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A B S T R A C T

Heparan sulfate proteoglycans (HSPG) are macromolecular glyco-conjugates expressed ubiquitously on the cell
surface and in the extracellular matrix where they interact with a wide range of ligands to regulate many aspects
of cellular function. The capacity of the side glycosaminoglycan chain heparan sulfate (HS) being able to interact
with diverse protein ligands relies on its complex structure that is generated by a controlled biosynthesis process,
involving the actions of glycosyl-transferases, sulfotransferases and the glucuronyl C5-epimerase. It is believed
that activities of the modification enzymes control the HS structures that are designed to serve the biological
functions in a given cell or biological status. In this review, we briefly discuss recent understandings on the roles
of HSPG in cytokine stimulated cellular signaling, focusing on FGF, TGF-β, Wnt, Hh, HGF and VEGF.

1. Introduction

Heparan sulfate proteoglycans (HSPGs) are macromolecules, typi-
cally composed of a core protein, to which several heparan sulfate (HS)
glycosaminoglycan chains are covalently attached [1,2]. HSPGs ex-
pressed in mammals are categorized into two major families based on
their location: cell surface bound HSPGs, including the glypican family
(7 members) and the syndecan family (4 members); and the extra-
cellular matrix (ECM) type, including perlecan and agrin [3]. The
biological functions of HSPG are mostly ascribed to their negatively
charged HS side chains that interact with a spectrum of protein ligands
to exert their essential functions in animal development, cellular
homeostasis and certain pathological conditions.

One of the most important biological functions of HSPG is to
modulate the activities of cytokines and cellular signaling. In the ECM it
functions as a storage for the cytokines by binding to them, thereby
controlling the availability and mobility of these biological molecules;
while on the cell-surface HSPGs function as co-receptors to mediate the
interactions between cytokines and their receptors by binding to both
the ligands and the receptors (Fig. 1). Up to date, a number of cytokines
are demonstrated to be dependent on cell-surface HS for their receptor
activation and signaling, including FGF, TGF-β family, HGF, VEGF,
hedgehog (Hh) and Wnt. This review will briefly summarize the recent
advances in the understanding of HSPG-regulated activity of selected
cytokine, e.g. growth factors, in various developmental and pathophy-
siological contexts. A review on HS regulation of chemokines was re-
cently published [4] and therefore will not be discussed here.

2. Biosynthesis of HS

The capacity of HS to interact with a wide diversity of cytokines is
attributed to its complex structures that are formed by a controlled
enzyme-catalyzed multi-step reaction [2,3,5]. The biosynthetic process
is initiated by formation of the core-linkage region constituted of 4
sugar units that are covalently linked to a serine residue within the core
protein. The sugar chains are elongated by several glycosyltransferases
(HS polymerases) to build up a polysaccharide chain composed of al-
ternating D-glucuronic acid (GlcA) and N-acetylglucosamine (GlcNAc)
units. The sugar units are modified through a number of reactions, in-
cluding N-deacetylation/N-sulfation of GlcNAc residues, C5-epimer-
ization of GlcA to L-iduronic acid (IdoA) units and O-sulfation at var-
ious positions of the hexuronic acid and glucosamine residues [3,5],
generating the eventual complicated and diverse HS molecular struc-
tures that display a spatial and temporal distinct form, with regard to
chain length and sulfation pattern [3,6] (Fig. 2). Studies over the past
decades have revealed each step of the modification reactions and
characterized all the essential enzymes involved in the biosynthetic
process; however, an intriguing question still remains: how such a di-
verse structure is generated in different cell types by the same set of
biosynthetic enzymes? Current available information points to sto-
chastic reactions of the modification enzymes that are strictly regulated
by yet unknown mechanisms. Nevertheless, this diversity of HS struc-
ture enables the molecule to interact with different protein ligands. The
interactions are often non-specific, but can be selective, and are es-
sentially dependent on the charge density and pattern, which is defined
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as ‘domain’, ‘motif’ or ‘epitope’ formed by sulfate groups of varied
number and distribution in a given HS chain. For convenience, the term
‘epitope’ is used in this review to describe a sequence within the HS
molecule that selectively binds to a given ligand (Fig. 2). The macro-
molecular property of HS allows presence of more than one epitope in a
single chain that has the potential to selectively interact with more than
one protein ligand (Fig. 2).

