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Syndecans, Signaling, and Cell Adhesion 
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Abstract Syndecans are transmembrane proteoglycans which can participate in diverse cell surface interactions, 
involving extracellular matrix macromolecules, growth factors, protease inhibitors, and even viral entry. Currently, all 
extracellular interactions are believed to be mediated by distinct structures within the heparan sulfate chains, leaving 
the roles of chondroitin sulfate chains and extracellular portion of the core proteins to be elucidated. Evidence that 
syndecans are a class of receptor involved in cell adhesion is  mounting, and their small cytoplasmic domains may link 
with the microfilament cytoskeleton, thereby mediating signaling events. The molecular details are unknown, but the 
conservation of regions of syndecan cytoplasmic domains, and a strong tendency for homotypic association, support 
the idea that the ligand-induced clustering may be a discrete source of specific transmembrane signaling from matrix to 
cytoskeleton, as proposed for other classes of adhesion receptors. 
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The science of cell adhesion has gained consid- 
erable momentum over the past few years. We 
are now at the stage where specific individual 
adhesion molecules are being investigated in the 
context of discrete cell-cell and cell-extracellular 
matrix interactions, together with the intracellu- 
lar consequences of these receptor-ligand inter- 
actions. Second messenger signaling cascades 
have clearly been identified in many cell adhe- 
sion processes, most notably with the integrins, 
which has set a trend that is likely to continue in 
the foreseeable future. Four major classes of 
adhesion molecules are known to be involved in 
cell-cell and cell-extracellular matrix interac- 
tions, including those of the immunoglobulin 
superfamily such as N-CAM and ICAM-1, the 
calcium sensitive cadherins, the integrins which 
are involved in cell-cell and cell-matrix interac- 
tions, as well as the selectins involved in hetero- 
typic cellular interactions. 

It is now appropriate to consider the cell sur- 
face proteoglycans as a fifth class of cell adhe- 
sion molecule, especially the class known as the 
syndecans for which there is increasing evidence 
in augmentation of adhesion. The syndecans 
contain four members in mammals [reviewed in 
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Bernfield et al., 1992; Couchman and Woods, 
1993; David, 19931 but only one in Drosophila 
[Spring et al., 19941, and are typical type I 
membrane glycoproteins with a single trans- 
membrane spanning sequence and short cyto- 
plasmic domain. The larger extracellular do- 
mains are substituted with a variable number of 
glycosaminoglycans, usually at least three. The 
family are known as a group of heparan sulfate 
proteoglycans, although it is clear that syndecan 
1, for example, can additionally bear chondroi- 
tin sulfate chains, as can other members includ- 
ing syndecan 4 [Bernfield et al., 1992; David, 
1993; Shworak et al., 1994133. 

The four mammalian members of the synde- 
can family have different tissue distributions, 
and expression of their core proteins can be 
developmentally regulated [Bernfield et al., 1992; 
Couchman and Woods, 1993; David, 1993; David 
et al., 1993; Kim et al., 19941. Syndecan 1, the 
first member to be cloned, is widely present on 
epithelia, both simple and stratified, but is less 
abundant on mesenchymal cells, except during 
morphogenesis, for example in developing hair 
follicles and teeth [Bernfield et al., 1992; Thesleff 
et al., 19881. Syndecan 2, also known as fibrogly- 
can, is often the most abundant syndecan of 
mesenchymal cell types such as fibroblasts, and 
also liver [Bernfield et al., 1992; David et al., 
1993; Pierce et al., 19921. Syndecan 3 has the 
largest core protein of the family, including a 
threonine-proline rich extracellular domain. It 
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is also known as N-syndecan by virtue of its 
abundance in neural tissue, but it is also present 
in some muscle tissues [Bernfield et al., 1992; 
Kim et al., 19941. Syndecan 4, also known as 
amphiglycan and ryudocan, has the smallest 
core protein of approximately 20kD, and is the 
most widespread of the four syndecans, being 
present on epithelia and endothelia, as well as 
fibroblasts, muscle cells, neural tissue and even 
chondrocytes [Baciu et al., 1994; Kim et al., 
1994; Kojima et al., 19921. 

