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ABBREVIATIONS
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CHO Chinese hamster ovary
CT C-terminal tail
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Erk Extracellular-regulated kinase
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FGF-2 Fibroblast growth factor 2
FGFR-1 Fibroblast growth factor receptor 1
FRS-2 FGF receptor substrate 2
GPI Glycosyl phosphatidyl inositol
Grb Growth factor bound 
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IBE Immortomouse brain endothelial
Ins(1,4,5)P3 Inositol (1,4,5)-triphosphate
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JM Juxta membrane
MAPK Mitogen activated protein kinase
NA N-acetylated
NDST N-deacetylase N-sulfotransferase
NS N-sulfated
OST O-sulfotransferase
p70 S6K p70 ribosomal S6 kinase
PG Proteoglycan
PI3K Phosphoinositide 3 kinase
PKC Protein kinase C
PLC-γ Phospholipase C-γ
RTK Receptor tyrosine kinase
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Shb Src-homology 2 protein in β-cells
Shc Src homology and collagen
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1.  What are heparin and heparan sulfate ?

1.1 Heparin and heparan sulfate are structurally similar polysaccharides 
 with distinct functions
Heparin and heparan sulfate (HS) are linear, sulfated polysaccharides of the 
glycosaminoglycan type. The sulfation makes them highly negatively charged.  
HS is generally less sulfated than heparin, and has a more varied structure [1]. 
Under physiological conditions, poly-saccharides are linked to a protein core, so-
called proteoglycan (PG) structures.

Heparin is expressed in only one type of cell, the connective tissue-type mast cell, 
in most vertebrates, and in histologically similar cells in certain invertebrates. 
These cells are found in tissues that are in direct contact with the environment 
such as skin, lung and intestine. It has therefore been speculated that heparin 
modulates immune reactions or other body defense mechanisms [2]. HS, on 
the other hand, is ubiquitously expressed in all cell types except for certain 
types of blood cells [3], and is found in all tissue-organized life forms [4] (Fig. 
1). Embryonic expression of HS is initiated at the four-cell stage, and shows 
spatio-temporal changes during development, but seems to be stabilized in the 
adult animal [5]. An essential role for HS during embryonal development has 
been defi ned. The functions of morphogens, including wnt, FGF and hedgehog, 
depend on HS [6]. In the kidney, HS is a vital part of the charge-selective fi lter in 
the glomeruli, that is responsible for ultrafi ltration of primary urine [7]. General 
tissue distribution, as well as evolutionary conservation in tissue-organized 
animals, indicate broad and essential functions for HS. These functions are 
generally ascribed to non covalent interactions with a variety of proteins [8]. 
This is supported by the literature; HS is implicated in diverse functions, such as 
basement membrane (BM) integrity, cell signaling, adhesion, migration as well as 
other organ specifi c functions [5, 7].

BACKGROUND

Fig. 1. The 
distribution of 
heparan sulfate 
in the animal 
kingdom.

Parazoa

Radiata

Eumetazoa

Deuterastomes

Protostomes

Acelo-
mates

Pseudo-
celomates

?

Unicellular
or colonial
protozoa

Heparan sulfate competent

Heparan sulfate incompetent



10

1.2 HSPGs are found at the cell surface of almost all cells, and in the 
extracellular matrix

-at the cell surface of most cells
There are fi ve known families of membrane-anchored heparan sulfated 
proteoglycans (HSPGs). Members of two HSPG families, syndecans, and 
glypicans, are found on most cell types. Three other types of proteins are 
modifi ed only occasionally by attachment of heparan sulfate: FGFR-2 
(found only in the parathyroid gland), the cell surface antigen CD44, and 
betaglycan [9]. All cell surface HSPGs are membrane intercalated except 
for the glypican family members, that are linked to the cell surface via a 
glycosyl-phosphatidylinositol (GPI) anchor.

-in the extracellular matrix
  HSPGs are found in all basement membranes (BMs) and are believed to 

play a vital role for their integrity. There are three known matrix HSPGs: 
Perlecan (the main HSPG of endothelial BMs and in cartilage), HS-agrin
(found in neuromuscular junctions, and in kidney glomeruli), and HS-
collagen XVIII  (found in most BMs except for in the liver) [7]. 

1.3 HS and heparin are synthesized in the Golgi apparatus
Proteoglycan synthesis starts in the rough endoplasmic reticulum where the 
core proteins are synthesized. HS or heparin glycanation is executed in the 
Golgi apparatus [1]. HS/heparin are synthesized by the conserted action of 
many enzyme families (Fig. 2.). The fi rst steps in heparin and HS synthesis are 
identical; a linkage region is added to the protein core, onto which a repeated 
disaccharide, [glucuronic acid-glucosamine]n, is added forming the carbohydrate 
backbone. The next step determines if the product will be HS or heparin. Long 
N-sulfated regions, that are characteristic for heparin, are introduced by the N-
deacetylase/N-sulfotransferase (NDST)-2 (NDST-2) isoform. Heparan sulfate, on 
the other hand, has shorter N-sulfated and alternating N-acetylated/N-sulfated 
regions (Fig. 2A) and requires at least one additional NDST isoform, NDST-1, 
for N-sulfation. The enzymes responsible for the successive modifi cations, i.e. 
C5-epimerization, of glucuronic to iduronic acid and O-sulfation, recognize their 
substrates through the N-sulfate groups and exclusively modify the NS and NS/
NA regions. Heparin, thereby, becomes homogenously sulfated (approximately 
90% of the glucosamines are N-sulfated), whereas HS has long unsulfated regions 
(50-70% depending on the tissue source) interrupted by short NS or NA/NS 
regions [1] (illustrated in Fig. 3A &B).
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Fig. 2. HS and heparin are synthesized in the Golgi apparatus.
Different families of enzymes catalyze the synthesis of HS. Modifying enzymes, which 
fi nalize the structure, are believed to act immediately following the polymerization of the 
carbohydrate backbone.
1. The addition of a linkage region. Four different enzymes catalyze these reactions, and 
add one sugar residue at a time to a serine residue located within a GAG attachment site 
in the protein. The sequence from the serine-attached end is xylose-galactose-galactose-
glucuronic acid. 

2. The HS polymerase forms the polysaccharide. The HS-polymerase adds alternating 
glucosamine and glucuronic acid to form the backbone of the HS-polysaccharide. 