To understand the characteristics of HS molecular structure and
their interactions with protein ligands, biochemical, cellular and animal
experiments have been applied. Binding of cytokines to HS is in-
vestigated by incubation of the molecules in free solution [7,8], by
electrophoresis [9], or in chromatographic settings [10,11]. Numerous
cellular models offer information on the biological relevance of HS
structure and cytokine activity [12–18]. Recent studies by targeted
interruption of the genes coding for the HS modification enzymes in
animals have provided convinced information regarding the selectivity
of cytokines in interaction with different epitopes in HS. For example,
elimination of the gene, Glce, coding for glucuronyl C5-epimerase
(Hsepi) in mice, resulted in abnormal HS structure, completely lacking
IdoA residues with severely distorted sulfation pattern. The Glce mu-
tants displayed differential developmental defects in different organs,
e.g. complete lack of kidneys, but a seemingly normal liver. This is
plausibly ascribed to a selectivity of different cytokines towards the
molecular structures of HS [7,16,19,20].

Apart from the enzymes that are directly involved in HS biosynth-
esis, there are two additional post-synthesis modification enzymes that
contribute to the action of HS in modulating cytokine activities. One is
6-O-endosulfatase (Sulf) that has two forms in mammalian, and selec-
tively removes 6-O-sulfate group of glucosamine residue in a given HS
polymer [21]. Through modification of HS molecular structure, the
activity of Sulf has been associated with several cytokine-stimulated
signaling pathways, e.g. GDNF [13], TGF-β [22], FGF [23] and Wnt
[24]. The other modification enzyme is heparanase that is an en-
doglycosidase, specifically cleaving the bond between glucuronic acid
and glucosamine residues in a given HS chain [25]. Similar to Sulf,

heparanase has been implicated in regulating the activity of several
cytokines through degradation of HS, including EGF [26], VEGF [27],
FGF [10] and TGF-β [14].

3. HS and FGF signaling

The family of mammalian fibroblast growth factor (FGF) comprises
18 secreted signaling proteins and 4 tyrosine kinase receptors that to-
gether regulate a broad spectrum of developmental programs, ranging
from organogenesis during embryonic and postnatal development to
tissue repair and regeneration [28]. The interaction between FGF and
HS was among one of the first findings that demonstrates the HS par-
ticipation in modulation of cytokine activity [29]. The first genetic
evidence that HS is involved in FGF signaling regulation was revealed
in Drosophila. Different from mammals, Drosophila expresses only two
FGF receptors, encoded by the breathless and heartless loci respectively.
Disturbance of HS synthesis in the animal impaired the signaling of
both receptors, demonstrating that the activity of both receptors in
Drosophila is associated with HS [30,31]. Recently, it has been shown in
zebrafish that loss of HS resulted in collective cell migration deficiency
along the lateral line system due to elevated FGF ligand diffusion at the
cell surface and loss of FGF signal transduction [32]. Several in vitro
studies revealed the importance of FGF interaction with HS, so it
probably represents the most studied model of interaction between HS
and cytokines. Mechanistically, HS directly interact with both FGF and
their receptors (FGFR) by forming FGF-FGFR-HS ternary complex on
the cell surface [33–36]. Functionally, HS serves as a co-receptor to
facilitate the FGF-induced FGF receptor dimerization and activation
[37]. There are evidences showing that the subtypes of FGF are dif-
ferentially dependent on HS. A recent structural study of HS interaction
with FGF-1 and -2 and their receptor complex revealed distinct binding
specificities for different HS epitopes between the two FGFs, suggesting
the potential to generate specific HS epitopes to selectively activate
certain FGF pathways [38]. Such binding specificity of the FGFs for HS
has been shown to follow the phylogenetic tree of FGFs during evolu-
tion to accommodate the FGF family expansion upon natural selection
pressures [39]. Our earlier in vitro study showed that the HS isolated
from the Hsepi mutant mice had significantly lower affinity for FGF-2,
but essentially no difference for FGF-10 in comparison to the HS iso-
lated from the wildtype littermates [7], indicating that FGF-2 requires
an epitope of HS with IdoA residues, while FGF-10 does not, because
the HS expressed in the Hsepi mutant animals completely lack IdoA. In
contrast, FGF-10 induced ectopic lacrimal gland budding in explant
cultures was found to be dependent on another modification enzyme,
NDST1 [40]. Mutation of NDST1 in mice led to multiple cardiac
anomalies accompanied by downregulation of HS-dependent FGF-8
assembling with its receptor and FGF8-dependent downstream phos-
phorylation [41]. Since different subtypes of FGF have distinct biolo-
gical functions, it can be assumed that each subtype may have a dif-
ferent dependence and structural requirement for HS.

