hyaluronic
acid-binding activity has been reported for what seems to be the same proteoglycan
produced by human embryonic skin fibroblasts (Johansson et al., 1985). The
versican sequence adjacent to the link protein-like domain includes an unusual
polyglutamic acid stretch. Similar sequences occur in a number of DNA binding
proteins as well as in the cell adhesion protein, bone sialoprotein, where they are
thought to interact with histones. A glycosaminoglycan attachment domain consists
of a 1750-amino acid stretch which contains attachment sites for 12 to 15 chon-
droitin sulfate side chains, 20 N-linked oligosaccharides, and a number of O-linked
oligosaccharides. At the carboxy-terminal portion of the protein core, the versican
proteoglycan sequence contains two EGF-like repeats, that do not appear to be
present in the cartilage core protein. A lectin-like domain, similar to that of
aggrecan, is located on the c-terminal side of the EGF domain which has homolo-
gies with mammalian lectins specific for glycans with terminal galactosyl, N-ace-
tylglucosaminyl, and mannosyl residues (Krusius et al., 1987). The
carboxy-terminal portion of the core protein contains adomain similar to the repeats
identified in several compliment regulatory proteins (Chungetal., 1985; Kristensen
~ and Tack, 1986).

We can only speculate about the function of versican. EGF-like repeats are known
to participate in a number of protein-protein interactions (Appella et al., 1988).
Furthermore, cell growth may be promoted by these EGF-like sequences similar to
that reported for laminin (Panayotou et al., 1989). The lectin-like domain in
versican may interact with carbohydrates, similar to that of aggrecan which has
been demonstrated to bind fucose and galactose. The carboxy-terminal portion of
both versican and aggrecan contains an EGF-like, a lectin-like, and a complement
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regulatory protein-like motif. This motif is also present on a group of cell adhesion
molecules, termed LEC-CAMs, which, in turn, are present in lymphocyte-homing
and adhesion molecules (Bevilacqua et al., 1989; Johnston et al., 1989; Lasky et
al.,, 1989; Siegelman et al., 1989). The similarity to adhesive proteins in the
carboxy-terminal portion and the occurrence of a hyaluronic acid-binding element
at its amino-terminus suggest that versican could also connect hyaluronic acid with
the cell membrane (Zimmermann and Ruoslahti, 1989).

Versican has been isolated and cloned from a human lung fibroblast cell line
(Krusius et al., 1987) as well as from human placenta (Zimmerman and Ruoslahti,
1989). Another large, chondroitin sulfate proteoglycan (500-550 kDa), termed
PG-M, has been isolated from the mesenchyme of chick embryolimb buds (Kimata
et al., 1986). Recent sequence analyses indicate that PG-M is closely related to
human versican. PG-M has been shown to appear preferentially in areas of
precartilage mesenchymal condensation, and then disappears from the cartilage
upon the completion of differentiation (Kimata et al., 1986; Shinomuraetal., 1990).

CD44

CD44, also known as Pgp-1 (Hughes et al., 1981]; Trowbridge et al., 1982),
ECMR III (Carter and Wayner, 1988; Gallatin et al., 1989), or Hermes antigen
(Jalkanen et al., 1986), has been described as a polymorphic family of related
membrane proteoglycans and glycoproteins possessing extensive diversity in both
glycosylation and core protein sequence. Although originally associated with
hemopoietic cell types, the distribution of CD44 is now known to be much more
widespread (for review see Haynes et al., 1989). Recently CD44 was identified as
the principal cell surface receptor for hyaluronate on mouse and hamster fibroblast
cell lines (Aruffo et al., 1990). The predominant mRNA transcripts of CD44 in
baboon (Idzerda et al., 1989) and human (Goldstein et al., 1989; Stamenkovic et
al., 1989) lymphoid cells codes for a 37-kDa core protein with 75, 7, and 20% of
the polypeptide designated as extracellular, transmembrane, and cytoplasmic do-
mains, respectively. The NH»-terminal portion of the extracellular domain has
homology to the HA-binding regions of link protein and cartilage PG (Goldstein
et al., 1989; Stamenkovic et al., 1989). The protein core of CD44 is modified by
extensive N- and O-glycosylation to an 80-90-kDa form by addition of chondroitin
sulfate to a 180-200-kDa form (Carter and Wayner, 1988; Jalkanen, 1988; Omary
etal., 1988; Gallatin et al., 1988; Stamenkovic et al., 1989). However, glycosylation
of these forms can be unique for each cell type with heparan sulfate identified as
the major carbohydrate derivative of epidermal cells (Brown et al., 1991).

The diverse roles proposed for CD44 can be generalized to an overall function
of cell adhesion. CD44 has been shown to localize in filopodia which are involved
in cell-cell and cell-substratum contacts (Albrecht-Buehler et al., 1976). Further-
more, based on its homology to link protein, CD44 may function in linking
extracellular matrix proteins such as collagen or hyaluronic acid with the cytoskeleton.
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C. Perlecan

Structure and Distribution

Perlecan was first isolated and characterized from the murine basement mem-
brane producing Engelbreth-Holms-Swarm (EHS) tumor (Hassell et al., 1980). It
consists of a core protein of 400,000 Da containing three heparan sulfate (HS) side
chains of 65,000 Da each (Ledbetter et al., 1985). Antibodies to the core protein of
perlecan localize to all basement membranes (Hassell et al., 1980; Ekblom, 1981;
Laurie et al., 1982; Charonis et al., 1983; Klein et al., 1983; Laurie et al., 1984,
Laurie et al., 1988). Kleinschmidt spreading, negative staining, and rotary shadow-
ing electron microscopy of perlecan, elucidate a core protein with a series of six to
seven globular domains separated by thin segments (Paulsson et al., 1987; Laurie
etal., 1988). The heparan sulfate side chains appear as three long filaments attached
to one end. Antiperlecan antibodies that recognize epitopes on the core protein
(Ledbetter et al., 1987; Klein et al., 1988) localize mainly to the lamina densa part
of basement membranes, with very little staining of the lamina lucida (Laurie et al.,
1982, 1984; Grant and Leblond, 1988); whereas cationic markers that bind to the
HS side chains are found primarily in the lamina lucida (Farquhar, 1981). Based
on these staining patterns and the structure of the molecule, the core protein is
believed to be inserted vectorally in the lamina densa where it interacts with other
components while the end carrying the side chains protrudes in the lamina lucida
(Laurie et al., 1988; Heremans et al., 1989).

The primary structure of perlecan was first derived in its entirety from murine
cDNA clones (Noonan et al., 1991), and more recently from human cDNA clones
(Kallunki and Tryggvasson, 1992). Agt11 expression vector libraries were screened
with polyclonal anti-perlecan antibodies to obtain the first two clones of murine
perlecan (Noonan et al., 1988). The perlecan message is 12,685-bp long with a 5’
untranslated region of 578 bp, and encodes for a protein of 3707 amino acids
(396,000 Da). The core protein contains 5 distinct domains (Figure 6). The
N-terminal, Domain 1, is a 172-amino acid-long segment that is unique to perlecan.
Itis rich in acidic amino acids, aspartic, and glutamic, as well as leucine and valine,
but lacks cysteines. As in several other proteoglycans, domain 1 has three well
conserved ser-gly-asp sequences that can serve as attachment sites for the three HS
side chains. Adjacent Domain 2 (211 amino acids) has four LDL receptor-like
cysteine repeats and may similarly serve a ligand-binding function in perlecan.
Domain 3 with 1172 amino acids, bears remarkable resemblance to domains 3, 4,
and 5 of the short arms of laminin. Domain 3 consists of three cysteine free globular
structures separated by segments of cysteine-rich repeats. Domain 4 contains 14
93-amino acid-long repeats that are closely similar to those found in the cell
adhesion molecule N-CAM. Each repeat contains two cysteines and a tryptophan
at highly conserved positions. These repeats are typically found in members of the
immunoglobulin super-family. As in N-CAM and other homophillic binding pro-
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teins, in perlecan these repeats may be capable of self-interaction. Domain 5
consists of three cysteine-free globules separated by cysteine-rich stretches. The
globular subdomains are very similar to those of the G-domain of laminin A chain.
As evident for other extracellular matrix proteins, the different modular units of
perlecan are derived from several eukaryotic proteins, making this another example
of a mosaic protein (Doolittle, 1986).

A cDNA sequence for the human perlecan (Kallunki and Tryggvasson, 1992)
reveals a core protein structure that is highly homologous to murine perlecan
(Noonan and Hassell, 1993). Each of the 5 domains of the human perlecan is 80 to
90% identical to its mouse counterpart with a few notable differences: (1) in human
perlecan domain 1, the position of the first ser-gly-asp does not conform to a
canonical acidic-X-S-G-acidic glycosaminoglycan attachment site; (2) in domain
3 the spacer amino acid sequence between the first and second cysteine repeat is
poorly conserved; and (3) domain 4 of human perlecan core has seven extra
N-CAM-like repeats. It is believed that the position of the extra N-CAM repeats in
human mark an alternate splice site in both the human and mouse sequence (Noonan
and Hassell, in press; Kallunki and Trygvasson, 1992). The shorter isoform is more
common in the mouse EHS-tumor. The gene for perlecan is localized in human
chromosome 1p36.1 and to a syntenic region on mouse chromosome 4 (Wintle et
al., 1990; Chakravarti et al., 1991; Iozzo et al., 1991; Kallunki et al., 1991).

Identical and Related Forms

In northern analysis, perlecan cDNA clones hybridize to one major 12- to 13-kb
mRNA species, and antibodies to murine perlecan detect one major precursor
protein of 400,000 Da. However, in previous studies, the EHS-tumor proteoglycan
extract, on CsCl density centrifugations, yielded a low-buoyant and a high-buoyant
density form (LD and HD form). These two forms contain different amounts of
protein, but similar amounts of glycosaminoglycans (Hassell et al., 1985). Anti-
bodies raised against the two forms recognize the same precursor protein. Also,
pulse-chase experiments with EHS tumor cells suggest a precursor product rela-
tionship between the HD and LD form. The HD form is believed to be generated
from the LD form by variable clipping of the core protein with the GAG side chains
still intact at one end. The high GAG-to-protein ratio of the HD form could explain
its higher buoyant density in CsCl density gradient centrifugation.

Currently several studies document the presence of perlecan related HSPG in
normal tissues. The extracellular matrix of cultured human lung fibroblasts contain
one major HSPG with a core protein of 400,000 Da (Heremans et al., 1988). This
core protein is identical to perlecan as shown by partial amino acid sequence and
immunochemical data (Heremans et al., 1989). According to another study, low
passage normal bovine aortic endothelial cells synthesize and secrete a HSPG with
acore protein that is clearly related to perlecan. The similarities between their core
proteins are evident from their size, peptide maps, rotary shadowing casting images,
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and immunochemical data (Saku and Furthmayr, 1989). In normal rat glomerular
cells, anti-perlecan antibodies recognize a precursor protein that is similar in size
to the perlecan precursor (Klein et al., 1988). In glomerular extracts, on the other
hand, the same antibodies detect processed core proteins of smaller size (150,000
Da, 250,000 Da) as well as a core of 400,000 Da (Kato et al., 1988). Therefore,
peptide mapping, immunochemical, and in the case of the human lung fibroblast
form, limited protein sequence data indicate that these core proteins are products
of the same gene, perlecan. Consequently, some of the observed variability in these
products may be due to posttranslational modification and proteolytic processing.

In addition to the related HSPG discussed above, there may be products of other
genes that give rise to HSPGs in the EHS tumor as well as normal tissues. Kato et
al. (1987) isolated HD forms of HSPGs from the EHS tumor with core proteins
ranging in size from 21,000 to 34,000 Da that may be derived from a gene(s)
unrelated to perlecan. These authors show differences in two-dimensional tryptic
peptide maps of the two forms and sensitivity of the LD and HD form to heparitinase
but HD only to chondroitinase ABC. According to another study, normal calf lens
epithelial cells contain, in addition to minor amounts of a large protein immuno-
precipitable by anti-perlecan, other low molecular weight core proteins not recog-
nized by this antibody (Mohan and Spiro, 1991). In competitive inhibition assays
performed by the same study, there is very little inhibition of binding between
perlecan and its antibodies by lens capsule proteoglycans. In similar assays, bovine
glomerular basement membranes also show very limited affinity for murine anti-
perlecan antibodies. These observations suggest that their HSPGs may be products
of different genes. On the other hand, if the low molecular weight forms are
proteolytic degradation products of a larger perlecan-like form, these would be
carrying all the GAG chains and only domains 1 or domains 1 and 2 of the core
protein. The low immune cross-reactivity of these forms could then be explained
by their low antigenicity, as suggested by computer antigenicity analysis for the
GAGe-carrying domain 1 of the human and murine perlecan (Noonan et al., 1991;
Kallunki and Tryggvasson, 1992).

Functions

Basement membrane HSPGs have three types of functions. First, these play an
important role in the selective filtration of macromolecules. Second, they interact
with various macromolecules which include cell surface proteins to modify their
functions. Third, their interactions with other basement membrane components
which provide structural support to the matrix and may be necessary intermediate
steps in the matrix-assembly process. The last two functions are shared by other
basement membrane components as well.

The polyanionic side chains play a major role in the selective filtration of
macromolecules in glomerular basement membrane (GBM) and basement mem-
branes of other vascular beds. Classic studies by Kanwar et al. (1978) and Farquhar
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(1981) demonstrate increased permeability of the GBM to ferritin after enzymatic
removal of the side chains.

At neuromuscular junctions, distribution of a basement membrane HSPG shows
high correlation with the organization of acetylcholine receptors and may play a
role in nerve-muscle adhesion and regulation of molecular organization of the
synapse (Anderson and Fambrough, 1983). However, it is not clear at the moment
as to whether the HSPG is perlecan and whether these interactions involve the core
protein or the side chains.

Studies on the functions of the core protein of perlecan have just begun. The need
for high salt or denaturing buffers to extract the proteoglycan (Hassell et al., 1985)
and the failure to solubilize it from the matrix by heparatinase treatment alone
(Heremans et al., 1990) suggest that core protein interactions stabilize the macro-
molecule in the matrix.

Heremans et al. (1990) document a high affinity binding of perlecan to fi-
bronectin. !®I-labeled perlecan or core protein alone from human lung fibroblast
bound specifically to fibronectin blotted onto nitrocellulose or coupled to
sepharose. Binding experiments with proteolytic fragments of the heparatinase
digested core protein localize the activity to a 120-kDa doublet and traces of a
62-kDa fragment. The in vitro binding occurs at physiological salt concentrations.
Furthermore, the estimated dissociation concentration of 10~ M falls within the
range of those reported for the interactions between other ECM components
supporting the relevance of this interaction in vivo. It is likely that incorporation of
perlecan into the extracellular matrix occurs after its binding with the matrix-bound
fibronectin. This is supported by the observation that perlecan is capable of binding
to fibronectin still complexed to other components in the protein-enriched fraction
of the fibroblast matrix. Second, in the in vitro binding assays, the core protein
shows a preference for insolubilized sepharose-coupled fibronectin.

Like other ECM proteins, perlecan shows self-assembly into dimers, trimers, and
tetramers (Yurchenco et al., 1987). These higher order forms of perlecan were
detected by sucrose density gradient velocity sedimentation of the EHS tumor
proteoglycan. Since the core protein without the side chains also form dimers and
trimers, the binding site(s) are believed to reside in the core. The noncovalent and
weakly ionic nature of these interactions is apparent from the ease with which these
higher order forms can be dissociated by low to moderate concentrations of urea
and guanidine. Evidence from binding experiments using tryptic fragments and
visualization of dimers and trimers by rotary-shadowing electron microscopy
localize the binding activity to the C-terminal domain. Since the self-binding
interactions in vitro occur under physiological ionic conditions, similar binding is
possible in vivo. Binding at the C-terminal domain could orient the perlecan
molecules so that the charged side chains are maximally separated. Such self-
binding at the C-termini and interactions of HS side chains with other molecules
like laminin may provide a well extended and relatively immobile mesh that could
serve as a size and charge barrier.
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Perlecan is also implicated in cell adhesion, spreading (Izzard et al., 1986; Gill
et al., 1986), and in stabilizing focal contacts (Singer et al., 1987). A recent study
(Clement et al., 1989) shows attachment of the core protein of perlecan to hepato-
cytes through interactions with two cell surface proteins (38,000 Da and 26,000
Da).

Pathology

The HS side chains of GBM proteoglycans are known to play a major role in the
selective permeability of the GBM. In many renal diseases and ultimate renal
failure, the permselectivity of the basement membrane is altered or lost. Because
many of these studies concentrated on the side chains without clear characterization
of the core proteins, the identity of the proteoglycan was unclear. However, some
recent studies specifically look at the status of perlecan in these pathological
conditions.

Puromycin amino nucleoside (PAN) induced nephrosis in rats is a model of
human minimal change nephrotic syndrome, and often used to study experimental
proteinurea. Immunoelectron microscopic studies showed reduced staining of PAN
glomeruli with antibodies to perlecan (Mynderse et al., 1983; Rada and Carlson,
1991). Perlecan cDNA was used in northern blot analysis of mRNA from nephrotic
and normal glomeruli (Nakamura et al., 1991). On day-8 after PAN injection,
PAN-injected glomeruli show a remarkably low level of perlecan mRNA compared
to the control glomeruli. On day-20 the PAN-injected glomeruli show somewhat
higher levels of perlecan which are still lower than the corresponding control.
Messages for laminin A and the a] chain of collagen type IV, on the other hand in
PAN nephrotic glomeruli show an increase up to day-8 and, then a decrease with
levels consistently higher than controi. The lowest level of perlecan message on
day-8 also coincides with the peak of proteinurea suggesting an association between
these observations.

Perlecan is believed to play a role in diabetes related alterations of the basement
membrane. Thickening of the basement membranes in diverse tissues and increased
permeability are major features in chronic diabetes. Studies using various animal
models report reduction in HSPG (Cohen et al., 1981b; Brown et al., 1982;
Hasslacher et al., 1982; Parthasarthy and Spiro, 1982; Rohrbach et al., 1982; 1983)
and increase in type IV collagen and laminin in certain basement membranes
(Cohen et al., 1977; 1981a; Brownlee and Spiro, 1979). Other studies investigate
the effect of insulin and glucose levels on basement membrane producing cells
(Hasslacher et al., 1979; Pihlajaniemi et al., 1982) and EHS-tumor tissues in organ
culture (Ledbetter et al., 1987). In all of these studies either high levels of insulin
or glucose or both alter the production of glycoproteins and proteoglycans. There-
fore, in poorly controlled diabetes, severe fluctuations in glucose and insulin levels
may alter responsiveness of the basement membrane-producing cells. A recent
study (Ledbetter et al., 1990) using perlecan cDNA probes, examines levels of its
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message in the kidney cortex of KKAy mice, a genetically transmitted model for
diabetes and compares it to levels of al-IV collagens and laminin 31 messages.
The results show constant levels of perlecan and laminin messages and increased
levels of al-IV collagen. Thus, it appears that increased type IV collagen and the
relatively decreased perlecan and laminin lead to altered basement membrane
structure and poor filtration properties.

There is some preliminary data that suggest perlecan is involved in the patho-
genesis of autoimmune diseases affecting glomeruli. Injection of anti-HSPG IgG
into rats result in the binding of the IgG to the glomerular basement membrane, C3
deposition, leukocyte infiltration, and proteinurea (Miettinen et al., 1986). Interest-
ingly, domain 2 of perlecan containing the LLDL receptor-like repeats bears a
striking similarity with a domain of the Heymann nephratis antigen GP330 (Ray-
chowdhury et al., 1989; Noonan et al., 1991). However, the exact structural
relationship between these two proteins will only be apparent after elucidation of
the entire primary structure of GP330.

VI. CONCLUDING REMARKS

Molecular biology technology has radically changed our perception of proteogly-
cans. cDNA clones to over 16 different proteoglycans has revealed a kaleidoscope
of core protein domains. Most all of the proteoglycans have one or more domains
that has binding activity for either matrix components or cell surfaces. This would
suggest that the principal function of core proteins is to target a certain number of
GAG chains to a specific location in the extracellular matrix or on the cell surface.
c¢DNA clones to core proteins are now just starting to be used in expressing vector
systems. This approach has already illustrated the dramatic effect of syndecan
expression on cell shape (Leppa et al., 1992). The expression of recombinant core
proteins will likely lead to a greater understanding of domain functions.
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I. INTRODUCTION

Thrombospondin (TSP) is a450-kDa trimer of identical 150-kDa subunits (Mosher,
1990; Frazier, 1991). The subunit contains lengthy unique sequences at its amino-
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Figure 1. Model of TSP. The subunit(top) contains an unique heparin-binding domain
at its amino-terminus (darkly shaded oval), a connecting region that contains the
cysteines that participate in interchain disulfides (thin and thick lines), a procollagen
module (circle), 3 properdin or type 1 modules (squares), 3 epidermal growth factor
or type 2 modules (small ovals), unique calcium-binding or type 3 repeats (heavily
cross-hatched, different in Ca®*-depleted versus Ca?*-replete TSP), and an unique
carboxyl-terminal globular (C-globe) domain (large oval). The subunits are together
in the connector by disulfide linkages to form the trimeric molecule shown at the
bottom.

and carboxyl-terminus; three different types of well-recognized modules of the
procollagen, properdin (type 1), and epidermal growth factor (type 2) varieties; and
an unique array of calcium-binding (type 3) repeats (Figure 1). The subunits are
connected by disulfide linkages (Figure 1). TSP binds to cells, platelets, and
numerous extracellular matrix and blood proteins including collagen, fi-
bronectin, heparan sulfate proteoglycan, laminin, fibrinogen, plasminogen,
histidine-rich glycoprotein, and transforming growth factor-$ (Mosher, 1990;
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Frazier, 1991; Murphy-Ullrich et al., 1992). Platelet TSP is secreted from o.-gran-
ules upon activation and is normally present at very low concentration (approxi-
mately 0.1 pg/ml or 0.5% of the serum concentration) in plasma (Mosher, 1990).
Normal and transformed cells in culture also produce TSP in a regulated fashion.
Recently, a second gene for TSP was described in the mouse (Bornstein et al,,
1991a) and chicken (Lawler et al., 1991). Thus, there are at least two genes for
TSPs: Thbs 1 encoding TSP1, and Thbs 2 encoding TSP2. The two genes also are
present in humans (unpublished studies mentioned in Bornstein et al., 1991a). The
expression of the Thbs 2 gene in various tissues of the mouse differs from that of
the Thbs 1 gene, and the Thbs 2 gene is not subject to as much upregulation in
cultured cells exposed to serum growth factors as the Thbs / gene (Bornstein et al.,
1991a, 1991b). Comparison of the two TSPs reveals a gradient of sequence identity
in which the aminoterminal regions are less homologous than the carboxyterminal
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Figure 2. Interactions of TSP with extracellular matrices. The three matrices that form
sequentially during wound healing, the provisional fibrin clot (top), the early fi-
bronectin-rich matrix (middlie), and the definitive collagen matrix (bottom), all have
been shown to contain TSP. Fibronectin, az-antiplasmin (plasmin inhibitor), and TSP
are cross-linked to fibrin by blood coagulation factor Xllla (Bale and Mosher, 1986).
The major interaction with fibronectin ma+trix is shown as being with proteoglycan
because incorporation of TSP into matrix is blocked by heparin (McKeown-Longo et
al., 1984). Asdiscussed in thetext, TSP may also interact with fibronectin and collagen.
The same uncertainty exists for the collagen matrix.
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regions. For instance, mouse TSP! is 38% identical to mouse TSP2 in its amino-
terminal heparin-binding domain, and 65 to 75% identical in the type 1 properdin-
like modules (Bornstein et al., 1991a; also compare Figures 3 and 5). The functions
of both forms of TSP remain to be elucidated.

TSP complexes to fibrinogen (Leung and Nachman, 1982) and copolymerizes
with fibrin in clots (Bale, 1987). In addition, TSP binds to extracellular matrix of
cultured fibroblasts (McKeown-Longo et al., 1984), probably by interacting with
proteoglycans, especially heparan sulfate proteoglycan (McKeown-Longo et al.,
1984), and collagen, especially type V collagen (Mumby et al., 1984; Galvin et al.,
1987). Thus, the three matrices that form sequentially during wound healing—the
provisional fibrin clot, the early fibronectin-rich matrix, and the definitive collagen
matrix—all potentially contain TSP (Figure 2). TSP, however, is a temporary
component of the matrices as ascertained by immunostaining of TSP in blood clots
formed in situ (Murphy-Ullrich and Mosher, 1985), immunohistochemistry of
wound biopsies (Raugi et al., 1987), and metabolic studies in cell culture (McKe-
own-Longo et al., 1984). Reasons for the transient nature of TSP include regulated
expression, endocytosis, and degradation mediated by cell surface heparan sulfate
proteoglycan (McKeown-Longo et al., 1984; Murphy-Ullrich and Mosher, 1987a;
Murphy-Ullrich et al., 1988), and, as discussed below, specific interactions with
proteases.

The purposes of this review are to describe and discuss two activities of TSP
purified from platelets, modulation of fibrinolysis, and mediation of cell adhesion.
Some attention is paid to whether these activities may be present in TSP2, although
actual experiments on this protein await its expression and purification.

Il. EFFECTS OF TSP ON FIBRINOLYSIS

A number of observations, mostly made with one or more of the proteins adsorbed
to microtitration plates, indicate that TSP enhances the generation of plasmin
through its interactions with various proteins of the fibrinolytic system. TSP has
been demonstrated to form bimolecular complexes with plasminogen or plasmin
(Silverstein et al., 1984; DePoli et al., 1989) and a trimolecular complex with
plasminogen and histidine-rich glycoprotein (Silverstein et al., 1985a). Activation
of plasminogen by tissue plasminogen activator (tPA) is facilitated by these
interactions, and most of the plasmin generated remains bound in the complex and
protected from inactivation by o-antiplasmin (Silverstein et al., 1985b). The
binding of plasminogen to TSP is enhanced by tPA and urokinase (uPA) (Silverstein
et al., 1986). This enhancement is dependent on the generation of plasmin, which
is postulated to enzymatically modify TSP and plasminogen and thereby enhance
the formation of the TSP-plasminogen complexes. TSP can also form a complex
with uPA, but not tPA; the TSP-uPA complex has plasminogen activating activity
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equivalent to fluid phase uPA, but is protected from inhibition by plasminogen
activator inhibitor type 1 (Harpel et al., 1990).

We have found that TSP in solution has an opposite effect; that is, it inhibits
fibrinolysis (Hogg et al., 1992). Platelet TSP is a slow tight-binding inhibitor of
plasmin as determined by the loss of plasmin’s amidolytic, fibrinolytic, and
fibrinogenolytic activities (Hogg et al., 1992). The second order rate constant for
inhibition is 6.3 x 10> M~'sec™. This rate constant is roughly comparable to the
rate of inhibition of thrombin by antithrombin in the absence of heparin. The
stoichiometry of the inhibition is approximately a mol of Glu- or Lys-plasmin to a
mol of trimeric TSP, and the dissociation constant for plasmin-TSPis <1 nM (Hogg
et al., 1992). There is limited degradation of TSP into monomeric amino-terminal
heparin-binding “heads” and trimeric carboxy}-terminal “tails”, but not formation
of a complex stable in sodium dodecyl sulfate. Plasmin in complex with strepto-
kinase or e-aminocaproic acid is protected from inhibition by TSP, thereby impli-
cating the lysine-binding kringles of plasmin in the inhibition process. However,
the protease part of plasmin must be of primary importance, because TSPis a good
inhibitor of trypsin also (PJ. Hogg, manuscript in preparation). TSP also inhibits
uPA, albeit, much more slowly than it inhibits plasmin, has no effect on thrombin
or factor Xa, and has a stimulatory effect on the amidolytic activity of tPA (Hogg
etal., 1992).

Atleast 10 families of protein inhibitors of serine proteases have been identified,
most of which follow the “standard mechanism” of inhibition (Laskowskiand Kato,
1980). The mechanism involves the binding of the inhibitor to the protease followed
by the formation of a stable complex. During complex formation, a peptide bond
at the reactive site of the inhibitor is hydrolyzed very slowly by the protease.
Although the overall structures of the inhibitors are not conserved, the inhibitors
share a common loop structure at their reactive centers (Carrell et al., 1987). Small
inhibitors have numerous disulfide bonds that, along with hydrophobic interac-
tions, stabilize the tertiary structure of the proteins and provide a “scaffold” for the
loop containing the reactive center.

Protease inhibitor modules have been detected in complex extracellular proteins
(Engel, 1991) in the form of the Kunitz inhibitor modules of f-amyloid precursor
protein (Kido et al., 1990; Sinha et al., 1990), type VI collagen (Chu et al., 1990),
and agrin (Rupp et al., 1991). None of the protein modules within TSP, however,
have previously been implicated in inhibition of proteases (Laskowski and Kato,
1980; Carrell et al., 1987). Due to the one-to-one stoichiometry of TSP to plasmin
(Hogg et al., 1992), likely candidates for the inhibitory domain of TSP are the
properdin modules and the procollagen module, because these are located adjacent
to the intermolecular disulfide bridge region, and the bridge region itself.

Aleech protein, antistasin, which shares a short sequence similarity with part of
a properdin module of TSP (Holt et al., 1989), has recently been identified as a
potent inhibitor of Factor Xa and exhibits many functional similarities to other
serine protease inhibitors (Dunwiddie et al., 1989). The properdin module in TSP,
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Figure 3. Amino acid sequences of procollagen modules. The procollagen domains
of human (h), mouse (m), and chicken (c} TSPs and human interstitial procollagen
chains are aligned. The thrombospondin sequences are from Lawler et al. (1991) and
Bornstein etal. (1991a). The procollagen sequences are from Sandell and Boyd (1990).
Identity with the sequence of human TSP1 is indicated by a dash (-). Asterisks {*)
indicate potential sites of N-linked glycosylation. Spaces are left to accommodate the
extra residues in human a1() procollagen. Note the conserved cysteines (C) and
glycines (G).

however, does not contain the lysine residue identified as the reactive site for Factor
Xa in antistasin (Dunwiddie et al., 1989), nor does it contain any other lysine or
arginine residue in an obvious reactive site. Moreover, the sequence similarity
between antistasin and the properdin modules does not extend to all of the cysteines
in the properdin modules, making it unlikely that the properdin modules can adopt
an antistasin-like “scaffold”. TSP1 contains a short basic sequence (DKRFKQ)
inserted between the first and second properdin modules (Lawler and Hynes, 1986;
Bornsteinet al., 1991a). This sequence is presumably the site where trypsin cleaves
Ca?*-replete TSP to yield the 85 kDa monomeric carboxyl-terminal fragment
described by Lawler et al. (1985), and therefore is a candidate for the reactive loop
even though it is not within a module.

The procollagen modules of TSP and of the procollagens themselves form two
subfamilies (Figure 3). The function of the N-propeptide of interstitial collagens is
obscure (Sandell and Boyd, 1990). If the procollagen module does account for the
inhibitory activity of TSP1 towards plasmin and trypsin, the inhibitory activity may
not extend to TSP2 or the procollagens, because the distributions of Lys and Arg
are different among the several examples of the module (Figure 3).

The bridge region is thought to be stabilized by the three subunits coming
together in an a-helical coiled-coil (Sottile etal., 1991). Changes in the presumptive
coiled-coil region are conservative between TSP1 and TSP2, so both TSPs likely
form the same type of structure and may form heterotrimers (Figure 4). A major
difference between the two forms of TSP s five extra residues inserted between the
end of the presumptive coiled-coil and the procollagen module of TSP2 (Bornstein
etal., 1991a; Lawleretal., 1991). This is very near the site of the cleavage, probably
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Figure 4. Depiction of the sequences of TSP1 and TSP2 about the interchain
disulfides as a-helical surfaces. The sequence from Leu-248 to Thr-284 of human TSP1
and homologous sequences of other TSPs are shown. Hydrophobic residues are in
boldface type. Charged residues are outlined. Cys-252 and Cys-256 that participate
in interchain disulfides are underlined. Note the hydrophobic surface on the right-
hand side of the surface below the cysteines. This surface is preserved in TSP1 and
TSP2.

by a Glu-specific protease, that gives rise to the monomeric 140 kDa fragment of
TSP isolated by Good et al. (1990).

TSP released from activated platelets and incorporated into the fibrin clot may
play an important role in fibrinolysis. The kinetics of activation of plasminogen by
tPA are unfavorable in circulation, but upon binding of tPA and plasminogen to
fibrin, plasmin is readily formed and clotlysis can occur (Silverstein and Nachman,
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1987). Platelet-rich clots, however, have been observed to be much more resistant
to lysis with tPA than erythrocyte-rich clots for reasons that are unclear (Jang et al.,
1989). It is likely that this resistance is due, at least partially, to TSP.

Because plasmin activity is important for phenomena such as inflammation and
tumor cell implantation and migration that are unrelated to lysis of fibrin (Saksela
and Rifkin, 1988), TSP has the potential to play important roles in many processes.
For example, WI-38 embryonic lung fibroblasts secrete substantial quantities of
plasminogen activator and lyse a fibrin clot formed over the cell layer without
digesting the extracellular matrix (Mosher et al., 1977). TSP binds to the extracel-
lular matrix of WI-38 fibroblasts and is selectively removed in a process that
requires intact cells (McKeown-Longo et al., 1984). One may hypothesize a
pathway in which matrix-bound TSP forms a complex with plasmin, being cleaved
and consumed in the process but protecting and preserving remaining matrix
elements, such as plasmin-sensitive fibronectin (Petersen et al., 1983). As another
example, uPA and TSP colocalize to invading mammary carcinoma cells (Harpel
et al., 1990). Studies have linked increased production of uPA by tumor cells with
a more malignant phenotype (Ossowski et al., 1991). The biology of plasminogen
activation is complex, however, and involves, in addition to uPA and its activators,
the cell surface receptor for uPA and specific activator inhibitors (Ossowski et al.,
1991; Pyke et al, 1991). One of the striking differences between MCF-7
tumorigenic human breast cancer cells and MCF-7 cells, suppressed in tu-
morigenicity by hybridization with normal human mammary epithelial cells,
is increased expression of TSP by the nontumorigenic hybrids (Zajchowski et al.,
1990). An effect of increased TSP may be to regulate plasmin activity. Studies on
the inhibition of plasmin by TSP in more complex systems are required to test these
speculations and learn the relative importance of TSP in plasmin-related processes
such as tumorigenesis.

. EFFECTS OF TSP ON CELL ADHESION

A number of extracellular proteins containing the sequence Arg-Gly-Asp (RGD),
such as vitronectin, fibronectin, and fibrinogen, unambiguously promote cell
adhesion when coated onto substrata in a process mediated by cell surface integrin
receptors (Ruoslahti and Pierschbacher, 1987). Both TSP1 and TSP2 contain the
RGD sequence (Lawler and Hynes, 1986; Lawler et al., 1991). The adhesive
activity of TSP1, however, is most ambiguous. Different groups have tested TSP
purified from platelet releasate for adhesive activity on various cell lines with
contradictory and controversial results.

For the same cell type, opposite results have been observed. Lahav (1988a)
reported that TSP inhibits endothelial cell adhesion, while others found that TSP
promotes endothelial cell adhesion (Lawler etal., 1988; Murphy-Ullrich and Ho6k,
1989; Taraboletti etal., 1990). Lahav (1988b) alsoreported that TSP inhibits platelet
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adhesion, whereas Tuszynski et al. (1987) and Tuszynski and Lowalska (1991)
found that TSP supports platelet adhesion.

Among the pro-adhesion papers, the proposed cell surface receptors that mediate
cell adhesion to TSP-coated substrate are controversial. Candidates include the
GPIIb/IIa (oumP3) (Karczewski et al., 1989; Tuszynski et al., 1989) and vitronectin
receptor (avf33) (Lawler et al., 1988; Lawler and Hynes, 1989; Tuszynski et al.,
1989) integrins. Candidates also include heparan sulfate proteoglycan (Roberts et
al., 1987; Kaesberg et al., 1989), GPIV (also known as CD36) (Asch et al., 1991),
and unidentified receptors that recognize the carboxyl-terminal region (Roberts et
al., 1987; Kosfeld et al., 1991), or the type 1 repeat (Prater et al., 1991) of TSP. For
adhesion of C32 human melanoma cells to TSP-coated substrate, Tuszynski et al.
(1989) proposed that the adhesion was mediated by GPIIb/Illa-like vitronectin
receptor, inasmuch as the adhesion is sensitive to RGD-containing peptide and
polyclonal antibodies against GPIIb/IIIa or vitronectin receptor. Asch et al. (1991),
in contrast, proposed that the adhesion of C32 cells to TSP was mediated by the
combination of heparan sulfate proteoglycan and GPIV, because heparin and
monoclonal antibody against GPIV together, but not alone, inhibited the adhesion.

Even for the same cell type adhering to TSP by the same presumptive receptor,
different results have been obtained. Lawler et al. (1988) found that TSP supported
endothelial cell attachment but not spreading, and that the cell attachment was
blocked by RGD-containing peptide. Taraboletti et al. (1990), in contrast, observed
that TSP strongly supported endothelial cell spreading as well as attachment and
that RGD peptide mainly inhibited cell spreading rather than cell attachment.

We undertook studies to try to reconcile some of the reported findings (Sun et
al., 1992). The inconsistencies in the literature on the adhesive activity of TSP were
reproduced in our experiments. Most preparations of our TSP did not have RGD-
inhibitable adhesive activity for trypsinized cells, although these preparations did
have heparin-inhibitable adhesive activity for cells that are allowed to recover from
trypsinization, and thus, to display cell surface proteoglycans (Kaesberg et al.,
1989). However, a single preparation of our TSP and TSP purified following
Lawler’s procedure did have the RGD-inhibitable adhesive activity. These findings
indicate that at least part of the controversies in the literature are due to differences
in TSPs, with some TSPs being adhesive and some not, suggesting that, as proposed
by Lawler et al. (1988), exposure of the RGD sequence in TSP is regulated.

Because the RGD sequence of TSP is located in the type 3 repeat region, which
contains multiple Ca®*-binding sites, and because TSP adsorbed to plastic in the
presence of EGTA did not support cell adhesion upon Ca®* restoration, Lawler et
al. (1988) concluded that exposure of the RGD sequence is dependent on Ca?*. This
region of TSP undergoes a major conformational change upon chelation of Ca®* as
ascertained by rotary shadowing (Galvin et al., 1985; Lawler et al., 1985; Dixit et
al., 1986; see Figure 1), immunological reactivity (Dixit et al., 1986), susceptibility
to proteolysis (Lawler et al., 1982; Lawler and Simons, 1983; Lawler et al., 1985),
circular dichroism spectroscopy (Lawler and Simons, 1983), electron spin reso-
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nance spectroscopy (Slane et al., 1988), and other techniques (Lawler et al., 1982).
AHill plot of ellipticity versus [Ca*] revealed a Hill coefficient of 12.3, indicative
of a highly cooperative interaction (Lawler and Simons, 1983). A possible differ-
ence between Lawler’s TSP purification procedures and ours is Lawler’s addition
of 2-mM Ca®* to the platelet suspension before activation by thrombin and 2-mM
rather than 0.1-mM Ca?" to all the buffers used in later purification steps. However,
our platelet releasate contained >1-mM Ca?* when measured by Ca**-ion electrode
(Sun et al., 1992) due to endogenous Ca?* released from platelets upon activation
(Detwiler and Feinman, 1973). Incubation of our nonadhesive TSPs with 2-mM
Ca?* before it was coated on plastic well did not make it adhesive (Sunetal., 1992).
These results suggest that Ca®* alone is not sufficient to regulate the exposure of
the RGD sequence.

Recently, Speziale and Detwiler (1990) studied the number and position of free
thiols in TSP freshly released from platelet by derivatization of thiols with radio-
labeled N-ethylmaleimide or iodoacetamide, followed by digestion and sequencing
of peptides containing derivatized thiols. Although there was a stoichiometry of s
single free thiol per TSP subunit, the derivatized cysteine residues were mapped at
12 different positions (Figure 5). Of the 12 radiolabeled thiols, 10 were in the type
3 repeat region, which contains 17 of the total of 69 cysteines in each subunit of
TSP. The remaining two-labeled thiols were in the adjacent C-globe region. The
number of reactive thiols was a function of [Ca?*]. With increased [Ca®'], the
number of derivatized thiols decreased in the same cooperative manner as described
above for the change in circular dichroism. Thus, the type 3 repeats and adjacent
C-globe of TSP participate in a complex intramolecular thiol-disulfide isomeriza-
tion that is regulated by Ca”*. In our purified nonadhesive TSP, only Cys®™* in the
C-globe region was labeled (Sun et al., 1992). These observations led us to
hypothesize that the exposure of the RGD sequence in TSP is controlled by
disulfides.

Figure 5. Sequences and schematic diagram of the type 3 repeat and adjacent
C-globe regions. The sequence of human TSP1 from Asp-674 to Pro-1152 (Lawler and
Hynes, 1986) is given in the upper lines. The 12 variants of the Ca>*-binding loop
sequence are numbered. Asterisks (*) indicate potential sites of N-linked glycosylation.
The sequence of chicken TSP2 (Lawler et al., 1991) is shown below the sequence of
human TSP1; identity is indicated by a dash (-). Note the well-conserved sequences
compared to the sequences for the TSP procollagen modules shown in Figure 3. A
schematic diagram of this region is also shown. The 12 loops are numbered. Small
circles represent the 19 cysteines. Open circles, lightly shaded circles, and heavily
shaded circles represent cysteines not labeled, lightly labeled, and heavily labeled in
the experiments of Speziale and Detwiler (1990). Note that the three heavily labeled
cysteines are in proximity to the RGD adhesive sequence in loop 11. The uncertain
arrangements of disulfides in this region of TSP are indicated by the question mark for
the pairing of Cys-1149 at the extreme carboxyl-terminus and are discussed in the text.
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To test this hypothesis, TSP was reduced with dithiothreitol (DTT) to break
disulfides and tested for its adhesive activity. Several interesting phenomena were
observed (Sun et al., 1992).

First, DTT-treated TSP acted as a potent adhesive molecule. In the previous work
when TSP was reported to be adhesive, it was coated to plastic wells at 2 20 pg/ml
(Tuszynski et al., 1987; Lawler et al., 1988) and supported cell attachment but not
robust cell spreading (Lawler et al., 1988). In contrast, cells were well spread on
TSP coated at concentrations as low as | pg/ml and then treated with DTT.

Second, the adhesion of cells to DTT-reduced TSP was inhibited by RGD peptide
and sensitive to a monoclonal antibody which recognizes a functional site of the
ayPs vitronectin receptor as previously reported (Lawler et al., 1988).

Third, the DTT concentrations needed to generate adhesive activity were 10-fold
higher in the presence of Ca®* than in the presence of EDTA. Ca?* also protected
disulfides from reduction as ascertained by gel electrophoresis and quantification
of free thiol. Such a protective effect has been observed previously by Turk and
Detwiler (1986) and Speziale and Detwiler (1990).

Finally, cell blots of reduced TSP fragments localized the RGD-inhibitable
adhesive activity at its Ca**-sensitive and RGD-containing type 3 repeat region.