3. N-Sulfation forms distinct regions. The N-deacetylase/N-sulfotransferase (NDST) 
family replaces the acylgroup, attached to the amino group in glucosamine, with a sulfate 
group. By this action, 3 different regions are formed: N-acetylated (NA), N-sulfated (NS) 
and alternating N-acetylated and N-sulfated (NA/NS) regions (see Fig. 2B).

4. The NS and NA/NS regions are then further modifi ed. Four different enzymes 
continue to modify the NS and NS/NA regions. The glucuronyl-C5-epimerase converts 
glucuronic acid units to iduronic acid units, the 2O-sulfotransferase adds a sulfate 
group in the 2O- position on iduronic acid units and glucuronic acid units, the 6O- 
sulfotransferase family of enzymes adds a sulfate group in the C6 position on glucosamine 
and the  3O-sulfotransferase family of enzymes adds a sulfate group in the 3O-position on 
glucosamine.
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1.4  The sulfate groups form binding sites for proteins
The interaction between HS and proteins is generally electrostatic in nature, 
involving binding of the polysaccharide’s negatively charged sulfate and carboxyl 
groups to basic amino acid residues in the protein. Only a few sulfate groups are 
involved in binding to a specifi c protein. For example, full strength interaction 
between FGF-2 and a HS polysaccharide requires only one or two iduronic acid 
2-O sulfate groups in an N-sulfated pentasaccharide domain [11]. Additional 
glucosamine 6-O-sulfate groups do not appear to contribute to the interaction. 
In vitro studies have demonstrated binding sites for many proteins on a fully 
sulfated heparin structure (see Fig. 3C &D) [1]. Many of these proteins, however, 
will never interact with heparin in a physiological context.  Therefore, the specifi c 
and selective interaction between HS and these proteins (Fig. 3C) is more relevant. 
Interestingly, the specifi c protein binding motifs on HS are expressed in a tissue 
specifi c manner [12].

1.5 The formation of HS sulfate pattern is regulated
It is not clear how the structural diversity of heparan sulfate is ultimately 
controlled. HS modifi cation is executed in a consecutive manner, where N-
sulfation precedes O-sulfation and C5-epimerziation and the C5-epimerization 
of glucuronic to iduronic acid, in turn, precedes sulfation of iduronic acid. Each 
enzymatic reaction does not reach completion. Approximately half of N-acetyl-
glucosamines escape N-sulfation, limiting the extent of epimerization and 2-O-
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Fig. 3. HS can bind specifi cally to proteins; heparin binds unspecifi cally to HS-binding 
proteins. Schematic fi gures of HS and heparin: A) HS consists of three types of domains 
NA, NS and NS/NA. The ratio between the domain types, and the modifi cation of the 
NS and NS/NA regions are tissue specifi c. B) Heparin consists of a few long NS regions. 
C) Schematic fi gure shows two different HS-binding proteins binding to their specifi c 
HS epitopes. D ) The same two proteins also bind the same “epitope” in heparin found, 
disguised anywhere, along the heparin polysaccharide.
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sulfation of iduronic acid moieties. Thus, NDST enzymes have a pivotal role in 
directing subsequent modifi cation steps. There are four NDST isoforms varying in 
relative N-deacetylase and N-sulfotransferase activities [8]. In vitro overexpression 
of NDST-1 correlates to an increasing HS affi nity to FGF-2, indicating a 
relationship between expression levels of the enzyme and HS structure [13]. The 
newly reported human Hsulf-1/-2 [14] and quail Qsulf-1/-2 [15] endosulfatases 
exert a more direct mode of regulation; they act on the completed HS at the cell 
surface. These enzymes, effi ciently remove 6-O-sulfate groups from trisulfated 
[idoronosyl(2-O-sulfate)-glucosaminyl(N-, 6-O- sulfate)] disaccharide units found 
only in the NS-domains of heparan sulfate [14, 15].

1.6  HSPG cell surface population has high turn over rate
Most cell surface HSPGs have a half-life of 4-8h. The major part of cell surface 
HSPGs are continuously endocytosed and degraded, while a minor part 
is shed (see 4.4). Membrane- intercalated and GPI-anchored HSPGs have 
different degradation pathways. Endocytosed membrane intercalated HSPGs 
undergo stepwise degradation in prelysosomal compartments before complete 
degradation in the lysosome [16]. GPI-anhored HSPG may be similarly degraded, 
but may also enter a different pathway involving “trimming” of HS chains, 
followed by reformation of such chains and redistribution of the product to the 
cell surface in a re-cycling process [17].



14

2. What is the FGF-signaling system ?

The human FGF-signaling system, to date, comprises 22 known, structurally 
related ligands and four high affi nity receptor molecules. 

PP
PP PP

Fig. 4. Models for receptor tyrosine 
kinase activation. RTKs are activated by 
receptor dimerization. In the activating 
reaction, the receptors catalyze 
phosphorylation of tyrosine residues on 
their dimer partner. The dimers form 
in at least three different ways: A) a 
dimeric growth factor or B) a monomeric 
growth factor, with binding sites for 
two receptors, are suffi cient to dimerize 
receptors. C) A monomeric growth factor 
with one receptor binding site and one 
HS binding site needs the presence of 
both growth factor and HS for receptor 
activation.

2.1 FGF receptors are receptor tyrosine 
kinases

FGFRs belong to the family of receptor 
tyrosine kinases (RTK). RTKs are trans-
membrane proteins with a ligand-binding 
extracellular part, a single membrane-
spanning domain, and an intracellular 
part containing a tyrosine kinase domain. 
RTKs are activated by dimerization. Three 
principally different models have been 
put forth to account for receptor-ligand 
interactions: a) binding of dimeric ligands 
containing two similar receptor-binding 
surfaces that simultaneously bind two 
receptors, b) binding of monomeric 
growth factors with two, dissimilar 
receptor-binding surfaces or c) binding 
of monomeric ligands that are dimerized 
or clustered through binding to HS 
polysaccharides (Fig. 4.). Structural motifs 
in the receptor molecules may also be 
involved in receptor: receptor and receptor: 
heparan sulfate interactions. In the receptor 
dimer, one receptor molecule is a substrate 
for the other receptor tyrosine kinase 
and becomes reciprocally tyrosine-phosphorylated (Fig. 4). The phosphorylated 
tyrosine residues, in combination with surrounding amino acid residues, form 
specifi c binding sites for signal transduction molecules that in various ways 
regulate cellular behavior [18].