4. HS and TGF-β signaling

The mammalian transforming growth factor (TGF-β) superfamily of
about 30 cytokines regulates cell proliferation, differentiation and
maintenance in various developmental and homeostatic contexts
[42,43]. TGF-β induced activation of Smad controls transcription of
target genes, thereby modulating cell differentiation and proliferation.
Perturbation of TGF-β signaling is linked to several pathological con-
ditions, including inflammation and cancer. TGF-β1 was the first
member in the family identified as a HS-binding protein [44]. Several
studies have demonstrated the involvement of HS in TGF-β induced
signaling [22,45–48]. Unlike most of the cytokines, TGF-β is a bi-
functional regulator [49] that has both stimulatory and inhibitory ac-
tivity in the same cells [50]. This effect of TGF-β is believed to be de-
pendent on the molecular context of the cells. Our recent results suggest

Fig. 1. Illustration of the HSPG functions in the ECM and on the cell surface.
Cytokines are stored in the ECM through binding to HS; the cell surface HS
functions as a canonical co-receptor for the cytokines and their receptors to
mediate their signaling activities.

Fig. 2. Illustration of 6 different cytokines that selectively bind to special epi-
topes of HS formed by distinct sulfation patterns. Several such epitopes may
present in one HS chain, allowing to interact with different cytokines.
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that the molecular structure of HS on the cell surface plays a role in the
pluripotent activity of TGF-β1. Tumor cells overexpressing heparanase
displayed a reduced level of TGF-β1-stimulated Smad phosphorylation
and led to a slower proliferation of the cells [14]. Analysis of HS iso-
lated from the tumor cells revealed an increase in the degree of sulfa-
tion, indicating that the structural alterations of HS affected the ability
of TGF-β1 to signal via its receptors and elicit a growth response. HS
biosynthesis and post-modification are spatially and temporally regu-
lated in a given cell, which may offer an explanation for the apparently
contradictory activity of TGF-β1 on the same cell type cultured under
different conditions [50]. It is possible that there is a potential interplay
between heparanase and Sulf in modulation of HS structure, as hepar-
anase overexpression is often associated with elevated sulfation degree
while Sulf expression reduces sulfation degree.