The possibility that the exposure of RGD sequence is controlled by disulfide(s)
in the type 3 repeat prompted us to analyze closely the amino acid sequence in this
region. When amino acid sequence and the homologous alignment in this region
was first described by Lawler and Hynes (1986), residues were aligned into eight
repeats to maximize the homology among the repeats. A Ca?*-binding loop se-
quence (DXDXDGXXDXXD or slight modifications thereof) appeared twice in
each full type 3 repeat of TSP. This sequence has been noted in several Ca?*-binding
proteins (Dang et al., 1985). These proteins adopt a characteristic helix-loop-helix
conformation (Kretsinger, 1976; Sudhakar Babu et al., 1985), with the Ca®* bound
in the loop between the helices. The coordination of Ca®* can be represented by an
octahedron with six vertices. Five vertices are coordinated with oxygen atoms from
side chains, and a peptide oxygen coordinates at the sixth (Kretsinger, 1976, 1980).

If the 12 loop sequences in this region are aligned, a striking pattern emerges
(Figure 5). DXDXDGXXDXXDX loop sequences are followed 6 times by a
10-amino acid extension, tentatively termed the break sequence. The boundaries of
both loop and break sequences line up, with the exception at line 7, in which the
extension of the loop sequence is only two amino acids. The cysteines are aligned
at either in the loop sequence (short lines) or in the break sequence (long lines),
with the exceptions of lines 3 and 6, in which the cysteines are vicinal. The
alignment suggests that of the 12 loops, 10 are in pairs forming 5 loop-loop
structures that are followed by a break region whereas loops 3 and 6 are separated
by break region after a single loop.

Inasmuch as there are homologies among the break sequences, it is likely that
these regions share a common secondary structure. As pointed out by Lawler etal.
(1988), the algorithm of Chou and Fasman (1978) predicts that the conserved
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NPDQ sequence has a strong tendency to form p-turn, with a calculated probability
15-fold greater than average. Thus, we propose that this multiple Ca**-binding
region is composed of loop(loop)—p-turn repeats (Figure 5). Loop 11, containing
the RGD, and loop 12, as Lawler et al. (1988) proposed, form the last of the double
loop structures.

Figure § also shows the relative labeling of cysteines in the type 3 repeat and
C-globe regions (Speziale and Detwiler, 1990). The cysteines that are fractionally
labeled may be free or participate in more than one type of disulfide. For instance,
Cys®'%in loop 11 may form a disulfide with Cys*2® next to loop 12, or with Cys®?
next to loop 10, Cys®®? may form a disulfide with Cys®'2 or with Cys®’® in loop 9,
etc. Cys”™*, which is the only labeled cysteine in our TSP and is replaced by a serine
in TSP2 (Lawler et al., 1991), may play a critical role in the isomerization either
by forming a disulfide with Cys''*’ or witha cysteine in the type 3 repeats. Cys''*,
which is the fourth residue from the carboxy terminus of TSP and is thought to be
involved in a disulfide (Dixit et al., 1985), may be important in maintaining the
C-globe structure and the exposure of the RGD sequence. One or more of the many
potential isomers of TSP may have an exposed RGD adhesive sequence and mimic
our reduced TSP. Such isomers may be only a small percentage of the TSP
molecules or subunits released from platelets. It will be of great interest to identify
factors in addition to Ca?* and reducing molecules that modulate exposure of the
RGD sequence. One possible modifier of TSP is type V collagen, which interacts
more strongly with Ca**-depleted TSP than with Ca®*-replete TSP (Galvin et al.,
1987). TSP2 has the loop-(loop)-break structure, the RGD sequence inloop 11, and
the C-globe but a serine at 974 rather than cysteine. It will be of interest to learn if
TSP2 has a regulated RGD or whether its adhesive sequence is constitutively
exposed or constitutively cryptic.

IV. CONCLUDING REMARKS

Sage and Bornstein (1991) have grouped TSP, tenascin, and SPARC (secreted
protein acidic and rich in cysteine, also known as osteonectin) into a group of
nonhomologous proteins with related functions. Common attributes include “anti-
adhesive” effects (at least in some experimental systems!), regulated secretion,
affinity for extracellular matrix molecules, and failure to accumulate or function as
structural components in the normal adult organism. The group of proteins, there-
fore, is proposed to play dynamic roles in embryogenesis and morphogenesis (Sage
and Bornstein, 1991), as has been proposed previously for TSP (Murphy-Ullrich
and Mosher, 1987b; Mosher, 1990). Nevertheless, TSP1 has a number of unique
features that set it apart: its ability to inhibit plasmin and perhaps other trypsin-like
proteases and thereby regulate fibrinolysis and tissue proteolysis; its variably
exposed RGD adhesive sequence inbedded in an imposingly complex array of
metal ion-binding repeats; and its related but quite distinct homolog, TSP2. By
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focusing on these unique features, it is hoped that this review will help the reader
understand forthcoming information about TSPs.

NOTE ADDED IN PROOF

Three additional TSP-like proteins have been cloned (Bornstein, 1992; Lawler et
al., 1992; Oldberg et al., 1992). These proteins lack the procollagen and properdin
modules found in TSP1 and TSP2, contain four EGF-like modules rather than three,
and, where the subunit structure is known (Morgelin et al., 1992), are pentameric
rather than trimeric. Thus, the three new proteins may be considered a subclass of
TSPs. It is noteworthy that all contain the twelve calcium-binding sequences and
the long carboxyl-terminal sequence.
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I. INTRODUCTION

The structural integrity of a tissue or organ is maintained by its extracellular matrix.
Although matrix proteins participate actively in numerous aspects of cellular
regulation, historically they have been defined by their physical and adhesive
properties. For example, the connective tissue protein elastin, which is a resilient
protein polymer, is so named because of its rubber-like physical properties. Con-
sequently, elastin is found in significant quantities in tissues, such as skin, lung,
and large arteries, in which reversible extensibility is required. The ability of elastin
to restore tissue shape after removal of stretch or deformation defines the principal
characteristic of the fiber. Thus, alveolar capacity during respiration, transduction
of arterial blood pressure, and resiliency of skin are each maintained by elastic
fibers in the extracellular matrix, but these fibers are also involved in cell:matrix
and matrix:matrix interactions. The importance of this protein is indicated by its
limited phylogenetic distribution to vertebrates which have an enclosed, pressur-
ized circulatory system. Many features of elastin, such as its limited developmental
expression, extensive alternative splicing, and its extreme durability and hydropho-
bicity, distinguish this protein from other connective tissue components. In this
chapter, we review many of the characteristics of elastin and discuss several recent
findings related to its regulation, interaction with cells, gene structure, and assem-
bly. Other recent reviews on elastin structure (Mecham and Heuser, 1991), gene
sequence (Indik et al., 1990), cross-link formation (Franzblau et al., 1969; Kagan,
1986; Kagan and Trackman, 1991), physicochemical properties (Gosline, 1976;
Urry, 1983; Gosline and Rosenbloom, 1984), heterogeneity (Parks and Deak,
1990), degradation (Robert and Hornebeck, 1989), and role in disease (Uitto et al.,
1982; Uitto and Ryhanen, 1987) can be consulted for additional information.
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Il. COMPOSITION OF ELASTIC FIBERS

In discussions of elastic tissues, a distinction is made among elastic fibers, elastin,
and tropoelastin. The elastic fiber is a complex, extracellular structure comprised
of elastin, microfibrillar proteins, lysyl oxidase, and possibly other matrix mole-
cules. Elastin is the predominant protein of mature elastic fibers, and it is assembled
in the extracellular space by the enzymatic crosslinking of individual tropoelastin
molecules. In its cross-link form, elastin is a chemically inert and extremely
hydrophobic protein that is very resistant to dissolution by chaotropes, bases, and
weak acids. Because of its durability, elastin, prior to the discovery of the soluble
precursor molecule, tropoelastin, was defined only in operational and qualitative
terms as the insoluble protein residue remaining after all other tissue components
had been solubilized. With the discovery of tropoelastin and subsequent sequencing
of the mRNA and gene, the primary structure of elastin was revealed.

Figure 1. Ultrastructure of elastic fibers. The fine structure of an elastic fiber (E) in
bovine nuchal ligament is seen by quick-freeze, deep-etch transmission electron
microscopy. Typical of most elastic tissues, the fiber is surrounding by proteoglycans
(P) which form a three-dimensional trabecular network. In this high resolution electron
micrograph, the fiber is comprised of tightly packed globular units which resemble
isolated tropoelastin monomers. (Bar = 0.2 ym, mag. 70,000x)
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A. Elastin and Elasticity

Elastic fibers are comprised of two components that are morphologically and
chemically distinct. Most of the mature fiber (>90%) is amorphous elastin (Figure
1), the insoluble product of cross-linked tropoelastin monomers. Tropoelastin is
synthesized as a group of slightly different isoforms, ranging in size from 64 to 70
kDa, which result from alternative splicing of the pre-mRNA. In its secreted form,
tropoelastin is nonglycosylated and is extremely rich in nonpolar amino acids, such
as alanine, valine, and proline and the uncharged amino acid glycine (Table 1).
Together, nonpolar and uncharged residues account for greater than 90% of the total
amino acids of tropoelastin, making this one of the most hydrophobic proteins
known. Consequently, charged residues are scarce, and the secreted protein is
devoid of asparagine, histidine, glutamic acid, tryptophan, and methionine residues
(Indik et al., 1990). The physical properties of elastic fibers are reflected in the
primary sequence of tropoelastin. The protein is comprised of alternating hydro-
phobic and cross-linking domains which confer distinct physical properties to
elastic fibers. The elasticity of the fiber is driven by hydrophobic interactions, while
polymerization of elastin by covalent bonding of cross-link lysines provides
durability and strength to the fiber. A characteristic of the hydrophobic domains is
that they often contain repetitive sequences of three to nine uncharged amino acids,
whereas cross-linking domains contain stretches of alanines interrupted by two or
three lysines (Table 2).

Elastin is characterized by a high degree of reversible distensibility, including
the ability to deform extensively with small forces. Biophysical studies of purified

Table 1. Amino Acid Composition of Secreted Bovine Tropoelastin®

Nonpolar Uncharged Charged
Residues per Residues per Residues per

Amino Acid Molecule Amino Acid Molecule Amino Acid Molecule
Ala 154 Gly 232 Lys 38
Val 92 Gln 9 Arg 6
Pro/Hypro 89 Thr 8 Asp 3
Leu 44 Ser 8 Glu 0
Phe 23 Tyr 7 His 0

Ile 19 Cys 2

Met 0 Asn 0

Trp 0 .
Subtotal 421 266 47
%Total 57.4% 36.2% 6.4%

Note: *Derived from cDNA sequence excluding amino acids from the signal peptide (Yeh et al., 1987),



Table 2. Domain Sequence of Mammalian Tropoelastin

Exon! | Tvpe? | Species Seguence3
Bovine | MRSLTAAARRPEVLLLLLC-ILQPSQPG
1 SP Human| AaG P G S~ H R
Rat VPQ G I INLHA
Bovine | GVPGAVPGGVP ~-=—=~~~ GGVFFP
2 H Human I - Y
Rat GGLPGGVP __ YY
Bovine | GAGL-GGLGV
3 H Human -A G
Rat I1G G
Bovine | GGLGPGVKPAKP
4 CL Human| a G L
Rat| A G _P
Bovine | GVGGL----VGPG-LG-A
5 H Human|(vP  --~~A A - -
Rat| AL GAFGA G G
Bovine | GLGALPGA-F--PGA-LVPGGPAGAAAAYKAAAKA
6 CL | Human FAT - VD -
Rat| P GLSY-ASR GV G
Bovine | GAAGLGVGGIGGV- ---GGLGVST
7 H Human - = V~P  me-—- - A
Rat - - PGGVGVGGVPGAVGVGGYPGAVGGIGG
Bovine | GAVVPQLGAGVGAGVKPGKVP
8 CL Human P ————
Rat G
Bovine | GVGLPGVYPGGVLPGAGA
9 H Human -
Rat T
Bovine | RFPGIGVLPGVPTGAGVKPKAP
10 CL ( Human v
Rat \'4 T A V
Bovine | GGGG-AFAGIP
11 H Human| v =~
Rat G _ S
Bovine | GVGPFGGQQPGVPLGYP IKAPKLP
12 CL Human P
Rat
Bovine | AGYGLPYKTGKLPY
13 CL Human | G
Rat| G ™
Bovine | GFGPGGVAGSAGKAGYPTGT
14 H Y A
Rat| ----- AG
Bovine | GVGPQAAAAR~AKARAKL~
15 CL | Human A F-
Rat s v - - YA
Bovine | GAGGAGVLPGVGVGGAGIPGAPGAIPGIGGIA
16 .{ H Human A - v Vv
Rat G -~ G GA T
Bovine | GVGAPDAAAAARAAAKAAKE
17 CL Human T A Y
Rat| A Ta K b4
Bovine | GAAGGL-PGV-GVPGV-GVPGVGVPGVGVPGVGV-PGVGV-PGVGVPGVGVPGVGVPGVGVPG-VGVP
18 H Human AFV GpPF V a A I- —-——- V-—- 21 AN —=——-moemen
Rat -VPG- - -R__A I I GI GI G----1 G 16 1
Bovine | GAVSPAAAAKAAAKAAKF
19 CL Human| v D Y
Rat b4
Bovine | GARGGVGIGGIPTFGVGPGGFPGIG -——-
20 H Human P v Y A F VGVGGIPGVAGVPSVGGVPGVGGVPGVGIS
Rat =~ Y A Y VGAGAGLG=—~=~=—=——————mmm e e e
Bovine | ~-DAAAAQAAAARKAAKI
21 CL Human|{p ~--- Y
Rat| GAsQ A Y
Bovinc | GAGGVGALGGLVPGA PGAIPGVPGVPGVGGVG
22 H Human ARR V P QA V T
Rat AT VPGALPGAVPGALPGAVPGAL V. T
Bovine | GVGIPAAAAA~——~KARAKAAQF
23 CL | Human T ————
Rat! A T AARA GY

(continued)
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Table 2. (continued)
Exon! | Type? | Species Sequence’
o Bovine | GLGPGVGVAPG-——VGVVPGVGVVP - = ~~GVGVAP -~ ===~ GIGLGPG-GV---T
244 H Human \ -—= A A ---- L GVGVAP V VA V APG
Rat GV _GVG_ GL - GPGGVT I TG ~~---- T V__-DL---G
Bovine | GAGVPAAAAKSARKAAAKAQF
25 CL Human| P GV v L
Rat
Bovine | RARAGLPAGVP GLGVGVGVPGLGVGVGVPGLGVGVGVPGFGA
26 H Human G I
Rat G A F -=A AG F A
Bovine
26451 M Human | GADEGVRRSLSPELREGDP SSSQHLPSTPSS
Rat
Bovine | —~VPGTLARAKARKF
27 CL A X
5 s Y
~~PGGV-GALGGVGDLGGA~GIPGGVA
28 H | Human| -~———ememmmemee AMMPV LA V- \
Rat| AAGGGLGGPGGLGG L~ GP F GP IG V
Bovine | GVGPAAAARA-KARAKARQF
29 CL Human| A A
Rat| Ga Y
Bovine | GL-G--GVGGLGVGGLGA: -VPGAVGLG
30 H Human VAL L - VG
Rat - —— A a GGLGAGGLGAGGLGAGGLGAGGVI
Bovine | GVSPAAAAKARKF
31 CL Human| 1IP Y
Rat Y
Bovine | GAAGLGGVLGAGQPFPIG
32 H Human GAGQ~ L
Rat -R G
Bovine | GVAARPGFGLSPIFP
33 H | Human
Rat b
Bovine | GG-AGGLGVG
34 H | Human{---—-wve——
Rat G
Bovine | GKPPKPFGGALGALGFP
35 CL Human | -~~——~~==we—eee—e
Rat Y YQ
Bovine | GGACLGKSCGRKRK
36 HL Human A
Rat G F

Notes: 'The domain sequences are separated into the functional units which are encoded by separate exons (see text).
The domains are classified as signal peptide (SP), hydrophobic (H), potential crosslinking (CL), mixed
hydrophobic/hydrophilic (M) and hydrophilic (HL).

*The amino acid sequences are derived from the cDNA sequences for human, bovine (Indik etal., 1990), and
rat (Pierce et al., 1991) tropoelastins. In this table, the human and rat sequences are compared to the bovine
sequence. Homologies are represented by spaces; deletions are represented by dashes; and substitutions are
listed with the replaced residue. For example, with the exception of a single proline substitution in the human,
domain 12 is homologous among all species. Domains 34 and 35 are missing in the human sequence, and
domain 7 in the rat has a large hydrophobic insert.

*Domain 24 in the bovine and human contains the repeated cell recognition domain VGVAPG.

5Domain 26A, which is only found rarely in human tropoelastin, is encoded by exon 26. The 26A sequences
of the exon are usually alteratively spliced by use of an altemate donor splice site.
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elastic fibers indicate that elastin behaves as a classical rubber polymer in that when
it is relaxed, it is in a state of maximum disorder and, hence, maximum entropy
(Hoeve, 1974). Stretching a rubber induces order in the direction of the extension,
thereby decreasing entropy. When the external force is removed, elastic recoil
occurs because the partially ordered chains return spontaneously to their initial,
random state level of maximum entropy. Elastin exhibits other physical features
characteristic of a polymeric rubber, including interchain cross-links and domains
that behave as a kinetically free, random chain network (Fleming et al., 1980).

While the dominant pattern of elastin is that of a random structure, elastin is more
complicated than a simple three-dimensional array of random chains. Several
physicochemical studies suggest that regions of the molecule exhibit local order.
For example, synthetic peptides that represent repeating hydrophobic tropoelastin
sequences can assume a specific §-spiral (Venkatachalam and Urry, 1981). If the
repeating peptides of tropoelastin conform to a regular structure, then the interac-
tions among tropoelastin monomers in the extensively cross-linked fiber may result
in a polymer with a regular structure. Indeed, using high-resolution transmission
electron microscopy, an ordered, three-dimensional structure of elastic fibers and
tropoelastin monomers is seen (Morocutti et al., 1988; Mecham and Heuser, 1990;
Mecham and Heuser, 1991).

The extreme hydrophobicity of elastin has led to the generation of models of
elasticity based on the possibility that nonpolar regions of the molecule are exposed
to water when elastin is stretched (Partridge, 1969; Weis-Fogh and Andersen, 1970;
Gray et al., 1973; and Urry, 1974). Recoil occurs after the distending force is
removed, thereby allowing the nonpolar groups to reaggregate and expel the
absorbed water (Gosline, 1978). The relative proportion of energy stored in the
reversible exposure of hydrophobic groups to water versus entropy effects associ-
ated with ordering of random chains upon stretching, however, is still an open
question. Regardless, the ability of elastic fibers to stretch and recoil by an
energy-free mechanism provides an efficient means to confer reversible extensibil-
ity to tissues that undergo continued expansion and relaxation.

Studies of the structure of elastin are made difficult by the extensive cross-linking
of the tropoelastin monomers. Moreover, the hydrophobic tropoelastin monomer
is not amenable to crystallization. Therefore, structural and physicochemical stud-
ies on elastin have focused on elastin peptides, tropoelastin, and elastin cross-links.
Synthetic elastin peptides—peptides generated from enzymatically degraded
elastin and tropoelastin—undergo an unusual phenomenon when in solution. As
the temperature of the solution is raised from 4 °C to about 25 °C, a phase separation
occurs, and these components self-aggregate into a structure that resembles amor-
phous elastin in situ. This phase separation is called coacervation and demonstrates
the tendency of elastin peptides and tropoelastin monomers to associate tightly with
each other and to exclude water (Cox et al., 1974; Urry and Long, 1977). Findings
from these models indicate that hydrophobic interactions are important in elastic
recoil and possibly in the ordering of tropoelastin during fiber assembly. Since
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elastin polymerization in vivo is an enzymatic event, coacervated peptides probably
do not completely reflect elastin structure or formation. Lacking in these physico-
chemical systems is the contribution of elastin cross-links, which are believed to
be rigid, extended helical domains (Foster, 1982), and the influence of nonelastin
proteins, such as microfibrils, on the final structure of elastic fibers.

B. Elastin Cross-Links

The potential cross-linking domains of tropoelastin contain two or three lysines
interspersed among several alanine residues (Table 2). The lysines in these areas
form inter- and intrachain covalent cross-links providing durability to the fiber. The
principal cross-links found in elastin, desmosine, and isodesmosine, which are
produced from four lysine residues, are unique to the elastic fibers and their
presence serves as a diagnostic marker of elastin (Figure 2). Although intermediates
in this process have been characterized, the precise chemical events have not been
fully elucidated. In fact, new yet infrequent elastin cross-links continue to be

coo"
qH—NHJ
(CH, ),
“00C- CH-(CHy k2 (CH,),-CH-COO 700C-CH~(CH.), A\, (CHy);-CH-COO0™
L NH; NH (j NH;
N SN (CH,),-CH-COO
(€H,), (CHy), NH;
CH-NH; CH-NH}
coo- coo-
Desmosine i1sodesmosine
¢oo- coo coo”
CH-NH, CH-NH, CH-NH,
(?H')‘ (?H')z NH, (‘,:H')z
NH C-CH -NH-(CH,); CH-COO"  §-CH=0
CIHI (.:H ?H
(9“'); ((,:H 2), (?H')’
CH-NH, CH-NH, GH-NH,
coo- coo~ coo”
Lysinonorleucine Merodesmosine Allysine Aldol

Figure 2. Elastin cross-links. Desmosine and isodesmosine cross-link isomers are
produced from the enzymatic deamination of three lysines and spontaneous conden-
sation with a fourth lysine residue, The other cross-links are condensation products of
two or three lysines. Lysinonorleucine is an aldol condensation product of a deami-
nated and an unmodified lysine. Allysine aldol is a condensation product of two
deaminated lysines, and merodesmosine is formed by the condensation of two
deaminated lysines with one unmodified residue.



Elastin 141

Lysine
Lysyl
oxidase
Allysine
+Allysine l +Lysine
ACP A-LNL
DESMOSINE ISODESMOSINE
A-LNL ACP
+Lysine | +Allysine
Allysine
Lysine

Figure 3. Elastin cross-link formation. Lysine is deaminated by the copper-requiring
enzyme, lysyl oxidase, and the intermediate product, allysine, spontaneously con-
denses with another allysine to form an allysine aldol condensation product (ACP), or
with an unmodified lysine to form dehydrolysinonorleucine (A-LNL). ACP and A-LNL
then condense to form desmosine or isodesmosine cross-links. Reduction of A-LNL
and ACP forms the bifunctional cross-link structures lysinonorleucine and allysine
aldol.

discovered (Suyama and Nakamura, 1990). In spite of an incomplete understanding
of the mechanism of cross-link formation, three steps are accepted as being key in
the formation of desmosine and isodesmosine (Figure 3). The initial step in their
formation is the deamination of the e-amino group of lysine side chains by the
copper-requiring enzyme lysyl oxidase. The reactive aldehyde that is formed
(c-amino adipic 8-semi-aldehyde, or allysine) condenses spontaneously with either
a second aldehyde residue to form allysine aldol or with an e-amino group on lysine
to form dehydrolysinonorleucine. Allysine aldol and dehydrolysinonorleucine then
condense to form the pyridinium cross-links called desmosine and isodesmosine.
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Also found in elastin are lysinonorleucine and merodesmosine cross-links which
are the reduced forms of the original condensation products dehydrolysinonor-
leucine and dehydromerodesmosine (Figure 2), and these are probably formed by
linkage of lysines from separate tropoelastin molecules rather than within a single
cross-linking domain. The biochemistry and importance of cross-link reduction is
obscure and nothing is known about the in vivo reducing agent.

Mammalian tropoelastin has about 34 lysine residues per molecule that may
potentially participate in cross-link formation (Table 2). However, only about 30
lysines are modified and not all of these are accounted for as cross-links. In bovine
nuchal ligamentelastin, for example, there are about 2 desmosines, 1 isodesmosine,
2 lysinonorleucines, and 4 aldol condensation products per tropoelastin equivalent.
This translates into 22 lysine equivalents per monomer, or about 75% of the
available modified lysines. The difference may be that insoluble €lastin contains as
yet unidentified cross-links or that some regions are cleaved from tropoelastin
before its incorporation into the fiber or that the primary sequence of some
cross-linking domains is not fully conducive for condensation (see Tropoelastin
Structure). Although desmosine and isodesmosine are tetrafunctional cross-links,
current evidence suggests that they are produced from two cross-linking domains
of separate tropoelastin monomers. An individual tropoelastin monomer can form
cross-links with multiple adjacent tropoelastins providing for potential extensive
networking among tropoelastins which may account for the significant growth and
durability of elastic polymers.

C. Microfibrils

Microfibrils, the other component of elastic fibers, are a complex of glycoprote-
ins organized as small, 10-12-nm diameter tubular fibrils (Cleary and Gibson,
1983). Microfibrils were initially identified as an integral component of elastin
fibers that form a peripheral sheath around a core of amorphous elastin, but
morphologically and immunologically similar fibrils are also seen without amor-
phous elastin. Microfibrils contain many charged and basic amino acid residues as
well as numerous cysteines that may be important in promoting interactions with
tropoelastin during fiber assembly. Microfibrils appear in the extracellular space in
close association with the plasma membrane before fetal elastin production begins.
As it is produced, tropoelastin is secreted and cross-linked onto the microfibrils,
gradually obscuring them until, in mature elastin, they are visible only at the edges
of the amorphous elastin core (see Figure 6).

Recently, substantial progress has been made toward identifying microfibrillar
components. Gibson et al. (1986) isolated a 31-kDa glycoprotein from a reductive
guanidine extract of microfibrils, called microfibril associated glycoprotein
(MAGP) which they recently cloned and sequenced (Gibson et al., 1991). The
amino acid sequence indicates that MAGP contains two structurally distinct re-
gions. The amino-terminal half of the protein is rich in glutamine, proline, and



Elastin 143

acidic amino acids whereas the carboxy-terminal half contains all 13 of the cysteine
residues and most of the basic amino acids. The high number of cysteine residues
is consistent with the finding that MAGP forms intermolecular disulfide bonds and
is suggestive that the protein interacts with other components. MAGP, however,
does not bind tropoelastin (M. Gibson, personal communication), nor does it
contain any arg-gly-asp (RGD) sequences.

Gibson et al. (1989) isolated four other proteins of 340-, 78-, 70-, and 25-kDa
from fetal bovine nuchal ligament, and they demonstrated by immunostaining that
two of these (340- and 78-kDa forms) localize to microfibrils. Sakai and co-workers
identified a human 350-kDa glycoprotein called fibrillin that localizes to microfi-
brils (Sakai et al., 1986; Maddox et al., 1989). Like MAGP, fibrillin is rich in acidic
amino acids and cysteine, but it is distinct in that it contains numerous EGF-like
repeats that alternate with cysteine-rich domains (Malsen et al., 1991). It is now
apparent that the 340-kDa protein reported by Gibson et al. (1989) is the bovine
homologue of fibrillin (M. Gibson, personal communication).

Microfibrils distribute widely among both elastic and nonelastic tissues (Streeten
and Licari, 1983; Sakai et al., 1986; Gibson and Cleary, 1987; Dahlbick et al.,
1990). Although morphologically and immunologically similar, it is unknown
whether the components of microfibrils from elastic and nonelastic tissues are
compositionally identical. Recently, genetic heterogeneity of fibrillin was shown
by the partial characterization of two highly related yet distinct fibrillin genes (Lee
et al., 1991). Like fibrillin, or fib-15, a name derived from the chromosomal
localization of its gene, the gene for the new fibrillin, fib-5, encodes protein
sequences that include repeated cysteine-rich, EGF-like motifs and a relatively high
content of acidic amino acids. Although the tissue-specific expression of fib-5 is
not known, this genomic heterogeneity of fibrillin suggests that differences may
exist among microfibrils.

Several other proteins have been shown by antibody studies to be associated with
elastic-microfibrils, including a 34-kDa glycoprotein with amine oxidase activity
(Serafini-Fracassini et al., 1981) and lysyl oxidase (Kagan et al., 1986), but the
precise relationship between these molecules and microfibrillar structure and
function is yet to be resolved. Lysyl oxidase immunolocalizes to the interface
between the amorphous core of mature elastin and its microfibrillar mantle, but the
enzyme is not associated with microfibrils away from amorphous elastin (Kagan
etal., 1986).

D. Association of Other Matrix Molecules with Elastin

Proteoglycans are seen in the extracellular matrix in close association with elastic
fibers (Mecham and Heuser, 1990). In human dermis, core proteins of the small
matrix proteoglycans, PG I and PG 1! (decorin) as well as to enzymatically digested
forms of hyaluronic acid and dermatan sulfate side chains colocalize by immu-
nostaining with elastin (Baccarani-Contri et al., 1985; Baccarani-Contri et al.,
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1990). In addition, the intensity of elastin staining often increases markedly
following brief digestion of the matrix with hyaluronidase suggesting that
hyaluronic acid-contairing sugars associate with the fiber (Wrenn and Mecham,
1987). The role of proteoglycans in the elastic fiber is not known, but they may
provide hydration necessary for elastic recoil or prevent spontaneous aggregation
of tropoelastin in the extracellular space thereby allowing fibrillogenesis to occur
in a more orderly fashion (Fornieri et al., 1987). Other components, such as
glycoprotein gpl15 (Colombatti et al., 1988), vitronectin (Dahlbick et al., 1989),
amyloid P (Breathnach et al., 1981), and various complement factors (Niculescu et
al., 1987; Werth et al., 1988; Dahlbick et al., 1989), have been shown by immu-
nostaining techniques to be associated with elastic fibers, but the significance of
these interactions is not known.

I1l. TISSUE DISTRIBUTION OF ELASTIC FIBERS

Although elastic fibers are found in the connective tissue of most organs [see
Farquharson and Robins (1988) and references within], they are particularly
abundant in tissues that are subjected to repetitive deformation. Thus, blood vessel
wall, alveolar septal interstices, and deep dermal layers each contain significant
quantities of elastin. A high proportion of elastin are also found in elastic cartilage,
such as in the external ear, the eustachian tube wall, and cartilagés of the larynx,
and in elastic ligaments, such as the ligamentum flava of the vertebral column and
the nuchal ligament of certain grazing animals. The relative amount of elastin varies
among tissues and reflects the physical demands placed on the tissue. In tissues in
which the applied force is greater and more constant, such as the arteries and elastic
ligaments, elastin comprises about 30 and 75%, respectively, of the dry weight of
the tissue.

In skin, elastic fibers are confined to the reticular dermis and are relatively scarce
comprising no more than 2% of the dry weight of the tissue (Uitto, 1987). In
discussions of elastin in the skin, the terms “oxytalan fibers” and “elaunin fibers”
are used to denote different forms of elastic fibers, but this nomenclature is
imprecise and at times confusing. Oxytalan fibers are microfibrils with no associ-
ated amorphous elastin and are found extending vertically from the basal lamina to
the upper portions of the papillary dermis (Figure 4). As these fibrils extend into
the intermediate dermis, they become associated with small amounts of deposited
elastin. These small elastic fibers are the so-called elaunin fibers and have often
been thought of as “immature” elastic fibers. This classification implies that
elastogenesis is incomplete in this area of the dermis, but these smaller elastic fibers
probably are an endpoint product with a precise structural role. Deeper into the
reticular dermis, the small, vertical elastic fibers anastomose with horizontally
arranged cascades of large elastic fibers. Thus, the dermal elastic matrix can be
considered as a continuous network of microfibrils that, as they extend from the
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Figure 4. Tissue-specific organization of elastic fibers. The morphology of elastic
fibers varies among tissues. A. In skin, large elastic fibers (large arrows) in the reticular
dermis transverse parallel to the epidermis. In the papillary dermis, the fibers are thin
(small arrows) and perpendicular to those in the deeper layers. As these fibers
approach the surface, the amount of elastin diminishes. Shown is a section of human
adolescent skin stained with Miller-Halmi (mag x300). (Courtesy of Dr. Edward
Clearly) B. Shown is a section of calf pulmonary artery stained with Verhoeff-van
Gieson stain which stains elastic fibers black. The photomicrograph is oriented with
the vessel lumen at the top and the abluminal medial at the bottom; the adventitia has
been stripped from this sample. In large arteries, elastic fibers are found in the medial
layer and are predominantly organized in concentric sheets or laminae. C. In fetal
bovine auricular cartilage, Verhoeff-Van Gieson stained elastic fibers are seen as an
anastomotic trabecular network.

reticular to the papillary dermal layers, are associated with progressively less
elastin. In this particular organization, microfibrils may have a structural role in
anchoring the epidermis to the dermal elastin network (Cleary, 1987).

A. Developmental Expression

In most mammalian tissues, the bulk of elastin production occurs during fetal
and neonatal periods and is essentially complete by the first decade of life (Figure
5). Thereafter, the rate of synthesis decreases sharply and is almost fully repressed
by maturity, although production may be reinitiated in response to wounding or
disease. The temporal sequence of elastogenesis is unique in that elastic fibers are
deposited during a defined developmental window whereas many other extracel-
lular matrix proteins are continually made and turned over. The lack of continued
production reflects the extreme durability and extended half-life of elastic fibers.
In most mammalian tissues, tropoelastin synthesis initiates near the start of the third
trimester of gestation. During the last trimester of fetal development, the rate of
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Figure 5, Developmental expression of tropoelastin. In mammals, elastic fibers first
appear in the extracellular matrix near midgestation, and production is maximal in
fate fetal and neonatal periods. By maturity, elastogenesis is complete, and, concomi-
tantly, the expression of tropoelastin drops to very low levels. Production may be
reactivated, however, in response to disease or injury.

tropoelastin synthesis and elastin deposition increases sharply and reaches maximal
levels during early neonatal periods. During peak periods of deposition, tropo-
elastin production may account for as much of 15% of total cell protein synthesis
(Davidson et al., 1985), and tropoelastin mRNA may constitute about 1% of total
RNA (Davidson et al., 1984). After this relatively short, yet intense period of
production, tropoelastin synthesis begins to wane, and production markedly dimin-
ishes soon after birth. In the chick, the pattern of elastin production varies among
tissues, but still the bulk of deposition occurs during the embryonic period (Foster
etal., 1989). A notable exception to the general pattern of elastogenesis is the cyclic
production and turnover of elastin in the gravid and postgravid uterus (Sharrow et
al., 1989).

In some tissues, the precise postnatal time when tropoelastin synthesis is re-
pressed has not been fully described, and in some tissues, low levels of production
may persist. For example, the levels of tropoelastin synthesis and mRNA in human
skin fibroblasts remain relatively constant between cell populations derived from
fetal and adult donors (Sephel and Davidson, 1986), whereas in other tissues sharp
differences are seen in tropoelastin expression between cells derived from fetal and
adult samples (Parks et al., 1988b). In intact skin, however, the mass of deposited
elastin does not change appreciably after maturity, and thus, if tropoelastin produc-
tion is continuing, then some degradation of either the soluble or insoluble protein
must be occurring to balance synthesis and assembly. Alternatively, the expression
of tropoelastin in isolated skin cells may reflect the heterogeneity population of
dermal fibroblasts or indicate that dermal tropoelastin production is regulated, in
part, by its extracellular environment. In this context, removal of the cells from
adult tissue may disrupt inhibitory controls resulting in a reactivation of tropo-
elastin expression.

B. Cellular Production

The cells responsible for elastin production and deposition are diverse and vary
depending on anatomical location. As is common for interstitial connective tissue
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proteins, elastin producing cells in normal tissues are mostly of a mesodermal
lineage. Fibroblasts produce elastin in the dermis, in elastic ligaments, and in the
loose connective tissue of many soft tissues; smooth muscle cells produce elastin
in the uterus; chondroblasts produce elastin found in cartilages; and mesothelial
cells deposit elastin in the lung pleura.

In arteries, elastin is made by various cell types, including endothelial cells
(Damiano et al., 1984), smooth muscle cells, and adventitial fibroblasts (Prosser et
al., 1989). Although medial smooth muscle cells are responsible for the bulk of
arterial elastin, the lumenal surface of the internal elastic lamina and the ablumenal
side of the external elastic lamina are probably produced by endothelial cells and
adventitial fibroblasts, respectively. In addition, some of the elastin in the wall of
the great vessels may be synthesized by neural crest which migrate into the media
(Rosenquist et al., 1990). Thus, not all elastogenic cells are mesodermally derived.

Cells responsible for elastin production in the lung parenchyma have been
difficult to identify because this area is comprised of multiple cell types, and
because the phenotype of the interstitial cell changes during development. As the
alveolar septa begin to form, myofibroblasts are found in close association with
capillary structures and are considered to the source of elastin at these sites (Collett
and Des Biens, 1974; Fukuda et al., 1983; Campagnone et al., 1987; Noguchi et
al., 1989). In rat lung, immature interstitial cells differentiate into lipid-filled and
nonlipid-filled fibroblasts, the latter being alveolar septal myofibroblasts which are
associated with elastic fibers (Vaccaro and Brody, 1978; Brody and Vaccaro, 1979).
In culture, however, both cell subpopulations synthesize and deposit elastin (Cam-
pagnone et al., 1987; Berk et al., 1991) suggesting that multiple cell types are
responsible for alveolar septal elastogenesis.

Elastic fibers are often found in desmoplastic areas associated with breast
cancers, and this production has usually been attributed to stromal fibroblasts which
received an inductive signal from the carcinoma cells (Parfey and Doyle, 1985).
Recently, Krishnan and Cleary (1990) demonstrated that breast carcinoma cells
themselves express tropoelastin, and these authors suggested that much of the
elastin made during the desmoplastic response is a product of the cancer cells. The
normal breast epithelial cell most likely does not make elastin since a intact
basement membrane separates the ductal cells from the stroma. Thus, the acquisi-
tion of the elastogenic phenotype in the carcinoma cells may be dependent on the
disruption of the basement membrane and contact with breast connective tissue.
Indeed, tropoelastin production is increased in fibroblasts grown on matrix from
breast tumor (Kao et al., 1986).

C. Morphology
Elastic fibers are organized in at least three distinct morphological forms (Figure

4). In elastic ligaments, skin and lung, the fibers are small and rope-like (Fahren-
bach et al., 1966; Smith et al., 1982; Noguchi et al., 1989). In blood vessels, elastin



Figure 6. Deposition of elastin on microfibrils. The sequential organization of globu-
lar tropoelastin monomers on microfibrils during development is demonstrated in this
series of freeze-etched stereo-electronmicrographs of nuchal ligament of 120-, 200-
and 270-day gestation bovine fetuses. (Bar = 0.2 um)
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forms as concentric sheets or lamellae which are interconnected by fine elastin
fibers (Crissman, 1986), and in elastic cartilage, the fibers organize an anastomotic
trabecular network (Mecham and Heuser, 1990). In each case, the structure of the
elastic fiber arises, in part, as a consequence of the direction and magnitude of the
force placed on the tissue.

Although the histologic structure of elastic fibers differs among tissues, the fine
detail of insoluble elastin is similar regardless of location. Ultrastructural analysis
of mature elastic fibers reveals a core of lightly stained amorphous insoluble elastin
surrounded by a mantle of electron-dense tubular-appearing microfibrils (Pasquali-
Ronchetti and Fornieri, 1984). In its relaxed state, elastin appears disordered and
granular by freeze-fracture electron microscopy. With stretching, however, anasto-
motic filaments, about 5 nm in diameter, organize relative to the applied force
(Pasquali-Ronchetti et al., 1979). Using freeze-etch electron microscopy, fractured
elastic fibers present a prominent three-dimensional face with much more detail
than that seen by more conventional ultrastructural imaging techniques (Morocutti
et al., 1988; Mecham and Heuser, 1990; Mecham and Heuser, 1991). These high
resolution images suggest that elastin is composed of an array of densely packed
filamentous structures 5 to 10 nm in diameter comprised of individual globular
subunits (Figures 1 and 6). Rotary shadowing of purified tropoelastin shows it to
be a globular protein with a diameter similar to that of filaments in the intact fiber
suggesting that the filaments are indeed comprised of densely packed tropoelastin
monomers (Mecham and Heuser, 1991). Of potential interest is that the globular
subunits in elastic fibers display structural heterogeneity (Morocutti et al., 1988)
which may reflect the presence of different tropoelastin isoforms.

IV. STRUCTURE OF TROPOELASTIN

Tropoelastin was discovered as the soluble precursor of elastin in the aorta of
copper-deficient pigs (Sandberg and Davidson, 1984). Eventually, tryptic peptides
of purified tropoelastin were sequenced but not ordered. This initial analysis
demonstrated that the protein is mostly comprised of two distinct amino acid
domains (Sandberg et al., 1969). These areas are characterized by sequences
abundant in hydrophobic amino acids and by alanine-rich segments containing
lysine residues which are potential cross-linking sites (Table 2). The hydrophobic
domains often contain amino acid repeats which form B-helices that confer elastic-
ity (Urry and Long, 1977), and the cross-linking domains are characterized by
stretches of alanines interrupted by two or three lysines. The eventual charac-
terization of tropoelastin cDNA confirmed the prediction that the primary structure
of tropoelastin consists of alternating hydrophobic and cross-linking domains (see
Figure 7). The sequence and organization of tropoelastin is highly conserved at both
amino acid and nucleotide levels among mammals but differs significantly in some
segments from the chick (Indik et al., 1990).
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In general, the hydrophobic domains are less well conserved than the cross-
linking domains in size and composition suggesting that tropoelastin can better
tolerate variation of the hydrophobic amino acids without compromising their
molecular role, and, in fact, these areas have diverged during evolution at twice the
rate of the cross-link domains (Boyd et al., 1991). Overall, there is extensive
homology among mammalian tropoelastins with most substitutions being conser-
vative in nature. There are, however, some interesting differences. For example, the
number of amino acids that may be found in a particular hydrophobic region may
differ among species, suggesting that hydrophobic domains tolerate changes in
either the number or sequence of amino acids. Chicken tropoelastin shows exten-
sive homology with mammalian sequences for the first 300 residues and for the
last 57 residues. Major differences exist in the central portion, however, with
sequences that suggest duplication and deletion events (Bressan et al., 1987;
Tokimitsu et al., 1987; Indik et al., 1990).

In contrast to the sequence variability in the hydrophobic domains, there appears
to be absolute conservation in the number of alanine residues between lysines in
the cross-linking domains. In these regions, two lysine residues are usually seen
within a cluster of alanine residues, although in two domains near the center of the
molecule, encoded by exons 19 and 25 (Table 2), three lysine residues are found.
In addition, most potential cross-linking sequences in the first 200 residues fre-
quently contain prolyl or other residues between the lysines instead of the usual
alanines (exons 4, 8,10, 12,and 13; Table 2). Typically, the two lysines are separated
by two or three alanines, but never just one or more than three. This strict adherence
to the spacing of lysine residues provides a conformation that is most conducive to
the efficient formation of desmosine and isodesmosine cross-links. The alanine-
rich domains form an a-helix with the side chains extended outward. Accounting
for the spatial dimensions, the side chains of amino acids separated by two or three
residues are relatively close to one another on the same side of the helix. Side chains
of amino acids separated by one or four residues, on the other hand, would be
situated on opposite sides of the helix, and this spacing is probably too great for
the condensation reactions in the formation of elastin cross-links (Gray, 1977). In
addition, substitution of bulkier amino acids between lysine residues may interfere
with the steric requirements for cross-link formation, In light of this, the lysines
encoded by exons 4, 8, 10, 12, 13, and 35 (Table 2) may not be fully modified to
isodesmosine and desmosine cross-links, but rather they may be limited to the
formation of lysinonorleucine and merodesmosine bonds between tropoelastin
Monomers.