2.2 FGFR-1 is composed of domains with specifi c functions
The extracellular domain of FGFR-1 is composed of two or three 
immunoglobulin-like loops (Ig-loops). Ligands have been shown to bind to the 
loops located closest to the plasma membrane, Ig-loop 2 and 3. Ig-loop 1, at the 
N-terminus of the receptor, has not yet been associated with any function [18]. A 
cluster of basic amino acid residues in the N-terminal part of Ig-loop 2 in FGFR-1 
has been shown to bind heparin and is believed to be important for activation of 
the receptor kinase [19]. Similar sequences are also found in FGFR-2 and -3. 

A) B) C)
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The juxtamembrane (JM) domain, in the intracellular part of the receptor, contains 
one tyrosine autophosphorylation site, Y463. The JM-domain is followed by a 
split tyrosine kinase (TK) domain, which contains three autophosphorylation 
sites. Two additional autophosphorylation sites, Y583/585, are located in the 
middle of the TK domain, in the kinase insert (KI) that splits the tyrosine kinase in 
two parts. The C-terminal tail contains one autophosphorylation site, Y766 (Fig. 5) 
[18].

Fig. 5. An overview of FGFR-1 signaling. 
Binding of FGF-2 results in receptor dimerization and phosphorylation of specifi c 
tyrosine residues within the intracellular domain of the receptor. Several intracellular 
signalling proteins are activated either directly via receptor binding, such as Crk, 
FRS-2, Shb and PLCγ, or via indirect mechanisms such as Shc, and SHP-2. Several 
other proteins, such as Src, p38, MAPK, PI3K, p70 S6K, and Grb 14 are also activated 
via FGFR-1, althogh, the exact mechanism of activation is unknown. The signal 
transduction pathways induce transcription of selected genes leading to cellular 
responses.a

aAbbreviations: DAG, sn-1,2-diacylglycerol; FGF-2, fi broblast growth factor 2, FGFR-1, fi broblast 
growth factor receptor 1; FRS-2, FGF receptor substrate 2; Grb2, growth factor receptor bound 2; 
Grb14, growth factor receptor bound 14; Ins(1,4,5)P3, inositol (1,4,5)-triphosphate; HS, heparan sulfate; 
JM, juxta membrane; MAPK, mitogen activated protein kinase; p70 S6K, p70 ribosomal S6 kinase; 
PI3K, phosphoinositide 3 kinase; PKC, protein kinase C; PLC-γ, phospholipase C-γ, Shc Src homology 
and collagen; SHP-2 SH2 phosphatase 2
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2.3 The active receptor initiates intracellular signaling cascades
 A number of signal transduction molecules are phosphorylated upon FGF 
stimulation of cells (Fig. 5 and Table 1). Four molecules, Crk, phospholipase 
C (PLC)γ1 [18], Shb [20], and FGF receptor substrate-2 (FRS-2) [21], have been 
shown to physically interact with FGFR-1. Shb and PLCγ1 both bind to the 
phosphorylated tyrosine residues Y766, whereas Crk binds phosphorylated 
tyrosine Y463. FRS-2 has been shown to bind to the JM domain in a  constitutive 
manner. The signaling molecules transduce signals by activating distinct signaling 
pathways and are associated with induction of different cellular responses, as 
summarized in Table 1 [22].

aTable 1. FGFR-1 signal mechanisms
Signaling  Receptor Activated via Signaling-cascade Physiological role Ref
molecule binding site  regulated 
Crk Y463 FGFR-1 binding Activation of MAPK,  Proliferation [23]
   Jun kinase
PLC-γ Y766 FGFR-1 binding Ins(1,4,5)P3-mediated Cytoskeletal  [24-26]
    reorganisation
Shb Y766 FGFR-1 binding Activation of MAPK Differentiation,  [20, 27]
    Apoptosis
FRS-2 aa 419-430 FGFR-1 binding Activation of MAPK Proliferation,  [21, 23, 28, 29]
    Differentiation
Unknown aa 759-774 Unknown Unknown Migration [30]
SHP-2 - Binds to FRS-2 Sustained MAPK Proliferation [31]
    activation 
Src - FGFR-1 activation Unknown Differentiation [32]
Shc - FGFR-1 activation Activation of MAPK Proliferation,  [32]
    Differentiation
Grb14 - FGFR-1 binding Activation of MAPK? Proliferation? [33]
PI3K - Y766-P Rac, Akt activation Migration,  [26]
    Survival?
p38 MAPK - unknown unknown Proliferation, [34]
     Survival
p70 S6K - Unknown Unknown Proliferation,  [35]
    Survival
a(Abbreviations are explained in the footnote on previous page)
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3. What does FGF-signaling have to do with HS?
3.1  Cells lacking HS show poor sensitivity to FGF
Cultured cells that lack HS do not respond well to FGF-2. This observation 
has been made in several different cell systems. HS-defi cient lymfoid cell line 
BAF32 and NIH3T3 fi broblasts, cultured in chlorate-containing medium to 
block the sulfation of HS, fail to respond to FGF-2 with increased incorporation 
of [3H]thymidine [36, 37]. In chlorate-treated MM14 myoblasts, FGF-2 alone 
cannot repress differentiation [38]. Addition of exogenous heparin to any of these 
systems restores their responsiveness to FGF-2 [36-38]. 

3.2  HS/heparin sulfation determines its ability to support receptor activation
HS/heparin sulfation is crucial for the ability of polysaccharides to support 
FGFR-1 kinase activation. Heparin variants lacking N-, 2-O- or 6-O-sulfate 
groups are unable to promote either FGF-2-induced FGFR-1 kinase activation in 
HS-polymerase mutant cells, or [3H]thymidine incorporation in chlorate-treated  
NIH3T3 fi broblasts [37] (See also Paper I). Biochemical analyses have shown 
that FGF-2 high affi nity binding to HS/heparin is dependent on the presence 
of 2-O-sufate groups [39]; meanwhile the binding of HS to a FGFR-1 derived 
peptide requires both 2-O- and 6-O- sulfation, (Paper I). 6-O-desulfated heparin 
is, a competitive inhibitor of heparin potentiated, FGF-2 induced, FGFR-1 kinase 
activation (Paper I), and DNA synthesis [37]. It has furthermore been shown to 
inhibit FGF-induced angiogenesis in the chicken choreoallantic membrane (Paper 
I).