This review will concentrate on the synde- 
cans, but other cell surface proteoglycans, includ- 
ing the transmembrane, part-time proteoglycan 
CD44, may also have important roles in cell- 
extracellular matrix adhesion [reviewed in 
Couchman and Woods, 1993; David, 19931. Any 
role in adhesion for those proteoglycans which 
are linked to the membrane through glycosyl 
phosphatidylinositol anchors, including glypi- 
can, cerebroglycan, and OCI-5, is as yet unclear. 

The syndecans represent, at first sight, a sim- 
pler situation than the integrins, whose numer- 
ous alpha and beta subunits can form a large 
number of heterodimers [Cheresh and Mecham, 
19941. The four mammalian syndecan core pro- 
teins form homopolymers but not, apparently, 
heteropolymers. Furthermore, no alternate splic- 
ing of syndecans at  the mRNA level has yet been 
recorded. However, although syndecans may ap- 
pear to be a straightforward class of adhesion 
molecule, understanding the control and signifi- 
cance of the posttranslational modifications of 
the core protein will present a considerable chal- 
lenge. All syndecans are substituted with gly- 
cosaminoglycan chains whose chain length can 
vary, and it is clear that there is also consider- 
able complexity in terms of the fine structure of 
the heparan sulfate chains [Kato et al., 1994; 
Shworak et al., 1994a; Turnbull et al., 19921. 

These appear to mediate all syndecan interac- 
tions on the extracellular face of the cell mem- 
brane, although a subject for much future study 
will be whether the core proteins themselves are 
also involved. 

The unifying feature of syndecan core pro- 
teins is the structure of their transmembrane 
and cytoplasmic domains. These are highly ho- 
mologous and each core protein is highly con- 
served between different species [Bernfield et 
al., 1992; Couchman and Woods, 1993; David, 
19931. The single transmembrane sequence is 
strictly conserved across species for each synde- 
can, and may be partly responsible for the homo- 
typic association of the core protein [Carey et al., 
19941. In addition, there are four highly con- 
served tyrosine residues present in the cytoplas- 
mic domains of all syndecans from Drosophila 
to man [Spring et al., 19941. As depicted in 
Figure 1, the cytoplasmic domains of the synde- 
cans are very similar, but there is a central more 
variable region (V), surrounded by more highly 
conserved regions (C1 and C2). The subject of 
debate and experimentation at the current time 
is whether the cytoplasmic domains of the synde- 
cans interact with the cytoskeleton or other 
cytoplasmic molecules, and this is discussed fur- 
ther below. Certainly the conservation of tyro- 
sine residues would imply that there are impor- 
tant intermolecular interactions between the 
cytoplasmic domains and other cytoplasmic com- 
ponents, but these have remained elusive. 

An understanding of transcriptional and post- 
transcriptional controls which underlie synde- 
can expression is only in its infancy at  the cur- 
rent time. While growth factors such as TGF-P 
and FGF-2 may regulate syndecan expression 
[reviewed in Couchman and Woods, 19931, a 
recent study from Gallo et al. [19941 shows that 
syndecan 1, and particularly syndecan 4 core 

SYN D 
SYN 1 
SYN 3 
SYN 2 
SYN 4 
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Fig. 1. Cytoplasmic domain sequences of Drosophila and rat syndecans. The two constant regions (C? 
and C2) and the variable region (V) are indicated. For syndecan 1, the rat, human, mouse, and hamster 
sequences are identical as are rat and human syndecan 2 sequences. Rat and chicken syndecan 3 
sequences are identical except as denoted by the asterisk [S  + N]. For syndecan 4, rat, human and chicken 
sequences are identical. The conserved tyrosine residues are indicated in bold. Abbreviations are: SYN, 
syndecan; D, Drosophila. 
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protein gene expression can be markedly regu- 
lated by the wound fluid peptide PR-39. The 
molecular basis behind this evidently precise 
control is unknown. There are, at least in some 
cells, posttranscriptional regulation mechanisms 
as shown by Yeaman and Rapraeger [1993], 
where treatment of mouse peritoneal macro- 
phages with CAMP promotes the appearance of 
syndecan 1 on the cell surface. 