In addition to the cross-linking and hydrophobic domains, a tyrosine-rich region
downstream from the amino terminal end and the C-terminal amino acids are highly
conserved among tropoelastins (Table 2). Although the role of the tyrosines is not
known, they may affect oxidation of the e-amino group of nearby lysines (Sandberg,
1976). The carboxy terminal sequence of tropoelastin is different from other
domains in that it contains basic amino acids and, other than the signal peptide, is
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the only domain that contains cysteine residues. Significantly, the amino acid
sequence of this segment is evolutionarily conserved, especially at the positions for
cysteine, lysine, and arginine (Table 2). Recent studies have demonstrated that the
cysteine residues in this domain form an interchain disulfide bond (Brown et al.,
1992), and molecular modeling suggests that this linkage creates a loop of charged
amino acids which may interact with other extracellular components such as
microfibrils. As will be discussed later in Section IX, this potential interaction may
serve in the initial steps of tropoelastin polymerization.

V. THE TROPOELASTIN GENE

As demonstrated by in situ hybridization and analysis of somatic cell hybrids, the
tropoelastin gene localizes to chromosome 7q 11.2 in the human genome (Fazio et
al., 1991). As for other genes coding for matrix proteins, the tropoelastin gene is
separated into exons that code for distinct domains of the protein (Figure 7) (Indik
et al., 1990). The human and bovine genes have been most thoroughly charac-
terized, and these contain 33 and 36 exons, respectively, which have been demon-
strated by cDNA sequence analysis to be present in the mRNA. Although 34 exons
are shown in Figure 7 for the human mRNA, exon 22, which would encode a typical
tropoelastin hydrophobic domain (Table 2), has never been found in any cDNA.
Among species, the tropoelastin gene is highly conserved with respect to size, exon
organization, 5' flanking sequences, sequences within intron 1, and sequences
coding for the 3’ untranslated region (UTR).

The human and bovine tropoelastin genes are unusually large, containing nearly
40 kb of sequence coding for amRNA of about 3.5 kb. This large size results from
an intron to exon ratio of approximately 15:1. In contrast, many collagen genes
have an intron:exon ratio of about 8:1 (Sandell and Boyd, 1990). The exons of the
tropoelastin gene are relatively small, ranging from about 25 to 200 bp, and most
exons are arranged in a cassette-like fashion with sequences coding for either
hydrophobic or cross-linking domains (Figure 7). There are, however, two excep-
tions to this general organization. The 5' end of exon 26 in the human gene encodes
a typical hydrophobic domain, but the 3’ end, called 26A, encodes an unusual mix
of charged and nonpolar amino acids (Table 2). These amino acids probably
comprise a minor component of human elastin since the 26A sequences are usually
alternatively spliced from tropoelastin pre-mRNA. The second exception is exon
36 which is about 1.5 kb in mammals and which contains sequences that encode
both the hydrophilic C-terminus and the large 3' UTR of the mRNA (Figure 7).

A notable difference between the bovine and human tropoelastin genes is the
absence in the human gene of cross-linking exon 34 and hydrophobic exon 35
(Figure 7). Deletion of these exons, however, is not characteristic of all primate
DNA because a clone isolated from a baboon smooth muscle cell cDNA library
contained sequences homologous to exon 34 (C.D. Boyd, personal communica-
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Figure 8. Transcription elements of the tropoelastin gene. The location and types of
transcription elements is similar among tropoelastin genes, especially those sequences
between —-200 and 1. In the human and bovine genes, three AP2 and 2 SP1 sites are
clustered together at about —170 and —100 bp, respectively. (Figure courtesy of Dr.
Charles Boyd.)

tion). This variability of tropoelastin-coding sequences within such a closely related
phylogenetic group such as primates suggests that considerable heterogeneity is
tolerated in elastin without affecting the normal function of tissue.

Analogous to other genes, the 5’ flanking region of the tropoelastin gene contains
several elements associated with the initiation of gene transcription, such as binding
sites for SP1 and AP1 and a CAAT box (Bashir et al., 1989; Yeh et al., 1989), and
the relative location of these is conserved among species (Figure 8). In contrast to
many other genes, the promoter region of the tropoelastin gene does not contain a
canonical TATA box but does have the element ATAAA. These sequences are
important for basal transcription because, when mutated to AAAAA, transcrip-
tional activity from the tropoelastin promoter is markedly decreased (J. Uitto,
personal communication). Although involved in transcription, the ATAAA motif of
the human tropoelastin gene may not act as a true TATA box since at least seven
different transcription initiation sites are used (Bashir et al., 1989). The lack of a
TATA box, along with several G/C-rich domains within the 5’ end of the gene,
suggests that the promoter of the tropoelastin gene resembles regulatory regions of
genes which are constitutively expressed. Regions of the tropoelastin gene that may
be involved in control of gene transcription are discussed in Section VL
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VI. REGULATION OF TROPOELASTIN EXPRESSION

In essentially all models studied, the production of elastin or secretion of tropoe-
lastin correlates with the steady-state levels of tropoelastin mRNA (for example,
see Foster et al., 1980; Shibahara et al., 1981; Burnett et al., 1982; Davidson et al.,
1984; Mecham et al., 1987; Parks et al., 1988a,b; Sharrow et al., 1989; Foster et
al., 1990b; Hinek et al., 1991). These collective findings indicate that expression is
regulated at a pretranslational step, but the contribution of transcriptional and
posttranscriptional mechanisms to the control of elastogenesis is only now begin-
ning to be delineated. As discussed, the promoter region of tropoelastin is similar
to that of a constitutively expressed gene. This is somewhat surprising considering
the precise temporal and tissue-specific production of elastin, and may indicate that
unique regulatory mechanisms may control tropoelastin expression. Using multiple
deletion constructs of the first 2.26 kb of the tropoelastin promoter and a chloram-
phenicol acetyltransferase (CAT) expression vector, Kihiri et al. (1992) have
identified sequences within bases —128 to -1 that confer basal transcriptional
activity, but no promoter sequences have yet been characterized as being important
forage or tissue-specific production. In fact, these CAT constructs conferred similar
transcriptional activity in both elastogenic and nonelastogenic cells, indicating that
tissue and age specific elements lie elsewhere in the gene (Fazio etal., 1990; Kéhri-
et al., 1990). Similar to the first intron of the type II procollagen gene (Horton et
al., 1987), it is possible that regions involved in temporal and tissue-specific
expression of tropoelastin reside within the transcribed sequences of the gene.
Studies of cultured cells exposed to different modulators, or maintained under
specific conditions, allow the determination of regulatory mechanisms that are
active in controlling tropoelastin expression, and also indicate which extracellular
factors may influence elastin production in vivo. From such studies, various
cytokines, steroids, and culture conditions have been shown to affect tropoelastin
production and elastin deposition (Table 3). Elastogenic cells are typically derived
by explant culture from fetal or neonatal tissues, such as aorta, nuchal ligament,
lung or skin, or by direct enzymatic digestion of fetal ear cartilage (Mecham,
1987b). The production of tropoelastin varies among these cells, paralleling the
relative mass of elastin in the tissue from which the cells were derived as well as
reflecting age-specific production. Thus, tropoelastin synthesis is highest in late
fetal or early neonatal aortic smooth muscle cells and fetal auricular chondroblasts,
and is low in cells derived from skin and from adult tissues. The low production of
tropoelastin by dermal fibroblasts may be more reflective of a heterogeneous
population rather than low expression by individual cells. A characteristic of elastin
producing cells is that they lose their capacity to synthesize tropoelastin as they age
in culture or are serially passed (Mecham et al., 1981; Sephel and Davidson, 1986).
With explanted cells this problem is enhanced because numerous population
doublings are needed to expand the primary population. Reflective of the in vivo
developmental expression of elastin which occurs primarily during periods of rapid
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Table 3. Modulators of Elastin Production’

Stimulators Repressors
Insulin-like growth factor | 1,25-(OH)2 Vitamin D3
Transforming growth factor 1 Tumor necrosis factor-a
SMEF Interleukin 1
Elastic matrix Phorbol ester
Glucocorticoids’ Epidermal growth factor
cGMP> Interferon y

Monesin

Ascorbale

Nores: 'See text for references.
2, . . .
“As discussed in the text, glucocorticoid-mediated effects on
elastin production may be age dependent.

3Mecham et al., 1985.

tissue growth, the synthesis of tropoelastin is higher in proliferating cultures than
in nondividing cells, and is greatest during late log-phase growth (Mecham et al.,
1981; Sj6lund et al., 1986).

A. Effect of Matrix

The phenotypic instability of tropoelastin expression may be primarily a conse-
quence of removal of the cells from their microenvironment in vivo, and may
involve unique regulatory mechanisms. An interesting aspect of elastin regulation
is that expression of tropoelastin is induced in preelastogenic fibroblasts grown on
nuchal ligament elastic matrix from late gestation fetuses (Mecham et al., 1984a).
This differentiation response apparently requires de novo gene induction, although
itis not known if the tropoelastin gene is induced or if elastogenesis is dependent
on transcriptional initiation of another gene product. Elastic matrix also stimulates
tropoelastin synthesis by late fetal ligament fibroblasts (Mecham et al., 1984a) and
elevates the very low levels of production by adult ligament fibroblasts (Parks et
al., 1988b), and desmoplastic elastic matrix from malignant breast carcinoma
stimulates production of elastin by dermal fibroblasts (Kao et al., 1986). Unlike the
inductive effect in predifferentiated cells, the stimulation of tropoelastin production
by ligament matrix does not require initiation of gene transcription, indicating that
diverse mechanisms regulate tropoelastin expression at different stages of produc-
tion. Furthermore, the stimulation of tropoelastin synthesis by adult cells grown on
elastic matrix indicates that the tropoelastin gene remains in an operative state after
elastogenesis has ceased (Parks et al., 1988b). Indeed, using serially passed cells
as a model of developmental aging, we find that the marked drop in tropoelastin
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production with time in culture is not associated by any significant decrease in
tropoelastin transcription (R.A. Pierce and W.C. Parks, unpublished observations).
These observations indicate that posttranscriptional mechanisms may be important
in controlling the cessation of elastin production.

The matrix-induction experiments demonstrate that the tissue milieu influences
both the start and maintenance of elastin production. These studies also show that
cell-matrix contact is required for differentiation, suggesting strongly that a cell
surface molecule is involved and that the instructive signal for elastogenesis is a
component of the ligament matrix. Unfortunately, the nature of matrix differentia-
tion factor is unknown other than that it is not soluble and loses no bioactivity after
treatment with agents that extract or denature many connective tissue macromole-
cules (Mecham, 1987a). The ligament matrix factor is probably not the sole
extracellular component that affects tropoelastin expression and differentiation.
Although serum does not induce tropoelastin expression in preelastogenic cells, it
is absolutely required for maintenance of tropoelastin production in cuitured cells
(Mecham, 1987b). Depleting cells of serum results in nearly a complete repression
of tropoelastin synthesis within 24 hours, indicating that circulating factors also
participate in the regulation of elastin production. Indeed, as will be discussed,
certain cytokines influence tropoelastin expression, and a factor in smooth muscle
cell-conditioned medium has elastogenic properties.

B. Autoregulation

The limited developmental expression of elastin indicates that a finely tuned
regulatory system controls production of this extracellular matrix protein. As
discussed, the microenvironment influences differentiation to the elastin pheno-
type, and this induction involves signals which transverse the cell surface. It is
unknown, however, if a similar extracellular signal mediates cessation of elasto-
genesis at maturity. As will be discussed, several physiologic modulators markedly
downregulate tropoelastin expression, but their in vivo role has not yet been
ascertained. One possible mechanism to downregulate production may involve a
negative feedback signal from the matrix itself. In other words, once sufficient fiber
mass has formed, the producing cells may receive an inhibitory signal to turn off
tropoelastin expression. Conversely, in pathological conditions or in response to
wounding, a loss of elastin may stimulate new production.

When the secretion of tropoelastin is blocked by exposure of fetal rat smooth
muscle cells to monensin, tropoelastin synthesis and mRNA levels are dramatically
reduced (Frisch et al., 1985). These findings indirectly suggest a negative feedback
on tropoelastin gene expression that is mediated by an intracellular accumulation
of tropoelastin, similar to that seen for tubulin (Cleveland and Kirschner, 1981) and
a1(I) procollagen (Miiller et al., 1986). Frisch et al. (1985) suggested several
alternative explanations for their findings including monensin-mediated effects on
intracellular pH, cytoskeletal proteins, and recycling of the elastin receptor, all of
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which may effect tropoelastin production independent of intracellular stores of the
protein, but other models have as well suggested negative autoregulation of elastin
production. Elastin deposition is decreased by cells grown in medium supple-
mented with ascorbic acid (Faris et al., 1983), and this probably occurs by
overhydroxylation of tropoelastin which may hinder its incorporation into fibers.
Apparently, this effect is associated with decreased production of tropoelastin
(Davidson and Giro, 1986), but it is not clear if this diminished production is
mediated by feedback from accumulated uncross-linked tropoelastin, or if ascor-
bate affects tropoelastin expression by a more direct mechanism. In another model,
medium conditioned by an elastase-treated elastin matrix mediated a downregula-
tion of tropoelastin expression in cultures of rat lung fibroblasts (Foster et al.,
1990b). These findings suggest that elastin peptides generated by elastase treatment
mediated a negative feedback control on the elastin-producing cells. A correlate of
this predicts that a loss of elastin matrix may stimulate tropoelastin expression, and,
indeed, the levels of tropoelastin protein and mRNA increased in the cultures that
were subject to elastase treatment (Foster et al., 1990b).

Although these studies suggest that negative autoregulation affects tropoelastin
expression, other observations indicate that this may not be an active regulatory
mechanism. The results of the elastase-generated peptide experiments predict that
tropoelastin expression would be elevated in conditions characterized by a loss of
elastin fibers and downregulated in situations where elastin accumulates. In ab-
dominal aneurysms, for example, the aortic media is devoid of elastic laminae, yet
only minimal levels of tropoelastin mRNA are detected in the vessel wall (Mesh et
al., 1992). Furthermore, diseases characterized by abnormal accumulation of
elastin, such as pulmonary hypertension (Stenmark et al., 1988) and progeria
(Sephel et al., 1988), are associated with elevated levels of tropoelastin expression.
It is possible that regulation of elastin production may be aberrant in these disease
models, thereby affecting any negative feedback; however, it would seem unlikely
that these diverse conditions would be caused by a similar regulatory defect. In our
studies, we found that prolonged exposure of bovine ear chondrocytes to high
concentrations of o-elastin peptides did not influence tropoelastin synthesis or
mRNA levels (R.P. Mecham and W.C. Parks, unpublished data). In addition, the
a-elastin peptides used in these experiments were biologically active as demon-
strated by their ability to induce chemotaxis (Senior et al., 1980). Since these
peptides can also interact with the elastin receptor, our findings indicate that cell
surface interactions with elastin do not transduce regulatory signals that downregu-
late tropoelastin production. Furthermore, tropoelastin may not affect its own
production since fetal bovine ligament fibroblasts, which synthesize much tropoe-
lastin, yet do not cross-link it, continue to express the protein at a constant rate
regardless of its accumulation in the medium. Elastin peptides do, however, induce
expression of elastonectin, a cell-surface elastin-binding protein (Hornebeck et al.,
1986), and this interaction is associated with a stimulation of intracellular signaling
pathways (Robertet al., 1989). There is, in fact, accumulating evidence that binding
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of elastin to the cell surface initiates a biological response within the cell. For
example, extracellular elastin peptides have been reported to induce phosphatidyli-
nosito] breakdown with mobilization of intracellular calcium, to alter protein kinase
C activity, and to provide chemotactic signals to several cell types (Senior et al.,
1984; Jacob et al., 1987; Blood and Zetter, 1989; Robert et al., 1989; Varga et al.,
1990). Although elastin binding proteins are capable of generating intracellular
signals, it is not clear if the transduced signals influence tropoelastin metabolism.

C. Cytokines

Various cytokines stimulate tropoelastin production in cultured cells, and in
general the effect is about two- to fourfold above control levels. Although this
increase is seemingly small, a slight, yet sustained, increase in tropoelastin synthe-
sis can result in a significant increase in the mass of deposited matrix because of
the extreme durability of the insoluble fiber. On the hand, factors and conditions
that downregulate tropoelastin synthesis have a profound effect on production, and
with sufficient exposure can nearly completely repress tropoelastin expression.

Insulin-like growth factor 1 (IGF-1) stimulates tropoelastin synthesis and mRNA
levels in neonatal arterial smooth muscle cells (Badesch et al., 1989; Foster et al.,
1989; Fosteretal., 1990a) and lung fibroblasts (Noguchi and Nelson, 1991). IGF-1
may be involved in embryonic production of elastin since the circulating concen-
tration of and hepatic mRNA levels for this cytokine correlate with tropoelastin
synthesis in the developing chick aorta (Foster et al., 1989). It is not clear, however,
if hepatic production of IGF-1 is causally associated with vascular elastin produc-
tion, or if factors intrinsic to the vessel are more important in modulating matrix
deposition. This is a reasonable caveat since cytokines often act in a paracrine or
autocrine fashion. Indeed, this study also showed that IGF-1 mRNA levels in the
embryonic chick aorta correlated with the onset of tropoelastin expression in this
tissue (Foster et al., 1989). If IGF-1 is responsible for regulating developmental
elastogenesis, the control may be a paracrine effect specific to the aorta since the
pattern of tropoelastin expression in other tissues did not parallel IGF-1 serum
levels.

Transforming growth factor B1 (TGF-f) enhances tropoelastin expression in
neonatal arterial smooth muscle cells (Liu and Davidson, 1988). TGF-B; also
stimulates tropoelastin synthesis in neonatal rat lung fibroblasts (McGowan and
McNamer, 1990), but this effect may be limited to a subpopulation of lung
fibroblasts since tropoelastin expression by lipid-laden interstitial cells, a neonatal
rat lung fibroblast subtype, is unaffected by TGF-B; (Berk et al., 1991). TGF-:
influences the production of various extracellular matrix proteins and has been
proposed as being involved in regulating elastin production in vascular remod-
eling (Liu and Davidson, 1988; Perkett et al., 1990) and in emphysema
(McGowan and McNamer, 1990). Although no in vivo experiments have been
done to confirm these hypotheses, TGF-B; may not be a required factor for
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increased elastin deposition during vascular remodeling. Forexample,inhypoxic
pulmonary hypertension, increased deposition and synthesis of elastin are
associated with a marked decrease in TGF-; mRNA levels in the vascular wall
(Botney et al., 1991b). This model, however, is not associated with a prominent
inflammatory response as is seen in other models of pulmonary hypertension,
and, thus, the effects of this cytokine may be dependent on the etiology of the
vascular remodeling. Although both TGF-f1 and IGF-1 act pretranslationally,
the precise regulatory mechanism controlling tropoelastin expression by theses
cytokines is unknown. Since no NF-1 binding element has been located in the
tropoelastin gene, TGF-B1 may stimulate tropoelastin production at a posttran-
scriptional step (Chen et al., 1991).

During periods of elevated elastin deposition, increased expression of tropoe-
lastin may be controlled by a soluble cytokine-like factor that may act in both an
autocrine and paracrine fashion. This factor is called smooth muscle elastogenic
factor, or SMEF, and is secreted by smooth muscle cells derived from intralobar
arteries of calves with hypoxic pulmonary hypertension (Mecham et al., 1987).
SMEF stimulates tropoelastin synthesis in actively producing cells and, interest-
ingly, induces expression in preelastogenic ligament fibroblasts. SMEF may be a
known cytokine, but cell culture studies demonstrate that the inductive and stimu-
latory effects of SMEF are not duplicated by acidic or basic fibroblast growth factor,
or by platelet-derived growth factor (R.P. Mecham, unpublished observations).
Furthermore, the low levels of TGF-; mRNA in hypertensive pulmonary arteries
(Botney et al., 1991b) suggest that SMEF is not this cytokine either. The biochemi-
cal properties of SMEF have not been characterized other than its approximate
molecular mass of 25 kDa, as determined by the migration of its bioactivity through
a gel filtration column, and the demonstration that its activity is susceptible to
protease treatment and heat.

D. Steroids

The response of elastin production to glucocorticoids, which has been studied in
various systems using cortisol or synthetic analogs such as dexamethasone, is
particularly interesting in that it appears to be an age-specific mechanism. Elasto-
genic cells derived from fetal bovine nuchal ligament (Mecham et al., 1984b), fetal
rat lung (Noguchi et al., 1990), or embryonic chick aorta (Burnett et al., 1980)
demonstrate increased production of tropoelastin upon exposure to glucocorticoids,
and, at least in rat lung, this effect is paralleled by a similar stimulation of
tropoelastin mRNA levels. Glucocorticoids, however, do not induce tropoelastin
expression in preelastogenic ligament fibroblast, and the stimulation in fetal
fibroblasts is reversible indicating that glucocorticoids do not initiate a stable
phenotypic change (Mecham et al., 1984b). In addition, the ability of ligament
fibroblasts to respond to glucocorticoids is dependent upon growth rate and time
in culture. In general, tropoelastin synthesis by cultured cells is stimulated by
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glucocorticoids during periods of maximal production, namely, during late log
phase growth and early passage in culture. If these in vitro growth states reflect
developmental changes in elastin production seen in vivo, then a comparative
response to glucocorticoids may be seen in elastic tissues at different stages of
development. Indeed, in chick aortic organ culture, glucocorticoids stimulate
elastin production in embryonic tissues, but do not effect synthesis in newborn
animals and actually inhibit production in aorta from 14-day-old chicks (Keeley
and Johnson, 1987). Similarly, in rat lung fibroblasts, glucocorticoids mediate a
stimulation of tropoelastin synthesis in cells isolated from lungs during periods of
active alveolar elastogenesis (Noguchi et al., 1990).

A few reports, however, seem to contradict the age-specific pattern of glucocor-
ticoid responsiveness. Distinct from the developing mammalian lung, dexametha-
sone does not affect elastin production in embryonic chick lung (Foster and Curtiss,
1990). Since glucocorticoids stimulate elastogenesis in embryonic chick aorta, the
lack of effect in chick lung may indicate a tissue or species-specific regulation. In
our studies, tropoelastin production by adult ligament fibroblasts was stimulated
by exposure to dexamethasone (Parks et al., 1988b). Although these cells were
derived from a tissue that has long completed its deposition of elastin, removal from
the their in vivo environment may have affected their capacity to respond to
mediators of elastin production.

The mechanism of glucocorticoid reguiation of tropoelastin expression is not
known. Glucocorticoids can alter transcription by direct binding of an activated
glucocorticoid receptor to specific response elements within a gene promoter. Three
consensus glucocorticoid responsive elements (GREs) are found between basepairs
-1200 to -1420 of the human tropoelastin gene (Kahiri et al., 1990), but it is not
known if these confer any biological activity. Since the response to glucocorticoids
varies with age and the growth state of the treated cell, then transcriptional
regulation mediated through GREs would require other, possibly more specific
trans-acting factors.

E. Downregulation of Tropoelastin Expression

The temporally precise and nearly complete cessation of elastin production that
occurs in most tissues presents an intriguing model for deciphering the control of
a developmentally regulated gene. It is quite possible that distinct mechanisms
regulate the initiation, maintenance, and repression of tropoelastin expression, and
some in vivo observations support this idea. The response in vascular remodeling
at different ages suggests that elastogenic cells do not retain the ability to recapitulate
developmental regulation of elastin synthesis. For example, in neonates with pulmo-
nary hypertension, increased elastin synthesis and deposition occurs in the media of
elastic lobar arteries (Stenmark et al., 1988; Prosser et al., 1989), but in adults, new
elastin deposition is confined to the neointimal expansion (Botney et al., 1991a).
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Marked repression of tropoelastin synthesis and mRNA levels and elastin depo-
sition in various cultured cells is mediated by epidermal growth factor achiro et al.,
1990), recombinant interleukin-1p (rIL-1) (Berk et al., 1991), tumor necrosis
factor-a (TNF-av), interferon-y (Kdhiri et al., 1992), 1,25 dihydroxyvitamin Ds3
(1,25[OH]2 Ds) (Hinek et al., 1991; Pierce et al., 1992), and 12-o-tetradecanol-phorbol-
13-acetate (TPA) (Kéhiri et al., 1992; Parks et al., 1992a). Recently, TNF-a and
TPA were shown to downregulate the activity of a human tropoelastin promoter-
driven CAT reporter gene (Kihiri etal., 1992). Deletion analysis demonstrated that
this effect was dependent upon an intact TPA responsive element located about 200
basepairs 5' of the transcription start site. This finding is particularly interesting in
light of the fact that TNF-a and TPA stimulate the synthesis and formation of AP-1
heterodimers (cJun-cFos), and that AP-1 interacts with TPA responsive element
(Chiu et al., 1988). This is the first demonstration of modulation of tropoelastin
expression mediated at the level of the gene, but the decrease in CAT activity (about
twofold) mediated by TNF-a or TPA did not correlate with the decrease in tropoelastin
mRNA levels (about 10-fold). This discrepancy suggests that transcriptional regu-
lation is not solely responsible for downregulation of tropoelastin. Indeed, results
from our laboratory demonstrate that repression by TPA or 1,25(OH).Ds is con-
trolled primarily by a posttranscriptional mechanism that mediates an accelerated
degradation of tropoelastin mRNA (Parks et al., 1992a; Pierce et al., 1992), and a
similar mechanism occurs in serum-depleted cells (W.C. Parks, unpublished
findings).

It is clear that mRNA stability contributes to the control of expression of many
genes, including those coding for extracellular matrix proteins such as o2(l)
procollagen (Dhawan et al., 1991) and a1(II) procollagen (Dozin et al., 1990).
Changes in the turnover rate of tropoelastin mRNA suggests that this effectinvolves
regulatory sequences within the transcript. Transcript stability may be affected by
diverse mechanisms such as alternate 5’ processing (Rabbits et al., 1985), sequences
and structures in the 3' UTR (Shaw and Kamen, 1986; Miillner and Kiihn, 1988;
Lumelsky and Forget, 1991), the length of the poly(A)tail (Shaw et al., 1986; Green
and Dove, 1988; Wilson and Treisman, 1988), and other mechanisms (Brawerman,
1987). Sequences or changes in the 5' UTR of the tropoelastin transcript are not
likely to be involved in the turnover of tropoelastin mRNA since multiple start sites
are used during production (Yeh et al., 1989). The poly(A) tail of mRNA is
critical to the stability of many mRNAs, and typically, poly(A) tail length
correlates with transcript half-life (Sachs, 1991). The tropoelastin gene has two
polyadenlyation signals (Figure 7), and thus, alternative usage of these sites
may function in regulation. In many mRNAs, sequences in the 3" UTR are
required for the regulation of stability, and rapid degradation of the mRNA
follows cleavage at specific sites in the 3' UTR (Ratnasabapathy et al., 1990).
The tropoelastin mRNA 3’ UTR is highly conserved among mammals, consis-
tent with the hypothesis that this region may be important for regulating mRNA
stability. The tropoelastin 3’ UTR does not contain any AU-rich regions which
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havebeendescribedtomediaterapiddegradationof sometranscripts (Brawerman,
1987).

Although both stimulators and repressors of tropoelastin production and elastin
deposition have been identified, the actual physiological action of these modulators,
if any, is not known. Deciphering the role of cytokines and other messengers in the
process of elastogenesis is made difficult, in part, by the simplicity of in vitro
models relative to the potential complexity of in vivo events which affect produc-
tion. Typically, the effects of one or two modulators are studied in cells, but in vivo,
multiple factors may be simultaneously interacting on elastogenic cells. The
combination of positive and negative factors at different concentrations probably
elicits a desired effect at the appropriate time. Furthermore, other conditions,
such as developmental stage, composition of the extracellular matrix with
which the cell interacts, proliferative potential of the producing cells, presence
of migratory cells, and physical forces add to the influences affecting extracel-
lular matrix gene-specific activity. Cell culture models, however, do provide a
defined environment for identifying factors and conditions that mediate changes
in protein production, and for characterizing the regulatory mechanisms in-
volved in these processes. As models become more sophisticated, it may be
possible to create a defined in vitro system which closely duplicates an in vivo
environment. The tissue-specific, temporally regulated expression of tropoe-
lastin in vivo is presumably subject to many controls, and regulation may be
exerted at transcriptional, posttranscriptional, and translational levels. It is
likely, given the tissue distribution of elastin, that multiple factors and diverse
mechanisms will be important in regulating tropoelastin production in different
cell types.

VIl. TROPOELASTIN HETEROGENEITY
A. Alternative Splicing of Tropoelastin Pre-mRNA

One of the more interesting yet potentially complex areas of elastin biology is
the extensive heterogeneity of tropoelastin. It is now well established that the
primary transcript of tropoelastin undergoes extensive alternative splicing (Anwar,
1987; Indik et al., 1987b; Yeh et al., 1987; Baule and Foster, 1988; Fazio et al.,
1988a,b; Yeh et al., 1989; Pierce et al., 1990) resulting in the translation of multiple
heterogeneous protein isoforms (Davidson et al., 1982; Campagnone et al., 1987;
Wrenn et al., 1987; Parks et al., 1988a). To date, at least 10 bovine and 6 human
exons are known to be alternatively spliced individually or with adjacent or distant
exons (Figure 7) (Yeh et al., 1989; Indik et al., 1990). In addition, analysis of rat
mRNA has demonstrated alternative splicing of sequences homologous to bovine
exons 13, 14, 15, and 33 (Pierce et al., 1990). Partial analysis of chick tropoelastin
cDNA sequences show similar patterns of alternative splicing (Baule and Foster,
1988).
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The structure of the human, bovine, and rat tropoelastin genes allows extensive
alternative splicing without changing the reading frame, or introducing a premature
stop codon in the mRNA. The number of nucleotides in exons 2 to 35 are multiples
of three and have split codons at their boundaries which usually code for a glycine
residue (Indik et al., 1987a; Yeh et al., 1987). Because exon | encodes the signal
peptide and exon 36 encodes the conserved carboxy terminus and contains the only
polyadenylation signals, these exons are presumably not subject to alternative
splicing. Thus, deletion of these exons would result in either a protein that would
not be translocated into the rough endoplasmic reticulum or an improperly proc-
essed pre-mRNA. Tropoelastin pre-mRNA is alternatively spliced in different
patterns; these include casette alternative splicing resulting in exclusion of an entire
exon from the processed transcript, and alternate donor or acceptor site usage
resulting in the variable inclusion of parts of exons, such as the deletion of 26A.

In the human tropoelastin gene, three exons have unusual alternate splicing
properties. The 3’ 18 nucleotides of exon 24, which encode the sequence ala-leu-
leu-lys-leu-ala, are missing from essentially all human tropoelastin transcripts; in
fact, the sequence has only been seen in one cDNA clone (Fazio et al., 1988a). Exon
22 is apparently deleted from all transcripts and was discovered only by analysis
of genomic sequences (Indik et al., 1990). It is included as an exon because it is
bounded by consensus splicing recognition sequences and, if translated, would
encode a characteristic tropoelastin hydrophobic sequence that is very similar to its
bovine homologue (see Table 2). The 3’ end of exon 26, which is referred to as 26A,
has only been found in one tropoelastin cDNA clone from a human fetal aorta
library (Indik et al., 1987a). Northern hybridization and analysis with a monospe-
cific antibody support that this region of exon 26 is frequently alternatively spliced
and, hence, usually lacking in human tropoelastin isoforms. Recently, however, low
levels of 26A in mRNA and protein were detected in the neointima of pulmonary
arteries from patients with primary pulmonary hypertension (Liptay et al., 1991).
This disease is characterized by new elastin production and tropoelastin expression
in the expanded neointima, and, thus, the expression of exon 26A may be a marker
of new elastin production.

The frequency of alternative splicing of individual exons is developmentally
regulated. In bovine nuchal ligament, the pattern of alternative splicing is qualita-
tively similar among fetal, neonatal, and adult samples in that exons 13, 14, 27, and
33 are deleted at all ages (Yeh et al., 1989). Whereas exon 33 is alternatively spliced
at the same frequency for all ages, exons 13, 14, and 27 are deleted more often in
late gestation mRNA than in neonatal mRNA. These developmental differences
suggest that more of the tropoelastin protein isoforms produced in bovine ligament
after birth would be of greater molecular mass than those synthesized in utero. This
hypothesis is consistent with the relative amounts of tropoelastin isoforms pro-
duced by cell-free translation (Parks et al., 1988a). In contrast to the alternative
splicing seen at earlier ages, more exons are deleted from adult ligament mRNA
(see Figure 7). Whether all splice variants are translated and incorporated into
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elastic fibers is not yet clear. During active periods of elastogenesis, however,
greater than half of the tropoelastin transcripts are lacking exons due to alternative
splicing, and hence, it would be inefficient if these splice variants were not utilized
for fibrillogenesis.

B. Role of Tropoelastin Heterogeneity

The multiplicity of tropoelastin isoforms suggests that tropoelastin heterogeneity
may have functional significance. Beyond its role as a precursor for elastin
fibrillogenesis, tropoelastin and elastic fibers may be involved in cell:matrix and
matrix:matrix interactions, and tropoelastin heterogeneity may be pertinent to any
of these processes. Of the many exons subject to alternative splicing in various
species, exon 33 is most commonly alternatively spliced, and in rat, deletion of this
exon is tissue-specific and developmentally regulated (Heimet al., 1991). Inbovine
tissue, exon 33 is alternatively spliced at the greatest frequency, with about 50% of
mRNA lacking this exon (Yeh et al., 1989), suggesting a unique functional role for
alternative splicing of this exon (Boyd et al., 1991).

The role of tropoelastin heterogeneity in fibrillogenesis is obscure because the
process of fiber assembly is largely unknown. The ultrastructure of elastic tissues
suggests that tropoelastin monomers associate with microfibrils during fiber as-
sembly (see Figure 6); however, it is unknown if this interaction is influenced by
the deletion of certain domains. In addition, alternative splicing of tropoelastin
transcripts frequently results in abutting cross-linking domains (see Figure 7), but
whether this rearrangement effects inter- and intramolecular cross-link formation
is unclear.

The production of different isoforms may influence the distinct morphogenesis
of elastic fibers among tissues. In situ hybridization studies with splice variant-
specific probes, however, indicate that all elastogenic cells of bovine elastic
tissues express all tropoelastin isoforms (Parks et al., 1992b), and, other than exon
33 in rat, unambiguous tissue-specific differences in the pattem of tropoelastin
isoform production have not been detected (Parks et al., 1988a). If the pattern of
tropoelastin isoforms produced is similar among tissues, then the architecture of
elastic matrices may be directed by other components of the fiber. If alternative
splicing is of minimal importance for fibrillogenesis, then variability in transcript
processing may have an effect on other functions of elastic fibers such as the
interaction with cells and other proteins.

VIII. ELASTIN BINDING PROTEINS
A. Mammalian Binding Proteins for Elastin

The first evidence for elastin binding proteins on mammalian cells came from
studies documenting a chemotactic response by monocytes and fibroblasts to
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tropoelastin and peptide fragments of insoluble elastin (Senior et al., 1980; Senior
et al., 1982; Senior et al., 1984). Subsequently, three cell-surface elastin-binding
proteins have been described: (1) a 120-kDa protein (elastonectin) whose expres-
sion on the surface of smooth muscle cells is inducible by elastin peptides (Horne-
beck et al., 1986); (2) a 59-kDa protein found on tumor cells that is coupled to
protein kinase C (Blood et al., 1988; Blood and Zetter, 1989); and (3) a 67-kDa
peripheral membrane protein found on most cell types that bind elastin (Hinek et
al., 1988; Mecham et al., 1989a). These binding proteins may also be referred to as
receptors since they are coupled with intracellular signalling pathways (Senior et
al., 1984; Jacob et al., 1987; Blood and Zetter, 1989; Robert et al., 1989; Varga et
al., 1990).

Elastin contains no arg-gly-asp (RGD) sequences, and there is no evidence that
elastin or tropoelastin interacts with integrins. Instead, both the 67- and 59-kDa
elastin-binding proteins recognize a hydrophobic hexapeptide, val-gly-val-ala-pro-
gly (VGVAPG), which repeats several times in the human and bovine molecule
(see Table 2, exon 24). Recent studies suggest that receptor recognition is not
sequence specific but involves a conformational determinant that tolerates several
different amino acids as long as the overall hydrophobic nature of the peptide is
maintained. The binding properties of the 67-kDa protein are somewhat promiscu-
ousin that laminin (Mecham et al., 1989b) and type IV collagen (Senioretal., 1989)
compete with elastin for receptor binding.

The 67-kDa elastin-binding protein has properties of a peripheral, but not of an
integral membrane protein. Biochemical studies have shown that the receptor is a
galactoside-binding protein that has immunological similarity with a family of
small molecular weight galactoside lectins (Barondes, 1988; Hinek et al., 1988). A
striking feature of this receptor is that its affinity for elastin is greatly influenced
by its lectin domain. In the absence of carbohydrate, the receptor binds to elastin
with high affinity, whereas in the presence of galactoside sugar, little, if any, binding
occurs (Hinek et al., 1988; Mecham et al., 1991). As will be discussed below, this
property may be important for fiber assembly.

B. Bacterial Binding Protein for Elastin

Recent studies have suggested that several pathogenic bacteria specifically bind
to elastin. Interestingly, a prominent bacterial-binding domain has been mapped to
a 30-kDa region at the amino end of the elastin molecule (Park et al., 1991),
obviously different from the mammalian receptor binding region which is located
about one-third the distance in from the carboxy terminus. Agonists known to
perturb elastin interaction with the mammalian receptor do not influence bacterial
binding. Many bacteria, including Staphylococcus aureus, are known to infect and
colonize elastin-rich organs like lung, skin, and blood vessels. Because invasive
bacteria have a high probability of interacting with the elastin matrix of the vascular
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wall, the existence of a binding protein for elastin on the bacterial surface could
facilitate bacterial invasion, in addition to adherence during colonization.

IX. ELASTIC FIBER FORMATION

Despite our knowledge of tropoelastin structure and expression and the cross-
linking process, the conditions and components necessary for elastogenesis
remain enigmatic. Multiple components are associated with the expression of
elastin, and each of these may be required for fibrillogenesis (Table 4). The
molecular interactions among these molecules, however, has yet to be described.
Thus, the events and processes of elastin assembly, a regulated, ordered, and active
process, presents a significant gap in our understanding of the extracellular matrix.

A. Posttranslational Modification and Secretion of Tropoelastin

Tropoelastin traffics through the cisternae of the endoplasmic reticulum, the
Golgi stacks, and the trans-Golgi reticular network in accord with the classical
secretory pathway for proteins. During posttranslational processing and secretion,
tropoelastin undergoes little modification other than cleavage of the signal peptide
and the hydroxylation of some proline residues. The functional significance of this
hydroxylation may be minimal since inhibition of prolyl hydroxylase does not
affect fiber formation (Uitto et al., 1976); in fact, overhydroxylation, which will
influence the net hydrophobicity of the molecule, may hinder elastin assembly
(Faris et al., 1983). Of interest is whether tropoelastin is cosecreted with other
components of the elastic fiber such as microfibrillar proteins or lysyl oxidase.

Table 4. Products Associated with Elastic
Fiber Production

® Tropoelastin
® Proline hydroxylase

67-kDa elastin receptor complex
® Microfibrils
-MAGP
-Fibrillin
-Fib 5
-Fib 15
-Others
-78-, 70-, and 25-kDa glycoproteins
® Lysyl oxidase
* Elastases and enzyme inhibitors
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Cosecretion of components of the elastin fiber would temporally and spatially
colocalize them in the extracellular space, and perhaps facilitate cross-linking. The
67-kDa elastin-binding protein colocalizes with tropoelastin in intracellular ves-
icles leading to the hypothesis that the receptor serves as a molecular chaperone
(see receptor-mediated assembly below). In this capacity, the receptor would
provide the trafficking signals necessary to direct tropoelastin to sites of active
fibrillogenesis on the plasma membrane, while preventing intracellular aggrega-
tion.

B. Receptor-Mediated Assembly

With multiple binding domains, the 67-kDa elastin receptor is ideally suited to
direct the specific association between tropoelastin and highly glycosylated mi-
crofibrillar components. Immunolocalization studies with elastin-producing cells
reveal that tropoelastin and the 67-kDa protein colocalize intracellularly, suggest-
ing that tropoelastin is bound to the 67-kDa protein in the secretory pathway.
According to this model, tropoelastin remains bound to the 67-kDa protein at the
plasma membrane until an interaction with a microfibril-associated galactoside
sugar induces the transfer of tropoelastin to an acceptor site on the microfibril.
Supporting a matrix-assembly function for the 67-kDa protein are studies showing
inhibition of elastin fiber assembly by the addition of lactose or galactose sugars
to the culture medium of elastin-producing cells (Hinek et al., 1988). As explained
by the model in Figure 9, lactose competes with glycoconjugates on microfibrils
for the sugar-binding site on the receptor, and causes premature release of tropoe-
lastin. Biochemical studies show that, in the presence of lactose, the majority of
newly synthesized tropoelastin was released directly into the medium with only
low levels remaining associated with the cell layer. Electron microscopy confirmed
the inhibitory effects of lactose on fiber assembly, and showed that the small
amounts of elastin associated with the cell layer accumulated in the matrix as small,
irregularly distributed globules that did not coalesce to form the large amorphous
structures typical of mature fibers.

By facilitating the proper association of tropoelastin with microfibrils, the
67-kDa protein fits the definition of a molecular chaperone; a protein that ensures
the folding and assembly of other proteins into oligomeric structures (Ellis, 1987).
In addition to providing transport signals and facilitating fiber assembly, another
function of the receptor may be to preventintracellular coacervation of tropoelastin.
While this may be an important aspect of fiber assembly in the extracellular space,
aggregation within the secretory pathway could be detrimental to the cell. As a
transporter protein, the receptor would prevent coacervation and insure that aggre-
gation does not occur until tropoelastin is at the correct site on the cell surface.
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Figure 9. Receptor-mediated elastic fiber assembly. The 67-kDa elastin receptor is
not an integral membrane protein, but rather is bound to a transmembrane protein.
The receptor contains a second protein binding site that binds tropoelastin with high
affinity. This interaction may occur intracellularly, and the two proteins may be
secreted onto the cell surface as a complex. In the extracellular space, a third binding
site, which recognizes galactoside sugars, may interact with carbohydrate moieties
on microfibrils (MF). Binding of carbohydrate at the sugar binding site lowers the
affinity at the protein binding site resulting in the transfer of tropoelastin from the cell
to microfibrils. Once associated with microfibrils, the tropoelastin is rapidly incorpo-
rated into the growing elastic fiber.

C. Polymerization of Tropoelastin

Elastic fibers first appear in fetal development as aggregates of microfibrils
arranged in parallel array, often occupying infoldings of the cell membrane. As
development progresses, the microfibrils become coated with globular structures
(probably tropoelastin monomers) that subsequently coalesce to form true elastic
fibers (see Figure 6). The relative proportion of microfibrils to elastin declines with
increasing age; adult elastic fibers having only a sparse peripheral mantle of
microfibrillar material. Despite advances in understanding the structural complex-
ity of microfibrils, the mechanisms by which they participate in fibrillogenesis
remain speculative. The observation that microfibrillar aggregates appear in the
extracellular matrix before elastin is deposited and take the form and orientation of
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presumptive elastic fibers led Ross et al. (1977) to suggest that these aggregates
direct the morphogenesis of elastic fibers by acting as a scaffold on which elastin
is deposited. It is likely that microfibrils serve to align tropoelastin molecules, the
soluble secreted form of elastin, in precise register, so that cross-linking regions
are juxtaposed prior to oxidation by lysyl oxidase. As yet, however, this hypothesis
is supported by morphological observations alone since the biochemical events and
structural interactions underlying fiber formation are not fully characterized. The
VGVAPG repeating sequence encoded by exon 24 of bovine and human tropoe-
lastin genes is believed to play an important role in fibrillogenesis by virtue of its
interaction with the 6-kDa elastin receptor protein. Although this repeat is not found
in either rat or chick tropoelastin, other hydrophobic repeats may have the same
capacity in these molecules.