3.3 HS/heparin promotes FGF-induced FGFR-1 dimerization and 
autophosphorylation

FGF-2 has been crystallized together with FGFR1c extracellular domain and 
a heparin decasaccharide. Analysis of the x-ray diffraction pattern from the 
crystal showed that it consists of FGF:FGFR:heparin decasaccharide units at 
a 2:2:2 stoichiometry. Each HS decasaccharide participates in an interaction 
between one FGF-2 and both FGFR-1c extracellular domain molecules, thereby 
aiding ligand:receptor interaction as well as receptor dimerization [40]. A 
slightly different stoichiometry was obtained by crystallizing FGF-1 together 
with FGFR2: only one heparan sulfate decasaccharide was in the dimerization 
complex [41]. Accordingly, cell surface dimerizatin of FGF-1:FGFR-1 complexes, 
stabilized in the presence of a chemical cross-linker, is increased by heparin [42]. 
Moreover, FGFR-1 expressing Chinese hamster ovary (CHO) cells, expressing a 
non-functional mutant of HS polymerase (CHO677), respond poorly to FGF-2 
and show only weak induction of the FGFR-1 kinase. The addition of exogenous 
heparin together with FGF-2, increases FGFR-1 kinase activity (Paper I). It is 
evident that HS, in this way, has a role in FGFR-1 dimerization, and subsequent 
receptor tyrosine kinase activation.
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3.4 HS/heparin modulates FGFR-1 signal transduction qualitatively
A heavily charged molecule, such as heparin, is likely to change the interactions 
between the components in the ligand-receptor complex. This, perhaps, leads 
to a change in receptor rotation and/or conformation and consequently, could 
also affect the induction of signal transduction taking place inside the plasma 
membrane (See Fig. 6). In paper III, we show fi ndings pointing to heparin 
mediated quantitative and qualitative changes in FGF-2 induced FGFR-1 
autophosphorylation, and downstream signal transduction (See Paper III). In 
another study, FGF-2 could only induce a transient activation of Erk-MAPK in 
the absence of heparin. Stimulation with FGF-2 together with heparin induces 
sustained Erk-MAPK activation as well as a heparin-dependent phosphorylation 
of the transcriptional regulator, IκB [43].

3.5  FGF receptor activation is dependent on specifi c  HS structures in 
combination with specifi c  FGF and FGFR isoforms

Individual FGF and FGFR isoforms require specifi c HS structures for signaling. 
The activity of structurally defi ned heparin preparations has been studied for 
a few FGF and FGFR isoforms. In HS defi cient CHO677 cells, the length of the 
polysaccharide needed for FGFR-1 mediated Erk phosphorylation, differs for 
FGF-1, FGF-2 and FGF-8. FGF-2 can, in fact, promote a slight activation of Erk in 
the absence of heparin, whereas FGF-1 and FGF-8 are more strictly dependent 
on the presence of heparin [44] (Paper I). HS defi cient lymfoid cells have also 
been used to study the ability of components in a HS deca-saccharide library to 
support FGF-2 activation of FGFR-1c, FGFR-2c and FGFR-3c. Here, FGF-2 has 
an absolute requirement for heparin to activate the receptors. FGFR-1c and R-2c 

+
P

P
P

P

P
P
P
P

FGF-2 Heparin FGFR-1

(Y463)

(Y585)
(Y583)
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? ?

Fig. 6. A hypothetical model for FGF-2 induced FGFR-1 activation. 
FGFR-1 is weakly activated and autophosphorylated in response to FGF-2 in the absence 
of HS. If HS is present, FGF-2 induces more intense FGFR-1 autophosphorylation of, 
in particular, tyrosine residue 766 (Paper I and III). Perhaps, HS stabilizes the [FGF-2-
FGFR-1:FGF-2-FGFR-1] complex, and maybe changes receptor conformation and/or 
rotation making the receptor autophosphorylation sites more available for reciprocal 
kinase activity in the FGFR dimer pair. 
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Table 2. FGF-FGFR specifi c HS requirements in different cell culture models.
 Heparin/HS dependence Oligosaccharide length Cell type Ref

FGFR-1IIIc
FGF-1 obligatory 8 CHO677 [44]
FGF-2 dependent 10 CHO677 [44, 48]
FGF-2 obligatory 10 Baf [36]
FGF-2 obligatory 12 NIH3T3 [37]
FGF-8 obligatory 18 CHO677 [44]
FGFR-3IIIc
FGF-7 dependent nd Baf [46]
FGFR-4
FGF-8 obligatory 14 CHO677 [44]

signaling is supported by HS decamers and is dependent on specifi c sulfation 
patterns. In contrast, FGFR-3 activation by FGF-2 is not supported by a decamer 
[45]. FGF-7 alone can activate FGFR-3 to induce DNA synthesis, but the response 
is improved in the presence of heparin [46] (see Table 2.).

 Distinctly sulfated HS, with specifi c abilities to activate FGF and FGF 
receptor isoforms, appears to regulate important physiological functions, 
such as embryonal development. HS preparations, derived from embryonal 
neuroepithelium at gestational day 10 and 12, differ in their abilities to support 
FGF-1 and FGF-2 signaling. These HS preparations were tested on breast cancer-
derived cells carrying FGFR-1, R-2 and R-3. HS, isolated from neuroepithelium 
day 12, binds, together with FGF-2, mainly FGFR-1, and induces MAPK activity 
and proliferation of cells. In contrast, HS, isolated from neuroepithelium day 10, 
binds together with FGF-1, both FGFR-1 and R-2 and induces phosphorylation 
of the cytoplasmic tyrosine kinases, p60Src and p125FAK, stimulating cellular 
migration [47]. 