Syndecans as Co-Receptors 

The ligands for syndecan glycosaminoglycan 
chains can be broadly grouped into growth fac- 
tors and cytokines such as members of the fibro- 
blast growth factor (FGF) family, extracellular 
matrix molecules, enzymes and protease inhibi- 
tors [David, 19931. Syndecan 1, for example, can 
interact with FGFB as well as fibronectin, types 
I, 111, and V collagens, tenascin, thrombospon- 
din, and antithrombin 111. Bernfield et al. [19921 
coined the term co-receptor, based largely on 
information from the growth factor field. FGFB 
appears to require interaction with heparin, or 
heparan sulfate, in order to be favorably pre- 
sented to the high affinity receptors, FGFRs, 
which then induce transmembrane signaling and 
downstream events. Further, discrete heparan 
sulfate fine sequences have been described for 
which FGF2 has high affinity [Guimond et al., 
1993; Turnbull et al., 19923. Mutant cells lack- 
ing cell surface heparan sulfate proteoglycans 
cannot respond to FGFB in the absence of hepa- 
rin Bayon et al., 19911 and other recent data 
show that FGFB internalized on heparan sulfate 
proteoglycans enters a different cytoplasmic com- 
partment than FGFB presented in the context of 
heparan sulfate to  high affinity receptors [Rei- 
land and Rapraeger 19931. The binding and 
presentation of growth factors is a complex phe- 
nomenon, and it is not yet clear whether the 
ability of syndecans to act as growth factor co- 
receptors is a widespread phenomenon. Purified 
syndecans 1 and 2, and the GPI-anchored glypi- 
can, do not appear, in some circumstances, to 
present FGFB to high affinity receptors. Indeed 
the basement membrane heparan sulfate proteo- 
glycan perlecan, quite unrelated to the cell sur- 
face proteoglycans, may be a key player in this 
process [Aviezer et al. 19941. 

Whether syndecans act as co-receptors in cell 
adhesion processes is not fully understood. Cer- 
tainly, syndecan 4 can be readily demonstrated 
in cell-matrix adhesion plaques known as focal 
adhesions, together with integrins. Whether this 

is a case of ligand presentation by the syndecan 
to the integrins is unclear, and perhaps unlikely 
in view of a variety of evidence concerning inte- 
grin-ligand interactions. It is however, clear that 
heparin interactions with the glycoprotein fibro- 
nectin induces conformational changes [Hynes, 
19901 which may affect the availability of the 
integrin-binding sites. A third situation where 
syndecans may act as co-receptors, involves the 
heparan sulfate-sensitive mechanisms by which 
some viruses obtain entry into cells. It is not 
known whether cell surface proteoglycans act in 
concert with partner receptors in this process. 

The Carbohydrate Connection 

Syndecans appear to function in adhesion 
through their glycosaminoglycan chains. Hepa- 
ran sulfate glycosaminoglycan chains are sub- 
ject to considerable fine structural specificity 
emphasizing that the extent and position of 
sulfation and epimerization of glucuronic acid to 
iduronic acid is not random. This is entirely 
commensurate with the idea that growth factors 
and extracellular matrix ligands for heparan 
sulfate require specific patterns of heparan sul- 
fate structure. The most well known example, 
and first to  be characterized, was the structural 
requirements for binding of heparin to  anti- 
thrombin I11 [Kjellen and Lindahl, 19911. Three 
principles have emerged with respect to synde- 
can glycanation. First, a single species of synde- 
can core protein may bear heparan sulfate chains 
with cell type-specific fine structure. Elegant 
analysis by Kato et al. [19941 has shown that 
syndecan 1 heparan sulfate isolated from three 
different cell lines is distinct. While the overall 
block structure of low sulfated regions and high 
sulfated regions remained constant, the extent 
of 6-0-sulfation was variable. This apparently 

TABLE I. Distributions of the Syndecans 

SYN D. Haemopoietic organs, nervous system, 
basal surfaces of gut epithelia. 