In addition to the receptor recognition sequences, other domains of tropoelastin
must be involved in the initial steps of fiber assembly. These areas would most
likely interact with microfibrils, but it is not known which domains are responsible
for this interaction, or with what microfibrillar component tropoelastin is initially
associated. Examination of the primary sequence of the tropoelastin does suggest
that certain domains may be involved in fibrillogenesis. Of potential importance is
the highly conserved carboxy terminus of tropoelastin encoded by exon 36 (see
Table 2). Because of its invariant retention and unusual and highly conserved
sequence, the carboxy terminal amino acids of tropoelastin may interact with other
matrix molecules, such as microfibrils. The basic amino acids, which may protrude
from the body of tropoelastin due to cysteine bonding (Brown et al., 1992), suggest
that this region is biologically active, and possibly the C-terminus registers tropoe-
lastin in an orderly fashion on microfibrils in preparation for cross-linking. Because
of its net hydrophilicity, the C-terminal domain would repel from the mostly
nonpolar tropoelastin and interact with the polar extracellular environment. Inter-
estingly, rotary shadowing images of purified tropoelastin reveal a globular struc-
ture with a short protruding tail which may represent the C-terminal domain
(Mecham and Heuser, 1991). This proposed tertiary structure of tropoelastin would
facilitate an interaction of the C-terminus with microfibrils.

Some studies have suggested that the C-terminus is cleaved from tropoelastin
before polymerization (Franzblau et al., 1989), but immunohistochemistry studies
with a monospecific antibody demonstrated that this domain is a component of
elastic fibers (Wrennet al., 1987). Itis not clear, however, if the C-terminal epitope
detected by immunostaining is a component of the primary sequence of cross-
linked tropoelastin monomers, or if it is indeed a cleavage product that is retained
in the fiber. Indirect evidence, however, suggests that tropoelastin molecules which
lack the C-terminal domain that may not be destined for fiber assembly. Tropoe-
lastin produced by the ductus arteriosus after birth, at which time no new elastin is
deposited in the tissue, is truncated at the C-terminal end, and it has been suggested
that this provides a mechanism to prevent continued elastogenesis (Hinek and
Rabinovitch, 1993).
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X. TURNOVER OF ELASTIN

Physiological turnover of insoluble elastin appears to be very slow, with a half-life
approaching that of the animal (Lefevre and Rucker, 1980; Shapiro et al., 1991).
Thus, under normal conditions, very little remodeling of elastic fibers occurs in
adult life. Some elastin-synthesizing cells, such as human skin fibroblasts and rat
aortic smooth muscle cells, possess small amounts of elastase activity. While this
activity is very low in comparison to that found in inflammatory cells, it is of
potential importance in allowing cell migration in the developing extracellular
matrix, and in modulating morphogenesis of newly synthesized elastic fibers.
Although tropoelastin is sensitive to proteolytic degradation before cross-linking
into insoluble elastin, there is no evidence that significant intracellular degradation
occurs prior to secretion. Studies in cultured cells suggest that only about 1% of
newly synthesized elastin is degraded per hour, in contrast to the situation observed
in collagen synthesis where a larger percentage of newly synthesized interstitial
collagen undergoes intracellular catabolism.

Increased elastin destruction does take place in certain pathological conditions,
either as a result of the release of powerful elastinolytic serine proteases, or
elastases, from inflammatory cells or bacteria, or because of a genetic deficiency
in the naturally occurring elastase inhibitor a1-antitrypsin. Although inflammatory
cell-derived elastases are unlikely to play a significant role in normal regulation of
the elastic matrix, it is clear that they contribute substantially to the pathogenesis
of some human diseases, including pulmonary emphysema, poliutional lung dis-
ease, atherosclerosis, and rheumatoid arthritis. Neutrophil and macrophage elas-
tases are of particular importance in this regard, and have been the subject of much
study. Of significant interest are the recent findings that human 92-kDa and 72-kDa
type I'V collagenases degrade elastin (Senior et al., 1991). These results extend the
spectrum of human proteinases with elastolytic activity to metalloproteinases, and
suggest a role for these enzymes in the pathogenesis of diseases involving damage
to elastic fibers, such as pulmonary emphysema. Many mesenchymal cell types,
including fibroblasts and smooth muscle cells, produce 72-kDatype IV collagenase
as amajor gene product (Stetler-Stevenson, 1990). The 92-kDatype IV collagenase
is an abundant secretory product of human alveolar macrophages (Hibbs et al.,
1987; Welgus et al., 1990) and some metastatic tumor cell lines (Liottaet al., 1988;
Khokha and Denhardt, 1989). A full discussion of elastases and elastin turnover
can be found elsewhere (Bieth, 1986; Robert and Hornebeck, 1989).

XI.  GENETICS OF ELASTIN-RELATED DISEASES

Several human diseases involve a derangement of elastic fibers (Uitto and Ryhanen,
1987), and recently a disruption in the elastin gene was correlated to aortic
supravalvular stenosis (Curren et al., 1993). Beyond this example, however, the



Elastin 171

tropoelastin has not been linked to any heritable disorder, but it remains a candidate
for several heritable diseases of elastic tissue, including pseudoxanthoma elasticum
and Buschke-Ollendorf syndrome. Numerous gene products, such as lysyl oxidase
and the elastin receptor, are important for production of elastic fibers (see Table 4),
and mutations in or aberrant expression of any of these genes may lead to an elastin
disease. For example, certain variants of o-1-antitrypsin that do not efficiently
inhibit elastase activity result in pulmonary emphysema. In patients with Marfan
syndrome, an autosomal dominant connective tissue disease characterized by
cardiovascular and musculoskeletal abnormalities, histologic studies reveal abnor-
mal elastin fibers in affected tissues. Gene linkage studies, however, have excluded
defects in certain collagens and the tropoelastin gene as a cause of Marfan syndrome
(Kainulainen et al., 1990b). Recently, fibrillin has been linked to the occurrence of
Marfan syndrome, and defects in its gene are associated with the disease (Dietz et
al., 1991; Lee etal., 1991; Malsen et al., 1991).

Although the domain and exon organization, and the primary amino acid se-
quence of tropoelastin, is highly conserved among species, there is considerable
variation in the coding sequence and little conservation of most intronic sequences.
Many polymorphisms occur within noncoding DNA sequences (Sandell and Boyd,
1990), yet surprisingly, relatively few restriction fragment length polymorphisms
(RFLP) have been described for the tropoelastin gene, especially in light of the
large intron:exon ration (15:1). The human tropoelastin gene contains numerous
Alu-like repeats in its 3’ end, and since such sequences may indicate genomic
instability (Calabrettaetal., 1982), it was suggested that variation among individual
tropoelastin genes may be common (Indik et al., 1987b). However, the search for
RFLPs has been difficult, and analysis with most restriction enzymes has revealed
no variation among individuals. To date, only five RFL.Ps have been found for the
tropoelastin gene. An A to G polymorphism, which results in a conversion of serine
to glycine in the hydrophobic domain encoded by exon 20, is found in several
populations, and the frequency of these two variants is very similar among alleles
(Tromp et al., 1991). Two polymorphisms of multiple alleles are localized the 3'
end of the gene (Christiano and Boyd, 1991). Two additional RFLPs have been
identified by cleavage with HindIll and EcoR1, and the frequency of the variants
is not equally distributed within the test population (Kainulainen et al., 1990a).

The infrequency of genomic variation of the tropoelastin gene is unusual, but it
may indicate an intolerance for change within certain domains. For example,
mutation or deletion of key amino acids within the carboxyl terminus, the cell
recognition domain, or cross-linking regions may severely hinder or completely
prevent the ability of tropoelastin to be incorporated into fibers. A loss or partial
decrease of the structural integrity of vascular elastic fibers may be lethal. Increased
hemodynamic stress during vascular development would not be tolerated by the
structurally compromised arterial walls. Thus, mutations may occur within certain
areas of the tropoelastin gene, but because they may be lethal, are not found in the
normal population.
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On the other hand, identification of functionally important mutations in the
tropoelastin gene will be complicated by an inherent tolerance of variability within
homologous domains. Although the sequence of tropoelastin is similar with regard
to overall hydrophobicity, comparison of human, bovine, chick, and rat tropoe-
lastins indicates that extensive variability exists in the amino acids encoded by
many hydrophobic exons (Indik et al., 1990; Parks and Deak, 1990; Boyd et al.,
1991). Substitutions resulting from insertion or deletion of repetitive coding
sequences are common among hydrophobic-encoding exons, suggesting that the
net hydrophobicity is more critical to protein function than the primary amino acid
sequence within these regions. The extent of variability among species suggests
that functional constraints on tropoelastin hydrophobic domains are not rigorous
with regard to size or sequence composition as compared to the highly conserved
cross-linking domains and C-terminus.

XIl. CONCLUSIONS

Our understanding of elastin structure and elastic fiber assembly and function is
expanding rapidly because of advances in cell and molecular biology. The recent
characterization of the elastin gene has provided the tools with which to delineate
the cellular controls of elastogenesis. The precise developmental expression of
tropoelastin makes this an appropriate model for studying tissue- and temporal-
specific regulation at the molecular level. Progress should be made in coming
years on describing these mechanisms, and on determining the contribution of
different regulatory processes to the control of elastogenesis. In addition, new in
vitro models are being developed by many laboratories that can be used to delineate
the influence of various factors and conditions on elastin-producing cells. Such
models will provide further insights into the mechanisms by which cells interact
with, and are influenced by, the extracellular matrix. The future thus holds consid-
erable promise for rapid advances in our understanding of normal elastin biosyn-
thesis and its pathological alterations. Many important and interesting questions
remain, however, such as determining the structure and composition of microfibrils,
and resolving the pathway of tropoelastin secretion and fiber assembly.
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. INTRODUCTION

Basement membranes are complex anatomical structures forming thin boundaries
between different tissues or organs and separating epithelial, endothelial, and nerve
cells from the mesenchyme. Their physiological role is to serve as a barrier and
filter for cells and molecules. They also act as a structural support within tissues.
However, a major and more recently discovered function is that, in specifically
interacting with cells, basement membranes control several cellular activities like
adhesion, spreading, migration, differentiation, proliferation, and protein synthesis
and secretion. During development, as well as during tissue repair, they guide and
then organize cells and interstitial extracellular matrix into different compartments
(for review see Timpl and Dziadek, 1986; Tim:pl, 1989).

At a biochemical level, basement membranes are composite extracellular matri-
ces composed of several different and rather insoluble constituents. The discovery
that the Engelbreth-Holm—Swarm (EHS) tumor transplantable into mouse (Orkin
et al., 1977) was producing basement membranes in large quantities led to a
breakthrough in their chemical and structural characterization. The constitutive
molecules extracted from the tumor represent the archetypes for basement mem-
brane components. Immunological and molecular biology reagents developed first
to study the EHS tumor components later helped to investigate normal basement
membranes and led to the discovery of isoforms. This has now opened new
insights in the field of basement membrane biology and pathology in terms of
structural and functional polymorphism for basement membranes of different
anatomical location.

In the first part of this chapter, the structure and mode of assembly of basement
membrane components will be described. The second part will present the current
concepts on the molecular mechanisms involved in the cellular interactions with
these components.
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Il. STRUCTURE OF BASEMENT MEMBRANE
COMPONENTS: ARCHETYPE MOLECULES AND ISOFORMS

Basement membrane are complex and polymorphic extracellular matrices. They
are composed of large multidomain and multifunctional molecules like collagen
IV, laminin, nidogen, and proteoglycans, and of smaller components such as
BM-40/SPARC and BM-90 (Table 1). Whereas all these are ubiquitous components
of basement membranes, additional molecules have been described with a local-
ization restricted to certain basement membranes.

A. Collagen IV

Collage IV represents the major collagenous structural component and the first
molecule which has been identified in basement membranes (Kefalides, 1973). It
is formed by three polypeptide a chains (~180 kDa), the most common being
al(V)and a2(IV). The association of two a1{IV) and one a.2(IV) chains [a1 (IV)2
a2(IV)], represents the archetype molecule. The main characteristic features of
collagen IV molecules are that at the amino terminus the three chains are folded
together to form a short, triple-helical segment of 30 nm, called 7S, followed by a
360-nm long triple-helical structure, and a globular noncollagenous domain, NC1,
at the carboxy-terminus (Kiihn et al., 1981; Timpl et al., 1981). The central triple
helix is interrupted several times by short noncollagenous sequences (Brazel et al.,
1987), giving flexibility to the molecule. More detailed information on the structure
of collagen IV will be found in a chapter on collagens in this volume.

Less frequent chains of collagen IV have been described; namely a3 (Saus et al.,
1988), ad (Gunwar et al., 1990), and a5 (Hostikka et al., 1990). Combinations
between the different o chains give rise to collagen IV isoforms, yet only partially
characterized (Johansson et al., 1992). Expression of these different collagen IV a
chains varies with anatomical localization as shown by detection of specific
mRNAs (Boot-Handford et al., 1987), and indirect immunofluorescence staining
of tissues with chain specific antibodies (Butkowski et al., 1987). In particular,

Table 1. Components of Basement Membranes

Components Molecular Composition

Collagen IV three o chains of 170-185 kDa

Laminin one A chain of ~400 kDa, two B chains of ~200 kDa
Nidogen (Entactin) single chain of ~150 kDa

Heparan sulfate proteoglycan  protein core of 500 kDa, 3 heparan sulfate chains
BM-40/SPARC single chain of 38-43 kDa

BM-90 single chain of 90 kDa
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positive staining with antibodies directed against a3 or a4 is preferentially seen in
synaptic and muscle basement membranes (Sanes et al., 1990).

B. Laminin

Laminin is the most abundant noncollagenous protein specific of basement
membranes. It is a large glycoprotein (~800 kDa) composed of three genetically
distinct chains: one A chain (~400 kDa) and two different B chains (~200 kDa)
assembled to form a cross-shaped molecule as shown in electron microscopy after
rotary shadowing (Timpl et al., 1979; Beck et al., 1990). The cross is composed of
one long arm of 77 nm terminating with a large globular domain, and three short
arms, two with a length of 34 nm and each bearing two globular domains separated
by rod-like segments, and one of 48 nm with three globular domains.

By ¢cDNA and peptide sequencing, the entire primary structure of these chains
has been determined, first for the mouse EHS tumor laminin (Sasaki et al., 1987,
1988; Sasaki and Yamada, 1987), and then for several other species including
human (for review see Paulsson, 1991). The human A (Haaparanta et al., 1991;
Nissinen et al., 1991) and B (Pikkarainen et al., 1987, 1988) chains show 76-78%
and 90-95% homology, respectively, to the mouse EHS tumor laminin counter-
parts. All three chains have homologous sequences and contain several distinct
structural domains (Figure 1). The short arms are constituted by cysteine-poor
sequences (domains IV and VI) folded into globular domains and connected by
cysteine-rich repeats (domains III and V) forming rod-like elements. These repeats,
composed of about 50 amino acids, have a certain degree of homology with motifs
found in epidermal growth factor (EGF), although they contain 8 cysteines each
instead of 6 as in EGF. These motifs are present in several other basement
membrane components and might represent structural spacing elements facilitating
protein-protein interactions, as well as providing exposed loops with biological
functions (Beck et al., 1990; Davis, 1990).

The long arm (domains I and II) is formed by the three chains folded together
into a coiled-coil a helix (Paulsson et al., 1985). The amino acids contributing to
this region are arranged in characteristic repetitive heptad sequences (Sasaki et al.,
1988). The A chain is longer than the B chains, and its carboxy-terminus is folded
into the large globular domain at the end of the long arm. The amino acid sequence
in this part of the A chain can be divided into five successive homologous repeats;
the G domains (Sasaki et al., 1988) likely to represent five small globular structures
seen in electron microscopy (Beck et al., 1990). The chains are bound together by
disulfide bridges (Timpl et al., 1979) at the center of the cross, and between the
carboxy-termini of the B chains (Paulssonet al., 1985). Laminin sequences contain
numerous potential glycosylation sites (Sasaki et al., 1987, 1988; Sasaki and
Yamada, 1987), particularly in the long arm portion of the A chain. Carbohydrates
comprise 15-25% of the laminin molecular mass (Aumailley et al., 1983; Fujiwara
et al., 1988).
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Figure 1. Schematic representation of laminin. The roman numerals represent the
different domains individualized by cDNA sequencing (Sasaki et al., 1988) and seen
in electron microscopy after rotary shadowing. The major proteolytic fragments of
laminin are indicated.

Based on cDNA sequencing A chains', A1 and A2 (merosin; Engvalletal., 1990),
and four B chains, B1, B2, B3 (S-laminin; Hunter ét al., 1989b), and B4 (B2t;
Kallunki et al., 1992), have been described, and the various associations of one A
chain and two B chains determine laminin isoforms (Engvall et al., 1990). The
archetype molecule isolated from the EHS tumor corresponds to the trimer
A1BIB2. Isoforms, extracted from mouse heart (Paulsson and Saladin, 1989) or
from human placenta (Ehrig et al., 1990), appear in electron microscopy similar to
the EHS laminin. However, these molecules do not contain A1 chain but instead a
300-kDa component, initially called merosin (Ehrig et al., 1990) and later desig-
nated as the A2 or Am chain forming a trimer of molecular composition A2B1B2
(Paulsson et al., 1991). The amino acid sequence deduced from cDNA sequencing
of the carboxy-terminal part of the A2 chain or merosin indicates 40% homology
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to the corresponding A1l chain sequence (Ehrig et al., 1990). The B3 chain or
S-laminin is homologous to the B1 chain and is involved in the formation of trimers
whose composition is A1B3B2 or A2B3B2 (Engvall et al., 1990). A laminin-like
molecule, lacking the A chain, has been identified in cultures of rat Schwannoma
cells (Edgar et al., 1988), and laminin A chain variants have been found to be
synthesized by endothelial cells in vitro (Tokida et al., 1990). Most recently a new
isoform, K-laminin, has been isolated from skin and contains the classical B1 and
B2 chains associated with a variant A chain of 190 kDa (Marinkovich et al., 1992).
In addition, other molecules localizing to the anchoring filaments of the dermal-
epidermal junction were identified in different laboratories and assigned the names of
kalinin (Rousselle et al., 1991), epiligrin (Carter et al., 1991), and BM-600/Nicein
(Verrando et al., 1988). They were recently found to represent a unique laminin isoform
with shorter chains (Domloge-Hultsch et al., 1992; Verrando et al., in press).

Expression of the different laminin chains varies with development and tissue
localization. Immunological staining with chain-specific antibodies showed that
some, but not all, basement membranes were reactive, while antibodies against
whole laminin stained all basement membranes (Wewer et al., 1987). Measure-
ments of mRNA levels specific for the Al, B1, and B2 chains demonstrated an
uncoordinated expression in various tissues (Boot-Handford et al., 1987; Kleinman
et al., 1987). Particularly, the Al chain is transiently and locally expressed at the
time of induction of epithelial cell polarity during kidney organogenesis (Ekblom
et al., 1990; Klein et al., 1990). Also in mouse sciatic nerve, Al chain-specific
mRNA is barely detected, while mRNA for both B chains are expressed (Kiicherer-
Ehret et al., 1990). However, at this time it was not determined whether or not the
missing A1 chain was replaced by another A chain, such as the A2 chain. Merosin
(A2 chain) is expressed late in development and preferentially in nerve and striated
muscle basement membranes (Leivo et al., 1988). The B3 chain (S-laminin) is
remarkably concentrated in basement membranes apposed on both sides by cell
layers, such as in the synaptic cleft of the neuromuscular junction and glomerular
endothelium, while basement membranes separating cells from underlying inter-
stitial connective tissue are poor in S-laminin (Hunter et al., 1989b). B4 chain (B2t)
expression was localized to specific epithelial cells in skin, lung, and kidney
(Kallunki et al., 1992). Expression of the different laminin chains appears therefore
to be spatio-temporally regulated, which determines a molecular heterogeneity of
basement membranes (Sanes et al., 1990).

C. Nidogen/Entactin

Nidogen isolated from the mouse EHS tumor (Timpl et al., 1983; Dziadek et al.,
1985), is identical to the sulfated 158-kDa glycoprotein identified in cultured cells,
called entactin (Carlin et al., 1981). It is composed of a single polypeptide chain of
which the sequence is entirely known for mouse (Durkin et al., 1988; Mann et al.,
1989) and human (Nagayoshi et al., 1989). The central portion of the polypeptide
chain contains five consecutive EGF-like motifs forming a 16-nm long rod
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Figure 2. Schematic model of nidogen deduced from cDNA sequencing (Mann et
al., 1989) and electron microscopy of purified recombinant nidogen (Fox et al., 1991).
The biologically active sites are indicated.

(Paulsson et al., 1986; Fox et al., 1991). This region is flanked by large sequences
interrupted on the amino terminal side by one EGF-like repeat (Figure 2). Nidogen
purified from the EHS tumor was visualized in electron microscopy as a rod with
a globular domain at both ends. More recently, electron microscopy observation of
recombinant nidogen, likely to have a more native conformation, revealed that two
globes, G1 and G2, separated by a short string, are present at the amino terminus
(Fox etal., 1991). Nidogen contains two consensus sequences for tyrosine sulfation
(Durkin et al., 1988; Mann et al., 1989) localized in the internal globular domain
G2 (Fox et al., 1991); by in vitro 1abeling, sulfate is incorporated in the correspond-
ing recombinant domain (Fox et al., 1991). There are also consensus sequences for
glycosylation (oligosaccharides represent 5% of the molecular mass), and an RGD
sequence in one of the central EGF-like motifs.

D. BM-40/SPARC

BM-40, the small calcium-binding protein of ~ 40 kDa isolated from the EHS
tumor (Dziadek et al., 1986), is identical to SPARC (secreted protein acid and rich
in cysteine) isolated from cultures of endothelial (Sage et al., 1984) and parietal
endoderm cells (Mason et al., 1986). By sequencing the corresponding cDNA
(Mason et al., 1986; Lankat-Buttgereit et al., 1988), it was found to be identical to
a major protein isolated from bone (Bolander et al., 1988), called osteonectin
(Termine et al., 1981). BM-40/SPARC is, in fact, not restricted to basement
membranes, and has a widespread distribution in extracellular matrices. On the
basis of the amino acid sequence, a structural model was proposed (Figure 3) with
four different domains (Engel et al., 1987). Both domain 1, rich in acidic residues
and located at the amino-terminus, and domain III have a high degree of a helicity.
Domain IL is rich in cysteines involved in disulfide bonds, and has homology to the
ovomucoid inhibitor. Domain IV is characterized by the presence of an EF-hand
consensus sequence known to bind calcium in other proteins. Calcium-binding
studies have shown that indeed BM-40 contains one high affinity site and other
sites of lower affinity (Engel et al., 1987). Although the sequence of BM-40/SPARC
appears to be very much conserved through species and tissues and no isoform has
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Figure 3. Schematic model of the calcium binding protein BM-40/SPARC. Known
disulfide bridges are indicated between cysteine represented by black dots (modified
from Engel et al., 1987).

been yet identified, a polymorphism might be given by the extent of posttransla-
tional modifications including glycosylation (Kelm et al., 1990) and serine phos-
phorylation (Engel et al., 1987). Also immunological studies indicate a certain
degree of polymorphism since only low immunological cross-reactions were
observed between mouse and human BM-40 (Nischt et al., 1991), and between rat
and bovine osteonectin (Malavel et al., 1987).

E. Proteoglycans and Additional Components

Proteoglycans with heparan or chondroitin sulfate side chains are present in
basement membranes (Kanwar et al., 1979; Hassell et al., 1980). The low density
heparan sulfate proteoglycan extracted from the mouse EHS tumor is formed by a
large protein core and three heparan sulfate chains (Paulsson et al., 1987b). The
protein core consists of a single polypeptide chain of 500 kDa folded into six
globular domains aligned in a 80-nm row with the heparan sulfate chains branched
at one pole. The amino acid sequence of the protein core has been determined by
cDNA sequencing, and presents several typical domains including EGF-like motifs
and domains homologous to the G domains of the laminin A chain (Noonan et al.,
1988). Details on proteoglycans will be found in the corresponding chapter on
proteoglycans in this volume.

Additional components are present in basement membranes. Some of them are
less well characterized and others have a restricted occurrence. Bamin (Robinson
et al., 1989) and BM-90 (Kluge et al., 1990)—both isolated from the mouse EHS
tumor—and fibulin (Argraves et al., 1990) could be related molecules. Collagen
VII is a component of the anchoring fibrils in basement membranes underlining
stratified squamous epithelium (for details see the chapter on collagens).
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I1l. BINDING SITES FOR ASSEMBLY OF BASEMENT
MEMBRANE COMPONENTS

Basement membrane components are associated to form orderly structures which
appear as meshworks in electron microscopy (for review see Yurchenco and
Schittny, 1990). The supramolecular organization is likely to provide basement
membranes with their physiological and biological functions. Homotypic and
heterotypic associations participate in the supramolecular assembly of basement
membranes (Table 2).

A. Homotypic Associations

One of the best defined homotypic association is that of collagen IV where the
molecules have the property to self assembly (Yurchenco and Furthmayr, 1984) by
several interactions between specific domains (Timpl et al., 1981; Kiihn et al.,
1981). The assembly involves dimeric associations between the NC1 domains,
formation of tetramers between the so-called 7S domains, and lateral aggregations
of the triple helices (Yurchenco and Schittny, 1990). (Details on these associations
will be found in the chapter on collagens.) Assembly of the collagen IV molecules
gives rise to polymers forming a large network which gives basement membranes
tensile strength and a scaffold on which other components can associate.

Laminin is also a self-aggregating protein (Yurchenco et al., 1985; Hunter et al.,
1990). Formation of laminin networks is dependent-on the presence of divalent
cations (Paulsson, 1988), and is mediated by interactions essentially between the
terminal globular domains of the short arms corresponding to fragment 4 (Schittny
and Yurchenco, 1990). A third type of homotypic association has been suggested
for heparan sulfate proteoglycans (reviewed in a chapter in this volume).

Table 2. Supramolecular Assembly of Basement
Membranes

Homotypic associations:
Collagen 1V networks
Laminin networks
HS proteoglycan oligomers

Heterotypic associations:
Laminin-nidogen complex
Laminin-HS proteoglycan
Collagen IV-nidogen
Collagen IV-BM-40
Nidogen-HS proteoglycan
Collagen IV-HS proteoglycan
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B. Heterotypic Interactions

Nidogen is a key element for at least three heterotypic associations. The two best
characterized are between laminin and nidogen which was the first described, and
between collagen IV and nidogen. The third is between nidogen and heparan sulfate
proteoglycan. Other heterotypic associations occur between collagen IV and BM-
40, and between laminin and heparan sulfate proteoglycan.

Nidogen and Laminin

Nidogen and laminin have the property to form stable (Kd ~10-20 nM)equimolar
complexes which can be extracted from tissues by neutral buffers containing EDTA
(Paulsson et al., 1987a), and were first characterized within the archetype molecules
of the EHS tumor. Later such complexes were seen for mouse normal heart tissue
showing that laminin isoform also binds nidogen (Paulsson and Saladin, 1989).
The complexes are formed by an interaction between the carboxy-terminal globe
G3 of nidogen and the inner rod-like segment of the laminin B2 chain (Mann et al.,
1988: Fox et al., 1991; Gerl et al., 1991). Until now, the B2 chain has been found
to participate in all laminin isoforms (Engvall et al., 1990) which indicates that
nidogen can be complexed to all of the laminin chains.

Nidogen and Collagen IV

Nidogen binds to the major triple helix of collage IV at a preferential site located
~80 nm away from NC1, and to a less frequent site at ~180 nm (Aumailley et al.,
1989). As shown by radio-ligand binding and competition assays using recombinant
nidogen, collagen IV and laminin interact independently with nidogen. While the
carboxy-terminal globe G3 binds to laminin, the collagen IV binding site is located on
the amino-terminal region of nidogen close to or on the G2 globe (Fox et al., 1991;
Aumailley et al., 1993). Studies with recombinant nidogen indicate that the interactions
with collagen IV and laminin are strong enough (Kd < 1 nM) to allow in vitro
reconstitution of temary complexes (Fox et al., 1991 ) (Figure 4). This suggests that in
vivo nidogen could link together the large networks of collagen IV and laminin.

Collagen 1V and BM-40

EHS tumor extracted and recombinant human BM-40 bind specifically to collagen
IV and not to other collagens or known basement membrane components (Mayer
etal., 1991; Nischt et al., 1991). This interaction is calcium-dependent and requires
the triple-helical conformation of collagen IV, as well as a correct folding of BM-40.
Binding occurs preferentially on a site located about the middle length of the major
triple helix of collagen IV (Mayeret al., 1991). In contrast, SPARC/osteonectin has
been shown to bind preferentially to interstitial collagens (Sage et al., 1989). The
apparent discrepancies between these observations could be due to a polymorphism
of BM-40/SPARC in terms of glycosylation, as shown for bone and platelet
osteonectin which are differently glycosylated and exhibit different collagen bind-
ing properties (Kelm et al., 1991).
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Laminin —e=

Collagen IV

NC1

Figure 4. Schematic model representing in vitro reconstituted ternary complexes
between collagen IV, nidogen and laminin as described in Fox et al., 1991).

Interactions with Heparan Sulfate Proteoglycans

The carboxy terminal end of the A chain, fragment E3, binds heparin (Ot et al.,
1982) and heparan sulfate chains of proteoglycans (Battaglia et al., 1992). Obser-
vation by electron microscopy after rotary shadowing of mixtures made from
purified basement membrane heparan sulfate proteoglycan and collagen IV showed
that the heparan sulfate proteoglycan binds preferentially to a site on the collagen
IV helix located at about 200-nm from NC1 domain (Laurie et al., 1986). Binding
to collagen IV was also demonstrated for heparan sulfate proteogly can synthesized
by hepatocytes using a solid phase assay. Binding of collagen IV was reduced by
about 50% when free GAG chains were used as a ligand in comparison to the whole
proteoglycan, suggesting that both the protein core and the GAG chains are
involved in binding to collagen IV (Babu and Sudhakaran, 1991). However, this
heterotypic association between heparan sulfate proteoglycan and collagen IV is
probably of much lower affinity than the others described above. Recently, an
interaction between nidogen and proteoglycan protein core has been observed
which could be involved in bridging collagen IV and proteoglycan (Battaglia et al.,
1992).

IV. CELLULAR INTERACTIONS OF BASEMENT MEMBRANE
COMPONENTS

Extracellular matrices play an important role in controlling cellular behavior, and
much work has been devoted to determine the molecular basis of these effects,
especially for basement membranes since they represent critical barriers, mechani-
cal supports, and control elements for cells.

Collagen 1V, laminin, nidogen, BM-40/SPARC, and heparan sulfate proteogly-
can have been shown to develop in vitro specific interactions with cells, and to
induce distinct cellular responses. These interactions are complex and involve
several types of molecular mechanisms which are still not clearly related to the
different cellular responses observed. Only in some cases, in vivo studies have
corroborated the biological significance of these interactions. As for other extracel-
lular matrices, cellular receptors of the integrin family are implicated in the
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recognition of domains or peptide sequences of basement membrane components.
Other interactions involve carbohydrate chains of the basement membrane compo-
nents, and lectins associated with the cell surfaces.

A. Cell-Binding Sites on Laminin

Laminin induces diverse cellular responses, such as adhesion, proliferation,
migration, and differentiation (Kleinman et al., 1985; Beck et al., 1990). This
multidomain molecule contains several independent sites for cellular interactions
with at least two being of high affinity (Aumailley et al., 1987; Nurcombe et al.,
1989). Four sites have been mapped to distinct structures of the molecule.

Two different sites, inducing cell adhesion, are located on the short arms and are
contained in fragment P1 (see Figure 1) corresponding to the center of the cross
(Aumailley et al., 1987; Goodman et al., 1987, 1991). One is cryptic in the intact
mouse molecule (Nurcombe et al., 1989), and its activity is due to the RGD
sequence from domain IIIb of the A chain (Aumailley et al., 1990a; Goodman et
al., 1991). In intact laminin, this sequence is notavailable to cells and is presumably
masked by folding of the globular domain IVa over it (Aumailley et al., 1990a).
The RGD sequence also induces cell migration, and some neural cell lines produce
neurites (Tashiro et al., 1991). A second site on fragment 1 (Table 3) is available on
intact laminin. It is recognized only by few different cell types through an appar-
ently RGD-independent mechanism (Goodman et al., 1987, 1991; Hall et al., 1990).
Chiemotactic activity has been assigned to a sequence of the B1 chain, YIGSR,
contained in fragment P1 (Graf et al., 1987). Participation of this sequence has been
reported for more complex phenomena, such as endothelial tube formation (Kubota
et al., 1988; Grant et al., 1989), and organization of intestinal epithelial cells into
multicellular structures (Olson et al., 1991). Another cellular interaction with this
fragment, not yet assigned to a precise sequence and exposed in the intact molecule,
induces mitogenesis (Terranova et al., 1986; Panayotou et al., 1989).

Other cell interaction sites are located on the terminal portion of the long arm
and have been mapped to fragments 3 and 8 (Table 3). Fragment 3, corresponding
to the most distal portion of the A chain contains a minor cell adhesion site
(Sonnenberg et al., 1990; Taraboletti et al., 1990; Gehlsen et al., 1992; Sorokin et
al., 1992). Fragment 8 initiates various cellular responses. It represents the major
site on native laminin for adhesion and spreading of many different cell types
(Aumailley et al., 1987, Goodman et al., 1987). Neurite outgrowth promoting
activity of laminin (Baron van Evercooren et al., 1982) is localized on this fragment
(Edgar et al., 1984; Dillner et al., 1988). It activates cell locomotion (Goodman et
al., 1989b) and, in situ, participates in kidney tubulogenesis by inducing epithelial
cell polarity and differentiation (Klein et al., 1988; Ekblom et al., 1990). Fragment
8 has a complex structure and is formed by the carboxy-termini of the B chains;
part of the rod-like portion and proximal part of the globular domain contributed
by the A chain (see Figure 1). Different short amino acid sequences could be
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Table 3. Laminin Domains and Receptors Involved in Cellular Interactions
Domains Cellular Responses Receptors
Fragment 1
RGD-dependent adhesion (cryptic) B3av
RGD-independent adhesion (exposed) Blal
spreading ?
mitogenic signal ?
chemotactic signal, multicellular organization (YIGSR) 67 Kda
Fragment 3
adhesion ?
Fragment 8
adhesion Bla6, Bla3
spreading ?
induction of neurite outgrowth ?
polarization signal Bla6
locomotion signal Bla7?

implicated in the determination of the biological activities of fragment 8. A
synthetic peptide representing a sequence from the A chain, IKVAV, induces cell
adhesion and neurite outgrowth; however, depending on the cell line, adhesion is
not always followed by spreading (Tashiro et al., 1989). The sequence LRE found
on the B3 chain (S-laminin) was active in adhesion of motor neurons (Hunter et al.,
1989a). However, induction by fragment 8 of more specific cellular responses,
including adhesion plus spreading or neurite outgrowth from neurons, requires
more than primary amino acid sequences, and secondary and tertiary structures are
necessary to elicit these responses (Deutzmann et al., 1990).

B. Cellular Receptors for Laminin

Integrins participate in the recognition of laminin by cells. This has been
demonstrated mainly by the isolation of various integrins by affinity chromatogra-
phy on laminin or laminin fragments, or by using function-inhibiting anti-integrin
antibodies, namely cell adhesion inhibiting antibodies. With these approaches,
several integrins from the 1 and 83 families have been shown to mediate interac-
tions with laminin. For some of them, their reactive sites on laminin have been
precisely mapped.

Integrin o181 binds to laminin (Forsberg et al., 1990; Hall et al., 1990; Ignatus
etal., 1990) and recognizes more specifically the noncryptic RGD-independent site
on the short arms (Goodman et al., 1991). The cryptic RGD-dependent site on
fragment P1 is a ligand for integrins of the $3 family, including avf33 (Sonnenberg
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et al., 1990, Goodman et al., 1991). Integrin a681 mediates cell adhesion to intact
laminin (Sonnenberg et al., 1988) via the fragment 8 site (Sonnenberg et al., 1990;
Aumailley et al., 1990b; Hall et al., 1990). This integrin also plays a role in the
induction of epithelial cell polarity in kidney tubulogenesis (Sorokin et al., 1990).
Up to now, fragment 8 is the only ligand for B1a6. The recently discovered a7
integrin subunit associating with B1 is an alternative receptor for fragment 8 on
myoblasts (vonder Mark etal., 1991), and on melanoma cells (Krameretal., 1991).
a2B1 and a3B1, two promiscuous integrins, function also as laminin receptors on
endothelial (Languino et al., 1989) and glioma cells (Gehlsen et al., 1988), respec-
tively. Another subunit, a8, predominantly expressed during development along
major axon tracts and on ectodermal tissue, colocalizes with basal lamina suggest-
ing that the ligand for this integrin is in the basal lamina, and that it could be specific
for axon-basement membrane interactions (Bossy et al., 1991).

Besides integrins, other cell surface-associated components can interact with
laminin and could be involved in laminin-induced cellular responses (Mercurio,
1990). Several galactoside-binding lectins have affinity for laminin, and much work
has been devoted to one of them, the 67-kDa laminin-binding protein (for review
see von der Mark and Kiihl, 1985 and Mecham, 1991). However, the role of lectins
in laminin-induced cellular responses is still elusive. Lectin interactions with
laminin carbohydrates could be necessary for cellular responses, such as neurite
outgrowth by certain cell lines or cell spreading (Chandrasekaran et al., 1991).
Unglycosylated laminin allows cell adhesion, but does not support cell spreading
or neurite outgrowth (Dean et al., 1990). A 72 Kda cell-surface concanavalin
A-binding glycoprotein was shown to play a role in the spreading of chick embryo
fibroblasts onto laminin (Moutsita et al., 1991), and different lectins are implicated
in the spreading of B16F1 murine melanoma cells on laminin fragments 1 and 8
(Bouzon et al., 1990). The neurite outgrowth promoting activity of laminin frag-
ment 8 on PC12 cells involves an interaction between cell surface 31,4 galactosyl-
transferase, and terniinal N-linked oligosaccharides of laminin (Begovac et al.,
1991). These and other cell surface-associated components might act in concert
with integrins (Brown et al., 1990; Mecham et al., 1991).

Most of the observations described above were made with EHS laminin, and
there is still little known on the cellular interactions of laminin isoforms and the
relevant molecular mechanisms involved. Schwannoma laminin, which does not
contain the Al chain, can promote neurite outgrowth (Edgar et al., 1988), and
S-laminin and merosin have adhesive properties (Hunter et al., 1989). Pepsin-
extracted human placenta laminin induces cell adhesion (Aumailley et al.,
1990a); however, the RGD sequence on the Al chain of EHS laminin is present as
RAD on the human A1l chain (Haaparanta et al., 1991; Nissinen et al., 1991).
Nevertheless, as on EHS laminin fragment 1, this adhesion can be blocked by
addition of RGD synthetic peptides (Aumailley et al., 1990a). Conversely, RAD
synthetic peptides maintained in a constrained conformation inhibit adhesion of
some cell lines to pepsin-treated mouse laminin (Aumailley etal., 1991).In contrast
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to this apparent conservation of the molecular mechanism involved in the activity
of pepsin-extracted laminin, different integrin receptors could be implicated in the
recognition of native laminin isoforms. Antibodies against the integrin a6 subunit
prevent cell adhesion to EHS laminin (Aumailley et al., 1990b) while they do not
block adhesion of the same cells to human placenta laminin (Brown and Goodman,
1991). Since some laminin isoforms, such as A2 chain-containing laminin, appear
late in development, it could be that there is a parallel variation of the corresponding
receptors. It is already known that functional receptors for EHS laminin are lost
during myoblast differentiation (Goodman et al., 1989a), and in the late develop-
mental stage of retinal ganglion cells (Cohen et al., 1986, 1989). In the latter case,
it could be shown that the a6 integrin subunit is specifically downregulated
(deCurtis et al., 1991). Integrin expression might also vary according to the tissue
localization of cells of the same lineage (Defilippi et al., 1991).

Cell surface components, especially several integrins, have the ability to bind
laminin and to transmit signals from laminin to the intracellular compartment.
However, definitive conclusions on the specificity and the significance of these
various integrin-laminin interactions are difficult to make at this point. According
to their integrin repertoire, cells could use one or the other integrin that they possess
to bind laminin. Some integrins, like the a6f1, could be highly specific for laminin
fragment 8; however, a cell devoided of that integrin could use a promiscuous
receptor such as alfl, a2pl, or a3p1 (Gehlsen et al., 1988; Elices and Hemler,
1989; Forsberg et al., 1990). It therefore remains to be elucidated whether the
signals transmitted through these various integrin-laminin interactions are the same
or not (Gimond and Aumailley, 1992).

C. Cellular Interactions with Collagen IV

Collagen IV has been shown to induce adhesion and spreading of many different
type of cells either by itself (Aumailley and Timpl, 1986), or in concert with laminin
(Terranova et al., 1980), and to behave as a migratory support (Herbst et al., 1988;
Chelberg et al., 1989). Adhesion to collagen IV requires the triple-helical confor-
mation (Aumailley and Timpl, 1986), and one cell-binding site has been localized
to the CB3 peptide corresponding to the middle part of major triple helix (Vanden-
berg et al., 1991). More specialized cell lines, such as PC12 and murine melanoma
cells, may use the NC1 domain as a substrate (Chelberg et al., 1989; Lein et al.,
1991). Collagen IV is preferentially recognized by the o181 integrin (Syfrig et al.,
1991) which has been implicated in the interactions with the helicoidal CB3 peptide
(Vandenberg et al., 1991), as well as with the NC1 domain for the growth of axons
(but not dendrites) of peripheral neurons (Lein et al., 1991). Bla2 and Bla3, two
promiscuous integrins, can also participate in cell binding to collagen IV.



198 MONIQUE AUMAILLEY
D. Cellular Interactions with Other Basement Membrane Components

BM-40/SPARC could have a “negative” interaction with cells. It reverses spread-
ing of endothelial cells plated onto collagens (Sage et al., 1989), and two distinct
sites of SPARC could be involved in cell shape modulation (Lane and Sage, 1990).
Similar effects have been observed already for tenascin and thrombospondin, and
they are still poorly understood (Sage and Bornstein, 1991).

Nidogen prepared from the mouse EHS tumor (Mann et al., 1989) was found to be
able to induce adhesion of a few cell types. Also recombinant nidogen made in a
bacculovirus system could trigger cell adhesion (Chakravarti et al., 1990). However,
information on nidogen adhesive properties is still too limited to be conclusive.

The core protein of the basement membrane heparan sulfate proteoglycan serves
as anchoring support for hepatocytes by interacting with a 80-kDa cell surface
component (Clément et al., 1989). Other types of cells adhere to heparan sulfate
proteoglycan by a mechanism involving B1 integrins (Battaglia et al., 1993).