3.6 Developmental studies put the importance of HS-FGF-FGFR interactions 
into perspective 

In the fruit fl y, Drosophila melangaster, one FGF ligand (Bnl) and two FGF receptors 
(Htl and Btl) have been identifi ed. Both receptors are needed for dorsolateral 
migration of early mesodermal cells that give rise to organs, such as the heart. 
Btl and Bnl are also required for development of the tracheal organ. “Loss of 
function” mutations in the genes coding for NDST (Sfl ) and UDP-D-glucose-
dehydrogenase (Sgl) homologues display defects in tracheal development similar 
to that of Bnl and Btl mutant fl ies. The tracheal organ defects can be partially 
reversed by overexpression of Bnl [6]. Introduction of inhibitory RNA (RNAi), 
targeting the Drosophila 6-O-sulfotransferase, also results in tracheal organ 
defects [49]. Hence, HS 6-O-sulfate groups are important for FGF-signaling in 
tracheal organ development.
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Studies in gene manipulated mice have not yet provided a role for HS in FGF 
signaling in vivo. Ext1-/-  mice, lacking HS, and NDST-1/2-/- mice, lacking 
N-sulfated HS, die before completed gastrulation [50] (L Kjellén, personal 
communication). This makes it impossible to study HS’s role in FGF signaling 
steps known to occur later on in development. Results from studying the 2-O 
sulfotransferase knockout, meanwhile, challenges conclusions drawn from in vitro
studies. As described in section 3.2, in vitro studies have shown that 2-O sulfate 
groups are important for both high affi nity FGF-2 binding to HS [39], and for the 
activation of FGFR-1 [37] (I). It was, therefore, surprising that cells derived from 
2-OST-/- mice respond to acute stimulation with FGF-2 by activation of Erk just 
as well as wild type cells [51]. Analyses of HS from these mice, show that both 
N- and 6-O-sulfation are more dense than in wildtype HS. This increase in N- and 
6-O-sulfation may compensate for the lack of 2-O-sulfate groups, and perhaps 
explains the functional FGF-response.
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4. How can cells use HS to modify their response to
FGF?

This question has been studied intensely for more than fi fteen years. Despite these 
efforts, the in vivo mechanisms, responsible for HS regulation of FGF signaling, 
are far from clear. One explanation for the slow progress in this fi eld may be the 
complexity of the involved components. Table 3 summarizes a number of possible 
regulatory principles.

4.1 Transcriptional regulation of HS biosynthetic enzymes may determine 
HS structure and function

 It is an interesting possibility that cells may regulate the absolute and relative 
amounts of different synthetic enzymes in the “HS factory” to control the 
structure of the produced HS. This is contradicted by the fact that mice carrying 
only one functional allele of Ext1, C5-epimerase, NDST1 and 2-OST appear 
healthy [63-65]. HS-epimerase+/- and NDST-1+/- mice express half the normal 
amount of C5-epimerase and NDST1 mRNA, but the composition of the 
produced HS is indistinguishable from that produced by wild type mice [64](L 
Kjellén, personal communication). This may indicate that there is a redundancy 
in the expression of these RNAs. There may even be a redundancy in the total 
amount of HS produced in vivo. For example, Ext1+/- mice express half the amount 
of cell surface HS as compared to wild type cells. Still, the mice are healthy and 
fertile [50].

There are, nevertheless, observations to support the idea that transcriptional 
regulation of HS biosynthesis does indeed occur. Overexpression of NDST-
1 in cultured monkey cells increases the affi nity of HS for FGF, indicating 
a relationship between enzyme expression levels and HS structure [13]. In 
Drosophila melanogaster, strong expression of 6-O-sulfotransferase in the tracheal 

Table 3. Factors responsible for  heparan sulfate regulation of FGFR signaling
Level of regulation Principle Exemple
HS-synthetic enzymes Transcriptional NDST, 6-OST  [52-54]
 Extracellular modifi cation H-sulf  [55]
HSPG-core proteins Transcriptional Syndecan, Glypican  [56, 57, ]
HSPG-endocytosis HS Turnover Regulation not studied  [16]
 FGF Clearance  Regulation not studied  [58]
Shedding of Inhibitory action of Syndecan, glypican  [16, 59, 76]
core proteins soluble HSPG
Extracellular HS Heparanase  Release of active FGF [60, 61]
degradation  from the ECM
Receptors Transcriptional regulation Differential HS requirements  
 of FGF and FGFR isoforms. of FGF-FGFR combinations  [44, 45, 48]
Interference with  Displacement of FGF from HS FGF-BP  [62] 
FGF binding to HS
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organ coincides with Btl-FGFR expression; furthermore, interference with the 
expression of either of these genes perturbs the development of the tracheal organ 
[49, 66].

 A direct regulatory mechanism is provided by the cell surface associated 6-
O-endosulfatases, Hsulf-1/2, which remove HS 6-O-sulfate groups that are 
critical for FGF-2 signaling [14, 15]. Transcripts of these enzymes are present in 
most normal tissues, but are undetectable in many carcinoma derived cell lines. 
Reintroduction of HSulf-1 into an ovarian carcinoma cell line decreases the 
sulfation of HS, as well as cell sensitivity to heparin binding epidermal growth 
factor and FGF-2 [55].

4.2 HSPG core protein structure contributes to FGFR signaling
FGF and HS must be localized in close apposition to FGFR on the cell surface 
to form a functional trimeric complex. Possible locations for HS-mediated FGF-
induced FGFR-1 activation are presented in fi gure 7. 

FGF signals may be supported by HS, bound to core proteins, located in the same plasma 
membrane.
HSPG is expressed on the cell surface, and it is likely, but not certain, that this 
pool of HSPGs presents FGF to FGF receptors. Overexpression of HSPGs in cells 
expressing FGF receptors is a strategy to study the role of cell surface HSPGs. 
In one study, glypican-1 is more effi cient than syndecan-1 in supporting FGF-2 
induced BrdU incorporation in endothelial cells [67]. In another study, inducing 
syndecan-1 expression decreases fi broblast mitogenic response to FGF-2 [68]. The 
importance of the core protein cytoplasmic tail is highlighted in a study by Volk 
and coworkers. They showed that syndecan-4-like effects are transduced by a 
chimeric HSPG which is composed of the extracellular part of glypican-1 fused 
to the intracellular domain of syndecan-4 [69]. The protein core of syndecan-
4 is phosphorylated on serine residues by protein kinase Cα, which provides 
a mechanism for syndecan-4 to modulate FGFR-1 downstream signaling. 
Furthermore FGFR-1 activation has been shown to induce dephosphorylation of 
Ser183 on the syndecan-4 intracellular domain [70]. 

The plasma membrane is sectorized, and the structure of the core proteins 
determines HSPG subcellular localization. Syndecan-4, for instance, is the only 
HSPG consistently found in focal adhesions complexes [71], whereas glypicans 
are found in raft microdomains [57].