Bone morphogenetic proteins (BMPs) are important members of the
TGF-β super family, playing complementary roles to TGF-β1 during
animal development and in tumorigenesis. One of the most dis-
tinguished functions of BMPs, as reflected by the name, is stimulating
osteogenesis and bone formation during development. Earlier studies
reported a co-receptor role of HS in BMP-induced receptor dimerization
[51]; however, further information regarding the molecular property of
HS required for the BMP-receptor interaction is circumstantial. Im-
portant information became available using mouse and cell models with
altered HS molecular structure. The cells lacking NDST1 produced HS
with substantially reduced N-sulfation, which impaired BMP inter-
nalization in lung development [52]. While cells lacking Hsepi pro-
duced HS completely lacking IdoA displayed a higher level of phos-
phorylated Smad1/5/8 upon BMP-2 stimulation [15]. HS isolated from
the Hsepi mutant MEF cells exhibited a higher binding capacity to BMP-
2. The abnormal functions of BMP in the Hsepi mutant cells most likely
contributed to the defect of bone development displayed in the
knockout animals [19,53]. These examples clearly show a structural-
functional correlation of BMP with HS, though further studies are
needed to pinpoint the epitopes of HS binding to different BMPs. In
vitro studies on the affinity of BMP binding to HS isolated from dif-
ferent mutant cells should provide more information regarding the
correlation of HS molecular structure with different BMPs.

5. HS and Wnt signaling

The Wnt family plays vital roles as intracellular signaling molecules
in many developmental processes [54]. Wnts can propagate their signal
via either canonical or non-canonical pathway by binding to the Friz-
zled (Fz) family of G-protein coupled receptors (GPCRs). The canonical
pathway is transduced via β-catenin [54] and the non-canonical
pathway is relayed through either planar cell polarity (PCP) or Ca2+

[55]. Wnt signaling is identified as a critical regulator in the osteogenic
differentiation of mesenchymal stem cells. Many human bone pathol-
ogies, such as osteoporosis pseudoglioma syndrome, sclerosteosis and
van Buchem's disease have been shown to be closely associated with
mutations in the Wnt signaling pathway [56]. Therefore, therapeutic
strategies against osteoporosis are designed by targeting endogenous
Wnt activities and the treatments demonstrated promising outcome in
preclinical trials [57]. In addition, aberrant Wnt signaling has long been
considered as one major theme in cancer biology. Tumor genome se-
quencing has revealed components of the Wnt signaling pathway as a
central mechanism for tumor progression [58,59].

The connection of Wnt activity with HSPG was initially established
in Drosophila models [30,60–62]. Several recent studies have po-
tentiated our understanding on how HSPGs modulate Wnt signaling in
various vertebrate developmental scenarios. The canonical Wnt path-
ways are long known as one of the major regulator for bone formation
process [63]. During mouse embryonic development, the cell-surface
HSPG, syndecan-2 starts to express in the periosteum as soon as os-
teogenesis initiates and the expression gradually increases during the
osteoblast differentiation process [64]. Recently, in a transgenic mouse

model overexpressing syndecan-2 the canonical Wnt signaling during
postnatal development was inhibited to improve osteogenesis through
crosstalk between the osteoblasts and their microenvironment [65].
Similarly, heparanase degradation of cell surface and extracellular HS
led to suppression of osteoblastogenesis and bone ossification via the
canonical Wnt pathway in several myeloma bone disease models [66].
In addition, syndecan-4 has also been shown to promote bone fracture
reconstruction in mouse models by modulating Wnt activity [67]. Ex-
pression of syndecan-1 on the cell surface is an indication of multiple
myeloma (MM) [68,69]. HS appeared to be critical for mediating the
interaction between MM cells and the surrounding bone marrow ma-
trix. Recently, it was shown that prevention of HS-chain polymerization
in MM cells resulted in a decrease in the canonical Wnt pathway ac-
tivity that has stimulation effect on cell proliferation in normal MM
cells [70]. These results indicate that the major function of HSPG is
through interaction of HS with Wnt.