SYN 1. Epithelial cells, embryonic mesenchyme, 
pre B lymphocytes and plasma cells, vascular 
smooth muscle, endothelial and neural cells. 

SYN 2. Mesenchymal cells, particularly in pre- 
sumptive precursors of hard and connective 
tissues, liver, muscle, brain. 

tions, cardiac and smooth muscle. 

lial, muscle, neural, lymphoid, and mesen- 
chymal tissues. 

SYN 3. Neural tissues, precartilaginous condensa- 

SYN 4. Widespread, including epithelial, endothe- 
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had no impact on interactions with FGF2, but 
altered the ability of the heparan sulfate to  
interact with type I collagen. This, clearly, has 
implications for cell-matrix adhesion events me- 
diated by syndecans. Moreover, the affinity of 
intact syndecan for collagen was markedly higher 
than that of its individual glycosaminoglycan 
chains, suggesting a role for cooperative binding 
of syndecans to matrix molecules. 

The second principle to  emerge from studies 
of syndecan heparan sulfates, is that the same 
fine structure may be present on more than one 
syndecan core protein in a single cell type. Ko- 
jima et al. [19921, for example, have shown that 
both syndecan 1 and 4 heparan sulfate chains 
may bear the appropriate structure for interac- 
tion with antithrombin 111. Syndecans 1 and 3 
have been shown to bind FGF2, whereas synde- 
cans 1,2,  and 4 interact with glycoproteins such 
as fibronectin. There may be two ways of looking 
at this apparently confusing phenomenon. In 
the first place, when syndecans act as co-recep- 
tors, core protein specificity may not have an 
over-riding influence on subsequent events. In 
contrast, where syndecans may act as direct 
receptors, with consequent signaling events, the 
biological response may be governed by the abun- 
dance of syndecan core proteins, together with 
specificity of cytoplasmic interactions. 

The third principle, is that glycanation of 
syndecan core proteins can be subject to varia- 
tion. Analysis of syndecan 1 has shown that the 
three most distal glycosaminoglycans substitu- 
tion sites are predominantly heparan sulfate, 
but with some chondroitin sulfate. In contrast, 
the two glycosaminoglycan substitution sites 
closer to the cell membrane are usually occupied 
by chondroitin sulfate chains [Kokenyesi and 
Bernfield, 19941. On the other hand, the three 
glycosaminoglycan substitution sites in synde- 
can 4 may bear any or all combinations of hepa- 
ran and chondroitin sulfates [Shworak et al., 
1994133. While no distinct function has yet been 
ascribed to chondroitin sulfate chains on synde- 
can core proteins, this is an area for future 
research, since regulation of glycanation may 
profoundly impact the ability of syndecans to 
interact with many of its ligands. Indeed, de- 
tailed studies with endothelial syndecans also 
indicate that transfection, with subsequent over- 
expression of syndecan core proteins, can satu- 
rate the heparan sulfate synthesis machinery, 
with a consequent down regulation of heparan 
sulfate chains which bear anti-thrombin I11 bind- 

ingactivity [Shworaket al., 1994al. This raises a 
concern that experiments designed to examine 
syndecan-ligand interactions need to be per- 
formed carefully, with consideration of the li- 
gand-binding properties of the over-expressed 
syndecan. It seems likely that the phenomenon 
observed with antithrombin I11 binding may 
also be true of growth factor and matrix interac- 
tions. 