 How can cells use HS to modify their response to FGF?  23

FGF signaling may be supported by HS bound to core proteins located on the surface of an 
adjacent cell or in the extracellular matrix.
There is also experimental evidence for interactions between FGFRs localized on 
one cell and FGF bound to HS expressed on an adjacent cell [72, 73]. This makes it 
possible that HS expressing cells can infl uence the degree of signaling in adjacent 
cells, through HS structural modifi cation. In a recent study, one HS carrying, non 
adhesive cell type was mixed with a FGFR-1 carrying, HS-defi cient, non adhesive 
cell type to study the activation capacity of specifi c HSPG core proteins. The HS 
carrying cell type, was induced to express either syndecan-1 or glypican-1. No 
striking difference in contribution to FGFR activation was seen between the two 
HSPGs. Comparing two different HS carrying cell lines induced to express the 
same core protein, however, revealed cell type specifi c differences in FGFR-1 
activation potency. The HS produced by the more potent activating cell had a 
higher sulfate density {76}. 

FGF bound to HS in the extracellular matrix may also be available for FGFR-
1 interaction and activation. BM-HS participates in the formation of trimeric 
complexes with FGF-2 and FGFR-1, situated in an HS defi cient cell. This 
interaction seems equivalent to the interaction of FGFR-1, FGF-2 and HS localized 
on another cell [74]. It has not yet been determined if FGFR-1 can be activated by 
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Fig. 7. Possible circumstances under which FGFR is activated. FGF-2 induced receptor 
activation could be mediated by A) HSPG intercalated in the same plasma membrane 
as the receptor B) HSPG intercalated in the plasma membrane of an adjacent cell C)
HSPG in the basement membrane to which the cell is attached D) HS in solution in 
the extracellular space, set free by the action of heparanase, that cleaves basement 
membrane bound HS into short fragments able to mediate FGFR-1 activation.
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matrix HSPG immobilized FGF. But, HSPG in solution supports FGFR signaling 
in non-adhesive, HS defi cient cells, regardless of core protein [75, 76]. 

The signal supporting capacity of HSPG in the case of FGFR activation by 
HS localized in another cell and HSPG in solution, is determined by the HS 
moiety. The core protein, in this case, seems unimportant [75-77]. Yet, the FGFR 
supporting function of HSPG, when situated in the plasma membrane of the 
same cell as the receptor, is at least in part determined by HS core protein. One 
can wonder if FGFR signaling capacity, in a normal tissue, is affected by HSPGs in 
the ECM to which cells are attached, and if the ECM HSPG core protein plays any 
part in this context. 

4.3 Endocytosis may clear HS-bound FGF from the cell surface
Literature provides evidence that HSPG endocytosis clears HS-bound proteins 
from the cell surface. 125I-FGF, for example, is effi ciently internalized with the cell 
surface HSPG. This internalization seems to increase with 125I-FGF concentration, 
and rates of 70 000 molecules/cell/hour have been measured [58]. A time study 
reveals a high clearance capacity during the two fi rst hours after FGF-stimulation, 
followed by a considerable decline in capacity at later time points. The declined 
clearance capacity coincides with a 50% decrease in total cell surface HSPG. After 
endocytosis, FGF is degraded in the lysosome [78], possibly still in complex with 
HS.

4.4 Cell surface released (shed) HSPG may inhibit FGFR activation
Shedding of HSPG from the cell surface could be a way for cells to control the 
amount of co-receptors at the cell surface. This, consequently, mobilizes HS-
bound molecules, in other words, decreases the pool of receptor-available FGF. 
The majority of membrane-bound HS are endocytosed and degraded. A small 
portion, however, is continuously shed through the action of specifi c proteases 
and phospholipases [16, 59]. More recent evidence show that shedding is a 
regulated process. Shedding of syndecan-1 and 4, for example, can be accelerated 
by plasmin, thrombin and epidermal growth factor-stimulation. Shedding can 
also be induced by treating cells with phorbol ester, pointing to an involvement of 
PKC. In contrast, other growth modulatory factors such as FGF-2, platelet-derived 
growth factor (PDGF)-AB, transforming growth factor ß, tumor necrosis factor α
and vascular endothelial growth factor-A165 do not accelerate shedding [79]. 

The role of shed HSPG ectodomains in FGF signaling is not settled. One study 
shows that soluble glypican-1 and syndecan-4 do not increase responsiveness 
to FGF in HS-expressing cells in culture [69]. Another study shows that HSPG 
ectodomains seem capable of competing with heparin, thereby inhibiting FGF-
signaling in HS-defi cient cells [76].
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4.5  Heparanase can release sequestered FGF from the extracellular matrix
Heparanase is a mammalian heparan sulfate endoglycosidase expressed by 
several mammalian cell types. It is thought to degrade BM HS in tissue turnover, 
regeneration, cell migration, and tissue morphogenesis [60]. Heparanase activity 
allows the release of FGF-2, bound to short oligosaccharides, from BM. This 
complex is, in turn, capable of stimulating FGFR-1-dependent DNA synthesis in 
HS defi cient BaF3 cells [61]. The fragment size of the digested HS produced by 
mammalian heparanase are 10-20 disaccharide units long [80]. Such fragments 
have been shown to be more potent in supporting FGFR-1 induced DNA 
synthesis than uncleaved heparan sulfate [61].

4.6  Proteins may interfere with FGF-HS binding and induce the release of 
 growth factors
 FGF-binding protein (FGFBP) is a protein that binds to FGF-1 and FGF-2 and 
interferes with heparin binding. It displaces HS-bound FGF-2 in the ECM and 
makes it biologically available [62]. The in vivo role for FGF-BP is unclear, but this 
type of regulator may be important for FGF physiological function. 
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PRESENT INVESTIGATIONS

 The aim of these studies was to clarify the role of HS 
 in FGFR-1 signal transduction.
Paper I 
It has, previously, been described that HS defi cient cells are insensitive to 
stimulation with FGF-2 and that addition of exogenous heparin can rescue the 
response to FGF-2 in different cell models [36-38]. Prior to this investigation, it 
was also established that the sulfation of heparin is crucial for the sensitivity of 
these cells to FGF-2 [36, 37]. In Paper I, we have shown that HS amplifi es FGFR-1 
kinase activation in response to FGF-2 in the heparan sulfate defi cient CHO677 
cell line. In contrast to previously published data, we found that the cells were not 
insensitive to FGF-2 in the absence of HS/heparin, only less sensitive. Thus, Erk 
activation is induced by FGF-2 alone (10 ng/ml) in CHO 677 cells. Furthermore, 
FGFR-1 kinase activation, in response to FGF-2, is amplifi ed by similar heparin 
structures similar to those previously described as needed for FGF-2 biological 
responses. This indicates that the HS-induced FGF-2 responses, described 
previously, are entirely mediated by FGFRs. Furthermore, 6-O desulfated, but not 
2-O desulfated heparin, can inhibit FGFR-1 signaling as well as FGF-2-induced 
angiogenesis, in the chicken chorioallantic membrane.