V. CONCLUSIONS

Mechanical, physiological, and biological functions of basement membranes are
likely to be determined by their many components and their assembly within the
basement membrane. Several specific homotypic and heterotypic associative pat-
terns are already determined for the archetype molecules. However, since major
components such as collagen IV and laminin exist as isoforms whose expression
is spatio-temporally regulated, it could well be that the associative patterns vary
with time and with the anatomical location providing mechanical and functional
diversity to basement membranes. These structures offer multiple and different
recognition sites for cellular receptors which initiate diverse cellular functions.
Some of the basement membrane-induced cellular responses have been shown to
be triggered by specific peptide sites of the constitutive molecules, and correspond-
ing receptors, essentially integrins, have been precisely identified. However, it is
still largely unknown which biochemical signals are transduced across the cell
membrane in order to modulate cellular behavior. It remains to be elucidated
whether interactions with different integrins, or with other cell surface molecules,
activate the same or different signalling pathways leading a cell to proliferate, to
adhere, to differentiate, or to change its gene expression.
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NOTES

1. With the terminology used here Al, B1, and B2 refer to the mouse EHS tumor laminin chains;
alternatively the A1 chain is called Ae referring to its EHS tumor origin. A2 refers to merosin, the A
chain variant isolated from human placenta and from normal mouse and bovine heart tissues, and
alternatively called Am. B3 refers to a BI chain homologue, initially named S-laminin because it was
identified in the synaptic cleft of the neuromuscular junction; this variant is also designated by Bls. B4
refers to the truncated B2 chain homolog B2t.
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l. INTRODUCTION

The origin and evolution of multicellular eukaryotes is accompanied with the
appearance of the extracellular matrix (ECM). In certain skeletal tissues, such as
bone and cartilage, the ECM is prominent and accounts for much of the mass and
volume. The biosynthesis and supramolecular assembly of ECM in bone and
cartilage is intimately associated with the development and morphogenesis of these
tissues. The ECM provides the framework for the tissues of the skeletal system and,
in addition, plays an important physiological role in sequestration of growth and
differentiation factors involved in repair, regeneration, and remodeling.

The development and differentiation of bone occurs by one of two processes.
First, there is a direct development of bone from mesenchyme as in the bones of
the skull and facial skeleton. This process is referred to as intramembranous bone
formation. Second, a transient cartilage model precedes differentiation of bone and
occurs in a majority of bones. This process is known as endochondral ossification.
Itis noteworthy that these two methods of ossification signify only the environment
of bone formation, and there appears to be no distinct differences in the bone
formed. Angiogenesis and vascular invasion are prerequisites for both intramem-
branous and endochondral ossification. However, the underlying mechanistic
interactions between vascular invasion and osteogenesis are not clear. The aim of
this chapter is to describe recent progress in the interface of extracellular matrix
components and growth and differentiation factors with special reference to bone
and cartilage development and repair.

Il. CARTILAGE AND BONE DIFFERENTIATION

The bone has a remarkable potential for repair and regeneration. Regeneration
processes, as fracture repair, recapitulate events that occur in the course of embry-
onic bone development. The experimental means of inducing new bone formation
at non-bony sites have been known for years. In early 1930, Huggins (1931a,b)
discovered that surgical transplantation of living urinary bladder epithelium into
abdominal muscles in dogs resulted in new cartilage and bone formation. The
phenomenon was termed “epithelial osteogenesis.” Urist (1965) and Reddi and
Huggins (1972) have shown that implantation of demineralized bone matrix into
intramuscular or subcutaneous sites induced a sequence of cellular events leading
to the formation of cartilage, bone, and bone marrow. The events were termed
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“matrix-induced endochondral bone formation.” Inductive properties of deminer-
alized bone matrix implantation at heterotopic sites are also reminiscent of embry-
onic bone development. It is believed that the putative molecules responsible for
epithelial and matrix-induced osteogenesis may have common structural proper-
ties, although it has not yet been demonstrated.

A. Demineralized Bone Matrix-Induced Osteogenesis

The cascade of matrix-induced endochondral bone formation consists of chemo-
taxis, attachment of mesenchymal stem cells to the matrix, proliferation of progeni-
tor cells, and differentiation of cartilage. This is followed by cartilage resorption,
bone formation, and finally culminating in the formation of an ossicle filled with
hematopoietic marrow (Reddi, 1981). On day 1, fibronectin is deposited on the
matrix facilitating cell attachment. On days 2 and 3, proliferation of mesenchymal
cells takes place. This cell-matrix interaction results in the differentiation of
chondroblasts at day 5, with appearance of cartilaginous matrix as shown by an
increased *°S (sulfate) incorporation into proteoglycans, and the appearance of
hypertrophic chondrocytes at day 7. Angiogenesis with cartilage resorption starts
onday 9, and new bone formation in association with **Ca incorporation into new
bone mineral occurs at day 11. Extensive bone remodeling with hematopoietic
marrow formation, as evidenced by >*Fe incorporation, is maximal on day 21. This
developmental program is a single cycle of cartilage and bone farmation, and
recapitulates the embryonic development of limbs. It could be a useful model for
fracture healing. Moreover, this system enables molecular studies at the different
stages of endochondral bone formation, and a better understanding of the role of
endogenous and exogenous growth and differentiation factors involved.

B. Osteogenin and Bone Morphogenetic Proteins

Identification of osteogenic proteins in mammalian bone matrix responsible for
this cascade of cartilage and bone differentiation has been a difficult task due to the
low abundance of osteogenin and related bone morphogenetic proteins (BMPs)
tightly bound to the bone extracellular matrix. Progress in recent years in the study
of BMPs has been aided by four important technical developments, namely: (1) the
development of a functional bioassay in a subcutaneous site in the rat to monitor
the specific biology of osteogenic activity (Sampath and Reddi, 1981, 1983); (2)
the development of a specific purification procedure involving heparin affinity
chromatography (Sampath et al., 1987); (3) the use of electroendosmotic elution
techniques after preparative sodium dodecy! sulfate gel electrophoresis to achieve
final purification homogeneity (Luyten et al., 1989); and (4) the use of recombinant
DNA methodologies for the cloning and expression of several members of the BMP
family (Wozney et al., 1988; Celeste et al., 1990; Ozkaynak et al., 1990; Hammonds
et al., 1991).
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A breakthrough in the isolation of osteogenic activity has been the dissociative
extraction of demineralized bone matrix by 4-M guanidinium hydrochloride, or
8-M urea (Sampath and Reddi, 1981). Neither the soluble extract nor the residual
bone powder alone had detectable activity when implanted subcutaneously in the
rat. However, if the extract was reconstituted with the inactive residue, the biologi-
cal activity of bone and cartilage formation was recovered. This reconstitution assay
has permitted the further purification of osteogenic components. Additional experi-
ments revealed that irrespective of the species, the lower molecular weight fractions
of a4-M guanidinium hydrochloride extract following molecular sieve chromatog-
raphy induced new cartilage and bone formation in rats (Sampath and Reddi, 1983).
This discovery set the stage for the large scale purification of bone- and cartilage-
inducing proteins.

A group of related bone morphogenetic factors has been discovered that include
osteogenin, bone morphogenetic protein-2A (BMP-2A), BMP-2B (now BMP-4),
BMP-3, BMPs 5-7, and osteogenic protein-l (OP-1) (Wozney et al., 1988; Luyten
et al.,, 1989; Celeste et al., 1990; Ozkaynak et al., 1990; Wang et al., 1990).
Osteogenin was purified to homogeneity from bovine bone matrix, and the se-
quences of several tryptic peptides were determined (Luyten et al., 1989). The
sequences were similar to portions of the amino acid sequence deduced from the
c¢DNA clone of bone morphogenetic protein-3 (BMP-3) (Wozney et al., 1988).
Osteogenin shows 49 and 48% sequence identity in its carboxyl-terminal quarter
to BMP-2A and BMP-2B, respectively (Wozney et al., 1988). BMP-7 was found
to be identical to OP-1 (Wang et al., 1990). Based on structural and amino acid
sequence homologies, these osteogenic proteins are grouped among members of
the transforming growth factor beta (TGF-B) superfamily, all of which share a
striking homology in the C-terminal domain. As in the case with TGF-§, members
of TGF-f superfamily are synthesized as a large precursor, four times greater than
the mature form of the molecule. The mature proteins are processed from the
precursor at the C-terminal as disulfide-linked homodimers containing a region that
includes the highly conserved seven cystein residues (Massague, 1990).

Osteogenin and related BMPs initiate cartilage and bone formation in vivo.
BMP-3 is most abundant in the highly purified preparations, but other members,
especially BMP-2 and BMP-7, are also present in the bioactive highly purified
bone-derived fractions. BMPs 2-5 and BMP-7 have been reported to induce
cartilage and bone as single recombinant proteins in conjunction with residue
(Wozney et al., 1988; Ozkaynak et al., 1990; Wang et al., 1990; Hammonds et al.,
1991). The availability of all the recombinant proteins will allow researchers to
address the question of particular functions of different members in endochondral
bone formation more accurately. The studies of the mechanism of action of the bone
morphogenetic proteins will add considerable new information on the molecular
signals controlling cartilage and bone formation, as well as cartilage and bone
regeneration.
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C. In Vitro Activities of Cartilage and Bone Differentiation Factors

Recently, experimental studies have been performed to define the role of bone
morphogenetic proteins in development, interaction with extracellular matrix,
cellular binding and localization, as well as in vitro and in vivo activities. There is
accumulating evidence that the TGF- superfamily members are important regu-
lators of many morphogenetic events during early vertebrate embryogenesis. Using
iodinated osteogenin in sections of developing rat embryo, maximal binding of the
protein was observed in mesodermal tissues such as cartilage, bone, perichondrium,
and periosteum (Vukicevic et al., 1990a) (Figure 1). Applying in situ hybridization
techniques, investigators have localized BMP-2, BMP-4, and Vgr-1 (BMP-6)

Figure 1. Autoradiographic images of osteogenin (BMP-3) binding to longitudinal
sections of an 18-day embryo. Magnification, 9x. (A) Section stained with hematoxylin
and eosin. Vascular invasion into the cartilaginous centers of the long bones is seen.
Arrows and arrowheads correspond to the osteogenin binding sites of sectlon B. (B)
Total binding after incubation of an adjacent section with 2.5- -ng/ml '?*I-osteogenin.
Note the intensive binding to areas of endochondral ossification: ribs (arrow), femur
(double arrow), tibia (small arrowheads), radius and ulna (double small arrowheads),
humerus (thick arrow), as well as areas on intramembranous ossification; calvarial
bones (big arrowheads). L stands for hver {C) Nonspecific binding by incubation of
an adjacent section with 2.5- ng/ml >|-osteogenin and 260-ng/ml unlabeled osteo-
genin. Reprinted with permission: Vukicevic et al., Dev. Biol. 140:209, 1990.
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transcripts in several specialized organ systems during murine embryonic develop-
ment. They include: the early development of the limb; myogenic layer of the
atrioventricular cushions of the developing heart; developing hair and whisker
follicles; tooth buds and palate; developing central nervous system; and craniofacial
tissues (Lyons et al., 1989, 1990).

Recent OP-1 (BMP-7) localization data during human development suggested
that OP-1 is present during critical morphogenetic stages in early human embryonic
development, particularly in tissues of mesodermal origin, as well as in basement
membranes separating epithelium from the underlying stroma (Vukicevic et al., in
preparation). These data, together with the specific affinity of osteogenin and
BMP-2B for the type IV collagen of the basement membrane matrix (Paralkar et
al., 1990; see later), underscores the potential critical role of the extracellular matrix
in sequestering differentiation factors, and in regulating their bioavailability. More-
over, it also sheds light on the possible role of basement membrane components of
blood vessel walls (as laminin and type IV collagen) in both bone formation and
regeneration (Vukicevic et al., 1990c; Ripamonti and Reddi, 1992).

In vitro studies allowed us to explore the effects of osteogenin and related bone
morphogenetic proteins on both cartilage and bone cells. Osteogenin stimulated
alkaline phosphatase activity and collagen synthesis in rat periosteal cells and
calvarial osteoblasts (Vukicevic et al., 1989). There was also an increase in the
formation of alkaline phosphatase-positive colonies in rat bone marrow stromal
cell cultures (Vukicevic et al., 1989). The promotion of the osteogenic phenotype
was confirmed in experiments with MC3T3-E1 osteoblastic cells; osteogenin
inhibited growth and stimulated alkaline phosphatase activity within 72 hours
(Vukicevic et al., 1990b), while usually about 12 days are needed for their
spontaneous differentiation in vitro (Kodama et al., 1981).

In the same cells, high-affinity receptors for BMP-2B have been identified and
partially characterized (Paralkar et al., 1991) (Figure 2, Table 1). Several studies
using either BMP-2, 3, or 4 have confirmed and extended these original data on
BMPs promoting the osteoblastic phenotype (Chen et al., 199 1a; Hiraki etal., 1991;
Takuwa et al., 1991; Yamaguchi etal., 1991). A profound stimulation of proteogly-
can synthesis in fetal rat chondroblasts and rabbit articular chondrocytes (Vukicevic
et al., 1989), together with increased cartilage matrix synthesis in chick limb bud
cell cultures (Carrington et al., 1991; Chen et al., 1991b), demonstrated the role of
osteogenin in the promotion of the chondrogenic phenotype. Osteogenin and
BMP-2B (BMP-4) were equipotent in the maintenance of proteoglycan metabolism
in articular cartilage explant cultures of young, adolescent and adult tissues by
increasing proteoglycan synthesis and decreasing proteogly can catabolism (Luyten
et al., 1992). Analysis of the size of the newly synthesized proteoglycans, the
glycosaminoglycan chain size, and the glycosaminoglycan type of explants treated
with osteogenin or BMP-4 indicated that they were very comparable to each other.
Thus, both osteogenin and BMP-4 alone are capable of stimulating and maintaining
the chondrocyte phenotype in vitro (Luyten et al., 1992). Taken together, these in
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Figure 2. Binding of radiolabeled BMP 2B to MC3T3-E1 cells. Increasing concentra-
tions of radiolabeled BMP-2B were incubated with MC3T3-E1 cells at room tempera-
ture for 1 hr and the cell-associated radioactivity was determined. Points represent
specifically bound radioactivity determined by subtracting nonspecific binding (10—
40% of total binding) from total radioactivity bound. (/inset) Scatchard analysis of the
binding data. B,bound; F, free. Reprinted with permission: Paralkar et al., Proc. Natl.
Acad. Sci. USA 88:3397, 1991.

vitro data suggest that osteogenin and related bone morphogenetic proteins do not
only play arole in the initiation of cartilage and bone formation, but clearly promote
the expression and maintenance of the chondrogenic and osteogenic phenotype.

D. In Vivo Role of Cartilage and Bone Differentiation Factors

The availability of bone morphogenetic proteins made it possible to extend the
knowledge of their in vivo morphogenetic potential in rodents to primates, as a
prerequisite for the exploration of potential therapeutic applications for the regen-
eration of bone in man. The healing potential of osteogenin on calvarial defects in
a series of adult primates of genus Papio (baboon) has been studied. A critical size
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Table 1. Competition With Growth Factors For the
Binding of lodinated BMP-2B to MC3T3-E1 and NiH

373 Cells
CPM Bound

Growth Factors MC3T3-El NIH 3T3

125 BMP 2B 9,600 + 800 10,480 =+ 680
BMP 2B 4,000 = 230 2,300 = 265
PDGF 11,720 = 1000 10,050 = 202
FGF 8,210 £ 217 9,510 = 230
IGF-1 8,930 = 110 9,670 + 275
EGF 9,806 + 600 9,070 = 660
TGF 81 9,260 £ 460 9,570 = 330

Note: Each factor was in a 100-fold excess of the iodinated BMP-2B. The
values are mean  standard deviation of four observations. Reprinted
with permission: Paralkar et al. Proc. Natl. Acad. Sci. U.S.A. 88, 3397,
1991

defect (CSD)-dependent nonunion of the baboon calvaria model—that is, a defect
that does not repair spontaneously with bone, requiring a graft of viable bone, or
alternative substitutes to heal—has been established (Ripamonti et al., 1991). In 48
adult male baboons, calvarial defects were implanted with a graft of autogenous
bone harvested from the iliac crest, and with different osteoconductive and osteoin-
ductive substrata. Before calvarial implantation, osteogenin, isolated from both
baboon and bovine bone matrix (and with biological activity in rats), was tested for
biological activity in the rectus abdominis of an additional 16 baboons (Ripamonti
and Reddi, 1992). The extraskeletal implantation permitted the unequivocal histo-
logical investigation of bone formation by induction, avoiding possible ambiguities
of the orthotopic site. Reconstitution of calvarial defects with baboon osteogenin
induced huge amounts of new bone as early as 30 days. At3 months, bone formation
was extensive, culminating in complete regeneration of the craniotomy defects
(Ripamonti et al., 1992).

Osteogenin was recently tested for its regenerating effects in human periodontal
intrabony defects (Bowers et al., 1991). Combined with demineralized freeze-dried
bone allografts, osteogenin significantly enhanced regeneration of a new attach-
ment apparatus and component tissues in a submerged environments (Bowers et
al., 1991). Using transformation of rat muscle flaps, it was possible to generate in
vivo, autogenous, well-perfused bones in the shapes of femoral heads and mandi-
bles (Khouri et al., 1991).

Significant progress has been made in the characterization of the cartilage and
bone differentiating proteins. A family of unique proteins has been described, and
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there is ample evidence that they are directly responsible for de novo cartilage and
bone formation in vivo. Extensive research is underway to develop appropriate and
optimal delivery systems based on extracellular matrix components. It is likely that
bone morphogenetic proteins will play a crucial role in bone regeneration and
repair.

Itl. INTERACTION OF GROWTH FACTORS WITH
EXTRACELLULAR MATRIX

Renewed attention has recently been focused on extracellular matrix macro-
molecules with the discovery of the interactions of these macromolecules with
growth and differentiation factors. The interaction of heparan sulfate proteogly cans
with fibroblast growth factors (FGFs) has been known for some time (for review
see Burgess and Maciag, 1989). Recently, it has been demonstrated that basic
fibroblast growth factor (bFGF) binds to heparan sulfate prior to the binding to its
receptor (Yayon et al., 1991).

Many other growth and differentiation factors are known to bind heparin and
these include granulocyte-macrophage colony-stimulating factor, neurite-promoting
factor, pleitropin, and platelet factor 4 (Roberts et al., 1988; Li et al., 1990;
Merenmies and Rauvala, 1990; Ruoslahti and Yamaguchi, 1991). Transforming
growth factor beta (TGF-) has been shown to interact with the protein core of
proteoglycan, named betaglycan, which is present on the cell surface of many cell
types (Andres et al., 1989). TGF-$ has also been shown to bind to extracellular
matrix proteoglycan, decorin (Yamaguchi et al., 1990).

During studies on cartilage and bone development, we have shown that osteo-
genin/BMP-3, isolated from bovine bone, binds to collagen type IV which is a
major component of the basement membrane (Paralkar et al., 1990). Using radio-
active osteogenin, we examined the affinity of osteogenin for various components
of extracellular matrix. Osteogenin binds with highest affinity to collagen type IV,
but also binds to collagen types I and IX, and to heparin (Table 2). Osteogenin binds
to both chains of collagen type IV, and this binding is pH- and time-dependent. The
binding is also reversible with an apparent Kd of 4 x 107"! M. Since osteogenin is
also a member of TGF-f3 supergene family, we also tested the ability of TGF- to
bind extracellular matrix macromolecules. TGF-p binds to collagen type IV with
high affinity (Paralkar et al., 1991; Tables 3 and 4). As both osteogenin and TGF-f3
bind collagen type IV, we tested some of the other growth factors for their ability
to bind collagen type IV. As can be seen from Table 3, basic FGF and platelet-
derived growth factor (PDGF) also bind collagen type IV. The ability of aFGF to
bind collagen type IV has also been shown (Thompson et al., 1988). Thus, FGFs,
TGF-B, and osteogenin all bind to proteoglycans as well as to collagen type IV of
the extracellular matrix.



Table 2. Binding of Osteogenin
(Bone Morphogenetic Protein-3) to Various
Extracellular Matrix Macromolecules
Immobilized on Nitrocellulose

Macromolecules cpm/ng Macromolecule®
Heparin 910+ 70
Collagen type | 990 = 55
Collagen type 11 ND®
Collagen type 111 ND
Collagen type 1V 4540 = 100
Collagen type V ND
Collagen type 1X 770 £ 20
Collagen type X ND
Laminin ) ND
Fibronectin ND
Chondroitin sulfate ND
Keratin sulfate ND
Dermatan sulfate ND
Heparan sulfate ND
Hyaluronic acid ND

Notes: “Each macromolecule (2 ug/spot) was spotted in
triplicate and the experiment was repeated three times.
Each point represents mean = S.D. of triplicate
experiments with nine observations.
°ND, not detectable.
Reprinted with permission: Paralkar et al., J. Biol.
Chem. 265, 17281, 1990

Table 3. Specificity of Binding of Various Growth Factors to Type IV Collagen-
Growth factor binding 10 Type 1V Collagen m mole

Growth Factors of Growth Factor/Mole of Collagen
Transforming growth factor B 1

b Fibroblast growth factor 0.07
Platelet-derived growth factor 0.09
Epidermal growth factor ND*
Insulin-like growth factor-1 ND

Notes: *ND = not detectable. Values shown are the mean of triplicate determinations. The various radioiodinated
growth factors were incubated with type IV collagen in the solid state on nitrocellulose paper as described in
Materials and Methods. The specific activities were : TGF B (80 uCi/ug); bFGF (52 uCi/ug ). Platelet-derived
growth factor (70 uCi/ug): Epidermal growth factor (174 uCi/ug); and Insulin-like growth factor-1 (188
uCifug).

Reprinted with permission: Paralkar et al., Dev. Biol. 143, 303, 1991.

216
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Table 4. Binding of 'I-TGF-B1 to type IV collagen in
solution, Effect of TGF-f2, fibronectin and laminin

Addition , CcPM
Experiment 1

1 ng "2’1-TGF-g; 6575 + 1526
1 ng "’I-TGF-g; + 200 ng TGF-B2 29:4
Experiment 2

Collagen alone 26160 + 2760
Collagen + fibronectin 30560 + 510
Collagen + laminin 32890 + 7260

Notes: Experiment 1. Collagen type 1V (0.5 ug) was incubated with 1 ng radiolabeled
TGF-B1 (specific activity 100 uCi/ug) in the presence or absence of TGF-f2 (200
ng) in a final volume of 500 ul of PBS plus 0.05% Tween 20 (TPBS) for 12 hr
at4°C. Type 1V collagen precipitates under these conditions. After centrifugation
at 12,000 x g for 15 min the precipitated collagen pellet was washed 2 times with
TPBS. The radioactivity incorporated into the pellet was determined in 2 gamma
counter. Each point represents mean = S.D. of triplicate observations. Experiment
2. 125l-’l'GF-B] (100 uCi/ug) was incubated with 5 pg of type 1V collagen in the
presence or absence of fibronectin and laminin (5 pg each) and the amount of
radioactivity bound to collagen was determined by a gamma counter. Each point
represents mean = S.D. of triplicate observations. Reprinted with permission:
Paralkar et al., Dev. Biol. 143, 303, 1991.

These observations could have far reaching implications for the regulatory role
of growth and differentiation factors in the solid state. It is plausible that the
extracellular matrix might protect these factors from proteolytic degradation, or
alter the activity of these factors by their interactions. The latter was seen to be the
case in our studies (Paralkar et al., 1991). In this work, MC3T3-El cells were grown
in 24 well-tissue culture plates precoated with laminin, collagen I, and collagen
type IV, or on plastic without any precoating. TGF beta inhibits the proliferation of
these cells grown on plastic. When TGF beta type 1 was added to these cells grown
on various matrix macromolecules, a transient inhibition of cell proliferation (40
to 50%) for up to 18 hours was seen in cells grown on all substrata. These cells
were seen to recover from the inhibitory effects of TGF-f after 36 hours. However,
in the case of cells grown on collagen type IV, the inhibitory effects on proliferation
were sustained for up to 54 hours (Figure 3). Thus, in vitro collagen type IV seems
to be able to modulate the activity of TGF beta 1. Similarly, heparin and heparan
sulfate have been shown to be able to alter the activity of FGF’s in virro (Damon
et al., 1986). Heparin has also been shown to stimulate the EGF receptor mediated
phosphorylation of tyrosine and threonine residues (Gupta et al., 1991). Also
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Figure 3. Sustained inhibition of [*H]thymidine incorporation into acid-precitable
DNA in osteoblastic cells by TGF-1 in the presence of type IV collagen. The inhibition
was transient (only at 18 hr) when cultured on plastic, collagen type I, and laminin.
Osteoblastic cells (MC3T3-E1) were plated at 10,000 cells per well in 24-well plates
precoated with the indicated matrix macromolecules (50 pg/well), and half of the
medium was exchanged daily. Cells were incubated in the presence or absence of
TGF-B1 (50 pg/ml) added at time 0. [*H]Thymidine (5 uCi/ml) was added at the
indicated time points in medlum containing 0.5% fetal bovine serum for the last 4 hr
of culture. Incorporation of [*H]thymidine into DNA was determined as described.
The results are presented as a percentage of control for each matrix substratum at 18,
36, and 54 hr. A control curve for each experimental substratum (presence of collagen
type IV, laminin, collagen type I, and plastic) was determined in the absence of TGF-8.
Each point is the mean +SD of eight observations. Reprinted with permission: Paralkar
et al., Dev. Biol. 143:303, 1991.

extracellular matrix-associated macromolecules act synergistically with ciliary
neurotrophic factor to induce type two astrocyte development (Lillien et al., 1990).

The interactions of growth factors with extracellular matrix macromolecules
could result in tight physiological regulation. These interactions could localize a
potent bioactive molecule to the appropriate site. Indeed, the Wnt genes present in
vertebrates code for a protein that acts over short distances because the protein is
bound tightly to the extracellular matrix (Tabin, 1991). It is also possible that,
depending upon the developmental stage of the embryo, the growth factors could
be localized by the extracellular matrix (thus providing a storage of active mole-
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cules at the appropriate site), or they may be in the soluble form, thus being able to
act at sites distant from the site of synthesis. With the discovery that differentiation
inhibiting activity (DIA) is synthesized both as a diffusible protein as well as one
that is matrix bound, this hypothesis seems more plausible (Rathjen et al., 1990).
The diffusible and matrix bound forms of DIA seemto be transcribed from different
promoters, thus raising the possibility that the two proteins could be differentially
regulated depending upon the need for DIA at a local or distant site during
embryonic development. It is also possible that soluble factors can have differential
activity on the cells, depending on the composition of the extracellular matrix
surrounding the cells.

Atypical example of the in vivo role of extracellular matrix is endochondral bone
induction by demineralized bone matrix (Urist, 1965; Reddi and Huggins, 1972;
Luyten et al., 1989). Bone induction is due to the combined action of osteo-
genin/BMPs and the collagenous matrix (Reddi, 1981). It is known that vascular
invasion is a prerequisite for new bone formation (Foidart and Reddi, 1980; Reddi
and Kuettner, 1981). It is therefore possible that basement membrane, especially
collagen type IV and heparan sulfate proteoglycan around the endothelial cells of
the invading capillaries, may function as an affinity matrix to present soluble
growth and differentiation factors in the solid state, and to responding mesenchymal
cells and osteoprogenitors to initiate osteogenesis. We also propose that collagen
type IV functions as a physiological delivery system by sequestering factors
involved in embryonic induction, morphogenesis, and epithelial-mesenchymal
interactions. These interactions may help explain the general role of basement
membrane in embryonic development. The interaction of bone-inductive proteins
with collagen type IV also helps to link demineralized bone matrix-induced bone
formation to epithelium-induced bone formation.

IV. DIFFERENTIATION OF OSTEOBLAST-LIKE CELLS ON
RECONSTITUTED BASEMENT MEMBRANE: ANGIOGENESIS
AND OSTEOGENESIS

Vascular invasion is a prerequisite for bone formation (Trueta, 1963; Foidart and
Reddi, 1980). Since developing osteoprogenitor cells and osteoblasts are in contact
with the basement membrane of the invading vascular system, it is possible that
the endothelial cell matrix might function during critical phases of capillary
invasion in endochondral bone formation (Rhodin, 1974), growth (Scott and Pease,
1956; Kimmel and Jee, 1980), remodelling (Jaworski, 1976), and fracture repair
(Simmons, 1980). In the matrix-dependent bone induction model, angiogenesis is
correlated with chondrolysis and concomitant osteogenesis. Basement membrane
components including laminin, collagen IV, and factor VIII antigen are localized
around invading capillaries prior to and during osteogenesis (Foidart and Reddi,
1980). These aobservations, together with data on TGF-P and osteogenin binding to
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type IV collagen (Paralkar et al., 1990, 199]), prompted us to examine whether
basement membrane extracellular matrix components might influence bone cell
differentiation in vitro.

A. Osteoblastic Cells Recognize Basement Membrane Components

Primary calvarial cells and an osteoblastic cell line (MC3T3-El) recognized
components of basement membrane and underwent profound morphological
changes when cultured on the surface of basement membrane. Colonies and
canalicular cell processes that required both collagen IV and laminin were observed
(Vukicevic et al., 1990c). Antibodies to laminin and to a laminin receptor, as well
as certain biologically active laminin-derived synthetic peptides, blocked the
cellular differentiation on the basement membrane (Matrigel). Direct interaction of
bone cells with the laminin-derived peptides was demonstrated in cell binding
assays (Table 5). Type IV collagen also appeared to be an active component in the
Matrigel, since its removal resulted in loss of bone cell organization (Vukicevic et
al., 1990c). In addition, ascorbic acid, which promotes collagen synthesis, together
with f-glycerophosphate, increased calcified bone nodule formation on Matrigel.
These data demonstrate that osteoblastic cells interact with basement membrane
components, and suggest that such a matrix may modulate the phenotype of bone
cells. Moreover, basement membrane plays a significant role in vitro in formation
of a network of cytoplasmic processes resembling the osteocyte network in bone.

Table 5. Attachment of Osteoblastic Cells to Laminin-Derived Peptides

Cells per Field
Substrate Residue (chain) Number of Wells MC3T3-El Cells
Laminin 12 32=x4
CDPGYIGSR 925-933 (B1) 16 35+5
Ac-YIGER-* 10 0
FALRGDNP 1120-1127 (A) 12 23+ 4
FALRDGNP* 8 0
CSRARKQAASIKVAVSADR 2091-2108 (A) 16 3B+3
CRKQAASIKVAVA 2094 = 2105 (A) 8 29+3
CIKVAVA 2099-2105 (A) 16 28+4
KKSAVQARIVAS* 8 0

Notes: Peptides were synthesized to correspond to mouse laminin Aand B1 chain cDNA sequences. The NH2 terminal
cysteine inthe peptides is not presenti the faminin chains but was inciuded in the synthesis to facilitate coupling,
and an amide group was present in all peptides at the carboxyl terminus. The peptides were applied to
nitrocellulose at 1 mg/ml. Laminin (100 ug/ml) served as a positive control. Values given are means = S.E.M.
Asterisks indicate peptides at the cartboxyl terminus. The peptides were applied to nitrocellulose at [ mg/mi.
Laminin (100 pg/ml) served as a positive control. Values given are means £ S.E.M. Asterisks indicate peptides
with scrambled sequence used as control. Reprinted with permission: Vukicevic et al., Cell 63, 437, 1990.
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Osteocytes do not directly contact basement membrane in vivo. The osteocyte is a
developmental stage of the osteoprogenitor osteoblast lineage, and thus may retain
a “memory” of the initial contact of osteoblast with laminin. Most osteons demon-
strate a central blood vessel with the basement membrane in contact with the first
circle of concentric osteoblasts. This initial contact may set into motion a ripple-like
cascade of cell differentiation.

B. Growth Factors in Basement Membrane Regulate Osteoblastic
Network Formation

Additional studies have demonstrated the presence of TGF-B, epidermal growth
factor (EGF), insulin-like growth factor 1 (IGF-1), basic fibroblast growth factor
(bFGF), and platelet-derived growth factor (PDGF) in the basement membrane,
Matrigel (Vukicevic et al., 1992). These factors significantly contributed to the
behavior of osteoblastic cells (MC3T3-El) when cultured on Matrigel. Exogenous
TGF- blocked the migration and cellular network formation. Conversely, addition
of TGF-B neutralizing antibodies to Matrigel stimulated the cellular network
formation. bFGF, EGF, and PDGF all promoted cellular migration and organization
on Matrigel. Addition of bFGF to MC3T3-E1 cells grown on Matrigel overcame
the inhibitory effect of TGF-f8. TGF-f8 cannot be removed from Matrigel by
repeated 20% ammonium sulfate precipitations. Some TGF-f also remained bound
to type IV collagen purified from reconstituted basement membrane, suggesting
caution in the interpretation of experiments on cellular activity related to Matrigel,
collagen type IV, and possibly other extracellular matrix components (Vukicevic
et al., 1992). These data confirmed the above mentioned results of Paralkar et al.
(1991) of TGF-B binding to type IV collagen of the basement membrane, suggest-
ing that TGF-f may be a basement membrane component in vivo. All of these
investigations provide a conceptual framework to explain the physiological role of
blood vessels in osteogenesis, and moreover, provide evidence for the role of basement
membrane macromolecules in the phenotypic modulation of osteoblastic cells.

V. CHALLENGES FOR THE FUTURE

What is the precise cellular and molecular basis of the interaction of endothelial
elements and the osteoblastic lineage? Is there a causal role for basement membrane
components and osteoprogenitor differentiation? What are the molecular domains
in laminin which signal the osteoblastic lineage? What are the signal transducing
mechanisms? These are exciting challenges for the future and provide opportunities
for molecular insights into morphogenesis of bone. A better understanding of these
molecular interactions will pave the path to solving baffling clinical problems, such
as avascular necrosis of the femoral head, nonunion of fractures, and optimal
biological fixation of the implant interface in the prostheses.
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I. INTRODUCTION

Cellular adhesion mechanisms have been implicated in a wide variety of biological
phenomena including thrombosis, wound healing, inflammation, embryogenesis,
and cancer. Recently, significant progress has been made toward elucidating the
molecular basis of the adhesive interactions involved in these biological processes.
In particular, a family of cell adhesion receptors, termed integrins, has been defined
that potentiate a wide variety of cell-cell and cell-matrix interactions (Hynes, 1987;
Ruoslahti and Pierschbacher, 1987; Phillips et al., 1988; Ruoslahti and Giancotti,
1989; Albelda and Buck, 1990; Hemler, 1990; Springer, 1990; Cheresh, 1991).
Integrins not only mediate cell adhesion events but are also involved in transmitting
signals from the extracellular environment to the intracellular compartment
(Schwartz et al., 1989, 1990; Altieri et al., 1990; Ingber et al., 1990; Miyauchi et
al., 1991; Ng-Sikorski, 1991).

Integrins are heterodimeric molecules expressed on the cell surface that require
divalent cations for functional activity (Pierschbacher and Ruoslahti, 1987; Phillips
et al., 1988; Smith and Cheresh, 1988; Smith and Cheresh, 1991). The integrin
family is composed of at least 18 members based on the expression of 12c and 78
subunits (Figure 1). Depending on the o/f subunit pairing, the intact heterodimer
can recognize either one or multiple ligands present in the extracellular matrix or
on the surface of opposing cells. In some cases, a given {3 subunit such as 1, can
associate with multiple o subunits leading to cell adhesion to ligands such as
fibronectin, collagen, and laminin among others (Wayner and Carter, 1987; Hemler,
1990). The B2 integrins are restricted to leukocytes and primarily mediate cell-cell
interactions that are important in immune recognition and inflammation (Springer,
1990). The B3 integrins include two members characterized by allb expressed on
platelets and av expressed on a variety of cell types (Phillips et al., 1988; Cheresh
et al., 1989a). The 83 integrins recognize fibrinogen, fibronectin, von Willebrand
factor, and vitronectin among others (Cheresh and Spiro, 1987; Cheresh et al.,
1989a; Charo et al., 1990; Smith et al., 1990a). However, the av subunit has the
rather unique ability to associate with a wide variety of § subunits (10-13) (Cheresh
et. al., 1989b; Freed et al., 1989; Bodary and McLean, 1990; Krissanssen et al.,
1990; Sheppard et al., 1990; Vogel et al., 1990). For example, it is now clear that
av, expressed on most every cell type, can associate with 31 (Bodary and McLean,
1990; Vogel et al., 1990), p3 (Cheresh and Spiro, 1987; Cheresh et al., 1989), and
the newly defined 35 (Cheresh et al., 1989b; McLean et al., 1990, Ramaswamy and
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Figure 1. Integrin family of cell adhesion receptors. The integrin family of cell
adhesion receptors is comprised of multiple heterodimers of & and f subunits
associated in the following manner.

Hemler, 1990; Smith et al., 1990a) and B6 (Sheppard et al., 1990) subunits (see
Figure 1). While a given cell may have a specific integrin repertoire, little is known
about what regulates the coordinate expression of the individual integrin subunits
within the cell. It is clear, however, that the overall adhesive phenotype of a given
cell and its capacity to respond to its extracellular environment is primarily dictated
by the combination of integrins expressed on its surface.

Il. CELLULAR CONSEQUENCES OF INTEGRIN-LIGAND
INTERACTION

A. Integrins Interact with the Actin-Cytoskeleton

Once cells make an integrin-mediated contact, the respective integrin typically
clusters into focal contacts in the plane of the lipid bilayer leading to a change in
cell shape and biological responsiveness. The formation of these adhesion struc-
tures depends on the ability of the integrins to associate with the actin-cytoskeleton
within the cell (Chen et al., 1985; Damsky et al., 1985; Burridge et al., 1988,
Dejanna et al., 1988; Singer et al., 1988; Carter et al., 1990; Wayner et al., 1991)
through their interaction with cytoplasmic proteins such as vinculin, talin, and
a-actinin (Geiger, 1979; Horwitz et al., 1986; Tapley et al., 1989; Nuckolls et al.,
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1990; Otey et al., 1990, Wayner et al., 1991). This, in turn, results in an integrin-
actin dependent change in cell shape or migratory behavior. Thus, once cells are
attached, they may spread and/or migrate depending on the integrin/ligand interac-
tion involved. It is important to note that cells change shape in response to the
occupancy of a particular integrin. For example, on a fibronectin substrate, the cell
fibronectin receptor a5P1 is found in focal contacts on the ventral side of the cell,
colocalizing with vinculin and talin at the ends of actin filaments, whereas the
vitronectin receptor avB3 is uniformly expressed over the entire cell membrane.
Conversely, on vitronectin, only the vitronectin receptor associates with focal
contacts and leads to cell spreading (Singer et al., 1988).

Recently it’s been shown that the actual spacing of an immobilized adhesive
ligand dictates whether cells will spread and form focal contacts and stress fibers.
Infact, it was demonstrated that spacing of an RGD peptide at 440 nm was sufficient
for integrin av33-mediated fibroblast spreading, whereas 140-nm spacing of this
ligand was required for focal contact and stress fiber formation (Massia and
Hubbell, 1991). This study implies that well-defined focal contacts and stress fibers
are not necessary for cell spreading. However, it is likely that spreading requires
some form of integrin association with the actin cytoskeleton since cytochalasin, a
drug which prevents actin polymerization, inhibits avp3-dependent cell spreading
(Orlando and Cheresh, 1991).

The structural basis of integrin-focal contact formation is not well understood.
However, based on mutant integrin expression studies, it appears that the cytoplas-
mic domain of the  subunit is critically involved in this process (Solowska et al.,
1989; Hayashi et al., 1990; Reszka and Horwitz, 1991). Recently, a detailed
mutational analysis of the §1 subunit was performed (Reszka and Horwitz, 1991).
In this case, mutant avian 1 was transfected into NIH 3T3 cells, and the resulting
cell surface heterodimer was monitored for expression in focal contacts. In general,
there were three key regions identified based on the ability of missense mutations
to reduce focal contact formation. Mutations in two of these three regions produced
further reduction in focal contacts, suggesting that these regions may function
cooperatively together in directing the localization of focal contacts. Two of these
regions contained the NPXY sequence associated with movement of molecules into
clathrin-coated pits. A tyrosine and serine known to be phosphorylated in vivo when
substituted with nonphosphorylated, nonpolar residues failed to reduce focal con-
tacts, indicating that phosphorylation of these sites may not be a prerequisite for
focal contact localization of the B1 integrins.

B. Integrins Sometimes Fail to Interact with the Actin-Cytoskeleton

It has generally been assumed that integrins which potentiate cell adhesion
eventually promote the assembly of the actin cytoskeleton, and thereby promote a
change in cell morphology and migration. However, there have been two notable
exceptions to this rule. The first example is that of the integrin a6B4, which was
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recently shown to be part of an adhesive structure known as the hemidesmosome
complex (Stepp et al., 1990; Quaranta and Jones, 1991). This is a specialized
adhesion structure present on the basal surface of epithelial cells that promotes a
strong adhesive interaction with the basement membrane and underlying connec-
tive tissue (Schwarz et al., 1990). The hemidesmosome is thought to be anchored
by intermediate filaments within the cell. Association with the intermediate fila-
ments may be due to the expression of the $4 subunit whose cytoplasmic tail,
approximately 1100 residues in length (Tamura et al., 1990), is unlike any other
integrin P subunit cytoplasmic tail which typically range from 40 to 50 residues.
While integrin a634 appears to be tissue-specific and localized to epithelial cells,
its actual ligand-binding capability remains to be elucidated.

Another example of an integrin that apparently fails to associate with the
actin-cytoskeleton is the vitronectin receptor integrin avf35. In this case, it was
recently reported that although this receptor contributes to attachment to
vitronectin, it fails to localize to focal contacts. This was of interest since on the
same cell attached to vitronectin, integrin avp3 could be found in focal contacts
associated with vinculin, talin, and the ends of actin filaments (Wayner et al., 1991).
Based on these observations, it was concluded that avp3, but not avp5, was
required for cell spreading on vitronectin. This suggests that integrins avp3 and
avp5 potentiate distinct signals even though both receptors contribute to
vitronectin-mediated cell adhesion. Furthermore, it is likely that the distinct distri-
bution of these receptors is the consequence of structural differences in their
subunits since both receptors share a common o subunit. The primary amino acid
sequence of B3 (Fitzgerald etal., 1987) and 85 (McLean et al., 1990; Ramaswamy
and Hemler, 1990; Suzuki et al., 1990) show 56% identity. However, 35 contains
a cytoplasmic tail that is distinct from that of 3. In fact, the cytoplasmic tail of 35
is only 10 to 20% homologous to 33 or to the other integrin B subunits (McLean
et al., 1990; Ramaswamy and Hemler, 1990; Suzuki et al., 1990). Moreover, B5
contains a 10-amino acid residue extension to the carboxy-terminus which is not
found on B3 or on any of the known integrin {3 subunits. Since the cytoplasmic tail
of integrin $1 subunit has been implicated in focal contact formation (Solowska et
al.,, 1989; Hayashi et al., 1990; Reszka and Horwitz, 1991), it is conceivable that
the unique cytoplasmic portion of 35 prevents its association with the actin-
cytoskeleton. In any event, the integrins &vf3 and avp5 would likely
differ in their ability to promote cellular migration on a vitronectin substrate.

C. Integrins Mediate Cellular Signals

Integrin-dependent cell adhesion regulates not only cell structure and morphol-
ogy, but also proliferation, differentiation, and gene expression. However, little is
known about the molecular basis underlying these events. It has generally been
assumed that integrins exert their effect through the cytoskeleton, but recent work
has suggested that signal transduction pathways normally associated with hormone
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receptors may also be involved (Schwartz et al., 1990). Multiple integrins have
been shown to regulate the activation of the Na/H antiporter and hence,intracellular
pH (Schwartz et al., 1991). They were also reported to promote either an increase
or decrease in intracellular calcium, depending on the cellular system being
examined (Altieri et al.,, 1990; Miyuachi et al., 1991). Integrins were found to
regulate inositol lipid turnover and phosphorylation of intracellular proteins on
tyrosine (Hirst et al., 1986; Tapley et al., 1989; Haimovich et al., 1991). In this
regard, it is highly intriguing that several nonreceptor tyrosine kinases (e.g.,
pp60°°) and most of the intracellular phosphotyrosine is localized to integrin-
containing focal contacts (Hirst et al., 1986).