Level of glypican-3 was found to be significantly increased in he-
patocellular carcinoma (HCC) [71] and was a recognized biomarker for
HCC diagnosis and prognosis [72]. Increased glypican-3 expression is
essential to promote hepatoma cell proliferation for the progression of
HCC, mainly by activating the canonical Wnt pathway [73]. Ectopic
expression of glypican-3 in HCC cells could increase the expression
level of c-Myc, a classical downstream target of the canonical Wnt
pathway [74]; while expression of a soluble version of the glypican-3
that can be removed from the cell membrane blocked the canonical Wnt
pathway [75]. Mechanistically, glypican-3 directly interacts with the Fz
GPCRs to facilitate the recruitment of Wnt into the signaling complex at
the cell membrane and later translocate into the cytoplasm via en-
docytosis [76]. Glypican-5, another member of the glypican family, was
identified as a tumor suppressor gene in lung adenocarcinoma (LAC)
[77] and its mechanism of action was uncovered recently [78]. Over-
expression of glypican-5 in a LAC cell line suppressed the epithelial-
mesenchymal transition (EMT) process accompanied by a significant
enrichment of the canonical Wnt pathway activity. Specifically, the
overexpressed glypican-5 interacted with Wnt3a to prevent it from
binding to the Fz GPCR, resulting in cytoplasm retention of β-catenin.
Similar mechanism was also observed in prostate cancer cells where
overexpression of glypican-5 led to hindered EMT and suppressed ca-
nonical Wnt pathway activation, which eventually inhibited cancer cell
proliferation and invasion [79]. Presumably, these functions of gly-
pican-5 might be exerted through interaction of HS with Wnt, which
should be further explored. In the context of pancreatic tumor genesis, a
mimetic form of HS prevented endogenous HS from cleavage at the cell
surface and consequently inhibited the proliferation of pancreatic
cancer cells. This activity is by directly interacting with Wnt3a and
Wnt7 to suppress the canonical Wnt pathway [80]. A recent epitope
mapping study revealed specific binding domains within the HS mo-
lecule for Wnt ligand [81]. These results support the assumption that
the functions of glypican in modulation of the Wnt pathway are mainly
through interaction of HS with Wnt. Nonetheless, it should be noted
that up to date, the Wnt activity has been mostly associated with
HSPGs, although detailed information on the functional properties of
HS, e.g. Wnt binding epitopes and interaction with the receptors, is
circumstantial. One aspect is the characteristic of Wnt receptor as
GPCR, which may increase the difficulty for studying complex forma-
tion of cytokine-HS-receptor.

6. HS and Hh signaling

Hedgehog (Hh) was first identified in Drosophila [82] and the Hh
signaling pathway is one of the key regulators for animal development.
Three mammalian homologues of Hh have been identified, i.e. sonic
hedgehog (SHH), Indian hedgehog (IHH) and desert hedgehog (DHH),
each has its own evolutionarily conserved role during animal devel-
opment despite of certain redundancy.

The first evidence of HSPG regulation on Hh activity was
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demonstrated in the development of Drosophila wing disc where it was
found that HSPG is required for Hh diffusion [83]. Hh proteins need to
go through several post-translational modification steps before be-
coming fully activated, including an initial cleavage of the C-terminal
domain [84] followed by covalent cholesterol modification and pal-
mitoylation at the remaining N-terminal domain [85,86]. The choles-
terol moiety anchors the Hh to the cell membrane by interacting with
the cell-surface HSPGs, which is critical for Hh transport and signaling
[87]. In Drosophila, the cell-surface glypican recruits lipophorin, a li-
poprotein particle, to form a complex that colocalizes with Hh proteins
and enhances Hh signaling efficiency [88]. Interestingly, SHH with a
mutation within the HS-interaction motif only affected cell proliferation
but not tissue patterning, suggesting a differential dependence on HS
[89]. Glypican-3 has been shown to suppress Hh signaling by directly
binding to the Hh ligands, preventing them from binding to their re-
ceptor, Patched [90]. A recent study showed that processing by con-
vertase, an enzyme that cleaves glypican-3 into two loosely connected
subunits, is essential for its inhibition of the Hh signaling [91]; how-
ever, the stimulation on Wnt signaling was not affected in the con-
vertase-resistant mutants [73].