Syndecan 1 and Cell Adhesion 

Syndecan 1 has been shown to interact with 
several extracellular matrix molecules, through 
its heparan sulfate chains, and many studies 
implicate syndecan 1 with a role in cell-matrix 
adhesion. Leppa et al. [19911 have investigated 
the role of syndecan 1 in adhesion of the andro- 
gen-responsive carcinoma cell line S115. These 
cells, when plated in the absence of hormone, 
retain an epithelial morphology, with well devel- 
oped microfilament bundles terminating at focal 
adhesions, but on exposure to androgens, they 
assume a more fibroblastic morphology with a 
disassembly of the microfilament system and 
focal adhesions. This change in morphology is 
accompanied by down regulation of syndecan 1 
expression on the cell surface, and could be 
prevented by overexpressing syndecan 1, indicat- 
ing that proteoglycan expression correlates with 
the acquisition and retention of an epithelial 
morphology. Other experiments with Schwann 
cells, have shown a profound influence of synde- 
can 1 on cell spreading and adhesion. Carey et 
al. [19941 have shown that overexpressing synde- 
can 1 in these cells causes them to flatten, and 
develop microfilament bundles which terminate 
in focal adhesions. However, syndecan 1 itself 
does not become incorporated into these adhe- 
sions even though during cell spreading, synde- 
can 1 codistributes with the underlying cytoskel- 
eton. Further, when syndecan 1 is crosslinked 
by antibodies, the clusters are colinear with the 
microfilament bundles, and, perhaps more im- 
portantly as an indicator of their association 
with the underlying cytoskeleton, become resis- 
tant to extraction by nonionic detergents [Carey 
et al., 19941. In contrast, clustering of overex- 
pressed truncated syndecan 1 lacking most of 
the cytoplasmic domain, does not induce deter- 
gent resistance. This interesting series of experi- 
ments points to an important role for the cyto- 
plasmic domain, namely an interaction with the 
underlying cytoskeleton. This had been sug- 
gested some years ago [reviewed in Bernfield et 
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al., 19921, but is an area still not fully resolved. 
Other data indicates that the cytoplasmic do- 
main of syndecan 1 does not become cytoskel- 
eton-associated [Miettinen and Jalkanen, 19941, 
but in this case similar crosslinking experiments 
were not performed. One hypothesis is that syn- 
decans, which may naturally occur on the cell 
surface as dimers, or even oligomers, may need 
to be associated into higher order structures 
before signaling to, and becoming associated 
with, the cytoskeleton. The nature of syndecan 
self-association is intriguing and unresolved, but 
apparently resides in the transmembrane andlor 
cytoplasmic domains of these molecules. Indeed, 
dimerization and oligomerization must be a 
stable phenomenon since the intact syndecan 
core proteins form SDS-resident dimers when 
resolved by polyacrylamide gel electrophoresis 
[Carey et al., 1994; Miettinen et al., 19941. 

A third series of experiments with mammary 
epithelial cells shows that syndecan expression 
on the cell surface may be coordinated with the 
expression of other cell adhesion molecules. Kato 
et al., [19951 have shown very recently that 
down regulating the expression of syndecan 1 on 
the cell surface, using antisense constructs, leads 
in turn, to  a down regulation of E-cadherin, but 
not other adhesion receptors, such as integrins. 
The mechanism behind this is clearly important 
to understand, but currently unknown. Again, 
this raises an issue regarding transfection experi- 
ments, since one can apparently not assume 
that depressing or augmenting syndecan expres- 
sion on the cell surface is without effect on other 
adhesion systems. 