Integrins are also recipients of intracellular signals. In myeloid and lymphoid
cells, stimulation with eithercytokines (Richter et al., 1990) or antibodies (Springer,
1990) induces increased avidity of integrins for their ligands, and these changes
may be accompanied by alterations in phosphorylation and receptor clustering
(Hirst et al., 1986; Tapley et al., 1989; Haimovich et al., 1991). Phosphorylation of
integrins on tyrosine by tyrosine kinase oncogenes may account for the anchorage-
independent growth properties of transformed cells and the generally reduced
adhesion of transformed cells. The Bs subunit, which may be related to or identical
with B35, associates with av on some cells and can be phosphorylated on serine;
this event can be induced by phorbol esters (Freed et al., 1989). In general, however,
both signaling by integrins and the effects of signals on integrins are poorly
understood at either the molecular or cellular levels.

The structural basis of these signal transducing mechanism(s) may be related to
events associated with integrin occupancy leading to a conformational change in
the receptor. Parise et al. (1987) have demonstrated that the platelet receptor allbf3,
in the presence of an RGD peptide, undergoes an increased Stokes radius and
susceptibility to protease digestion, suggesting a conformational change. Other
reports indicate that this receptor changes shape upon ligand binding since novel
antigenic epitopes can be specifically recognized on ligand-occupied receptor
(Frelinger et al., 1988). Recent evidence suggests that the cytoplasmic tail of the §
subunit may not only be involved in signal transduction, but may also potentiate
ligand binding. Hibbs et al. (1991) demonstrated that the C-terminal cytoplasmic
domain of the §2 subunit play a direct role in LFA-1 binding to its ligand ICAM.
Specifically, when the §2 subunit was expressed in CHO cells with a deletion of
the last several residues of its C-terminus, the resulting truncated LFA-1 heterodi-
mer showed a significant reduction in its capacity to bind ICAM-1 (Hibbs et al.,
1991). These results imply that the ligand-binding portion of the integrin, initially
thought to only involve the N-terminal domains of a and B chains, also may depend
on a functionally active cytoplasmic C-terminal domain. This concept may explain
in part the molecular basis of the signaling mechanism that dictates cellular
responsiveness to the extracellular environment.

The clustering of integrins has been proposed to promote an intracellular signal,
as indicated for the fibronectin receptor a581 (Schwartz et al., 1990). In addition,



Integrins: Structure, Function, and Biological Properties 231

Werb and colleagues (1989), have demonstrated gene expression for collagenase
and stromelysin depends on the capacity to cross-link and cluster integrin aSg1
receptor on the cell surface. This study demonstrated that antibody to the receptor
and fragments of fibronectin could potentiate this biological effect. However, it is
not clear whether the type of signal promoted by either antibody or ligand is the
same. It is now apparent that signal mechanisms through many types of receptors
depend on the clustering of receptors. Whether this is the cause or the effect of a
signal remains to be determined.

l1l. THE MOLECULAR BASIS OF INTEGRIN-LIGAND
INTERACTION

A. Integrins Recognize Specific Sites within Adhesive Proteins

A number of studies have indicated that integrin-ligand interactions depend on
recognition of distinct sequences within the ligand. For example, the most widely
studied sequence involves Arg-Gly-Asp which is present in a wide variety of
extracellular adhesive ligands including fibronectin, vitronectin, fibrinogen, colla-
gen, laminin, von Willebrand factor, thrombospondin, and osteopontin. Some
integrins recognize one or more of these ligands in the context of the Arg-Gly-Asp
sequence. For example, integrin avB3 has been shown to interact with each of these
protein ligands (Cheresh and Spiro, 1987; Lawler et al., 1988; Charo et al., 1990;
Kramer et al., 1990; Miyauchi et al., 1991), while other integrins are clearly more
restricted in their ligand binding specificity. Integrin aSg1 (Pytela et al., 1985)
exclusively binds fibronectin, while integrin avB5 recognizes vitronectin and ovf1
binds fibronectin (Vogel et al., 1990) or vitronectin (Bodary and McLean, 1990);
yet each of these receptors can be inhibited with the same Arg-Gly-Asp-containing
peptide. Thus, it is likely that alternative regions within the ligand contribute to the
specificity of these integrins. For example, a581 clearly depends on the recognition
of the fibronectin RGD sequence in the context of a “synergy” sequence that is a
distance of 14 and 28 Kd away (Obara et al., 1988; Yamada, 1991). Also, the a5p1
fibronectin receptor is best isolated in pure form on a 110-Kd proteolytic fragment
of fibronectin that contains the Arg-Gly-Asp sequence and both synergy regions
(Pytela et al., 1985). It is significant that this receptor is not retained on an affinity
column consisting of a short Arg-Gly-Asp-containing peptide derived from fi-
bronectin.

The conformational presentation of a given adhesive sequence within the context
of the intact macromolecule is clearly important for integrin recognition leading to
cell adhesion. For example, the o chain of fibrinogen contains two Arg-Gly-Asp
sequences, one near the N-terminus and the second near the C-terminus (Doolittle
etal., 1979). Experiments have demonstrated that av33-bearing cells or the purified
receptor interact with the C-terminal RGD sequence within the a chain of fibrino-
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gen, not with the N-terminal RGD sequence on the same polypeptide. This was
demonstrated using a monoclonal antibody to this sequence that blocked cell
adhesion to intact fibrinogen, while a monoclonal antibody that reacted with the
N-terminal Arg-Gly-Asp sequence failed todo so (Cheresh etal., 1989a). However,
cells readily attached to peptides containing Arg-Gly-Asp that were derived from
either the N- or C-terminal domains of the fibrinogen a chain, and these adhesion
events were blocked by the corresponding antipeptide monoclonal antibody (Cher-
esh et al., 1989a). These results demonstrated that the RGD peptide sequence
derived from the N-terminal domain of the a-chain of fibrinogen, although capable
of supporting adhesion when present in a peptide of 17 residues, was unable to do
so within the context of the intact fibrinogen macromolecule. A possible explana-
tion of these results is based on the structural analysis of fibrinogen which has
revealed that the Arg-Gly-Asp sequence near the N-terminus of the a-chain is
contained within an alpha helical domain of the molecule, and thus, may not be
appropriately exposed for integrin-mediated cell adhesion. In contrast, the
C-terminal Arg-Gly-Asp sequence is not associated with an a-alpha helical
domain of fibrinogen (Doolittle et al., 1979). These data imply that integrin-medi-
ated ligand binding leading to cell adhesion not only depends on primary sequence
recognition but also on secondary and tertiary structural requirements.

Sequences other than RGD can promote integrin-mediated binding events. For
example, the platelet integrin aIlbB3 binds to the fibrinogen gamma chain carboxy
terminus represented by the sequence HHLGGAKQAGDY (Hawigeret al., 1982).
In addition, a new adhesive sequence has been identified in the fibronectin mole-
cule. In this case, it is located within the alternatively spliced type III connecting
segment which contains a 25-amino acid adhesion domain, termed CS1. It has now
been demonstrated that the minimal essential sequence for cell adhesion to this
region of fibronectin involves the Leu-Asp-Val (Komoriyaetal., 1991).In this case,
integrin a4f1 expressed primarily by leukocytes (Wayner et al., 1989; Hemler,
1990) and melanoma cells (Mould et al., 1991) interacts with fibronectin within
the context of Leu-Asp-Val. This adhesive site is also found in the counter-receptor,
VCAM, expressed on activated endothelial cells (Osborn, 1990), and thus can be
recognized by cells expressing the a4p1 integrin. Recently the sequence Asp-Gly-
Glu-Alain collagen has been identified as the recognition sequence for the integrin
a2pB1 (Staatz et al., 1991). It is of interest that each of these integrin recognition
sequences contain the negatively charged animo acid, Asp. It is tempting to
speculate that this apparent charge requirement plays arole in the cation-dependent
recognition by integrins (see below, Figure 2).

B. Structural Basis for Integrin-Ligand Interaction: avf3 as a Model
The B3 integrins (avB3 and allbB3) have the unique ability to specifically

interact with small synthetic peptides containing the Arg-Gly-Asp sequence mak-
ing them particularly suited for biochemical studies to define the structural basis
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of integrin-ligand interaction. Based on this property, we set out to define the
sequence on integrin avB3 that represents the ligand (Arg-Gly-Asp) binding
domain. This goal was facilitated by our ability to purify large quantities (approxi-
mately 1 mg per placenta) of avB3 from placental tissue by immunoaffinity
chromatography (Smith and Cheresh, 1988, 1990). This receptor preparation was
then allowed to bind to a peptide with the sequence GRGDSPK that was coupled
to the photoactivatable cross-linker SASD prelabeled with 1251 (Smith and Cheresh,
1988). After the radiolabeled peptide-SASD conjugate was allowed tointeract with
pure avp3 in solution, it was then photolyzed to cross-link it to the Arg-Gly-Asp
binding site on the receptor. This procedure resulted in the specific radiolabeling
of both subunits of the receptor, with approximately 20% of the label on the a
subunit and 80% on the B subunit. The specificity of this interaction was docu-
mented in two ways. First, cross-linking to both subunits could be completely
inhibited with unlabeled Arg-Gly-Asp-containing peptide. Second, the cross-link-
ing showed an absolute requirement for divalent cations in the concentration range
known to be required by integrins on the cell surface to promote cell adhesion
(Smith and Cheresh, 1988,1990). To identify the specific region(s) on the receptor
bound to the Arg-Gly-Asp peptide-SASD conjugate, the individual radiolabeled o
and P subunits were separated by SDS-PAGE, purified by electroelution from the
acrylamide gel, and subjected to proteolysis. The resulting radiolabeled peptides
were separated by SDS-PAGE and individually subjected to NH»-terminal se-
quence analysis to identify the cross-linked domains. As shown in Figure 2, this
allowed us to assign regions near the NH-terminus of both the o and B subunits
as being proximal to an RGD binding site. It is of interest to point out that the o
chain was radiolabeled at two sites from within residues 139-349 comprising the
first two-three divalent cation-binding regions of the a-subunit. The $ subunit was
radiolabeled from residues 61-203. Based on primary sequence analysis, this
region of B3 corresponds to one of the most highly conserved regions of all the
known integrin p subunits. These results imply that the RGD-binding pocket of
avp3 involved amino-terminal regions of both subunits, and that the divalent
cation-binding domain of av plays a direct role in the capacity of this receptor to
bind ligand. These results likely extend to other members of the integrin family of
cell adhesion receptors since studies performed with the platelet integrin alIbp3
showed a similar cross-linked region (D’Souza et al., 1988, 1990).

C. RGD Binding Leading to Molecular Stabilization

Although integrin recognition of sequences such as Arg-Gly-Asp are required
for ligand occupancy, it is quite possible that additional molecular interactions
actually potentiate ligand recognition specificity and signaling mechanisms. This
is apparent since individual integrins can discriminate between distinct Arg-Gly-
Asp-containing ligands. In addition, once cells spread on a substrate, they form
highly strengthened interactions that are thought to depend on the polymerized actin
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Figure 2. Model of integrin avB3 associated with an RGD-containing ligand. The
avp3 integrin is depicted within the plane of a cell membrane. The receptor is
associated with an RGD-containing ligand that binds to N-terminal regions of the a
and B chains of this receptor.

cytoskeleton and the resulting focal contact formation (Lotz et al., 1989). However,
little is known about the molecular event(s) that take place immediately after
Arg-Gly-Asp recognition and before cell spreading. To address this question, we
pretreated M21 human melanoma cells with cytochalasin B to prevent actin
polymerization, and then allowed the treated cells to attach to immobilized ligand
(vitronectin) or to an Arg-Gly-Asp containing peptide, both of which serve as
ligands for integrin avf33 on various cell types (Cheresh, 1987; Cheresh and Spiro,
1987). Following adhesion, cells were challenged with an excess of soluble ligand
to determine the reversibility of these adhesion events. Under these conditions, cell
attachment to the Arg-Gly-Asp-containing peptide could be readily dissociated
with excess soluble ligand (Arg-Gly-Asp peptide), whereas cells attached to intact
vitronectin could not be detached (Orlando and Cheresh, 1991). These results
suggested that integrin-mediated cell attachment to an intact adhesive protein
results in a highly stabilized interaction that is independent of the polymerized actin
cytoskeleton (Figure 3). To substantiate these observations, integrin avp3 was
purified to homogeneity and its binding properties measured in a solid-phase
receptor assay. Under these conditions, it was demonstrated that avf3 bound
vitronectin or fibronectin in a nondissociable manner while an RGD-containing
peptide derived from vitronectin bound specifically, but was completely dissociable
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Figure 3. RGD binding leads to molecular stabilization between integrin and ligand.
Model depicts cell surface-expressed integrin binding to a ligand resulting in a highly
stabilized molecular interaction as described by Orlando and Cheresh (1991). The
stable binding between the cell and the ligand likely depends on conformational
changes involving the integrin and/or ligand. The integrin-mediated cellular signal(s)
may result from the initial ligand binding event and/or this subsequent molecular
stabilization event.

withaKdof9 x 107" M. In fact, it required at least S00-fold more soluble competitor
to observe dissociation of the intact ligand from av3 (Orlando and Cheresh, 1991).
Chemical modification of the receptor with mild glutaraldehyde treatment allowed
vitronectin to bind in an RGD-dependent and dissociable manner, suggesting that
receptor conformational changes or specific amino acid residues proximal to the
ligand binding site(s) are involved in the stabilization event (Orlando and Cheresh,
1991). Thus, in the absence of cytoskeletal proteins or other cellular components,
integrins have not only the capacity to recognize specific sequences, such as
Arg-Gly-Asp, but also to participate in a highly stabilized protein-protein interac-
tion that is independent of the Arg-Gly-Asprecognitionevent (Figure 3). At present,
it is not clear whether the signal transduction mechanism(s) depends on this
stabilized molecular interaction, or whether reversible Arg-Gly-Asp binding is
sufficient to promote a molecular signal (Figure 3).

The integrin-ligand stabilization event may have significant biological effects on
the cellular response to ligand binding. Thus, during thrombosis, activation of the
integrin olIbf3 results in the binding of fibrinogen to the platelet surface, an
important preliminary step to clot retraction (Phillips et al. 1988) and an event that
likely requires organization of the platelet cytoskeleton. It has been shown that the
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binding of fibrinogen to the platelet surface becomes nondissociable in a
time-dependent manner (Marguerie et al., 1980). Thus, it is tempting to specu-
late that this nondissociable interaction may in some way potentiate the signal-
transducing event(s) responsible for clot retraction. Recently, Du et al. (1991)
demonstrated that Arg-Gly-Asp containing peptides could serve to activate the
platelet integrin alIb3 to a high-affinity fibrinogen binding receptor. At present,
it is not clear whether this increased affinity is related to the findings that avp3
binds ligand in a nonreversible (stabilized) manner.

On nucleated cells, the highly stabilized interaction between integrin and ligand
may increase our understanding of the mechanism(s) involved in cell migration on
extracellular matrices. Although the actual role integrins play in cell migration is
not completely defined, their interaction with matrix molecules was shown to
provide traction and direction during cellular movement (McCarthy and Furcht,
1984). The stable association of the matrix proteins, vitronectin and fibronectin,
with avp3 implies that alternative methods for the release of cells from substrata
may be required other than simple dissociation. For example, release of the cell
surface from matrix components may require pinching off membrane material,
leaving behind focal contacts that contain the stable integrin-ligand complex.
Alternatively, the receptor-ligand anchor may be cleared through the internaliza-
tion/degradation pathway, since Mabs to the fibronectin receptor was shown to be
endocytosed and rapidly became associated with coated pits (Raub and Kuentzel,
1989). In addition, it has been demonstrated that fibronectin-degrading proteases
are localized to the cell membrane of transformed cells, suggesting that localized
proteolysis may disrupt contacts between integrins and matrix proteins (Chen and
Chen, 1987). To this end, Werb and coworkers have shown that occupancy and
clustering of the fibronectin receptor induces the synthesis of two matrix-degrading
enzymes; namely, collagenase and stromelysin (Werb et al., 1989). These results
suggest that part of the integrin-mediated signaling response may involve the
synthesis of degradative enzymes, which may be necessary to release the cell into
a migratory state.

Integrin antagonists are currently under investigation as antithrombotic or
antimetastatic reagents. The use of RGD peptides or other integrin inhibitors
that block cellular adhesive mechanisms must be considered in the context of the
highly stabilized interactions that occur between an integrin and its ligand. Thus,
integrin antagonists may selectively perturb those interactions that are in a state of
flux—as expected to occur with either migratory tumor cells or platelets during
thrombosis—but which do not effect cells with previously stabilized integrin-
ligand interactions.

D. Integrin Function Depends on Divalent Cations

It is well documented that cell-matrix interactions depend on the presence of
divalent cations. In fact, qualitative and quantitative integrin binding events are
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highly dependent on particular cations. For example, manganese is known to
increase the adhesiveness of certain integrins for their ligands (Gailet and Ruosla-
-hti, 1988; Smith and Cheresh, 1988). The integrin a2f1 can be potentiated by
magnesium and inhibited by calcium (Santoro, 1986; Staatz et al., 1989). A mutant
version of the platelet integrin olIbP3 integrin that is unable to bind fibrinogen fails
to undergo a cation-dependent conformational change (Loftus et al., 1990). These
studies imply that divalent cations must interact in some way with the integrin and
potentiate ligand binding events. It has been hypothesized that integrins bind
divalent cations through an interaction with the o subunit, which typically contains
at least three metal binding domains (see Figure 2). While these regions share
homology with the helix-loop-helix calcium binding proteins (Phillips et al., 1988),
they lack the o helical domains flanking each cation binding loop, and thus might
be expected to bind cation with lower affinity. However, these regions are of crucial
importance to integrin function, as stated above, since the cation-binding regions
of both arv and allb were shown to directly bind synthetic peptide ligands (D’ Souza
et al., 1990; Smith and Cheresh, 1990). At present, the precise role that cations play
in integrin function is not well defined. Recently, a study performed in our
laboratory indicates that the cation coordination sphere is directly involved in the
functional properties of integrin av33 (Smith and Cheresh, 1991). In this case, we
took advantage of the unique electron shell of cobalt which under normal conditions
will support avf3-ligand binding events. However, Co(Il), once oxidized to
Co(III), no longer supported ligand binding, indicating that the coordination sphere
of the cation is a critical determinant in integrin-ligand binding. This oxidative
conversion to Co(IlI) resulted in a covalent linkage between the cation and receptor,
permitting the affinity labeling of the receptor and resulting in an average of 3 to 4
moles of cobalt bound per mole of receptor. In addition, the apparent high affinity
of manganese for awvp3 allowed us to measure a direct interaction of *Mn*? with
the receptor under native conditions by equilibrium gel filtration. Interestingly,
manganese abolished the cobalt oxidative affinity labeling of avf3, suggesting that
these cations bind to the same or mutually exclusive sites. More importantly, these
data provide a functional link between the coordination sphere of the cation and
the ligand recognition properties of the integrin. These results are consistent with
RGD cross-linking studies which directly implicate the divalent cation binding
repeats in the integrin ligand binding pocket. The putative role of the divalent cation
coordination sphere is shown in Figure 2. This model depicts that the negatively
charged aspartic acid within the receptor-bound Arg-Gly-Asp sequence interacts
electrostatically with the coordination sphere of the positively charged cation. Such
a model would also take into account non-RGD integrin binding events. This is
based on the observation that the negatively charged aspartic acid (D) is also found
in various other adhesive sequences; that is, AGDV (fibrinogen, gamma chain),
LDV (fibronectin, IIICS alternate splice site), and DGEA (collagen).
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E. Integrin Activation and/or Regulation on the Cell Surface

There is considerable evidence that integrin function can vary within the plane
of the membrane. In fact, integrin avidity for ligand can change in response to
specific agonists. For example, upon activation, platelets become adhesive and
aggregate in the presence of soluble fibrinogen, resulting in a platelet thrombus that
becomes deposited at the site of injury. This involves the specific activation of
integrin alIbB3 on the platelet surface (reviewed in Phillips et al., 1991). It is
important that the activation process is a local event involving only those platelets
inproximity tothe injury. Recently, it has been shown that Arg-Gly-Asp-containing
peptide ligands can serve to activate the integrin allbf3 receptor (Du et al., 1991).
Inthis case, it was shown that Arg-Gly-Aspbinding leads to changes in this receptor
that are associated with fibrinogen-binding function and platelet aggregation. This
study demonstrated that the Arg-Gly-Asp sequence can be both a trigger of high-
affinity ligand binding and an antagonist of alIbf3 function.

Another notable cellular adhesion event that can be activated involves 2
integrins on leukocytes (Springer, 1990). In this case, antigen recognition promotes
cell-cell interactions that enable new adhesive interactions to take place reversibly
in order to amplify the immune response. It appears that the $2 integrins which
recognize the counter receptors ICAM-1 or ICAM-2 on other cells undergo specific
conformational changes that result in an increase or decreased affinity (Springer,
1990). Antigen binding to the T-cell receptor can apparently trigger this event. Thus,
leukocytes which express 2 integrins can become transiently adhesive, thereby
enabling cell-cell binding events that are crucial to the immune response.

Recently it has been shown that a novel B1 containing integrin expressed by
developing retinal neurons can be activated in the presence of a monoclonal
antibody which promotes cell attachment to laminin and to collagen, but blocks it
to vitronectin (Neugebauer and Reichardt, 1991). It was further demonstrated that
developing retinal neurons, which had lost responsiveness to laminin, regain this
ability in the presence of this antibody. Thus, the 1 class of integrins likely exists
in multiple affinity states that can be modulated at the cell surface.

Integrin function can also be regulated by other molecules in the plane of the cell
membrane. Specifically, antibodies to the oligosaccharide portion of cell-associated
ganglioside were shown to perturb cell attachment events mediated by integrins
avp3 (Cheresh et al.,, 1986; Cheresh et al., 1987), or a5@1 (Stallcup, 1988).
Biochemical analysis revealed that gangliosides copurify with integrins on ligand
affinity columns (Cheresh et al., 1987), suggesting a close interaction between the
integrin and ganglioside on the cell surface. In fact, immunoelectron microscopic
analysis revealed a close association of the GD2 ganglioside with integrin av3 on
M21 human melanoma cells (Cheresh and Klier, 1986). The association of gan-
gliosides with integrins might be due to their mutual capacity to interact with
divalent cations. In addition, integrin function can dramatically be modulated based
on the lipid composition of the integrin-containing liposome (Conforti et al., 1990).
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These data suggest that the regulation of integrin function can vary from cell to cell
depending on the lateral association of other molecules in the plane of the mem-
brane. In support of this contention is the finding that the a2f31 integrin functions
as a laminin receptor in one cell type and a collagen receptor in another (Elices and
Hemler, 1989; Kirchhofer et al., 1990). Thus, integrin function must be considered
in the context of the cell membrane in which it is expressed.

1IV. BIOLOGICAL CONSEQUENCES OF
INTEGRIN-MEDIATED CELL ADHESION

A. Specific Integrins Potentiate Unique Cellular Functions

In some cases, integrins are preferentially expressed on certain cell types and
impart unique biological functions to those cells. For example, as mentioned above,
the hemidesmosome-associated integrin a6p34 appears to be preferentially associ-
ated with cells of epithelial origin (Quaranta and Jones, 1991). This integrin and its
polar distribution may help provide anchorage and communication of the basal
epithelial cell layer with its basement membrane.

Another example of an integrin restricted to a particular cell type involves the 2
family of integrins, members of which are uniquely expressed by leukocytes. This
class of integrins, which includes three receptors defined by distinct a subunits
(Springer, 1990), mediates a range of cell-cell and cell-substrate interactions. Thus,
individuals with defects in the B2 gene have pronounced immune deficiency and
are termed Leukocyte Adhesion Deficiency (LAD) (Andersonand Springer, 1987).
Significant progress has been made regarding the structure and function of this
family of integrins. This subject matter has been recently reviewed by Springer
(1990).

The a4p1 integrin appears to be preferentially expressed on certain leukocytes
and melanoma cells. This integrin serves as a fibronectin receptor capable of
recognizing an alternatively spliced form (CS-1) of fibronectin (Wayner et al.,
1989; Guan and Hynes, 1990) and the counter receptor, VCAM, expressed on
activated endothelial cells (Osborn et al., 1989; Elices et al., 1990). Endothelial
cells at the site of injury can become activated with cytokines, such as IL-1,
resulting in their capacity to support leukocyte adhesion events (Osborn et al.,
1989). Thus, a4p1 expression may explain, in part, the mechanism of leukocyte
invasion of tissues during inflammation. However, it is clear that other adhesive
mechanisms are involved between leukocytes and endothelial cells, including
LFA-1 recognition of endothelial cell expressed ICAM (Dustin and Springer,
1988). Likewise, the a4 1 expression on melanoma cells may potentiate metastatic
invasion of these tumor cells into the bloodstream by providing an adhesive
substrate on the surface of endothelial cells.



240 DAVID A. CHERESH

Endothelial cells express integrin avB3 as a major adhesive receptor (Cheresh,
1987). Endothelial cells (blood vessels) are capable of interacting with all known
tissues and organs in order to provide a blood supply. Moreover, during angiogenesis
associated with either wound healing, tumorigenicity, or inflammation, endothelial
cells maintain the capacity to traverse virtually all basement membranes and
extracellular matrix proteins. Endothelial cells are known to produce their own
matrix, which includes the protein von Willebrand factor (Wagner et al., 1984). This
protein typically accumulates in specialized compartments, known as Weibel-
Palade bodies, which release their contents basolaterally (Wagner et. al., 1984).
Interestingly, integrin arvP3 serves as a receptor for von Willebrand factor (Cheresh,
1987), indicating that endothelial cells not only remodel their matrix, but can
specifically attach to it. In a recent study by Defilippi et al., 1991, it was shown that
the integrin ollP1 collagen/laminin receptor was preferentially expressed on mi-
crovascular endothelium, and thus could only be detected on small blood vessel
and not large vessels such as aorta and umbilical and femoral veins. However, on
cultured human umbilical vein endothelial cells, this integrin could be induced by
treatment of the cells with tumor necrosis factor, a retinoic acid, or PMA. The
induction of integrin 131 on these cells increased their adhesiveness to collagen,
laminin, and the laminin fragment P1, while having no effect on adhesion to either
fibronectin or laminin fragment E8. Thus, integrin a1B1 appears to be an inducible
adhesion receptor, and under normal circumstances is preferentially expressed on
a specific population of endothelial cells.

Epithelial cells can also secrete their own extracellular matrix. Recently, a novel
protein was defined, termed epiligrin, which is specifically synthesized by epi-
thelial cells and appears to promote tight adhesion via the integrin a3p1 (Carter et
al.,, 1991). However, this integrin is also capable of recognizing fibronectin,
laminin, and collagen (Wayner et al., 1988). In any event, specialized cells not only
have the ability to remodel their own extracellular matrix but often express specific
integrin receptors allowing them to respond to the remodeled matrix.

B. Integrins: Role in Cancer

Numerous investigators have examined the adhesive properties of tumor cells
and compared them to nontransformed cell types. In general, tumor cells are less
adhesive and tend to be somewhat more migratory than their nontransformed
counterparts. Tumor cell growth in vitro is independent of cell adhesion and is not
inhibited by cell-cell contact. The capacity of the metastatic tumor cell to remodel
and/or degrade the extracellular matrix and basement membrane may potentiate its
migration from the primary tumor site. Therefore, the adhesive properties of tumor
cells are likely to be an important factor governing their proliferative and metastatic
properties in vivo.

Integrin-mediated cellular adhesion mechanisms have been proposed to play a
role in the malignant growth of tumors (Humphries et al., 1986, 1988; Plantefaber
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and Hynes, 1989; Giancotti and Ruoslahti, 1990; Chan et al., 1991; Cheresh, 1991).
In recent studies, overexpression of the fibronectin receptor a5@1 suppressed the
transformed phenotype of chinese hamster ovary cells (Giancotti and Ruoslahti,
1990). In this case, associated with the aSB1 increase, was an increased fibronectin
matrix deposition, loss of aanchorage-independent cell growth, and tumorigenicity
in nude mice. Plantefaber and Hynes (1989) demonstrated that ras-transformed
rodent cells showed a specific reduction in a58 1 compared to their nontransformed
counterparts. Recently it was shown that human rhabdomyosarcoma cells acquired
an increased metastatic capacity in nude mice when transfected with the collagen/
laminin receptor integrin a2f1 (Chan etal., 1991). However, the expression of this
integrin had no effect on the growth of the primary tumor in these animals.

Glioblastoma multiforme, the most malignant astroglial-derived tumor, grows as
an adherent mass and locally invades brain. An examination of adult cerebral
glioblastoma biopsy material revealed that avf33 is the primary integrin expressed
by these cells (Gladson and Cheresh, 1991). Moreover, vitronectin was the only
detectable tumor cell-associated adhesive ligand present in these tissues, and its
expression correlated with late stage glial-derived tumors. In this regard, normal
glial cells and early stage glioblastoma tumors failed to express vitronectin. In a
cell attachment assay, cultured glioblastoma cells attached to the parenchyma of
tumor cryostat sections at the sites of vitronectin expression, but failed to attach to
normal brain. This adhesion event was inhibited by an RGD-containing peptide and
antibodies against vitronectin and integrin avf3 (Gladson and Cheresh, 1991).
These observations provide evidence for a cell adhesion mechanisim that might
potentiate glioblastoma cell invasion of normal brain.

C. Integrin avf3: A Functional Marker of Human Melanoma Cells

Melanoma is one of the most malignant tumors in man. Primary melanoma
appears in the skin from where it can metastasize to almost any organ. Primary
melanoma tumors invade either horizontally or vertically. Typically, horizontally
invasive tumors can be surgically removed often without further consequence,
whereas vertically invasive primary tumors frequently lead to widespread meta-
static disease and death. In a recent study, Albelda and co-workers (Albelda et al.,
1990) examined the expression of av33 and other integrins on human melanoma
biopsy material, including metastatic lesions and those derived from vertical and
horizontal growth phase primary melanoma. In addition, normal skin melanocytes
and various types of nevi were examined for expression of these integrins. The
investigators reported in this study that 8/10 vertical growth phase primary lesions,
and all metastatic lesions expressed avf33 as determined by immunohistological
staining with Mabs, directed to the a and B subunits of this receptor. In every
positivecase, between 30 to 90% of the cells stained strongly with antibody directed
against the $3 subunit. In contrast, the 81 integrin subunit could be detected on
virtually all of the cells in these same tissues. In normal skin melanocytes, however,
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nevi and most importantly horizontal growth phase primary melanoma, 3 was not
detectable even though av was found to be present. It is likely that av associates
with B1, or with the newly defined 5 and/or 6 subunits. These findings suggest
that the expression of the 33 subunit may be linked to the progression of human
melanoma.

The capacity of 3 to associate with av on melanoma cells provides a broad
spectrum adhesive ability that may potentiate tumor cell malignancy in vivo.
Experimental evidence supports this contention. Specifically, an antibody to the $3
subunit was reported to inhibit the growth of human melanoma cells in nude mice
(Boukerche et al., 1989). Similarly, Arg-Gly-Asp-containing peptides, which are
known to block the function of avf3, were shown to inhibit both melanoma tumor
invasion in vitro (Gehlson et al., 1988) and the development of experimental
metastasis in a murine melanoma model system (Humphries et al., 1986, 1988).
These studies indicate that the expression of integrin avp3 on human malignant
melanoma cells may play an important role in the proliferation and metastatic
phenotype of this tumor. In support of this contention are recent results demonstrat-
ing that integrin av gene expression is required for human melanoma tumorigenic-
ity (Felding-Habermannetal., 1992). In this study, M21 cell variants (M21-L cells)
selected for the absence of av mRNA expression failed to express integrin avf33
(Cheresh and Spiro, 1987). M21-L cells not only lost the ability to attach to
vitronectin but showed a dramatic reduction in tumorigenicity when transplanted
subcutaneously into athymic nude mice compared to M21 parental cells, even
though both cell types showed identical 1 integrin expression and similar growth
properties in vitro. M21-L cells were then stably transfected with a cDNA encoding
av, which resulted in the functional expression of integrin avf3 on these cells and
completely restored their tumorigenicity (Felding-Habermann et al., 1992). Thus,
the integrin avp3 appears to be directly involved in the proliferation of human
melanoma in vivo.

A unique property of integrin avf3 is its ability to promote cell adhesion to
multiple Arg-Gly-Asp-containing ligands (Cheresh, 1987; Cheresh and Spiro,
1987). This may explain, in part, why melanoma cells invade such a wide array of
diverse tissues including the dermis, lymph node, spleen, bone, brain, lung, and
liver. In addition, the ability of melanoma cells to escape from the primary tumor
site may be due to their ability to interact with fibrin/fibrinogen via avp3 (Cheresh
and Spiro, 1987). Tumors are often surrounded by a fibrin coat which is produced
by the host in response to the tumor (Dvorak, 1990). This may explain why many
human tumor cell lines express plasminogen activator activity which results in the
proteolytic digestion of fibrin/fibrinogen (Dano et al., 1985). This enzyme activates
plasminogen, converting it to plasmin, which, in turn, degrades fibrin. Thus, human
melanoma cells not only can attach to fibrinogen/fibrin but can degrade this matrix
as well. Invasion of bone may be mediated by the ability of avf3 to recognize
osteopontin or bone sialoprotein. Therefore, expression of av33 by melanoma or
other types of malignant cells could increase their metastatic potential.
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D. Integrin Antagonists Perturb Biologically Relevant Adhesion Events

The use of integrin antagonists, such as RGD-containing peptides, may be useful
as antimetastatic or antithrombotic agents. In fact, recently a family of naturally
occurring cyclic RGD peptides isolated from viper venom have shown significant
promise as integrin antagonists, showing 100- to 1000-fold more potency than
linear RGD peptides (Huang et al., 1987; Chao et al., 1989; Garsky et al., 1989;
Scarborough et al., 1991). These peptides, termed dis-integrins, are naturally cyclic
due to multiple disulfide bonds, and typically contain from 50 to 70 amino acids.
At least, in some instances, these peptides bind with high specificity to the platelet
receptor allbP3 (Scarbourough et al., 1991). Recent structural evidence has accu-
mulated for one member of this family termed, Kistrin (Adler et al., 1991). Based
on detailed two-dimensional nuclear magnetic resonance spectroscopic measure-
ments, it is apparent that the RGD site is located at the apex of a long loop across
the surface of the protein. These investigators concluded that the relative high
affinity of this peptide and other viper venom peptides for integrins is likely due to
favorable conformational restraints of the RGD sequence, and not due to the
presence of major secondary binding determinants. It is of interest that the viper
venom peptide Eichistatin binds to integrin avf33 on osteoclasts and prevents their
adhesion to bone (Sato et al., 1990), resulting in the blocking of bone resorption.
Linear RGD-containing peptides have been used to block experimental metastasis
of murine melanoma cells in vivo (Humphries et al., 1986;1988). In this case, it
was demonstrated that lung colonization was drastically reduced in the presence of
the peptide. Taken together, the results of these studies indicate that integrin
antagonists may be useful for the treatment of diseases, such as vascular occlusion,
cancer, and osteoporosis. However, additional structural evidence is necessary in
order to design highly specific active compounds that serve to inhibit distinct
cellular adhesion events. The cyclic Arg-Gly-Asp peptides isolated from viper
venom should be useful tools to further our knowledge on the structural and
molecular basis of integrin function. This information could lead to development
of synthetic organic compounds that have high affinity for particular integrins. Such
compounds may ultimately prove to be potent inhibitors of inflammation, metas-
tasis, and thrombosis, especially if they are found to be nontoxic and possess
favorable pharmacological properties.

E. Integrins are Involved in Differentiation and Development

Cellular adhesive mechanisms have been implicated in embryonic development
and differentiation. Events during amphibian gastrulation and chick neural cell
migration can be perturbed by integrin antagonists such as Arg-Gly-Asp or
anti-integrin antibodies (Boucaut et al., 1984; Bronner-Fraser, 1986). During
this stage of development, fibronectin levels increase (Lee et al., 1984) as do
mRNAs corresponding to multiple integrin  subunits (DeSimone and Hynes,



244 DAVID A. CHERESH

1988). Integrins have been identified as functionally relevant in Drosophila devel-
opment (Bogaert et al., 1987; MacKrell et al., 1988; Leptin et al., 1989; Volk et al.,
1990; Zusman et al., 1990). A gene required for embryonic morphogenesis
(myospheroid) encodes a gene homologous to the integrin § subunit (MacKrell et
al., 1988). Embryos possessing mutants in this gene die late in embryogenesis as a
result of various morphogenetic defects. In fact, Drosophila expresses at least two
integrins characterized by distinct o subunits. Volk et al. (1990) proposed that
integrins may help to coordinate the differentiation of the Drosophila sarcomeric
cytoarchitecture of muscle fibers within their microenvironment, and are thus
essential for proper integration of muscle cells into tissues. Zusman et al. (1990)
generated flies that were mosaic for wild-type and mutant alleles of le-
thal(1)myospheroid using gynandromorphs and radiation-induced somatic cross-
ing over. The developmental defects observed demonstrated broad requirements
for PS integrins in ventrally derived structures. Smaller clones induced during
larval development resulted in blister and vein defects in the wings and aberrant
development of photoreceptor cells. Thus, PS integrins are required for the close
association between the dorsal and ventral wing epithelia, and for the proper
arrangement of photoreceptor cells. Although many other adhesive functions
appeared normal, much work is needed to determine the distribution of integrins
and matrix proteins during development. There is little doubt, however, that these
adhesive interactions will provide crucial signals during embryogenesis.
Recently it was shown that murine embryonic stem cells (ES cells) express an
alternatively spliced laminin receptor a6 subunit containing a distinct cytoplasmic
tail (Cooper et al., 1991). When ES cells were cultured under conditions that
permitted their differentiation, they lost the a6 alternative cytoplasmic tail and
acquired the cytoplasmic tail commonly found in a wide variety of differentiated
cell types. These dataimply that the signal transduction mechanism during embryo-
genesis may be altered by alternative splicing of the integrin a6 subunit cytoplasmic
tail. However, at present it is not clear what functional properties this alternative
splicing imparts on this receptor. Since this integrin normally recognizes laminin,
the switch between these forms of a6 might be of relevance to the developmental
role of laminin. This form of alternative splicing has also been identified for the o3
subunit (Tamura et al., 1991) which serves as a receptor for multiple adhesive
ligands. Thus, alternative exon usage might be cell type specific and related to
development. It may also be a general property of integrins and considerably add
to the structural and functional diversity of this family of adhesion receptors.
Evidence suggests that integrins are also involved in the regulation of differen-
tiation in the adult organism. Nicholson and Watt (1991) demonstrated that expres-
sion of fibronectin and the fibronectin receptor a5p1 were decreased during
terminal differentiation of human keratinocytes. During terminal differentiation,
keratinocytes become less adhesive to extracellular matrix proteins (Adams and
Watt, 1990), and this likely potentiates cellular movement away from the basal layer
as differentiation takes place. Thus, a feedback loop has been proposed where



Integrins: Structure, Function, and Biological Properties 245

reduced contact with the matrix causes cells to initiate differentiation and simulta-
neous migration (Watt, 1988). Fibronectin is a relatively minor component of the
normal epidermal basement membrane, yet it is abundantly expressed during
wound healing and promotes keratinocyte migration (Clark, 1990). The fact that
fibronectin prevents the differentiation of keratinocytes suggests that integrins
which potentiate adhesion to this protein may play a role in this process.

V. INTEGRINS: FUTURE STUDIES

Many integrins have been identified (see Figure 1) and their primary structure
elucidated. It seems likely that additional subunits will be identified in the near
future. Perhaps further examples of integrin isoforms as those described for a3 and
a6 will be uncovered (Cooper et al., 1991; Tamura et al,, 1991).

There are now a battery of highly specific antibodies and cDNAs available as
molecular probes to study the structure, function, and biological activity of inte-
grins. Cell models must be developed that specifically lack individual integrin
subunits. Such models will facilitate studies involving transfection of mutant,
truncated, or chimeric integrin subunits into such cells, and thereby help define the
structural basis of integrin-ligand interactive domains as well as provide insight
into the molecular mechanism of integrin subunit assembly. At present, it is still
unclear how a given cell regulates its integrin repertoire which defines its adhesive
phenotype. While it is clearly established that integrins mediate cell signals, future
studies will address the molecular basis of these signals and the consequences to
the cell in terms of second messengers, gene activation, and cellular proliferation.
By understanding these events at the molecular level, it may be possible to
comprehend why tumor cells are anchorage-independent and normal cells require
anchorage for growth and differentiation. Moreover, this may lead to an explanation
as to why one cell type migrates on a given matrix while another fails to do so.
Studies mentioned above should lead to more complex experiments that will deal
with the role of integrins within the intact organism. To accomplish these goals,
transgenic expression or integrin subunit “gene knockout” experiments will be
helpful in defining the precise role of integrins during development.

Ultimately it will be crucial to obtain three-dimensional X-ray crystallographic
analysis of integrins to understand the true structural basis of integrin-ligand
interaction. These studies should also allow for a molecular understanding of the
activation event(s) and the conformational changes leading to signal transduction.
However, one must always consider the structure of integrins within the context of
the cell membrane since it is this environment in which integrins are designed to
function and provide cell biological activity. Based on these studies, it may
ultimately be feasible to design specific integrin antagonists that regulate or inhibit
cellular adhesive events associated with thrombosis, inflammation, microbial in-
vasion, and cancer.
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l. INTRODUCTION

The development of a malignant tumor depends upon the action of multiple factors
leading to genotypic alterations and to the expression of a malignant phenotype
(Weinberg, 1989; Bishop, 1991). Although critical early in the history of the
neoplasm, genotypic alterations are not the only determinant in tumor progression
(Nicolson, 1987). Similarly to the processes occurring during embryonic develop-
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ment and cell differentiation (Grobstein, 1967), the emergence of a malignant
population of cells is also a consequence of inductive and restrictive signals which
originate in the host environment (Nicolson, 1987). Among the external factors
influencing neoplastic development is the extracellular matrix (ECM) produced by
the stroma and the tumor cells. It is well known that the ECM is not merely a
physical barrier against the invading tumors, but rather actively participates in
tumor progression by regulating the expression of genes involved in malignancy.
With the discovery of oncogenes and tumor suppressor genes, alterations in the
interaction of tumor cells with the ECM have been partly attributed to the activation
and/or inactivation of a particular group of genes able to regulate and control
tumorigenesis and metastatic properties (Mareel and Van Roy, 1986; Liotta et al.,
1991; Nicolson, 1991), and to allow tumor cells to circumvent microenvironmental
control (Nicolson, 1991). Yet a growing line of evidences suggest that tumor cells
are not completely autonomous and maintain a certain responsiveness to external
stimuli which affect the expression of the malignant phenotype (De Cosse et al.,
1973; Hayashi and Cunha, 1991). The molecular composition, and the organization
of the ECM, as well as the biologically active molecules entrapped in the matrix,
play an important role in tumor growth and in the expression of the malignant
phenotype. The action of certain growth factors (Vlodavsky et al., 1991; Yayon et
al., 1991) and oncogene products (Kiefer et al., 1991), both critical for tumorigene-
sis and angiogenesis, can also be regulated by ECM components. The ECM is a
dynamic structure constantly modified by the surrounding cells through the pro-
duction of enzymes, protease inhibitors, growth factors, and ECM components.
The qualitative and quantitative changes accumulated on the ECM during tumor
progression may generate aberrant influences on the already unstable population
of transformed cells, further contributing to the process of tumor progression and
to the conversion of a benign tumor into a malignant invasive carcinoma. Thus, it
is possible that changes in the tumor ECM may actually precede the expression of
a malignant phenotype and eventually may promote it (Beresford, 1988). On the
other hand, the ECM of the developing tumor, which has not yet accumulated
significant changes in structure and composition, may continue to emit “normal”
signals to the premalignant cells. This may suppress or delay the appearance of the
full malignant phenotype. This chapter discusses recent advances on the biochemi-
cal interactions of bioactive molecules with the ECM, and the relevance of such
interactions on the stimulation of tumor cell proliferation by the ECM.