The importance of HS in Hh medicated signaling has been ex-
emplified in a transgenic mouse model that is deficient in the HS
polymerase, EXT1 [92]. An elevated level of IHH signaling in differ-
entiating chondrocytes led to delayed hypertrophic differentiation and
increased chondrocyte proliferation in the mutant mice. On the other
hand, loss of the endosulfatase (Sulf) accelerated chondrocyte hyper-
trophy due to increased level of IHH activity [93]. Available evidences
show that the IHH activity is dependent on the molecular structure of
HS. For example, mice deficient in Hsepi exhibited multiple skeletal
development defects, which was, at least partly, attributed to elevated
IHH signaling activity as reflected by the expression level of Patched1
gene, both of which led to delayed hypertrophic differentiation during
endochondral bone formation [16]. It has also been shown that HS
deficiency caused growth retardation of postnatal long bone growth,
accompanied by a severe disorganized chondrocyte column in long
bone growth plates in mice [94]. Although the study did not show any
direct evidence of altered IHH expression in the mutants, the growth
plate phenotype observed in the HS mutant mice resembled that found
in a IHH mutants [95].

Apart from the skeletal system, recent studies have extended our
understanding on the biological roles of HSPG-Hh interaction in de-
velopment of other organs. During lung morphogenesis, epithelial de-
letion of the HS polymerase EXT1 resulted in aberrant lung morphology
due to reduced level of active SHH despite of normal gene expression
and stability of the protein [17], suggesting a modulation role of HS on
SHH activity. A novel role of glypican-1 in guiding commissural axons
to exit the floorplate and form longitudinal projections during neural
circuit formation has been reported [96]. Glypican-1 acts as a co-re-
ceptor for SHH to induce the expression of Hedgehog-interacting pro-
tein, which is critical for the axonal responsiveness switching process
[96]. Furthermore, a study identified glypican-5 as co-receptors for
SHH in cerebellar granule precursor cells to promote neural precursor
proliferation [97]. Particularly, it was found that the 2-O-sulfated
iduronic acid residue of HS was important for its interaction with SHH.
In gastric cancer cells, expression of the endosulfatase-1 has been
shown to significantly suppress cell proliferation by down-regulating
many of the Hh target genes, including Gli1, Ptch1/2 and c-Myc [98].
These studies have enhanced our understanding for the properties of
molecular structures (epitopes) in a given HS chain that interacts with
Hh.

7. HS and VEGF signaling

Vascular endothelial growth factor (VEGF) was originally identified
as a vascular permeability factor that was present in tumor ascites fluid
[99] and now known as a potent angiogenesis stimulator, playing

critical roles in neovascularization under both physiological and pa-
thological conditions. Earlier studies reported that the signaling activity
of VEGF is through binding to both the receptors and cell surface HSPG
[100]. Notably, the splice isoforms are different in the affinity towards
the receptors and HSPG. Analysis of HS binding sites on the most
common form of VEGF revealed that the interaction is not dependent on
single sulfated domains (epitopes) in a given HS chain, but rather a
cooperation of two sulfated domains within the VEGF dimer [101]. Like
most of other cytokines, sulfation degree and pattern of HS play im-
portant roles in their binding towards VEGF. One example is that Sulf1
action affected VEGF-mediated arterial-venous identity in zebrafish
[102]. Suppression of HS sulfation by microRNA not only resulted in
reduced binding affinity to VEGF, but also led to decreased VEGF
protein expression in endothelial cells [103]. Sulfation at C3 of gluco-
samine is usually rare in HS; however, it was found that expression of
glucosamine 3-O-sulfotransferase 3B1 subtype promoted angiogenesis
and proliferation by inducing VEGF expression and shedding in acute
myeloid leukemia cells [104]. Deletion of the N-sulfotransferase,
NDST1, resulted in significantly reduced N-sulfation of glucosamine,
and accordingly, attenuated VEGF signaling in tumor angiogenesis
[105]; but it did not affect the VEGF signaling activity in development
of congenital diaphragmatic hernia [106]. Our ongoing study shows
that the lungs from the Hsepi KO mice displayed significantly lower
levels of VEGFR and p-VEGFR (unpublished data). Collectively, the
information indicates that VEGF may require different HS structures in
different cells or conditions. Though majority of studies found that
heparin or HS promoted VEGF activity, accordingly angiogenesis, while
recent report also found that heparin impaired angiogenic signaling
through reducing VEGFR2 activation [107].