Paper II
In paper II, we examined vascular development in embryoid bodies derived from 
murine stem cells lacking expression of NDST 1 and 2 isoforms. Mouse embryos 
lacking both NDST 1 and 2 die during gastrulation. Single gene inactivation, 
however, allows survival until birth in NDST-1-/- and has no apparent 
consequence for the viability and fertility of NDST-2-/- animals. Embryoid bodies 
derived from NDST-1-/-/2-/- stem cells are smaller than wild-type and do not 
attach as well to tissue culture plastic. We examined vascular development in 
embryoid bodies lacking expression of a receptor for vascular endothelial growth 
factor (VEGF): VEGFR-2, also known as Flk-1. VEGFR-2 gene inactivation, in 
mice, leads to vascular development arrest and embryonal death. Accordingly, 
embryoid bodies derived from VEGFR-2 -/- stem cells fail to produce vascular 
structures. What is interesting is that we obtained chimeric bodies, capable of 
forming vascular structures, by mixing the two ES cell types: NDST-1-/-2-/-  and 
VEGFR-2-/-.

To study sprouting angiogenesis in response to VEGF, we embedded embryoid 
bodies between two layers of collagen. Endothelial cells from our chimeric 
bodies were able to form radial sprouts, similar to wildtype embryoid bodies, 
in collagen. The sprouts formed from chimeric bodies that stained positive for 
VEGFR-2, and are therefore derived from the NDST-1-/-2-/- stem cells. Compared 
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to endothelial sprouts from wildtype embryoid bodies, these sprouts were in 
direct contact with a greater number of cells staining positive for smooth muscle 
actin. VEGF has been shown to depend on HS for full biological effect. We, 
therefore, speculate that these smooth muscle actin positive cells are derived from 
the VEGFR-2 -/-, HS competent cells, and that they may provide the HS negative 
endothelial cell with HS.

Paper III
In paper III, we further describe heparin’s ability to modulate FGF-2-induced 
FGFR-1 kinase activation. Analysis of activated FGFR-1 tryptic digests in 
two-dimensional phosphopeptide maps revealed phosphorylation of FGFR-1 
autophosphorylation sites. When we compared maps of FGFR-1 activated in 
the presence and absence of heparin, we observed that the phosphorylation of 
most known phosphorylation sites was amplifi ed in the presence of heparin. 
This suggests a quantitative increase in activated FGFR-1 complexes, in cells 
stimulated with FGF-2 in the presence of heparin. This may be due to a heparin-
dependent stabilization of FGFR-1 dimerization, or possibly, heparin-induced 
changes in receptor conformation. Phosphorylation of Y766, in the C-terminal tail, 
was not effi ciently induced in response to FGF-2 alone. There was a clear increase 
in phosphorylation of Y766 in response to a combination of FGF-2 and heparin, 
greater than that seen on other phosphorylation sites. We, additionally, studied 
the phosphorylation of known FGFR-1 substrates. We could show that PLCγ1 and 
Shb, which are known to physically interact with pY766, are phosphorylated, 
in response to FGF-2, in a heparin-dependent manner. We could also show that 
FGF-2 induced phosphorylation of Crk, another FGFR-1 substrate that binds to 
phosphorylated tyrosine Y463, is not amplifi ed by heparin. These results suggest 
that heparin qualitatively modulates FGFR-1 signal transduction.

Paper IV
An increasing number of signaling molecules are believed to depend on HSPG 
for correct signaling. The cellular regulation of HSPG function is complex and 
therefore hard to study. In Paper IV, we studied the regulation of HS generation in 
immortalized brain endothelial (IBE) cells during two individual FGF-2 cellular 
responses: differentiation and proliferation. The IBE cells respond to FGF-2 by 
proliferating when they are cultured on fi bronectin. When cultured between two 
layers of collagen, however, FGF-2 stimulation leads to cell cycle arrest, followed 
by cell differentiation to form tube-like structures [81]. Known differences in 
modulation of these two responses involve Erk activation kinetics, and Src kinase 
complex formation [32]. We constructed a selected oligo-array encompassing 
71 distinct gene products encoding HS and chondroitin sulfate biosynthetic 
enzymes, as well as HS proteoglycans. A number of FGF-2-dependent effects, 
in some cases specifi c for one of the two matrices, were observed. Perlecan 
transcript levels were higher in IBE cells cultured on fi bronectin, than on collagen. 
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Expression of glypican-4, collagen 18, fi bromodulin, HS-epimerase, and FGFR-2 
mRNA expression was modulated by FGF-2. Interestingly, FGF-2 had opposite 
effects on syndecan-2, thrombomodulin and fi bulin-2 mRNA expression on the 
two matrices. Furthermore, Glypican-3 and Perlecan transcription was decreased 
only in response to FGF-2 in differentiating cells and NDST-3 was increased only 
in proliferating cells. Changes in syndecan-2 transcript levels during the two 
cellular responses were further verifi ed with real-time PCR. 

Heparan sulfate disaccharide composition was studied in stimulated and 
unstimulated IBE cells grown on fi bronectin. No obvious differences were 
found. Immunoblotting of HSPG core proteins with anti-polysaccharide stub-
antibody 3G10 showed a generally decreased expression of core proteins during 
proliferation and an increased HS core protein expression between time points 4h 
and 24h of differentiation. 

The next step in this project will be to validate the changes in transcript levels 
found in the oligo-array. It is also interesting to see if we can fi nd changes in the 
disaccharide composition during endothelial cell tube formation. Analysis of the 
selected oligo-array suggests a number of moderately regulated proteins. In the 
light of the oligo-array underestimation of syndecan-2 and CD44 in comparison 
to real time PCR, it is of interest to continue to quantify these genes by real-time 
PCR.
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FUTURE PERSPECTIVES

Our knowledge of HS role in cellular signaling has expanded rapidly during 
the last fi fteen years. The contribution of HS to FGF signaling has received 
most attention, probably by virtue of the high-affi nity binding of FGF to HS 
and the strong dependence on HS for FGF-induced biological responses. Some 
understanding of the mechanisms whereby HS oligosaccharides modulate FGF 
signal transduction has been gained by studying the effects of heparin, chemically 
modifi ed heparin, or HS oligomers on FGFR-1 signaling in HS-defi cient tissue 
culture models [36-38, 76] (Papers I and III). The  role of HS in FGF-signaling, 
in vivo, where it occurs localized on proteoglycans on the cell surface and in the 
ECM, needs further clarifi cation. 