Syndecan 4 and Cell Adhesion 

Syndecan 4 is the most widespread of all the 
syndecans in mammalian and avian tissues, and 
our recent work has shown that this proteogly- 
can becomes incorporated into focal adhesions 
[Woods and Couchman, 19941, as may syndecan 
1 in a few cases Ramagata et al., 19931. Focal 
adhesions represent points of strong cell-matrix 
interaction, and in vivo homologs may be in- 
volved with wound healing by myofibroblasts, 
and resistance to  shear stress by conducting 
vessel endothelia [Burridge et al., 1988; Woods 
and Couchman, 19881. Other potential parallels 
are the dense bodies of smooth muscles, and 
myotendinous junctions. Interest in focal adhe- 
sions has increased dramatically over the past 
few years, with the recognition that integrins 
are essential for their formation, and that they 

arise as a result of a complex series of transmem- 
brane signaling events. A schematic structure of 
focal adhesions is shown in Figure 2. Using 
either recombinant segments of fibronectin or 
fragments derived by proteolysis and subse- 
quent purification, we have shown that two 
distinct signals are induced by the glycoprotein 
fibronectin when it is used as a substrate for cell 
adhesion [reviewed in Couchman and Woods, 
19931. Cells inhibited from endogenous matrix 
synthesis, when plated on the central cell- 
binding domain, that interacts with integrins, 
can attach and spread well, but do not form focal 
adhesions. This is in contrast to whole, intact 
fibronectin or large fragments encompassing 
both integrin-binding and heparin-binding do- 
mains of the molecule. The high affinity Hep I1 
domain of fibronectin, in combination with the 
integrin-binding domain of fibronectin, does, 
however, lead to  focal adhesion formation in 
primary fibroblasts and other cell types. Other 
studies, using mutant cells lacking cell surface 
heparan sulfate, together with experiments 
where cells are pretreated with heparitinase en- 
zyme [Woods et al., 19931, indicate that the Hep 
I1 domain of fibronectin interacts with a cell 
surface heparan sulfate proteoglycan, and that 
this interaction is essential for focal adhesion 
formation. Syndecan 4 incorporation into focal 
adhesions is independent of the integrin ligated, 
which can be p l  or p3 in nature. Whether synde- 
can 4 acts as a co-receptor with integrins in the 
formation of focal adhesions is not entirely clear, 
but may be unlikely. The Hep I1 domain can 
work independently, at very low concentrations, 
and will trigger focal adhesion formation in cells 
already spread on the integrin-binding domain 
of fibronectin. Thus, two fibronectin domains 
need not be covalently bound to each other for 
activity, and may also function with different 
kinetics. Second, the requirement for cell sur- 
face proteoglycan can be bypassed by triggering 
focal adhesion formation in spread cells through 
phorbol ester activation of protein kinase C 
[Woods and Couchman, 19921. This might imply 
that syndecan 4 can directly signal to the cyto- 
skeleton of cells using distinct pathways from 
integrins, which are now known to trigger a 
cascade of tyrosine kinase phosphorylation 
events. As with the experiments involving the 
crosslinking of syndecan 1, it is clear that synde- 
can 4 become clustered and linked to the cyto- 
skeleton in the focal adhesion. Third, the cyto- 
plasmic domain of syndecan 4, but not the other 
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CYTOPLASMIC PLAOUE 
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Fig. 2. Focal adhesion components. There are four domains 
(underlined) with specific components. Potential regulatory 
components are shown in italics. Abbreviations are: FAK, focal 
adhesion kinase; PKC, protein kinase C; CRP, cysteine-rich 
protein; MLCK, myosin light chain kinase. 

syndecans, contains some homology to integrin 
PIA, including the NPXY sequence postulated to 
be involved in focal adhesion localization of the 
integrin [see Woods and Couchman, 19941. Thus, 
it may be independently drawn into association 
with microfilament associated proteins. Much 
remains to be established, including the mecha- 
nisms by which syndecan 4 (presumably its cyto- 
plasmic domain) may trigger protein kinase C 
activity, the downstream events mediated by 
protein kinase C signaling, as well as the extra- 
cellular requirements in term of interactions 
with the heparin binding domains of fibronectin 
and other extracellular matrix molecules.* In 
any event, the fact that focal adhesions are a 
clearly discernible end point in the adhesion of 
many different cell types in vitro, and probably 
in vivo, lends itself to investigation. For all the 
reasons stated above though, it is clear that 
outwardly simple experiments such as overex- 
pressing dominant negative forms of syndecan 4 
may not be straightforward, since unlike inte- 
grin-ligand interactions, the primary site of in- 
teraction of syndecan is through their heparan 
sulfate chains. These are subject to tremendous 
variability in their fine structure and present a 
challenge for the future. 
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*NOTE ADDED IN PROOF 

Baciu and Goetinck [Mol. Biol. Cell 6:1503- 
1513, 19951 have also reported that protein ki- 
nase C activation correlates with syndecan 4 
recruitment to focal adhesions. 