HS is abundantly expressed in developing and mature blood vessels
where they are generally believed to play a pro-angiogenic role in both
normal and pathological angiogenesis by interacting with VEGFs. One
important role of HS was to spatially restrict VEGF to create a con-
centration gradient that is essential for blood vessel branching [108]. A
number of recent studies have advanced our understanding on the roles
of HS-VEGF interaction in multiple cellular contexts of pathophysiolo-
gical conditions. Delivery of a purified HS significantly improved the
recovery from limb ischemia in the skeletal tissues of a mouse model by
stabilizing VEGF against thermal and enzyme degradation [109]. In the
context of cancer development, heparanase-induced shedding of HS
from hepatocarcinoma cell surface induced release of VEGF into the
medium, which promoted the surrounding lymphatic endothelial cell
growth [110]. Aging was identified as a factor affecting the structure of
HS, that is associated with a decline in the migratory response of human
outgrowth endothelial cell towards VEGF signaling [111].

8. HS and HGF signaling

Hepatocyte growth factor (HGF) was identified based on its ability
to promote mitogenesis of rat hepatocytes [112] by binding to and
activation of the Met receptor tyrosine kinase [113]. Signaling medi-
ated via this complex is essential for a wide range of cellular activities,
including embryogenesis and tissue regeneration. Disruption of this
signaling complex is a typical feature of many malignant tumors. HGF is
known to interact with HS via the N-terminal domain of the ligand
[114,115], but direct evidences showing the biological activities of
HGF-HS-Met interaction in cell models are still lacking. Nevertheless,
one role of HS is to concentrate the HGFs at the cell surface via direct
interaction to promote their interactions with Met in an energetically
favourable manner. Several studies have reported the direct involve-
ment of HS in HGF stimulated cell signaling [116,117]. Levels of CD44,
HS, c-Met and HGF are used to assess the metastatic process of color-
ectal cancer due to their simultaneous overexpression in colon carci-
noma cells [118]. Similar co-activation mechanism was also observed
in multiple myeloma where syndecan-1 acts as a functional co-receptor
for HGF to facilitate HGF/c-Met signaling [68]. The HS-stimulated HGF
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signaling was shown to be mediated via interaction with c-Met at the
cell surface, but not with HGF, to recruit specific intracellular effectors
that transmit distinct HGF responses for mitogenesis and cell motility
[119].

A number of recent studies have further improved our under-
standing on the roles of HGF-HS complex in multiple cellular contexts.
In a variety of human cancer cell lines, it has been shown that targeted
disruption of HS – HGF interaction by substitution of the specific amino
acids within the HS binding site of HGF can transform it into selective
competitive antagonists of their original form, consequently, blocking
oncogenic signaling and cancer progression [120]. Addition of HS in-
creased the mitogenic potency of HGF in cell culture [121]. HS is also
suggested to induce a conformational change in HGF to enable and
stabilize their dimerization that is required for stable binding to Met
[122]. In many myeloma cell types, syndecan-1 is proteolytically shed
from the cell surface into the bone marrow where it enhances tumor
growth, angiogenesis and metastasis [123,124]. Recently, it has been
shown that the shed syndecan-1in the medium of tumor cells together
with the bound HGF was taken up by bone-marrow-derived stromal
cells and transported to the nucleus where they prevent histone acet-
ylation through binding to the histone acetyltransferase enzyme p300
[125]. Removal of the HGF cargo from the shed syndecan-1 abolished
the translocation process. In the context of skeletal muscle development
and tissue regeneration the presence of glypican-1 in the lipid raft
membrane domains of myoblasts is essential for a maximum cellular
response to HGF [126]. It stabilized Met and HGF by forming a sig-
naling harbor for activa phospho-Met receptors to be concentrated.