Il. TUMOR CELL-EXTRACELLULAR MATRIX
INTERACTIONS

Considerable knowledge now exists on the composition and structure of the ECM
and the biochemical properties of the ECM components (Martin and Timpl, 1987;
Yamada, 1989; Beck et al., 1990; Labat-Robert et al., 1990; Sage and Bornstein,
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1991). Besides its role as a physical support for cells and tissues, the ECM actively
regulates many cellular functions, and most importantly, it plays a pivotal role in
the expression of the differentiated phenotype (Kleinman et al., 1987; Streuli and
Bissell, 1991) and in malignant processes (Liotta, 1989; Starkey, 1990; Sweeny et
al., 1991). Almost all types of cells interact with the ECM and are influenced by it.
There is also growing evidence for arole of the ECM on immune responses through
its interactions with lymphocytes and other immunocompetent cells (Levesque et
al., 1991; Shimizu and Shaw, 1991; Sousa et al., 1991). Various components of the
ECM, including laminin, fibronectin, and collagen type IV, have been shown to
promote cell adhesion, motility, growth, and cell differentiation. Other components
including SPARC/osteonectin, tenascin, and thrombospondin can act also as an-
tiadhesive proteins for many cell types (Sage and Bornstein, 1991), thus modulating
the responses of cells to the ECM.

The great diversity of cellular functions that can be influenced by the ECM would
be consistent with a dynamic structure able to adapt properly to the particular event
in progress. The temporal and spatial deposition of specific molecules into the
matrix might be a mechanism by which cells can control the differential expression
of genes during various stages in development, and possibly during neoplastic
growth. The antiadhesive properties of tenascin, for example, may facilitate cell
dispersion and invasion by interfering with the adhesion of cells to fibronectin
(Chiquet-Ehrismann et al., 1988; Herlyn et al., 1991). Since tenascin expression in
fibroblasts cells can be stimulated by transforming growth factor-f (TGF-)
(Pearson et al., 1988), the production of TGF- by the tumor cells may stimulate
the stroma to produce tenascin (Herlyn et al., 1991). Indeed, the tumor stroma has
been shown to contain high levels of tenascin which is rarely present in normal
tissues (Chiquet-Ehrismann et al., 1986; Inaguma et al., 1988).

Since human malignant gliomas are particularly rich in tenascin, a promising
therapeutic model for this type of tumor was developed using radiolabeled mono-
clonal antibodies against tenascin (ShengLee et al., 1988). SPARC, another ECM
protein, has also been shown to affect cell adhesion. Studies by Sage et al. (1989)
have shown that addition of exogenous SPARC inhibited the spreading, but not the
adhesion of fibroblasts, smooth muscle, and endothelial cells to various type of
collagens. The formation of a complex between SPARC and collagen type I
caused an inhibition of endothelial cell spreading (Sage et al., 1989). SPARC also
has been shown to inhibit cell proliferation by retarding the progression of cells
through the cell cycle (Sage and Bornstein, 1991). Thus, the adhesion, migration, and
proliferation of cells in both normal and malignant situations can also be regulated
by the production of ECM components with opposite biological functions.

Changes in cell shape caused by the ECM have profound effects on gene
expression. The studies of Streuli and Bissell (1991) with mammary epithelial cells
cultured on the reconstituted basement membrane, Matrigel, have shown that on
Matrigel these cells adopt an alveolar-like configuration and secrete milk proteins
into the lumen. Bissel et al. (1982) proposed that cell surface receptors for ECM
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components may regulate gene expression via molecular interactions of the recep-
tors with the cytoskeleton, which in turn transmit the signal to the nucleus. The
identification of cytoskeletal proteins, such as profilin (Goldschmit-Clermont and
Janmey, 1991) and geisolin (Janmey and Stossel, 1987), which are able to interact
with both actin and membrane phosphoinositides, may help to understand the
connection between changes in cell shape and signal transduction. An elegant
model to investigate the molecular mechanisms involved in the regulation of
transcriptional regulatory factors by the ECM has been recently reported by
DiPersio et al. (1991). Normal hepatocytes transfected with plasmids containing
the transcriptional enhancer of the albumin gene demonstrated enhancer activation
when cultured on an ECM substrate. Interestingly, the tensile properties of the
substratum, rather than its molecular composition in conjunction with changes in
cell shape, appeared critical for enhancer activation (DiPersio et al., 1991). A
relationship between ECM receptors (integrins) and transcriptional activation has
been suggested from studies with the transactivation factor 7at. This protein,
encoded by the human immunodeficiency virus, type [ (HI'V-1), contains the highly
conserved tripeptide sequence Arg-Gly-Asp (RGD) present in various adhesive
ECM proteins and important for integrin-mediated cell adhesion. 7at protein
released by HIV-1 infected cells can be internalized by other cells and stimulate
growth (Ensoli et al., 1990). Brake et al. (1990) have shown that purified 7a¢ protein
stimulates adhesion of various cell types. However, the role of the RGD sequence
in the uptake of Tat by uninfected cells is still controversial. Indeed, Mann and
Frankel (1991) have shown that truncated 7at proteins lacking the RGD sequence
can still be internalized and exert transactivating activity. Interestingly, uptake of
Tat protein was inhibited by polyanionic substances such as heparin and dextran
sulfate (Mann and Frankel, 1991). It will be interesting to determine whether
heparan sulfate proteoglycan and/or other ECM components play a role on the
internalization and transactivating actions of 7at protein. Although the mechanism
of Tat uptake, as well as its physiological relevance, are still unclear; these findings
further support the notion that the interaction of biologically active molecules with
ECM components may be important in the regulation of gene expression.
Another important function of the ECM is to participate in the regulation of cell
growth. It has long been recognized that cells in contact with the ECM demonstrate
an enhanced rate of proliferation. In stratified epithelium, the cells that arein contact
with the basement membrane are those able to proliferate (Weinstein and Van Scott,
1965). In vitro studies have shown an enhanced rate of cell proliferation when the
cells were seeded on ECM-coated dishes (Vlodavsky et al., 1980; Levesque et al.,
1991). The effects of the ECM on cell proliferation are complex, involving changes
in cell shape (Folkman and Moscona, 1978), direct action of ECM components
with mitogenic properties (Terranova et al., 1986; Panayotou et al., 1989), and the
presence of specific growth factors associated with normal constituents of the
matrix (Ruoslahti and Yamaguchi, 1991). Heparan sulfate proteoglycan has been
shown to bind fibroblast growth factor (FGF) and to act as a storage depot for this
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growth factor in the ECM (Vlodavsky et al., 1986; Saksela et al., 1988; Vlodavsky
etal., 1991). Moreover, production of enzymes, such as heparanase, which degrades
the sugar moieties of heparan sulfate proteoglycan, has been shown to cause the
release of FGF from the ECM, making it available for the tumor cells (Bashkin et
al., 1989; Vlodavsky et al., 1991). The released FGF may also stimulate the
proliferation of endothelial cells increasing the vascularization of the tumor. Since
changes in heparan sulfate have been shown to occur after neoplastic transforma-
tion (Iozzo, 1988), any alteration in the structure and amounts of heparan sulfate
deposited in the ECM or on the surface of the tumor cells may consequently affect
the stability and availability of FGF. Indeed, binding of basic FGF to its high-af-
finity receptor can occur only when the growth factor is bound to cell surface
heparan sulfate, or to soluble heparin (Yayon et al., 1991). Kiefer et al. (1991)
recently demonstrated that 3T3 cells transformed with the Int-2/Fgf-3 cDNA
deposit Int-2 related products, a member of the FGF family, into the ECM in
association with heparan sulfate. In the presence of heparin, the transformed cells
showed reduced proliferation, decreased agar colony formation, and a more normal
appearance. Besides heparan sulfate proteoglycan, other components of the matrix
are also known for their ability to interact with growth factors and to modulate
mitogenic activity. SPARC has been shown to form a complex with platelet-derived
growth factor that inhibits receptor binding (Sage and Bornstein, 1991). Similarly,
thrombospondin, an extracellular protein secreted by activated platelets and pro-
duced by many mesenchymal and epithelial cells in vitro has been shown to bind
TGF-B, although the physiological role of such interaction remains unknown
(Murphy-Ulrich et al., 1990). TGF-B also binds to collagen type IV (Paralkar et al.,
1991).

The successful establishment of a cancer growth also depends on the ability of
the malignant cells to degrade the ECM. Tumor cells produce a variety of pro-
teolytic enzymes including plasminogen activators, metalloproteinases, and
trypsin-like enzymes that all participate in ECM degradation. The level of
expression of the metalloproteinases involved in the degradation of collagen type
IV, for example, has been correlated with the expression of a malignant phenotype
and with enhanced metastatic potential (Liottaetal., 1991). Many matrix-degrading
enzymes are secreted in an inactive form that requires removal of the proenzyme
region to acquire enzymatic activity. Furthermore, the latent form of the type IV
collagenases forms a complex with their specific inhibitor (Matrisian, 1990;
Woessner, 1991). The regulation of the enzymatic activity of the metalloprotei-
nases, plasmin, and urokinase involves the action of both activators and specific
inhibitors which are secreted into the extracellular space. The production of
proteases by the tumor cells can be both constitutive or inducible depending on the
state of progression of the tumor cells and on the availability of potential inductors.
On the other hand, the action of activators or inhibitors may be controlled by other
cell types and by a localized deposition of these molecules in those sites requiring
regulation of protease activity.
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Table 1. Tumor Cell Activities Regulated by the ECM

Spreading, adhesion and detachment
Cell growth

Cell motility

Induction of proteolytic enzymes

n oA =

Action of growth factors, proteases and protease inhibitors
through interactions with ECM components

6. Gene expression
7. Cell-cell communication

Several proteases and protease inhibitors have been localized in the ECM,
including plasminogen activators (Moscateli and Rifkin, 1988) and plasminogen
activator inhibitor type 1 (PAI-1) (Mirumo and Loskutoff, 1989). Vitronectin, a
plasma and ECM protein, has been shown to bind PAI-1. The binding of PAI-1 to
vitronectin appears to increase the half-life of the inhibitor and to protect it from
oxidation (Seiffert et al., 1990). Two metalloproteinases, the 72-kDa and the
92-kDa gelatinases, capable of degrading basement membrane collagen, posses a
gelatin-binding domain homologous to that present in fibronectin (Collier et al.,
1988; Wilhelm et al., 1989). Since both enzymes are secreted, this domain may be
involved in the binding of the enzymes to the ECM. Matrigel, a reconstituted
basement membrane, contains a 92-kDa gelatinase; however, it is yet unknown
whether it is associated with a particular ECM component (unpublished observa-
tion). Table 1 summarizes the cellular activities of tumor cells that can be influenced
and/or regulated by the ECM.

l1l. TUMORIGENESIS AND THE EXTRACELLULAR MATRIX

The ability of the ECM to influence the phenotype of cells has been elegantly shown
in the works of Greenburg and Hay (1982, 1986, 1988) in which differentiated
epithelial cells in contact with a three-dimensional matrix were able to transform
into mesenchymal cells. These studies demonstrated that even well-differentiated
cells can drastically change their phenotype in response to the ECM. Hay (1990)
postulated that when cells emigrate from the epithelium, the ECM activates master
regulatory gene/s that induce phenotypic transformation. This activity of the ECM
appears to be mediated by integrins and syndecan, an heparan sulfate proteoglycan
present on the surface of most epithelial cells (Hay, 1990). In kidney development,
the conversion of mesenchyme to epithelium has been suggested to be controlled
by a differential expression of laminin chains (Ekblom, 1989).

A similar situation of phenotypic transformation may occur in neoplasiain which
premalignant tumor cells in contact with a different environment may undergo
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profound phenotypical and behavioral changes (Beresford, 1988). A large number
of studies have demonstrated the influence of the environment (stroma and/or
ECM) on tumorigenesis. It has been shown that teratocarcinoma cells implanted
into the mouse blastocystcan develop into normal tissues (Mintzetal., 1975; Pierce
et al., 1979). Loss of malignant properties was observed in basal cell carcinomas
grown in association with normal stroma (Cooper and Pinkus, 1977) and human
colon carcinoma cells cocultured with fetal rat mesenchyme differentiated into
gland-like structures (Fukamachi et al., 1986). Hayashi and Cunha (1991) reported
a loss of tumorigenicity and induction of secretory cytodifferentiation in Dunning
prostatic adenocarcinoma cells grown in association with the mesenchyme of rat
seminal vesicles. In other systems, the stroma has been shown to cause an enhance-
ment of the malignant properties. For example, enhanced tumorigenicity of human
cancer cells including prostate (Gleave et al., 1990; Camps et al., 1991), breast, and
bladder tumor cells (Camps et al., 1991) was observed after coinoculation of the
cells with fibroblasts. These effects were probably mediated by soluble factors
produced by the fibroblasts; however, irradiated fibroblasts were also able to
stimulate tumor growth suggesting a role for the ECM in these effects.

The study of the biological effects of the ECM in general, and the basement
membrane in particular, have been facilitated by the use the Engelbreth—-Holm~
Swarm (EHS) murine tumor known to produce a multilaminar basement mem-
brane-like matrix (Orkin et al., 1977). Biochemical analysis of the EHS basement
membrane demonstrated the presence of laminin, collagen type IV, heparan sulfate
proteoglycan, and entactin, all ubiquitous components of naturally occurring base-
ment membranes (Kleinman et al., 1986). The EHS tumor became an excellent
source for the isolation of specific basement membrane components and the
production of Matrigel, a liquid extract of basement membrane components that
forms a gel at 37 °C (Kleinman et al., 1986). Laminin was first isolated in intact
form from neutral extracts of the EHS tumor and found to be composed of three
distinct polypeptide chains designated A, B1, and B2 organized in a cross-shaped
structure (Martin and Timpl, 1987; Beck et al., 1990). Today, there is considerable
evidence that this particular organization of laminin is not universal, and other
laminin isoforms have been described (Beck et al., 1990). The variability in the
structure of laminin suggests that the basement membrane is not a single entity, but
a dynamic network of proteins adapted to the functions and organization of each
specific tissue. In the case of the EHS basement membrane, the matrix deposited
by this particular type of tumor may reflect in its nature and composition some
aspect of the malignant phenotype, including imbalance deposition of ECM com-
ponents, presence of growth factors, enzymes, and other tumor-specific molecules.
Despite its tumor origin, however, Matrigel has been shown to promote normal
differentiation in many systems (Kleinman et al., 1986, 1987, 1991).

Asstrong line of evidence supporting the importance of the ECM in tumor growth
came from experiments performed by several groups including ours on the effect
of the ECM on the proliferation of tumor cells in vivo.



260 RAFAEL FRIDMAN

In these experiments, tumor cells were mixed with liquid Matrigel and then
injected subcutaneously into athymic mice (Fridman et al., 1990). Using a series
of Small Cell Lung Carcinoma (SCLC) cell lines, we showed that coinjection with
Matrigel dramatically accelerated the growth of both classic and variant SCLC cell
lines, two subtypes of SCLC cells. In the case of a variant SCLC cell line, tumor
growth in the presence of Matrigel could be observed with as little as 25,000 cells
per mouse, a cell inocula too small to produce tumors even 4 months after injection.
Some of the classic SCLC cell lines formed tumors only in the presence of Matrigel,
while others grew very slowly and they never reached the size of tumors obtained
with Matrigel. The specific constitution of Matrigel appeared to be essential for cell
proliferation since coinjection of SCLC cells with collagen type I did not result in
tumor growth in spite of the ability of the collagen to polymerize into a gel. Small
amounts of Matrigel were also sufficient to stimulate SCL.C tumor growth since
same size tumors were obtained with a 10-fold dilution of the originai Matrigel
solution (5 mg/mouse). A similar finding was observed with B16F10 melanoma
cells in which case 100 to 500 pg of Matrigel/mouse were sufficient to support
enhanced tumor growth (Fridman et al., 1991). These observations suggested that
the component(s) of the Matrigel responsible for its effect on tumor growth was
probably in a high concentration.

Indirect evidence suggesting a role for laminin in tumor growth and metastasis
came from experiments using a synthetic peptide from the Bl chain of laminin,
Tyr-lle-Gly-Ser-Arg (YIGSR). The YIGSR sequence is a major site on laminin
involved in receptor binding and in cell attachment (Graf et al., 1987). The YIGSR
peptide has been shown to inhibit experimental metastasis formation (Iwamoto et
al., 1987; Kawasaki et al., 1991), tumor growth, and angiogenesis (Sakamoto et al.,
1991).

We have shown that presence of the YIGSR peptide in the mixture of SCLC cells
and Matrigel significantly inhibited tumor growth (Figure 1). The effect was
specific since another synthetic peptide with only one amino acid changed, had no
effect. The presence of YIGSR inhibited the growth of the SCLC cell lines capable
to attach and spread on laminin-coated dishes, but had no effect on one SCLC cell
line unable to attach to laminin yet responsive to Matrigel when coinjected into
athymic mice (Fridman et al., 1990). Thus, both laminin and other Matrigel
constituents may play a role in the stimulation of tumor growth. However, coinjec-
tion of cells with purified laminin did notresult in accelerated growth probably due
to the inability of laminin to form a gel and/or its instability in vivo. The inhibitory
effect of the YIGSR peptide on tumor growth could be a consequence of an
inhibition of tumor-induced angiogenesis by the peptide as previously shown by
Sakamoto et al. (1991).

In our studies (Fridman et al., 1990), it was interesting to observe that a single
dose of the YIGSR peptide, administered at the time of injection in the mixture of
cells and Matrigel, was sufficient to cause inhibition of growth. Probably, the gel
formed by Matrigel provides a protective and stabilizing environment for both the
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Figure 1. Effect of a synthetic YIGSR peptide on the proliferation of SCLC cells
coinjected with Matrigel in athymic mice. 1. SCLC cells + Matrigel; 2. SCLC cells +
Matrigel + YIGSR; 3. SCLC cells alone. The photograph was taken 45 days after
injection.

cells and the synthetic peptide. A recent study demonstrated that nanogram amounts
of basic FGF coinjected with Matrigel and heparin result in a strong angiogenic
response that does not occur in the absence of Matrigel, or in the absence of FGF
(Passaniti et al., 1992). While Matrigel itself does not appears to be angiogenic, it
can support vascularization if the appropriate factors are present. The growth of
tumors in the presence of Matrigel may be due to the stabilization of angiogenic
factors produced by the tumor cells (Vlodavsky et al., 1991). Table 2 lists some of
the possible mechanisms by which Matrigel elicits its stimulation of cell prolifera-
tion in vivo.

The ability of Matrigel to support tumor growth is not limited to a specific type
of tumor cells. A stimulatory effect of Matrigel has been reported on a variety of
tumor cell lines, including B16F10 melanoma cells, human submandibular carci-
noma A253 cells, human epidermoid carcinoma KB cells (Fridman et al., 1991),
B16F6 melanoma cells, CBA/T6T6 mouse fibrosarcoma cells, rat Walker 256
adenocarcinoma cells (Vukicevic et al., 1991), and human HT1080 fibrosarcoma
cells (Sweeny etal., 1991). Matrigel can also support the growth of primary human
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Table 2. Possible Mechanisms of Matrigel
Enhancement of Tumor Growth

Protective environment
Physical support
Promotion of cell-cell interactions

B w N~

Stabilization of autocrine and paracrine growth factors
and angiogenic factors produced by the tumor cells and
the stroma

Laminin-cell interactions

o

Growth factors and cytokines sequestered in the matrix
7. Stimulation of inflammation

cancer cells including renal and colon carcinoma cells (Fridman et al., 1991). The
latter were obtained from metastatic lesions in the liver, disaggregated with en-
zymes and the single-cell suspension mixed with either Matrigel or culture media
prior to injection into beige/nude mice. In the presence of Matrigel, the cells formed
tumors that were 10-fold larger than those formed in the absence of the reconstituted
basement membrane (Fridman et al., 1991). Similar results were reported by other
investigators. Pretlow and coworkers (1991) showed that human prostatic carci-
noma cell lines coinjected with Matrigel formed rapidly proliferating tumors with
fewer cells. Most important was their observation that fragments of primary human
prostatic carcinomas suspended in Matrigel and transplanted into male nude mice
that had not received immunosupresive or hormonal treatments, produced tumors
that retained the histopathological characteristics of prostate carcinomas and ex-
pressed prostate-specific antigen, acid phosphatase, and hexosaminidase. In light
of the low rate of success in obtaining tumors from human prostatic cancer tissues,
the results reported by Pretlow and coworkers using Matrigel are of great signifi-
cance. Similar findings were reported by Passaniti and coworkers (1991) using
human prostate carcinoma cell lines coinjected with Matrigel. Besides accelerated
tumor growth, these researchers also observed prostate carcinoma cells in the bone
marrow of mice bearing subcutaneous tumors, suggestive of an ability of the tumor
cells to form distant metastasis in a pattern similar to that observed with prostate
tumors. The metastatic prostate cells isolated from the bone marrow were estab-
lished in culture and found to be more aggressive than the parental cell line. The
appearance of bone metastasis from the subcutaneous tumors may be related to the
accelerated growth of the primary tumor in response to Matrigel, or due to a direct
effect of the matrix on the expression of malignant properties. Our previous results
with other tumor cells stimulated by Matrigel indicate that rapid tumor growth does
not necessarily result in metastasis formation even from cell lines derived from
highly malignant tumors. The diversity of responses of tumor cells to the presence
of Matrigel will be as heterogeneous as the populations existent in each particular
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tumor, and while certain cells will progress into more malignant stages, others may
in fact become more differentiated and cease proliferation (Vukicevik et al., 1991).
Indeed, we have found that a number of established cell lines and primary human
tumor cells do not respond to Matrigel (Fridman et al., 1990; 1991).

A possible involvement of Matrigel in tumor progression has been suggested in
a series of studies performed in our laboratory using the murine cell line NIH-3T3
(Fridman et al., 1992). Due to the sensitivity of these cells to become transformed,
usually in a single step, the NIH-3T3 cell line has served well to define factors
responsible for malignant transformation. The transforming abilities of some
members of the large family of oncogene proteins were determined using NIH-3T3
cells as a target (Bishop, 1991). After transfection of a single dominant gene, the
NIH-3T3 cells undergo profound changes in morphology, rate of cell proliferation,
and tumorigenic potential. Transfection of activated ras oncogenes into these cells,
for example, induces both tumorigenic and metastatic abilities (Thorgeirsson et al.,
1986). Malignant transformation of NIH-3T3 cells can also be achieved by modu-
lating the culture conditions (Rubin and Xu, 1989). Interestingly, the expression of
the malignant phenotype is not irreversible, and under the appropriate conditions
the cells can return to the nontransformed phenotype (Rubin et al., 1990). Since the
transition between a normal and a transformed state could be controlled by the
growth conditions, Rubin and Xiu (1989) suggested that the acquisition of a
transformed phenotype in NIH-3T3 cells can occur in the absence of conventional
genetic alterations. In these cells, however, most of the genetic alterations and
qualitative changes involved in tumor progression probably occurred earlier during
their establishment in culture. Thus, NIH-3T3 cells reflect a very advanced stage
in tumor progression, and exposure to the right stimulus initiates the necessary
events leading to their conversion into a malignant cell. We have found that
coinjection of nontransformed and nontumorigenic NIH-3T3 cells with Matrigel
resulted in tumor formation (Fridman et al., 1992). These tumors grew very slowly
and showed the histopathological characteristics of a malignant invasive fibrosar-
coma. An extensive degree of vascularization was common, but no distant metas-
tases were observed. The cells isolated from the tumors and maintained in culture
showed a transformed morphology with spindle shape cells and absence of contact
inhibition. When injected again without Matrigel into athymic mice, the cells
formed rapidly, proliferating tumors. If injected intravenously, the transformed
NIH-3T3 cells formed many tumors in the surface of the lungs. Thus, the cells
isolated from the Matrigel-induced tumors acquired a transformed phenotype and
the ability to form experimental metastasis. It is difficult to determine whether the
formation of tumors by the NIH-3T3 cells coinjected with Matrigel was a result of
a selection of a malignant subpopulation of cells already present in the parental cell
line, or to the appearance of newly transformed cells; however, the long latency
period of the tumors suggested that a gradual process of selection and adaptation
were probably required for the expression of the malignant phenotype. Matrigel
acted as an optimum microenvironment for tumor development (see Table 2), and
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demonstrated that the contact of premalignant cells with the ECM facilitated
malignant transformation.

IV. CONCLUSIONS

The complex interactions occurring between cells (tumor and stroma) and the ECM
during tumor progression are schematically described in Figure 2. This model
ascribes a fundamental role for the ECM in tumor progression. The ECM compris-
ing the basement membrane and the connective tissue can act as a reservoir for
growth factors, enzymes, protease inhibitors, cytokines, and other bioactive mole-
cules deposited by both the tumor and the stroma cells. The ECM-bound molecules
actupon the cells affecting gene expression. In response, the tumor and stroma cells
modify the structure of the ECM through the deposition and degradation of ECM
components and secretion of bioactive molecules into the matrix. The modified
ECM elicits new cellular responses via specific receptors such as the integrins
(Albelda and Buck, 1990). Changes in ECM receptors can also modulate the
response of cells to the ECM. There is also a direct interaction between the tumor

TUMOR CELL

Growth factors, enzymes,
inhibitors, cytokines

\

ECM components E C M : ECM components

ECM *—— — ¥ ECM
receptors receptors

Growth factors, enzymes,
inhibitors, cytokines

STROMA CELL

Figure 2. Schematic diagram of the interactions of tumor cells with the ECM and
stroma. The ECM includes both the basement membrane produced by the tumor cells
and the connective tissue matrix deposited by the stroma cells.
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cells and the stroma through the production of diffusible substances and the
establishment of cell-cell contacts. This multifactorial process finally concludes
with the establishment of a malignant population of cells and the appearance of a
cancer growth. The molecular events occurring in response to the ECM are now
starting to unveil (DiPersio et al., 1991; Streuli and Bissell, 1991). The elucidation
of the mechanism of action of the various ECM receptors, their interactions with
the cytoskeleton, and their role in signal transduction will help to define in a more
precise manner how signals transmitted by the ECM affect gene expression. Also,
the study of the interactions of bioactive molecules with the components of the
ECM will provide new insights into the role of the ECM in normal situations and
in diseases.
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I. INTRODUCTION

Connective tissue is an ubiquitous component of the organism. Connective tissue
cells and extracellular matrix (ECM) play an important role in supporting the tissue
architecture and morphological differentiation of cells and organs. Besides the
mechanical properties, however, the ECM also influences important biological
functions such as cell differentiation, proliferation, migration, and adhesion. These
activities are mediated by distinct components. Most of them are multidomain
glycoproteins interacting with one another and with cells via specific membrane
receptors belonging mostly to the integrin family (Abelda and Buck, 1990; Ruoslahti,
1991; David Cheresh, this volume). The multiple functions of connective tissue are
achieved by varying the composition and the proportions as well as the macro-
molecular organization of the individual components. Synthesis, degradation of
ECM molecules, and multimolecular modeling of complex ECM structures are
tightly controlled events that guarantee the physiological functions of connective
tissues.

Several diseases are due to defects in the primary structure of the individual
components of the ECM, or to more complex disturbances in the regulatory
mechanisms of connective tissue metabolism. The accumulated information con-
cerning the structure and biological activities of the protein constituents provides
new insights about their possible role in inborn and acquired diseases. The innate
errors of collagen metabolism are the best characterized model which turned out to
be extremely useful in understanding the more complex alterations taking place in
acquired diseases. Here our knowledge is much more limited. Intense efforts are
still needed to precisely define the molecular events involved in various diseases.
Innate disorders of connective are valuable models to understand the function of
different structures and the steps of the metabolism of matrix proteins. The
elucidation of mutations in collagen genes has already provided significant insight
into molecular assembly, chain folding, secretion, processing, and fibril formation.
The creation of animal models by the transgenic approach and the identification of
natural or introduced mutations in additional collagens will allow a wider under-
standing of the function of many collagens. Another important area in which there
may be extensive therapeutic applications is the characterization and regulation of
promoter regions for collagen genes. Such mutations in these regions could explain
diseases resulting in abnormal deposition of collagen. Overexpression of collagen
genes in various fibroses (cirrhosis, sclerosis, keloids), or underexpression of
collagen genes in osteoporosis might also be the consequence of mutations occur-
ring in the regulatory promoter regions of these collagen genes.

Whereas the inborn disorders of collagen metabolism are relatively rare, acquired
diseases in which connective tissues play a major role are much more common.
Scleroderma, hypertrophic scars, keloids, fibrosis (lung, liver), arthrosis,
atherosclerosis, atrophy, wound healing defects, and metastasis of tumors are well
known examples of such diseases. In such conditions, the matrix proteins have a
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normal composition, but their synthesis and/or degradation is altered. The isolation
and molecular dissection of the several domains of extracellular matrix glycopro-
teins allowed the definition of their biological properties. The precise regulation of
the genes that encode the collagen chains and large matrix proteins is crucial for
normal embryo development. The control by hormones, cytokines, and growth
factors on the expression of matrix components and of the enzymes that affect their
cross-linking and accumulation or degradation is extensively studied during normal
growth and in various acquired diseases. The precise definition of the disturbed
regulation of ECM production and remodeling in acquired disorders may provide
alternative therapeutic strategies and lead to a better control of the healing process,
fibrogenesis, and tumor progression. Furthermore, the action of auto-immune
antibodies directed against ECM components and especially basement membrane
(BM) can lead to severe diseases often involving the kidney and skin. The complex
interplays between ECM and the immune system represent a particular area of
intense clinical research. In the second part of this chapter, we will attempt to
demonstrate how the extracellular matrix is involved in acquired diseases. We will
focus on renal diseases. Indeed, multiple pathogenetic mechanisms involving the
glomeruli, the interstitium or both lead to ECM accumulation and renal dysfunc-
tion. During glomerular matrix expansion, specialized cellular structures are re-
placed by fibroblasts, collagen and mesenchymal matrix, with concomitant
disruptions of the kidney’s functions of filtration, secretion and reabsorption. The
pathogenesis involves different types of cells and various growth factors or inflam-
matory factors released by resident or infiltrating cells such as T cells, neutrophils,
monocytes/macrophages and platelets. On the other hand, autoimmune attack
against ECM components can also result in severe renal disorders.

This review will analyze the specific involvement of biochemically defined
components of the ECM in both inborn and acquired diseases with a particular
emphasis on immune-mediated renal injury. Due to the extensive research on ECM
structure, function and pathology, no attempt can be made here to summarize
comprehensively the entire topic. This paper will first briefly describe collagen-
related inborn disorders and then focus on acquired diseases with special attention
to the kidney. After a brief description of normal glomerular structure, two fields
of renal pathology in which ECM plays a central role will be considered: (1)
glomerular ECM expansion; and (2) ECM as target for autoantibodies. Although
this review will emphasize glomerulosclerosis, much of the discussion may be
applicable to abnormal ECM deposition in general.

Il. COLLAGEN IN INBORN DISEASES

The investigation of the inherited matrix disorders has progressed on two parallel
fronts. Two decades of protein chemistry have provided detailed background
information on the structure of collagens. This has been used to identify the
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Table 1. Inborn Diseases Associated to Mutations in
Collagen Genes

Collagen Genes Diseases

Type I collagen genes Osteogenesis Imperfecta

(COL1A1,COL1A2) Ehlers-Danlos syndrome
Osteoporosis

Type 11 collagen gene Chondrodysplasias

(COL2A1) Stricker syndrome

Achondrogenesis
Spondyloephyseal dysplasia
Kniest syndrome

Type 111 collagen gene Ehlers-Danlos syndrome
(COL3AD) Familial aneurysm

Type IV collagen gene Alport’s syndrome
(COL4AS5)

candidate genes for analysis using DNA markers. On the other hand, segregation
analysis has, in turn, sorted out which diseases are caused by the following collagen
gene mutations and which are not (Vuorio, 1986; Sykes, 1989) (Table 1).

e Mutations in type I procollagen genes are the best studied and characterized
(Prockop, 1985, 1990). They change the primary structure of the protein, but
do not decrease expression of the genes. Such mutations thus cause synthesis
of a structurally abnormal but partially functional type I procollagen. The
deleterious effects of the abnormal procollagen chains are then amplified by
three mechanisms in which the presence of a single abnormal pro-a chain in
the procollagen molecule can drastically disturb the processing of the molecule
of collagen, or the presence of abnormal molecules in fibrils distorts their
structure and mechanical properties.

* Mutations that alter the amino acid sequence of the region of a pro-a chain
that forms the triple helix interfere with the formation of the collagen. The
protein remains unfolded, accumulates in the cells and is then slowly secreted
and degraded.

* Mutations that change the structure of the pro-o chains can cause lateral
displacement of one pro-a chain. As a consequence, the processing of the
N-propeptide by the procollagen-N-peptidase is reduced or abolished. Persist-
ence of the N-propeptide interferes in turn with the aggregation of collagen
into fibrils (Hulmes et al., 1989).

The deleterious effects of an abnormal pro-a chain are also amplified when a
kink is introduced into the triple helix of the protein (Vogel et al., 1988). The kink
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in the rigid collagen molecule does not prevent the association of collagen into
fibrils. These fibrils are, however, abnormally branched and mechanically dysfunc-
tional.

Studies on brittle bone disease in children, Osteogenesis Imperfect (OI), have
provided evidence that over 95% of the patients have mutations in one of the two
genes that determine the structure of type I procollagen. More than 70 mutations
affecting these genes have been found in OI probands (Kuivaniemi et al., 1991). It
has also been demonstrated that some patients with a familial history of
osteoporosis have mutations in the type I procollagen genes that are similar but
milder in consequence than those present in OI (Constantinou et al., 1990; Spotila
et al., 1990). Several forms of cartilage dysfunctions (chondrodysplasias, Stricker
syndrome, spondyloepiphyseal dysplasia, spondylometaphyseal dysplasia, achon-
drogenesis, and the Kniest syndrome) result from mutations in the COL2A1 gene
that encodes the chains of type II collagen (Byers, 1990). Some patients with
osteoarthritis also have mutations in that gene (Kuivaniemi et al., 1991). Mutations
in the human gene that encodes type III procollagen (COL3Al) have been shown
to produce some forms of Ehlers—Danlos syndrome (EDS), particularly those with
aneurysms of the large vessels (Prockop, 1990; Kuivaniemi et al., 1991) (see Table
1). Mutations in one isoform of type IV collagen, the COL 4A5 gene, are respon-
sible for the X-linked Alport’s syndrome, an hereditary glomerular nephritis
characterized by a progressive loss of renal function (Barker et al., 1990). No
mutations have yet been identified in the majority of the more than 20 genes that
encode the chains of other human collagens (type V-XI).

1. ACQUIRED RENAL DISEASES

A. Normal Glomerular Structural Elements

The glomerulus is a network of capillaries containing different cell types sepa-
rated by extracellular matrices. The endothelial cells line the lumen of glomerular
capillaries and large epithelial cells cover the external surface of glomerular
basement membrane (GBM). The mesangial cells and resident macrophages rep-
resent the cellular element of the interstitial portion of the glomerulus (mesangium).
The mesangial cells resemble smooth-muscle cells, presenting contractile proper-
ties. The glomerular tuft is surrounded by Bowman’s capsule, an extension of the
BM of proximal tubule which is covered by a single layer of cells (parietal epithelial
cells). The mesangial extracellular matrix and GBM of normal glomerulus contain
collagen types IV, V, VI, laminin, fibronectin, entactin, and proteoglycans (includ-
ing heparan sulfate and chondroitin sulfate) (Fouster et al., 1987; Bruijn et al.,
1988a; Klahr et al., 1988; Funabiki et al., 1990) (Figures 1, 2a, 3a; Table 2). These
components have been extensively reviewed and it is not our purpose to describe
them in detail here (see other chapters of this volume). Fibronectin appears to be



Figure 1. (a) Electron micrograph of a glomerular capillary wall in the kidney of a
normal (C57BL10xDBA/2)F1 mouse. (b) Glomerular capillary wall in
(C57BL10xDBA/2)F1 mouse kidney suffering from chronic graft-versus-host disease,
showing subepithelial electron-dense deposits with spike formations of the glomerular
basement membrane (x 30,000).
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Figure 2. (a) Normal mouse glomerulus. (b) Light microscopic picture of a glomerulus
of a mouse 12 weeks after the induction of chronic graft-versus-host disease, showing
global sclerosis (PAS, x 480).
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Table 2. Localization of ECM Components in the Glomerulus

Normal Glomerulus Pathological Glomerulus
Collagens
Type I - + (glomerulosclerosis)
Type Il — (in rat, human) + (glomerulosclerosis)
Type IV
al chain + (GBM)
a2 chain + (GBM)
a3 chain - + (GBM in Goodpasture's syndrome)
a4 chain - + (GBM in Goodpasture’s syndrome)
a$ chain - + (GBM in Goodpasture’s syndrome)
Type V +(GBM)
Type VI + (mesangium) + (GBM in diabetes)
Fibronectin +
Laminin + (GBM)

localized along the GBM, along epithelial cell foot processes, in the mesangium,
and in Bowman’s capsule. However, its largest concentration is in the mesangium.
The interstitial type I collagen is absent from normal glomerulus (Scheinman et al.,
1980). Collagen type III, also absent in human and rat glomeruli has, however, been
found in normal murine glomeruli (Bergijk etal., 1991, 1992; Downer et al., 1988).

The GBM contains type IV and V collagens. The latter is a minor cell-associated
collagen whose structure is similar to the interstitial collagens with a large triple-
helical domain (Burgeson et al., 1976; van der Rest et al., in this volume). Type IV
collagen is exclusively localized in BM and consists primarily of al (IV) and a2
(IV)chains (Timpl and Dziadek, 1986). In contrast to interstitial collagen, its central
helical domain presents interruptions in the Gly-X-Y repeat leading to mechanical
flexibility and protease sensitivity. The interactions between type IV molecules
provide a three-dimensional network forming the structural backbone of the BM
upon which the other components (laminin, proteoglycan, entactin) are assembled
(Yurchenco and Schittny, 1990). The recent copurification of two distinct type IV
collagen o3 (IV) and o4 (IV) chains with the two classical al and a2 chains
(Butkowski et al., 1987; Saus et al., 1988) indicates that this protein must have
several molecular compositions (Hudson et al., 1989). Immunological studies
provide evidence that the major component of collagen IV containing the al (IV)
and a2 (IV) chains is an ubiquitous BM component (Timpl and Dziadek, 1986).
However, the presence of other type IV collagen chains has not been ruled out.
Organ specificity, at least in the kidney, is suggested by the identification of the
Goodpasture’s antigen as the a3 chain of collagen IV (Hudson et al., 1989).
Similarly, the more recently identified a5 (IV) chain seems to be restricted to the



280 A.NOEL, J.A. BRUIIN, E. BERGIJK, and ).M. FOIDART

Table 3. Distribution of the 1 Integrin Subfamily in Normal Glomerulus

Type Structure  Ligands Specificity Localization

VLA-1 alfl  COL WL 0L IV, VI) mesangium
VLA?2 a2~1 COL(, IV, VI) LAM cortical ducts in fetal

VLA-2 a2pl  COL(, 1V, VD cortical ducts in fetal kidney
LAM weak in adult
VLA-3 a3pl  COL(, 11, VD mesangium, endothelium, visceral epithelial cells

Bowman’s epithelium
VLA-4 ad4fl  FN(alt.) —
VLA-S a5l FN mesangium, endothelium
VLA-6 a6pl LM endothelium and podocytes, along GBM

GBM within the kidney (Barker et al., 1990; Hostikka et al., 1990). Since the
COILAAS gene coding for this distinct chain is located in the locus of the Alport’s
Syndrome, it is believed to be involved in the generation of this X chromosome-
linked renal disease (Hostikka et al., 1990).

Endothelial and epithelial cells both participate in the synthesis of GBM. Foidart
et al. (1980, 1982), using a culture of glomerular cells, reported that glomerular
epithelial cells synthesize type IV collagen, fibronectin, and proteoglycans, while
glomerular mesangial cells produce type I, III, and IV collagens, as well as
fibronectin and proteoglycans. The latter also synthesize entactin, thrombospondin,
and type V and VI collagens (Striker and Striker, 1985; Lovett and Sterzel, 1986;
Border, 1988; Mohan et al., 1990).

The interactions between cells and matrix are mediated by specific membrane
receptors. Most of them belong to the integrin family which consist of two
noncovalently bound protein chains (o and ) (Buck and Horwitz, 1987; Hynes,
1987; Abelda and Buck, 1990; Ruoslahti, 1991; Cheresh, this volume) (Table 3).
The o chain is characteristic for each integrin while the § chain is shared by several
integrins. Some of the integrins appear to have a unique ligand while others bind
to more than one ligand and can exhibit different ligand specificities depending on
the cell which expresses them. The Very Late Antigen (VLA), or B1 subfamily,
includes cell membrane receptors forcollagen (a1 B1,a2f1, a3p1), laminin (alB1,
a3pl, a6Bl), and fibronectin (381, adPl, a5p1). By their interactions with the
cytoskeleton, integrins transfer the information from the matrix to the cell. During
nephrogenesis, the basal organization of 1 integrins appears to take place con-
comitantly with the reorganization of talin, a cytoskeletal protein (Korkhonen et
al.,, 1990a). Through this system, matrix influences cell morphology and cell
functions (forareview, see Abrahamson, 1991). The distribution of various integrin
subunits in embryonic and adult kidneys has been described (Cosio et al., 1990;
Korkhonen et al., 1990a,b) (Table 3).
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The carboxy terminal part of the laminin A chain has been suggested to play a
role in the morphogenesis of the tubular epithelium of the kidney and its expression
during embryogenesis coincides with the onset of tubular morphogenesis (Ekblom
et al., 1990). Antibodies directed against laminin A chain or its E8 domain inhibit
cell adhesion and interfered with the establishment of epithelial cell polarity during
kidney tubule development (Klein etal., 1988). Thelaminin A chain and the integrin
a6p1 complex, recently identified as the principal receptor for the E8 cell-binding
site (Aumailley et al., 1990; Sonnenberg et al., 1990), concomitantly appear in
regions where nonpolarized cells convert into polarized epithelial cells in embry-
onic kidney (Sorokin et al., 1990). The integrin 34 subunit, which forms a complex
with the a6 subunit (Hemler et al., 1989), is expressed only in fetal collecting duct,
and is absent from adult kidney (Korkonen et al., 1990b). The a3f31 complex binds
fibronectin, laminin, and collagen, and is the predominant integrin in the human
glomerulus and in mesangial cells in culture. The strictly basal confinement of both
a3p1 and a6pl complexes, in contact with GBM, suggests their role in the
adhesion of glomerular cells to BM (Cosio et al., 1990; Korkhonen et al., 1990b).
The glomerular mesangium contains o131 (Fradet et al., 1984). The fibronectin-
specific receptor aSP1 is present on both endothelial and mesangial cells (Ker-
jaschki et al., 1989; Cosio et al., 1990). Although the a231 complex appears to be
a dominant endothelial integrin during development, it is only weakly expressed
in the adult (Korkhonen et al., 1990b). The a4p1 integrin recognizing an alterna-
tively spliced CSIII region of fibronectin (Mould et al., 1990) appears to be
unexpressed in the normal glomerulus (Cosio et al., 1990).