REFERENCES 

Aviezer D, Hecht D, Safran M, Eisinger M, David G, Yayon A 
(1994): Perlecan, basal lamina proteoglycan, promotes 
basic fibroblast growth factor-receptor binding, mitogen- 
esis, and angiogenesis. Cell 79:1005-1013. 

Baciu PC, Acaster C, Goetinck PF (1994): Molecular cloning 
and genomic organization of chicken syndecan-4. J Biol 
Chem 269:696-703. 

Bernfield M, Kokenyesi R, Kato M, Hinkes MT, Spring J, 
Gallo RL, Lose EJ  (1992): Biology of the syndecans: a 
family of transmembrane heparan sulfate proteoglycans. 
Annu Rev Cell Biol8:365-393. 

Burridge K, Fath K, Kelly T, Nuckolls G, Turner C (1988): 
Focal adhesions: transmembrane junctions between the 
extracellular matrix and the cytoskeleton. Annu Rev Cell 
Biol4:487-525. 

Carey DJ, Stahl RC, Tucker B, Bendt KA, Cizmeci-Smith G 
(1994): Aggregation-induced association of syndecan- 1 
with microfilaments mediated by the cytoplasmic domain. 
Exp Cell Res 214:12-21. 

Cheresh DA, Mecham RP (1994): “Integrins. Molecular and 
Biological Responses to the Extracellular Matrix.” San 
Diego: Academic Press. 

Couchman JR, Woods A (1993): Structure and biology of 
pericellular proteoglycans. In Roberts DD, Mecham RP 
(eds): “Cell Surface and Extracellular Glycoconjugates.” 
New York: Academic Press, pp 33-82. 

David G (1993): Integral membrane heparan sulfate proteo- 
glycans. FASEB J 7:1023-1030. 

David G, Bai XM, Van der Schueren B, Marynen P, Cassi- 
man JJ, Van den Berghe H (1993): Spatial and temporal 
changes in the expression of fibroglycan (syndecan-2) dur- 
ing mouse embryonic development. Development 119:841- 
854. 

Gallo RL, Ono M, Povsic T, Page C, Eriksson E, Klagsbrun 
M, Bernfield M (1994): Syndecans, cell surface heparan 
sulfate proteoglycans, are induced by a proline-rich antimi- 
crobial peptide from wounds. Proc Natl Acad Sci USA 
9 1: 11035-1 1039. 

Guimond S, Maccarana M, Olwin B, Lindahl U, Rapraeger 
AC (1990): Activating and inhibitory heparin sequences 
for FGF-2 (basic FGF): distinct requirements for FGF-1, 
FGF-2 and FGF-4. J Biol Chem 268:2390&23914. 

Hynes RO (1990): “Fibronectins.” New York: Springer- 
Verlag. 

Kato M, Saunders S, Nguyen H, Bernfield M (in press): Loss 
of cell surface sydecan-1 causes epithelia to transform into 
anchorage-dependent mesenchyme-like cells. Mol Biol Cell. 

Kato M, Wang H, Bernfield M, Gallagher JT, Turnbull JE 
(1994): Cell surface syndecan-1 on distinct cell types dif- 
fers in fine structure and ligand binding of its heparan 
sulfate chains. J Biol Chem 269: 18881-18890. 



584 Couchman and Woods 

Kim CW, Goldberger OA, Gallo RL, Bernfield M (1994): 
Members of the syndecan family of heparan sulfate proteo- 
glycans are expressed in distinct cell-, tissue-, and develop- 
ment-specific patterns. Mol Biol Cell 5:797-805. 