9. Implications of heparin in cell signaling activity

Heparin shares a high structural similarity with HS, and is synthe-
sized by the same set of enzymes as for HS biosynthesis. However,
unlike the ubiquitous expression pattern of HS, heparin is exclusively
expressed in the connective tissue mast cells in the proteoglycan form of
serglycin that is the only proteoglycan found intracellularly present in
the secretary granules of mast cell [127]. Although the physiological
functions are still not fully understood, heparin has been used as a
powerful anticoagulant in clinic since 1950's. The anticoagulant activity
of heparin is through its highly specific interaction with antithrombin
(AT), and coagulation factors [128]. This high AT binding affinity de-
pends on a unique penta-saccharide sequence present in heparin [129],
but rarely in HS [130]. Nevertheless, apart from the penta-saccharide
sequence, the molecular structure of heparin can be described as highly
sulfated epitopes in HS (Fig. 3). Thus, heparin is often used as a re-
placement of HS for in vitro studies of cytokine-HS interaction, since
heparin essentially contains all the epitopes present in HS (Fig. 3). Since

only a small portion of the heparin chains contains the AT-binding
penta-saccharide sequence, rest part of the heparin chains are poten-
tially able to interact with the cytokines that bind to HS (Fig. 3). This
feature of heparin was not recognized in the clinic when applying he-
parin as an anticoagulant, and the potential ‘side effect’ of heparin has
been largely overlooked until recently. In connection with the treat-
ment of thrombotic symptoms, several non-anticoagulant, yet bene-
ficial, activities of heparin have been discovered. Clinical observation
has revealed that cancer patients received treatment with low mole-
cular weight heparin (LMWH) exhibited a better outcome in compar-
ison to the patients of similar status who had not been treated with
LMWH [131]. Though the mechanisms for such a favourable effect has
not been clarified, one possible mechanism is that the heparin may
compete with cell surface HS for binding to mitogenic cytokines, e.g.
FGF, therefore neutralizing their activity in promoting tumor growth.
One more example is that pregnant women on prophylactic treatment
with LMWH (due to thromboembolic complications) had a 30% de-
creased parturition time compared to matched controls [132]. The
finding pointed to a functional role of heparin in uterine contractility
during childbirth. These effects of heparin are most likely through in-
terfering with the biological roles of HS, which are not yet elucidated.
The interaction of heparin with cytokines can be either promotable or
inhibitory to the biological activities of HS with the respective cyto-
kines or their receptors. Due to the overall higher degree of sulfation,
heparin molecules are more homogenous and lack the distinct domain/
epitope structure that is typical for HS. Thus, different epitopes ex-
pressed in different HS chains can be present in any individual heparin
polysaccharide, making heparin more potent in binding to HS-binding
proteins. Thus, it should be kept in mind that application of heparin for
anticoagulation purpose may also affect diverse signaling pathways.

10. Conclusion

In the past several years, significant progress has been made in
unveiling the roles of HSPG in cytokine-stimulated cellular signaling in
various developmental and functional contexts. Though substantial
information has been collected as briefly discussed in this review, it can
be assumed that these macromolecules may have more unknown
functions to be discovered. In many cases, HS is modulating more than
one of the above-mentioned pathways by acting as a master switch at
the cell surface that integrates multiple extracellular signals into dif-
ferent intracellular responses. In consideration of the fact that majority
of cytokine-receptor interaction is based on or results in dimerization or
oligomerization of receptors, it is rational to assume that the core
protein of HSPG tethers their polysaccharide chains on the surface to
facilitate ligand-receptor interaction, for which the detailed mechan-
isms may have not been elucidated yet. Thus, future study should focus
on defining the epitopes of HS that selectively interact with individual
cytokines, enabling tailored design of HS-mimetics that can be used for
therapeutic purposes, through interfering the HSPG-cytokine interac-
tion. In addition, it is also important to find out the mechanisms of HS
as a signal integrator and how it rallies these different signals into
various cellular responses by applying cell models that express struc-
turally altered HS.
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