B. Glomerular Extracellular Matrix Expansion

ECM Metabolism

In pathological conditions, changes in the biosynthesis or metabolism of ECM
components can lead to an overproduction of matrix and/or a reduction in the rate
of tumover. The intensity of ECM expansion varies considerably. The “minimal-
change” disease is defined by the presence of normal or only a slight increase in
mesangial matrix or cellularity (Border, 1988). This disorder affects the visceral
epithelial cells and is characterized by effacement of foot processes, as revealed by
electron microscopic observations. Glomeérulosclerosis may be focal and segmen-
tal, involving only segments of glomeruli (e.g., Alport’s syndrome, IgA neph-
ropathy) (Goldszer et al., 1984). Alternatively, diffuse glomerulosclerosis involving
all the glomeruli may occur in vascular diseases, metabolic diseases (e.g., diabetes,
amyloidosis), hereditary diseases (e.g., Fabry’s disease, familial lecithin-choles-
terol acyltransferase deficiency), and immunologic diseases (e.g., systemic lupus
erythematosus, Goodpasture’s syndrome) (Khlar et al., 1988). In experimental
murine chronic graft-versus-host disease (GvHD) (Bruijn et al., 1988a, 1992),
electron microscopy reveals the presence of mesangial and subepithelial electron-
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dense deposits resulting in thickening of the GBM, the formation of “spikes”, and
expansion of the mesangial matrix (Figure 1). The animals develop glomerular
sclerosis after 10 weeks (Figures 2, 3).

The excessive deposition of ECM components may be associated with an
alteration in their respective amounts and distribution. In diabetes, thicker basement
membranes (GBM and BM in blood vessels) contain a smaller amount of proteo-
glycans and more laminin and type IV collagen than their normal counterparts
(Abrahamson et al., 1986). The type VI collagen, absent in the normal GBM has
been detected in human diabetic GBM (Mohan et al., 1990). In passive Heyman’s
nephritis, sclerotic ECM is composed of glomerular collagen (not interstitial
collagen) synthesized by glomerular cells (Adler et al., 1986). On the contrary,
collagen types I and III appear in the sclerotic glomeruli of patients with glomeru-
lonephritis (Funabiki et al., 1990) as well as in immunologically mediated renal
disorders occurring spontaneously or experimentally induced in mice (Bruijnetal.,
1988a; Bergijk et al., 1991; Nakamura et al., 1991).

The absolute quantity of ECM represents a dynamic balance between synthesis
and degradation. Studies on the steady-state levels of mRNA coding for ECM
molecules demonstrate that the increase of matrix components in experimental
murine Graft versus-host disease is preceded by increased levels of their specific
mRNA. In this model of lupus nephritis, during the progression of the disease, an
enhancement of the amount of all components is observed and begins to occur 6
weeks after GvHD induction (Figure 3). Laminin and type I and IV collagen
mRNAs increase 4 weeks after induction of the disease, before light microscopic
changes (Bruijn et al.,, 1990b). Similarly, mRNA levels for type I, III, and IV
collagens, laminin A, B1, and B2 chains, and heparan sulfate proteoglycan, increase
significantly with the progression of nephritis in NZB/W F1 mice which spontane-
ously develop the immune disease (Nakamura et al., 1991). The enhanced produc-
tion of ECM leading to glomerulosclerosis is thus regulated at a transcriptional
level (Bruijn et al., 1990b). On the contrary, the development of capillary BM
thickening in diabetes mellitus is not associated with an enhancement of the level
of mRNAs coding for BM components (Kolbe et al., 1990), and may therefore arise
more as a consequence of reduced BM degradation. Indeed, the net amount of ECM
is also determined by the activity of highly specific metalloproteinases such as
collagenases, as well as by broad spectrum metalloproteinases such as stromelysin
(Matrisian, 1990). Neutrophil serine proteinases degrade GBM in vitro (Davies et
al., 1990). The neutral metalloproteinases are in turn regulated by specific inhibi-
tors. Both of these are secreted by mesangial cells (Davies et al., 1990). The
mesangial cells release into the culture medium type IV collagenase, but not
interstitial collagenase (Lovett and Sterzel, 1986). This absence of collagenase type
I in the glomerulus could partly explain the accumulation in the sclerotic glomeru-
lus of interstitial collagen resistant to collagenase type IV activity. A novel metal-
loproteinase has been extracted recently from freshly isolated rat glomeruli. This
glomerular metalloproteinase (GLOMP), with a molecular mass of approximately
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116 to 125 kDa, appears distinct from the previously described metalloproteinase
(Shah et al., 1991). Heparinase secreted by platelets can degrade heparan sulfate,
resulting in disruption of the selective permeability of GBM.

Matrix protein binding to its cellular receptor could regulate the amount of the
ECM components produced by cells. Holderbaum and Ehrhart (1986) have dem-
onstrated the reduction of fibronectin synthesis in cells grown on fibronectin. Our
knowledge of the role of glomerular cell matrix receptors in renal physiology and
pathology is incomplete. However, data accumulated in other cells and tissue
systems suggest a significant role in the maintenance of normal interactions
between glomerular cells and matrix.

Role of Intrinsic and Infiltrating Cells

The process of renal sclerosis involves various types of cells including intrinsic
glomerular cells and infiltrating cells. The mesangial cells synthesize components
of the mesangial matrix. When exposed to diverse stimuli including cytokines (see
below) and immune complexes, mesangial cells undergo a profound transformation
beginning by an increased proliferative rate and a modification in their morphology
(Border, 1988). A quantitative and qualitative modification in protein and collagen
synthesis can alter the structure of the ECM. Furthermore, mesangial cells are able
to synthesize and secrete a neutral proteinase degrading GBM (Martin et al., 1986).
Mesangial cells can generate growth factors (EGF, PDGF) and mediators of
inflammation (see below). As described previously, endothelial cells and epithelial
cells participate in the elaboration of GBM. In immunologically mediated renal
disease, excessive synthesis of ECM components by visceral epithelial cells results
in the formation subepithelial BM extensions or “spikes” (Weidner and Lorentz,
1986).

Progressive glomerulosclerosis is associated with the infiltration of the me-
sangium by fibroblasts and inflammatory cells (macrophages and lymphocytes).
Macrophages are known to release enzymes capable of degrading collagen and
elastin. However, the contribution of macrophages to sclerosis probably results
more from their capacity to regulate the activity of intrinsic renal cells, particularly
mesangial cells, than from their direct action on ECM degradation. Furthermore,
macrophages may stimulate the proliferation of fibroblasts as well as their produc-
tion of collagen (Khlar et al., 1988). The role of cytokines secreted by macrophages
will be discussed below.

It has been suggested that the appearance of interstitial collagens (types I and III)
in the glomerulus in certain disease states is associated with interruptions of
Bowman’s capsule through which interstitial fibroblasts may migrate into the
diseased glomerulus (Foellmer et al., 1986; Bruijn et al., 1988a; Wiggins et al.,
1991). Proliferation and migration of fibroblasts are stimulated by macrophages,
platelet-derived growth factor (PDGF), fragments of collagen, and possibly other
cytokines secreted at the site of inflammatory reaction (Striker et al., 1984; Stoker
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and Gheraldi, 1991). The interstitium may therefore play a significant role in the
development of glomerulosclerosis. Alternatively, glomerular cells may produce
type I and III collagens resulting from changes in gene expression (Bruijn et al.,
1988a,b).

Role of Growth Factors and Cytokines

Besides producing ECM components and proteinases, glomerular intrinsic cells,
as well as infiltrating cells, secrete various biologically active factors able to
modulate the growth and biosynthetic activities of the surrounding cells. The
cytokines may be produced by lymphocytes, monocytes, or macrophages residing
in the renal tissue or outside the kidney. These cytokines thus exert their effects in
a endocrine, paracrine, or autocrine fashion. In this regard, interleukin 1 (IL-1)
causes pleiotropic effects on nonimmune tissues. Macrophages are the principal
source of IL-1, but other cells including mesangial and endothelial cells can also
secrete this cytokine (Khlar et al., 1988). Exposure of mesangial cells to interleukin
1 produced by macrophages results in their own production of IL-1 acting in an
autocrine fashion (Lovett et al., 1986). In a rat model of lupus nephritis, mMRNA
coding for IL-1 is increased in mesangial cells (Werber et al., 1987). It affects
collagen metabolism either by stimulating or inhibiting its synthesis, depending
upon cell types (Matsuchima et al., 1985; Pujol et al., 1985; Kahiri et al., 1987).
Torbohm et al. (1989) reported that recombinant IL-1 enhanced type IV collagen
synthesis by glomerular epithelial cells, while epidermal growth factor (EGF)
displayed an opposite effect (Haralson et al., 1990) (Table 4).

Platelet-derived growth factor (PDGF) synthesized by platelet and glomerular
endothelial and mesangial cells is a potent mitogen and growth factor for fi-
broblasts, mesangial cells, and smooth muscle cells (Ross et al., 1986; Khlar et al.,
1988; Schultz et al., 1988). It increases responsiveness of cultured mesangial cells
to the mitogenic effect of IL-1 (Lovett et al., 1983; Lovett and Sterzel, 1986). In
vivo, its effect on mesangial cells could lead to mesangial proliferation and
synthesis of matrix. PDGF is also a chemoattractant for fibroblasts and macro-
phages (Table 4).

Tumor necrosis factor (TNF) is another potent mediator released by resident and
infiltrating cells. If infiltrating macrophages represent a potential source of TNF,
the mesangial cells themselves could produce this cytokine as well (Baud et al.,
1989). The exact effects of TNF in vivo remain to be determined. It could participate
in the inflammatory process by stimulating the synthesis of prostaglandins and
prostacyclin by glomerular cells and macrophages (Bachwich et al., 1986; Baud et
al., 1988). TNF also affects surface antigen expression by vascular endothelial cells,
the growth of fibroblasts, and various functions of polymorphonuclear leukocytes
(Le and Vilcek, 1987) (Table 4).

Transforming growth factor (TGFp) has widespread effects on ECM (Massagué,
1987; Roberts et al., 1988) (Table 4). Most cells express receptors for TGFg,
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Table 4. Cytokines and Growth Factors

Source Effects On

IL-1 lymphocytes, macrophages,, monocytes,  collagen metabolism, proliferation
mesangial cells, endothelial cells,
fibroblasts

PDGF platelets, macrophages. endothelial and proliferation protein synthesis, migration of
mesangial cells fibroblasts and macrophages

TNF macrophages. monocytes, mesangial cells  inflammatory process. proliferation of

fibroblasts
TGFB mesenchymal cells production of collagen. fibronectin,

proteoglycans, collagenase, inhibitors of
metatloproteinases

including rat kidney fibroblasts, glomerular mesangial cells, and endothelial and
epithelial cells (Wakefield et al., 1987; MacKay et al., 1989). TGFpP enhances the
synthesis of collagen, fibronectin, and proteoglycans in vitro and in vivo, causing
excessive deposition of ECM (Ignotz and Massagué, 1986; Roberts et al., 1986).
In mesangial cell cultures, it increases the production of two chondroitin/dermatan
sulfate proteoglycans, biglycan and decorin, and fibronectin (Border et al., 1990a).
In a rat model, glomerulonephritis induced by specific immunologic injury to the
mesangial cells is accompanied by a marked increase in the expression of TGFp.
The associated enhancement of proteoglycans and fibronectin was greatly reduced
by addition of antiserum raised against a synthetic peptide from TGFf (Border et
al., 1990b; Okuda et al., 1990). The increased deposition of ECM induced by TGF3
may be aided by a TGFB-mediated decrease in the levels of collagenases and other
proteinases, and enhancement of metalloproteinase inhibitors (Edward etal., 1987).
Furthermore, TGFf is also known to influence the extracellular matrix integrin
receptors of some cells (Ignotz and Massagué, 1987). By switching the pattern of
integrin expression, TGFf3 may modulate ECM component deposition and also
change the adhesive properties of cells.

Cytokines and growth factors are thus involved in different ways in the glomeru-
losclerotic process. Besides the direct regulation of ECM metabolism, they influ-
ence intraglomerular fibrin deposition and coagulation, the inflammatory process
and the vascular permeability (Cotran and Pober, 1989; Bruijn et al., 1992).

C. Extracellular Matrix as Target for Antibodies

Autoimmune attack against ECM components results in acute and severe disor-
ders of the kidney. Although the underlying causes for these diseases remain
obscure, they generally are manifested by deposition of antibasement membrane
immunoglobulins or complement components (Bohnsack et al., 1985; Kaysen et
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al., 1986; Andres et al., 1986; Leivo and Engvall, 1986). Among the serious
autoimmune diseases, the Goodpasture’s syndrome is characterized by glomeru-
lonephritis and alveolar hemorrhage associated with IgG deposition in a linear
manner along the GBM (Abrahamson et al., 1986; Bruijn et al., 1988a, 1989a,
1990a). Antisera from Goodpasture’s syndrome have been found to bind the
noncollagenous NC1 domain of type IV collagen a3 (IV) (Saus et al., 1988).
Patients with Alport’s syndrome, a hereditary glomerulonephritis, develop anti-
GBM antibody disease after renal transplantation (Milliner, 1981; McCoy, 1982).
In these patients, both the a3 and a4 chains are absent from the GBM (Gunwar et
al., 1990). Ultrastructural defects in the GBM of Alport’s patients implicate an
altered structural &5 (IV) collagen chain, a specific component of GBM within the
kidney (Barker et al., 1990). The detection of mutations in the COL4AS gene in
patients with Alport’s syndrome suggests that the Alport’s syndrome constitutes the
first example of a genetic BM and kidney disease (Zhou etal., 1990). The Goodpasture’s
and Alport’s syndromes are both characterized by the absence of fusion of the epithelial
and endothelial BM in glomerular development.

In certain autoimmune disorders, antibodies directed against ECM components
play a role in glomerular involvement. Antibodies against laminin and type IV
collagen have been found in sera from patients with poststreptococcal glomeru-
lonephritis (Kefalides et al., 1985), and in sera from rats with mercuric chloride-
induced glomerulonephritis (Bellon et al., 1982). This is associated with the
appearance of subepithelial electron-dense complexes in the kidney. In an early
stage of experimental Trypanosomiasis, a linear binding of antibodies directed
against laminin and type IV collagen was visualized along the GBM. Later, this
changes to a more granular distribution with subendothelial electron-dense com-
plex formation (Bruijn et al., 1990a). In Heymann’s nephritis, a 330-kDa cell
surface glycoprotein was identified as the major nephritogenic antigen involved
(Kerjaschki and Farquhar, 1982). Other antigen-antibody systems, including 90-
and 110-kDa antigens and laminin, have been suggested to play a pathogenetic role
in Heymann’s nephritis. Antibodies against GBM components are thus involved in
formation of large electron-dense deposits, situated either subepithelially or suben-
dothelially. They are subsequently translocated into the mesangium by several
possible mechanisms discussed previously (for a review, see Bruijn et al., 1992).

IV. CONCLUDING REMARKS

In the last decade, ECM has been extensively studied and found to play a major
role as a mechanical support for tissues and to influence important biological
functions. The ECM is thus involved in a variety of biological processes and
diseases. Extensive work has characterized mutations in collagen genes in patients
with connective disorders. This research has helped our understanding of the
normal biochemistry of ECM proteins and will further aid in elucidating the
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complex alterations occurring during the progression of acquired connective tissue
diseases. The abnormal metabolism of ECM leads to various disorders. In this
review, we attempted to provide updated information on the ECM deposition
occurring in renal pathology controlled by several cytokins and growth factors, and
involving several cell types. Much remains unclear about the pathogenetic mecha-
nisms leading to renal disorders. A better understanding of these complex processes
will improve diagnosis and treatment in patients.
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helix, triple, 3, 7-10

nonfibrillar, 5-7, 8

proteins, family of, 3-7

quarter-staggered fibrils, 3-5

short chain, 6, 25

types, fourteen, 3, 4, 6

types 1V, VI, VII, VIII, X and
X111, 6-7

nontriple-helical (NC) domains,

structure and function of,
19-25

a3(1V), a4(IV) and a5(1V)
chains, 21

Alport’s syndrome, 21

Goodpasture syndrome, 21

N-terminal domains, three-
fingered, 22-23

NCI domain of basement mem-
brane collagens, 21

NC3 domain, 22-23, 24, 25

NC4 domain, 25

propeptides of fibril-forming
collagens, 19-21 (see also
“Propeptides. ..”)

short-chain collagens (types
VIII and X), 25, 33

type VI collagen, large globular
domains of, 22, 29-30

type IX collagen, 23-25

undulin, 23

von Willebrand factor, A
domains of, 22-24 '

perspectives, 51

in degradation, 51
functions, two, 51
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supramolecular aggregates made
by, 26-35
fibrils and filaments, 26-31 (see
also “Fibrils and
filaments...”)
sheets, 31-35 (see also
“Sheets...”)
triple helix, 7-10
conformation, 7-9
cross-section of, 8
Osteogenesis Imperfecta, 8, 274,
275
polyproline helix, similarity to,
7
properties, 9-10
thermal stability of, 9-10
type IX colagen, 9-10
TSP interaction with, 117-118
Collagen in inborn diseases, 273-275
achondrogenesis, 274
Alport’s syndrome, 274, 275, 280
chondrodysplasias, 274
Ehlers-Danlos syndrome (EDS),
274, 275
Kniest syndrome, 274
Osteogenesis Imperfecta, 8, 274,
275
osteoporosis, 274, 275
spondyloephyseal dysplasia, 274
Stricker syndrome, 274, 275
Collagen 1V, structure and function
of, 183-206 (see also “Base-
ment membrane
components..”)
cellular interactions with, 197-198
growth factors, binding of to, 215-
219
in heterotypic interactions, 192-
193
in homotypic association, 191
isoforms, 185
osteogenin/ BMP-3, 215
polypeptide chains, three, 185
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Collagen VII as basement membrane
component, 190
Collagenase, 236
Connective tissue diseases, inborn
and acquired, 271-292
collagen in inborn diseases, 273-
275
achondrogenesis, 274
Alport’s syndrome, 274, 275, 280
chondrodysplasias, 274
Ehlers-Danlos syndrome
(EDS), 274, 275
Kniest syndrome, 274
Osteogenesis Imperfecta, §, 274,
275
osteoporosis, 274, 275
spondyloephyseal dysplasia, 274
Stricker syndrome, 274, 275
concluding remarks, 286-287
introduction, 272-273
collagen, abnormal deposition
of, 272-273
defects in, 272
ECM, role of, 272
renal diseases, acquired, 275-286
(see also “Renal diseases...”)
antibodies, ECM as target for,
285-286
glomerular extracellular matrix
expansion, 281-285
glomerular structural elements,
normal, 275-281
CSl, 232, 239
Cytokines in glomerulosclerotic pro-
cess, 284-285

Decorin, 21, 28, 73, 83-90, 143
and transforming growth factor
beta, 215
Descemet’s membrane, 6
hexagonal lattices in, 34
sheet organization of collagen
molecules in, 31, 33
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type VIII collagen major compo-
nent of, 34
Desmosine, 140-141
Dexamethasone, 160
DIA, 219
Diabetes, 281-282
biological implication of sugar-
derived collagen cross-links
in, 45
Differentiation inhibiting activity
(DIA), 219
Dis-integrins, 243
Disulfide isomerase, 11, 12
Divalent cations, integrin-ligand
interaction and, 236-237
Drosophila development, integrin
activity in, 244

ECM, 133-182 (see also “Extracellu-
lar matrix”)
cell growth, regulation of, 256-257
degradation of, 257-258
in tumor growth, 253-269 (see also
“Tumor growth...”)
EDS, 274, 275
EGF, 116, 221 (see also “Epidermal
growth factor”)
Ehlers-Danlos syndrome, 274, 275
Ehrlich chromogen, 41-42, 43
EHS tumor, 34, 95, 184, 259 (see
also “Engelbreth. ..”)
Eichistatin, 243
Elastic fibers, 134-182 (see also
“Elastin”)
composition of, 135-144
ultrastructure, 135
formation, 166-170
tissue distribution of, 144-149
Elastin, 134-182 (see also “Extracel-
tular matrix” and see also
“Tropoelastin”)
autoregulation, 156-158
cellular production, 146-147
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composition of, 135-144
cross-links, 140-142
allysine aldol, 140-141
desmosine, 140-141
isodesmosine, 140-141
lysinonorleucine, 140-142
merodesmosine, 140-142
developmental expression, 145-146
and elasticity, 136-140
matrix molecules, other, associ-
.ation of with, 143-144
proteoglycans, 143-144
microfibrils, 142-143
fibrillin, 143
morphology, 147-149
production, modulators of, 155
turnover of, 170
Elastin binding proteins, 164-166
arg-gly-asp (RGD) sequences, 165
bacterial, 165-166
mammalian, 164-165
Elastin lamina, 147
Elastin-related diseases, genetics of,
170-172 (see also “Extracel-
lular matrix”)
Elastonectin, 158, 165
Elaunin fibers, 144
Electron microscope examination of
collagen fibrils, 26-34, 50
Emphysema, pulmonary, elastic fib-
ers and, 170-171
Endochondral ossification, 208
Endoglin, 80
Endothelial cells, integrin avf3 and,
240
Weibel-Palade bodies, 240
Engelbreth-Holm-Swarm mouse
tumor, 34, 95, 184, 259
and basement membranes, 184,
259
collagen organization in, 34
ECM studies, 259
and perlecan, 95
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Entactin as basement membrane
component, 188-189, 259
(see also “Basement mem-
brane components...”)
Epidermal growth factor (EGF):
Matrigel, presence of in, 221
in thrombospondin, 116
Epiligrin, 240
as basement membrane compo-
nent, 190
Epithelial cells, extracellular matrix
and, 240
“Epithelial osteogenesis,” 208
ES cells, 244
Exon, 33, 164
Extracellular matrix (ECM), 133-182
cell growth, regulation of, 256-257
cell migration on, 236
conclusions, 172-173
degradation of, 257-258
elastin binding proteins, 165-166
arg-gly-asp (RGD) sequences, 165
bacterial, 166
mammalian, 165-166
elastic fiber formation, 166-170
posttranslational modification
and secretion of tropoelas-
tin, 166-167
products associated with, 167
receptor-mediated assembly,
167-169
67-kDa receptor, 167-169
tropoelastin, polymerization of,
169-170
elastic fibers, composition of, 135-
144
coacervation, 139
cross-links, elastin, 140-142
elastin and elasticity, 136-140
fibrillin, 143
matrix molecules, other, associ-
ation of with elastin, 143-
144
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microfibrils, 142-143 (see also
“Microfibril”)
proteoglycans, 143-144
ultrastructure, 135
elastic fibers, tissue distribution of),
144-149
cellular production, 146-147
developmental expression, 145-
146
elaunin fibers, 144
morphology, 147-149
oxytalan fibers, 144
where found, 144
elastin, turnover of, 170-171
elastin-related diseases, genetics
of, 171-172
Buschke-Ollendorf syndrome,
171
Marfan syndrome, 171
pseudoxanthoma elasticum, 171
pulmonary emphysema, 170-171
introduction, 134
elastin, 134
importance of, 134
integrity of tissue or organ,
structural, 134
sources, additional, 134
metabolism, 281-283
tropoelastin, structure of, 149-151
cross-link domains, 150
hydrophobic domains, 149-150
tyrosines, 151
tropoelastin expression, regulation
of, 154-162
autoregulation, 156-158
cytokines, 158-159
downregulation of, 160-162
insulin-like growth factor
I(IGF-1), 158
matrix, effect of, 155-156
mRNA stability, 161-162
smooth muscle elastogenic fac-
tor (SMEF), 159
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steroids, 159-160
transforming growth factor 81
(TGF-By), 158
tropoelastin gene, 151-153
alternative domain structure of,
152
domains, 151-152
promoter region of, 153
transcription elements of, 153
UTR, 151, 161
tropoelastin heterogeneity, 162-
164
alternative splicing of pre-
mRNA, 162-164
exons, 33, 163-164
isoforms, multiplicity of, 164
role of, 164
tumor growth, role in, 253-269
(see also “Tumor
growth...”)

Extracellular matrix and bone pro-
teins in cartilage and bone
development and repair,
207-224 (see also “Cartilage
and bone development...”)

ECM as framework for tissues of
skeletal system, 208

Fabry’s disease, 281

FACIT, 5-6, 18-19, 26

Familial lecithin-cholesterol acyl-
transferase deficiency, 281

Fantastican, 70-71

FGF, 78-79, 215, 221 (see also
“Fibroblast growth factor”)

Fibril, collagen, 14-17

striated, 15

Fibril Associated Collagens with
Interrupted Triple-helices
(FACIT), 5-6, 18-19, 26

Fibrillar collagen chains, 5 (see also
“Collagen™)

Fibrillar collagen genes, 47
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Fibrillin, 143
Fibrillogenesis, 20, 166, 169
tropoelastin heterogeneity, role of
in, 164-165
Fibrils and filaments made by colla-
gens, 26-31
fibrillar assemblies, 26-29
cross sections of, 29
electron microscope examina-
tion, 26-34
from primitive aninmals, 28-29
reconstituted, 27-28
filamentous assemblies, 29-30
type VI collagen, 29-30
“zebra collagen,” 29-30
polymeric nature of, 26
segment assemblies, 30-31
anchoring fibrils, 31
Segment Long Spacing (SLS),
30
type VII collagen, 31
Fibrinogen, 226, 231
a chain, 231-232
Fibroblast growth factor (FGF), 78-
79, 215
and heparan sulfate, 215
in Matrigel, 221
syndecan and, 78-79
Fibroglycan, 73, 75, 76-77, 79
Fibromodulin, 83-90
Fibronectin, 99, 117, 226, 231, 244-
245, 283
adhesive sequence in, 232
perlecan and, 99
and TSP, 117
Fibulin as basement membrane com-
ponent, 190

GAG side chains in proteoglycans,
70
chondroitin/dermatan sulfate, 70
heparin and heparan sulfate, 70
hyaluronate, 70
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keratan sulfate, 70
linkage region, 70
Galactosyl transferase, 11
Gangliosides, integrin-ligand interac-
tion and, 238-239
Gap of striated fibrils, 15
GBM, 275-281, 286
Gelsolin, 256
Glioblastoma multiforme, integrins
and, 241
Glomerulonephritis, 282, 285, 286
Glomerulosclerosis, 281-284
Glomerulus, 275-281
glomerular basement membrane
(GBM), 275-281
Bowman’s capsule, 275-279, 283
integrins, 280
mesangial extracellular matrix,
275-279
glomerular extracellular matrix
expansion, 281-285
Alport’s syndrome, 281
cells, intrinsic and infiltrating,
role of, 283-284
cytokines, role of, 284-285
ECM metabolism, 281-283
glomerulosclerosis, 281-284
GLOMP, 282-283
Goodpasture’s syndrome, 281
graft-versus-host disease
(GvHD), 281, 282
growth factors, role of, 284-285
mesangial cells, 283
“minimal change” disease, 281
platelet-derived growth factor
(PDGF), 284
transforming growth factor
(TGFR), 284-285
tumor necrosis factor (TNF),
284
GLOMP, 282-283
Glucocorticoid responsive elements
(GREs), 160-161
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Glucocorticoids, elastin production
and, 160-161
Glucosyl transferase, 11
Glycation, lysine-derived cross-links
formed through, 4246
definition, 42
Maillard reaction, 42-45
Amadori rearrangement, 43, 45
deoxyglucosones, conversion
into, 43
pentosidine, 42, 43-44
sugar-derived, biological implica-
tion of, 45-46
in diabetes, 45
Glycoprotein gp 115, 144
Glycoproteins, proteoglycans struc-
turally related to, 82-101
hyaluronate-binding proteogly-
cans, 90-94
aggrecan, 90-93 (see also
“Aggrecan”)
CD44, 90, 92, 94
versican, 90, 93-94
with leucine-rich repeats, 83-90
biglycan, 83-90
decorin, 83-90
differences among, 85-86
fibromodulin, 83-90
functions, 87-89
lumican, 83-90
PG-Lb, 8390
structure and homology, 83-86
tissue distribution, 86-87
tissue pathology, 89-90
perlecan, 95-101
diagrammatic representation, 96
fibronectin, 99
forms, identical and related, 97-98
functions, 98-100
pathology, 100-101
structure and distribution, 95-97
Glycosaminoglycan (GAG) side
chains in proteoglycans, 70
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Glypican, 75, 78, 82
Goodpasture syndrome, 21, 281, 286
antigen, 279

GPIIb/I1Ia, 123

GPIV, 123

Graft-versus-host disease (GvHD),
281, 282

GREs, 160-161

Growth factors, interaction of with
extra-cellular matrix in car-
tilage and bone repair and
development, 215-219

Growth factors in glomerulosclerotic
process, 284-285

GvHD, 281, 282

Hemidesmosome complex, 229, 239
Heparan sulfate, 70
basic and fibroblast growth factor
(bFGF), 215, 256
proteoglycan as component of
basement membrane, 185,
190
cellular interactions with, 198
chains, three, 190
in heterotypic interactions, 192~
193
in homotypic association, 191
Tat protein, 256
and TSP, 118
Heparanase, 257
Heparin, 70, 217
and TSP, 117
Heterotypic fibrils, collagen, 18-19
Heterotypic interactions of basement
membrane components,
192-193
collagen and BM-40, 192-193
heparan sulfate proteoglycans, 193
nidogen as key element, 192
and collagen IV, 192
and laminin, 192
Heyman’s nephritis, 282, 286

INDEX

HHL, 39, 41
Hill plot, 124
Histidinohydroxylysinonorleucine
(HHL), 39, 41
Homotypic associations of basement
membrane components, 191
HP, 38-40
Hyaluronate, 70
-binding proteoglycans, 90-94 (see
also “Glycoproteins. ..”)
aggrecan, 90-93 (see also
“Aggrecan”)
CD44, 90, 92, 94
versican, 90, 93-94
Hydroxylysylpyridinoline (HP), 38-
40
joint and bone degradation, as
clinical marker of, 40

IGF-1, 158, 221 (see also “Insulin-
like growth factor”)
IL-1, 284
Imagican, 70
Insulin-like growth factor 1 (IGF-1),
tropoelastin and, 158
in Matrigel, 221
Integrins, structure, function, and
biological properties of,
225-252
cell adhesion, integrin-mediated,
biological consequence of,
239-245
alfBl, 240
adf] integrin, 239
avf3, 240, 241-243
antagonists, integrin, 243
cancer, role in, 240-241
in differentiation and develop-
ment, 243-245
dis-integrins, 243
endothelial cells, 240
epiligrin, 240
epithelial cells, 240
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ES cells, 244
functions, potentiating by spe-
cific integrins, 239-240
Kistrin, 243
Leukocyte Adhesion Deficiency
(LAD), 239
extracellular matrices and, 194,
195-196
future studies, 245
“gene knockout” experiments,
245
integrin-ligand interaction, cellular
consequences of, 227-231
abfB4, 228-229
avp3, 229
avf}s, 229
with actin-cytoskeleton, 227-229
(see also “Actin-
cytoskeleton”)
hemidesmosome complex, 229,
239
signals, cellular, mediators of,
229-231
integrin-ligand interaction, molec-
ular basis of, 231-239
avP3, 232-235, 240
adhesive proteins, 231-232
Arg-Gly-Asp sequence, 231-236,
238, 242, 243
Asp-Gly-Glu-Ala in collagen,
232
clot retraction, 235-236
CSl1, 232, 239
divalent cations, 236-237
extracellular matrices, cell
migration on, 236
fibrinogen, 231-232
fibronectin, 232
gangliosides, 238
integrin activation and/or regu-
lation on cell surface, 238-
239
Leu-Asp-Val, 232
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manganese, 237
RGD binding and stabilization,
233-236
structural basis for, 232-233
introduction, 226-227
B integrins, 226, 232-233
cellular adhesion mechanisms,
226, 227
definition, 226
vitronectin, 226, 229
on laminin, 195-197
X-ray crystallographic analysis,
three-dimensional, 245
Interleukin 1, 4546, 284
Intramembranous bone formation,
208
Iodoacetamide, 124
Isodesmosine, 140-141
Isoforms:
collagen IV, 185
laminin, 187, 196-197

Kalinin as basement membrane
component, 190

Keratan sulfate, 70

Keratoconus, 89

Kistrin, 243

Kniest syndrome, 274, 275

Kringles of plasmin, 119

Kunitz inhibitor modules, 119

LAD, 239
Lamina densa, 31-33
Lamina lucida, 32, 33
Laminin, structure and function of,
183-206, 231, 244, 259 (see
also “Basement membrane
components. ..”)
cellular receptors for, 195-197
chains, three distinct, 186
in heterotypic interactions, 192
homotypic association, 191
isoforms, 187, 196-197
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merosin, 187
neurite outgrowth, 194-197
noncollagenous protein specific,
most abundant, 186
RGD sequence, 194-197
S-laminin, 188
schematic, 187
sites on, cell-binding, 1941-95
LEC-CAMs, 94
Lectins, interactions of with laminin
carbohydrates, 196
Leu-Asp-Val, 232
Leukocyte Adhesion Deficiency
(LAD), 239
Link protein, 9192
LP, 3940
joint and bone degradation, as
clinical marker of, 40
Lumican, 70, 83-90
as “part-time proteoglycan,” 88
Lupus erythematosus, 281
Lupus nephritis, 282, 284
Lysinonorleucine, 140-142, 151
Lysyl hydroxylase, 11-12
Lysyl oxidase-dependent, lysine-
derived cross-links as path-
way to cross-link collagen
molecules, 35-42
allysine-and-hydroxyallysine-
based, 36
cross-links, nonreducible mature,
3842
Ehrlich chromogen, 4142, 43
enzyme-dependent, collagen
types and, 38, 42
histidinohydroxylysino-
norleucine (HHL), 39, 41
in human cartilage and bone, 39
hydroxylysylpyridinoline (HP),
3840
joint and bone degradation, HP
and LP as clinical markers
of, 40
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lysylpyridinoline (LP), 3940
poly-al CB6, 41
pyridinoline, 38-40

cross-links, reducible, 38
intramolecular, 38
Schiff-base, 38

lysyl oxidase, action of, 36-37

Lysylpyridinoline, 39
joint and bone degradation, as
clinical marker of, 40

Macrophage elastases, 171
Macular corneal dystrophy, 89-90
MAGP, 142-143
Maillard reaction, 4245
Amadori rearrangement, 43
deoxyglucosones, conversion into,
43
Malignant growths, role of integrins
in, 240-241
Malignant tumor growth, role of
extracellular matrix in, 253-
269 (see also “Tumor
growth...”)
Mammalian binding proteins for
elastin, 165-166
Manganese, integrin-ligand interac-
tion and, 237
Marfan syndrome, 171
Matrigel, 220-221, 255-256, 258, 259-
261
cell-shape changes caused by
ECM, 255-256
ECM in tumor growth, role of,
259-263
growth factors present in, 221
Melanoma cells, a481 cells and, 239
avf33 as function marker of, 241-243
RGD-containing peptides, 243
Merodesmosine, 140-142, 151
Merosin, 187-188
Mesangial extracellular matrix, 275-
279, 282
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Mesangium, 275
Metalloproteinases, 257-258
Microfibril, 142-143, 167-169
associated glycoprotein (MAGP),
142-143
collagen, 14-15
“Minimal change” disease, 281
Myospheroid, 244

N-ethylmaleimide, TSP and, 124
N-propeptides of fibrillar collagens,
5,20
NCI1 domain of collagen, 21
Neutrophil, 171
NG2, 81-82
Nidogen, structure and function of,
183-206 (see also “Basement
membrane components...”)
cellular interactions with, 198
consensus sequences, two, 188-189
entactin, identical to, 188
in heterotypic interactions, 192-
193
NIH-3T3 cell line, tumor progres-
sion study in, 263
Nonfibrillar collagens, 5-7, 8

OA, 40, 275
0D stagger of collagen molecules, 17
Ol, 8, 274, 275
OIF, 88
Ossification, endochondral and
intramembranous, 208
Osteoarthritis (OA), 40, 275
aggrecan loss and, 92
Osteogenesis, angiogenesis and, 219-
221
Osteogenesis Imperfecta (OI), 8, 274,
275
Osteogenin, 209-219
binding of, 216
and collagen IV, 215
TGF-B family, member of, 215
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Osteoinductive factor (OIF), 88
Osteonectin, BM-40 identical to, 189
Osteopontin, 231

Osteoporosis, 272, 274, 275
Oxytalan fibers, 144

Pars fibroreticularis, 33
PDGF, 215-216, 221, 283, 284 (see
also “Platelet-derived
growth factor”)
Pentosidine, 42, 43-44
Peptidyl hydroxylysine, 11
Perlecan, 73, 95-101
diagrammatic representation, 96
and fibronectin, 99
forms, identical and related, 97-98
functions, 98-100
pathology, 100-101
structure and distribution, 95-97
PGI and PGII, 143
PG-Lb, 83-90
PG-M, 94
Pgp-1, 94
Plasmin inhibitor, TSP and, 117, 118
kringles, 119
Plasminogen, TSP and, 116-119

. Platelet-derived growth factor

(PDGF), 215-216, 221, 283,
284
in Matrigel, 221
Poly-al CB6, 41
Polyproline helix, similarity of colla-
gen triple helix to, 7
PQQ, 37
Procollagen in thrombospondin,
116, 119, 120
amino acid sequences of, 120
Profilin, 256
Progeria, elastin and, 157
Prolyl cis-trans isomerase, 13
Prolyl hydroxylation, 10-11
3-hydroxylase, 11
4-hydroxylase, 11
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Promoter region of tropoelastin
gene, 153-154
Propeptides of fibril-forming colla-
gen, 19-21
C-propeptides, 19-20
and fibril formation, 20-21
N-propeptides, 5, 20
Properdin in thrombospondin, 116,
119, 120
amino acid sequences of, 120
Protein disulfide isomerase, 11, 12

Proteoglycan gene families, 69-113

biosynthesis, 71-72
N-linked oligosaccharides, con-
version of, 71
classification and nomenclature,
72-74
aggregate, ability to, 72
categories, three, 73-74
c¢DNA clones, isolation of, 73
families, emergence of, 73
multiword nomenclature, 72-73
serglycin, 73
concluding remarks, 101
glycoproteins, related structurally
to, 82-101 (see also
“Glycoproteins...”)
hyaluronate-binding, 90-94
interstitial, 82
with leucine-rich repeats, 83-90
perlecan, 95-101
structurally distinct, 74-82
cell surface, 74, 76-82 (see also
“Cell surface...”)
serglycin, 74-76
structure, 70-71
in aggrecan, 70
core proteins, diverse structure
of, 70
fantastican, 70-71
GAG side chains, 70 (see also
“GAG side chains...”)
imagican, 70
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linkage region, 70
in lumican, 70
Proteoglycans:
in basement membranes, 190
chains, three, 190
cellular interactions with, 198
in elastic fiber, 143-144
Pseudoxanthoma elasticum, 171
Pulmonary emphysema, 170-171
Pulmonary hypertension, elastin
and, 157, 159, 161, 164
Pyridinoline, 3840
Pyrroloquinoline quinone (PQQ), 37

Renal diseases, acquired, 275-286
antibodies, ECM as target for,
285-286
autoimmune diseases, 285-286
glomerular extracellular matrix
expansion, 281-285
Alport’s syndrome, 281
cells, intrinsic and infiltrating,
role of, 283-284
cytokines, role of, 284-285
ECM metabolism, 281-283
glomerulosclerosis, 281-284
GLOMP, 282-283
Goodpasture’s syndrome, 281
graft-versus-host disease
(GvHD), 281
growth factors, role of, 284-285
mesangial cells, 283
“minimal change” disease, 281
platelet-derived growth factor
(PDGF), 284
transforming growth factor
(TGFp), 284-285
tumor necrosis factor (TNF), 284
glomerular structural elements,
normal, 275-281
Bowman’s capsule, 275-279, 283
glomerular basement membrane
(GBM), 275-281
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integrins, 280
mesangial extracellular matrix,
275-279
RGD sequence, 122-124, 143, 242
in elastin, 165
in integrin-ligand interaction, 231-
236, 238
laminin, cell-binding sites on, 194-
197
in melanoma cells, 242
in Tat, 256
Rheumatoid arthritis (RA), 40
Ryudocan, 75, 76-77, 79-80

S-laminin, 188
Schiff-base cross-links, 38
in Maillard reaction, 43
Segment-long spacing (SLS) aggre-
gates, 17, 30
Serglycin, 73, 74-76
Sheets of collagen molecules, 31-35
in basement membranes for type
IV collagen, 31-34 (see also
“Basement membranes...”)
Descemet’s membrane for types
IV and VII collagen, 31, 34
hexagonal lattices, 34-35
type X collagen, 34-35
in hypertrophic cartilage for type
X collagen, 31
“outer collagens,” 31, 35
in cnidarians and sponges, 35
“secreted collagens,” 31
“Short chain” collagens, 6 (see also
“Collagens™)
6-hydroxydopa, 37
67-kDa receptor, 167-169
SLS aggregates, 17, 30
SMEF, 159
Smooth muscle elastogenic factor
(SMEF), tropoelastin
expression and, 159
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SPARGC, 127, 189-190, 255 (see also
“BM-40...")
cellular interactions with, 198
in heterotypic interactions, 192-
193
Spondyloephyseal dysplasia, 274,
275
Sponges, sheet-organized collagens
in, 35, 47, 48
Steroids, tropoelastin expression
and, 160-161
Stricker syndrome, 274, 275
Stromelysin, 236, 282
Syndecan, 73, 75, 76-77, 78-79
bFGF, 78-79
and ECM activity, 258
and testosterone, 78
TGEB, 79
transmembrane domain, 78

Talin, 227-228, 229
Tat protein, 256
Tenascin, 127
cellular interactions with, 198
in malignant gliomas, 255
Testosterone, syndecan and, 78
TGEFRB, 49, 79 (see also “Transform-
ing growth factor...”)
and betaglycan, 81, 215
Thbs 1 and Thbs 2, 117-118
Thrombospondins (TSP), structure-
function of, 115-131, 231
cell adhesion, effects of on, 122-
127
Arg-Gly-Asp (RGD), 122-124
CD36, 123
conformational change, Ca*
and, 123-125
GPIIb/I1la, 123
GP1V, 123
helix-loop-helix conformation,
126
Hill plot, 124
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inconsistencies in studies, 123
iodoacetamide, 124
N-ethylmaleimide, 124
type 3 repeat and adjacent C-
globe regions, schematic of,
124-127
vitronectin, 122-123
cellular interactions with, 198
concluding remarks, 127-128
embryogenesis and morpho-
genesis, roles in, 127
fibrinolysis, effects on, 118-122
«a-helical coiled-coil, 120
az-antiplasmin, 118
antistasin, 119-120
Kunitz inhibitor modules, 119
N-propeptides, 120
protease inhibitor modules, 119
role of, important, 122
tissue plasminogen activator
(tPA), 118
urokinase (uPA), 118
introduction, 115-118
binding to, 116
epidermal growth factor, 116
extracellular matrices, interac-
tion with, 117-118
heparan sulfate proteoglycan,
118
model, 116
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