Kjellen L, Lindahl U (1991): Proteoglycans: structures and 
interactions. Annu Rev Biochem 60:443-475. 

Kojima T, Shworak NW, Rosenberg RD (1992): Isolation 
and characterization of heparan sulfate proteoglycans pro- 
duced by cloned rat microvascular endothelial cells. J Biol 
Chem 267:4859-4869. 

Leppa S, Harkonen P, Jalkanen M (1991): Steroid-induced 
epithelial-fibroblastic conversion associated with synde- 
can suppression in S115 mouse mammary tumor cells. 
Cell Regul2:l-11. 

Miettinen HM, Jalkanen M (1994): The cytoplasmic domain 
of syndecan-1 is not required for association with Triton 
X-100-insoluble material. J Cell Sci 107:1571-1581. 

Miettinen HM, Edwards SN, Jalkanen M (1994): Analysis of 
transport and targeting of syndecan-1: effect of cytoplas- 
mic tail deletions. Mol Biol Cell 51325-1339. 

Pierce A, Lyon M, Hampson IN, Cowling GJ, Gallagher J T  
(1992): Molecular cloning of the major cell surface hepa- 
ran sulfate proteoglycan from rat liver. J Biol Chem 

Reiland J ,  Rapraeger AC (1993): Heparan sulfate proteogly- 
can and FGF receptor target basic FGF to different intra- 
cellular destinations. J Cell Sci 105:1085-1093. 

Shworak NW, Shirakawa M, Colliec-Jouaults, Liu J ,  Mulli- 
gan RC, Birinyi LK, Rosenberg RD (1994a): Pathway- 
specific regulation of the synthesis of anticoagulantly ac- 
tive heparan sulfate. J Biol Chem 269:24941-24952. 

Shworak NW, Shirakawa M, Mulligan RC, Rosenberg RD 
(1994a): Characterization of ryudocan glycosaminoglycan 
acceptor sites. J Biol Chem 269:21204-21214. 

267~3894-3900. 

Spring J, Paine-Saunders SE, Hynes RO, Bernfield M (1994): 
Drosophila syndecan: conservation of a cell-surface hepa- 
ran sulfate proteoglycan. Proc Natl Acad Sci USA 91:3334- 
3338. 

Thesleff I, Jalkanen M, Vaino S, Bernfield M (1988): Cell 
surface proteoglycan expression correlates with epithelial- 
mesenchymal interaction during tooth morphogenesis. 
Dev Biol129:565-572. 

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

Woods A, Couchman JR (1988): Focal adhesions and cell- 
matrix interactions. Collagen Re1 Res 8: 155-182. 

Woods A, Couchman JR (1992): Protein kinase C involve- 
ment in focal adhesion formation. J Cell Sci 101:277-290. 

Woods A, Couchman JR (1994): Syndecan 4 heparan sulfate 
proteoglycan is a selectively enriched and widespread focal 
adhesion component. Mol Biol Cell 5:  183-192. 

Woods A, McCarthy JB, Furcht LT, Couchman JR (1993): A 
synthetic peptide from the COOH-terminal heparin- 
binding domain of fibronectin promotes focal adhesion 
formation. Mol Biol Cell 4505-613. 

YamagataM, Saga S ,  Kato M, Bernfield M, Kimata K (1993): 
Selective distributions of proteoglycans and their ligands 
in pericellular matrix of cultured fibroblasts. J Cell Sci 
106:55-65. 

Yayon AM, Klagsbrun M, Esko JD, Leder P, Ornitz DM 
(1991): Cell surface heparin-like molecules are required 
for binding of basic fibroblast growth factor. Cell 645341- 
848. 

Yeaman C, Rapraeger A (1993): Posttranscriptional regula- 
tion of syndecan 1 expression by CAMP in mouse perito- 
neal macrophages. J Cell Biol122:941-950. 