How can we begin to understand the role of HS for FGF signaling in vivo? Studies,
using gene inactivation to eliminate expression of various HSPGs or enzymes 
in the GAG biosynthesis pathway, have not clarifi ed the role of HSPGs in FGF 
signaling in vivo and major questions remain. Indeed, the more general question 
of the mechanisms regulating of HS biosynthesis remains unrevealed.

What is the role of matrix-bound FGF?
It is a well-established fact that basement membrane HS may sequester growth 
factors. The function of this FGF pool is not fully understood. It has been 
hypothesized that FGF bound to HS in the BM is kept inactive and that it can be 
set free to exert its effects in response to injury through the action of proteases 
and heparanase [82]. A different role for the BM HS-FGF is implied in studies of 
embryonic limb formation. These show an interplay between FGF-8, produced 
by epithelial cells, and a specifi c FGF receptor, expressed on mesenchymal cells 
on the other side of the BM. The growth factor is, seemingly, permitted to diffuse 
through the BM [83]. There is, apparently, a dynamic interaction between FGF 
and HSPGs in the BM. Exactly how diffusion is controlled and how it relates to 
the number of available FGF-binding sites in the BM is an interesting subject that 
warrants further studies.

Can cells react to matrix bound FGF?
Only a few studies of FGF signaling have been performed in tissue culture where 
HSPGs are presented by the matrix. Clearly, HS-defi cient cells can bind via their 
FGFR-1 to FGF-2 immobilized on HS in the extracellular matrix [74] or to cell 
surface HSPGs presented by another cell [72, 73]. Presentation of HS-bound FGF 
to FGFRs on another cell evokes kinase activation and signaling [76].  It has, 
however, not been shown that FGF bound to the ECM HS can activate FGFR 
signaling, although this appears likely. 
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An interesting aspect of FGFR signaling activated by FGF bound to HS in the 
matrix, is its role in cellular migration. FGFRs, syndecan-4 (a cell surface HSPG) 
and the family of matrix receptors, denoted integrins, are localized in focal 
adhesions [71, 84]. There, they create multi-protein signaling complexes that 
connect the cellular cytoskeleton to matrix surrounding the cells (Fig. 8). The 
cells use these matrix attachments to migrate, and as antennas, to recognize the 
surrounding environment. Integrin receptors bind matrix proteins, syndecan-
4 mediates adhesion via its HS chains that bind certain motifs in the ECM and 
FGFRs bind to specifi c FGFs and ECM-HS. Thus, there is a great potential for 
intracellular crosstalk between these receptors that is currently uncharacterized.

Extracellular matrix
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Fig. 8. A hypothetical model for 
HS mediated cross-talk between 
adhesion and growth factor receptors 
in the focal adhesion complex. A)
Focal adhesion complexes visualized 
by fl uorescence microcopy in human 
primary endothelial cells stained 
with paxillin antibodies. B) Focal 
adhesion complexes include  plasma 
membrane intercalated adhesion and 
growth factor receptors, that connect 
the constituents of the matrix on 
the outside of the cell via docking 
molecules to the cytoskeleton on 
the inside of the cell. The receptors 
also communicate signals through 
cascades of enzymatic reactions and 
protein interactions. C) The binding 
and activation of receptors, within 
these complexes, is determined by 
the ligands provided in the matrix. 
Signaling from focal adhesion 
complexes most likely involves 
synergistic or antagonistic actions 
between the signaling pathways of 
the combined, activated receptors. 
The contribution of FGFRs within 
focal adhesions may be determined by 
the presence of specifi c FGF isoforms 
bound to HS species linked to matrix 
proteins. 
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How do FGF-HS interactions mediate cancer pathogenesis?
Recent studies have shed light on the regulatory role of HS in FGF function in 
the pathogenesis of cancer. Deregulated FGF-2 signaling has been implicated in 
tumor vascularization, as well as in growth of the tumor cells [85]. Abnormally 
elevated levels of FGF-2 are found in serum and urine from cancer patients 
[88]. Normally, FGF-2 is not detectable in plasma or urine, possibly due to 
its tight interaction with HS in the matrix. FGF leakage in tumor patients is 
probably due to an abnormally elevated production of FGF-2 that over-saturates 
HS binding sites. Alternatively, FGF-2 may be released from the HS by FGF-
displacing proteins such as the FGF-BP, or through the action of heparanase [86, 
87]. This FGF-2 release can stimulate FGFR-expressing tumor cells as well as 
cells in the stroma and vascular compartments. FGF-BP as well as heparanase 
are upregulated in a variety of human tumor cells. In healthy adult tissue, 
these components, in general, are expressed at low levels and upregulated only 
under particular circumstances [85, 87]. Another role for HS in cancer has been 
illustrated by the fi nding that expression of the HS endosulfatase, H-sulf, was 
considerably decreased in 21 of 30 tested ovarian primary tumors. Reintroduction 
of H-sulf into tumor-derived cells decreased responsiveness to both FGF-2 
and HB-EGF [55]. This fact implicates decreased H-sulf expression in tumor 
progression. 

How can we use HS-FGF interactions as a target for treatment?
FGFs act as key regulators of many early and late developmental events including 
a wide spectrum of cellular events such as cell growth, survival, migration and 
differentiation. In the adult organism FGF has been shown to function in tissue 
survival, reorganization, and response to tissue injury. In pathological conditions, 
it is implicated in deregulated cell growth, such as in cancer, and deregulated 
tissue repair, such as in neurodegenerative diseases, rheumatoid arthritis etc. 

One can imagine many therapeutic roles for HS-derived or HS-sulfated drugs. 
Engineered extracellular matrices could direct blood vessel growth to ischemic 
areas, or guide nerve regeneration after injury. Inhibitory heparan sulfate, 
heparanase inhibitors or substances decreasing FGF-BP binding to FGF may, in 
the future be used to treat FGF dependent cancer growth and angiogenesis in 
chronic infl ammation. 
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