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AD Alzheimer’s disease 
AT antithrombin 
CS chondroitin sulfate 
CSPG chondroitin sulfate proteoglycan 
ECM extra-cellular matrix 
ES endostatin 
FGF fibroblast growth factor 
FR fibroblast growth factor receptor 
GAG glycosaminoglycan 
Gal galactose 
GalNAc N-acetylgalactosamine
GlcA glucuronic acid 
GlcNAc N-acetylglucosamine 
GlcNS N-sulfoglucosamine 
GPI glycosyl phosphatidyl inositol 
HRGP histidine-rich glycoprotein 
HS heparan sulfate 
HSPG heparan sulfate proteoglycan 
IdoA iduronic acid 
NA N-acetylated 
NDST N-deacetylase/N-sulfotransferase 
NS N-sulfated
OST O-sulfotransferase 
PG proteoglycan 
TNF tumor necrosis factor 
VEGF vascular endothelial growth factor 
VEGFR VEGF receptor 
Xyl xylose 
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Introduction

Heparan sulfate (HS) is an unbranched, negatively charged and highly 
heterogeneous polysaccharide of the glycosaminoglycan (GAG) family. It is 
found in the extra-cellular matrix (ECM) and on the cell surface of both 
vertebrate and invertebrate cells, where it interacts with a variety of proteins 
involved in many different cellular processes. 

This thesis focuses on the interactions between HS and different proteins 
involved in the regulation of vasculature. The studied proteins are on one 
hand fibroblast growth factors (FGFs) and FGF receptors (FRs), which are 
pro-angiogenic and on the other hand endostatin (ES) and histidine-rich 
glycoprotein (HRGP), two anti-angiogenic proteins. 

The aim of this thesis is to elucidate the structural features within HS that 
are considered to be of importance for the action of the studied proteins. 
These findings contribute to a greater understanding of the role of HS in 
maintaining a healthy vasculature and how certain HS-binding proteins 
could restore the vasculature in diseases associated with excessive angio-
genesis. This is interesting from a scientific point of view, but also for 
potential use of these proteins as drugs in angiogenesis-related disorders. 
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Background

Proteoglycans and glycosaminoglycans 
Proteoglycans (PGs) are major components of the ECM and the cell surface. 
They consist of a core protein with one or more GAG chains covalently 
attached. The GAGs, although a diverse family of glycans, share some 
common features. GAGs are unbranched polysaccharides and consist of 
repeating disaccharide units containing an amino sugar (N-acetyl-
glucosamine (GlcNAc) or N-acetylgalactosamine (GalNAc)) and a 
hexuronic acid (glucuronic acid (GlcA) or iduronic acid (IdoA)). Keratan 
sulfate (KS) is an exception to this rule and contains a galactose (Gal) 
residue instead of a hexuronic acid. All GAGs, except for hyaluronan, are 
decorated with sulfate groups in various positions, providing them with 
negative charges. Based on the repeated disaccharide unit, we can divide the 
GAGs into four classes as summarized in figure 1 (for a review, see (Kjellen 
and Lindahl, 1991)). In this report we will focus on the class of heparin / HS 
polysaccharides, which is described in detail in the next chapter. 

Chondroitin sulfate (CS) is the closest relative of HS. It is, just as HS, 
linked to a serine residue on the core protein via a (GlcA 1-3Gal 1-3Gal 1-
4Xyl 1-O-) linkage region (Fransson et al., 2000). CS proteoglycans 
(CSPGs) are most acknowledged for their function in cartilage (reviewed in 
(Knudson and Knudson, 2001)). The large CSPG aggrecan is found 
associated with hyaluronan and functions as an elastic and space-filling 
component of cartilage. More recently, CS and dermatan sulfate (containing 
IdoA residues) have also been shown to be involved in other, more complex 
processes, like development of the central nervous system, growth factor 
signaling and cell division (reviewed in (Sugahara et al., 2003)). Several 
proteoglycans can be substituted with both CS and HS. Syndecans can bear 
HS and CS chains on the same molecule (reviewed in (Tkachenko et al.,
2005) and serglycin, substituted with heparin in mast cells, is decorated with 
CS when found in other cells (Kolset and Gallagher, 1990). 

Hyaluronan is the simplest of all GAGs. It is not decorated with sulfate 
groups and is synthesized at the cell membrane. In contrast to the other 
GAGs, it is synthesized as free chains and is not linked to a core protein. It 
mainly functions as a space-filling component and is abundant in cartilage. 
Hyaluronan also plays an important role during embryonic development, 
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where it facilitates cell migration by expanding the ECM (reviewed in 
(McDonald and Camenisch, 2002)). 

KS is the major GAG in the cornea, where it is involved in maintaining 
tissue hydration. Outside the cornea, KS has been proposed to be involved in 
directing axon growth and embryo implantation (reviewed in (Funderburgh, 
2000)).
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Figure 1. Disaccharide structure of different GAGs. The GlcA in HS/heparin and CS 
can be epimerized into IdoA (grey). Other possible modifications of the basic 
disaccharide structures of HS/heparin, CS and KS are represented by R (H or SO3

-)
and R’ (H, COCH3 or SO3

-). 

Heparan sulfate and heparin 
Both heparin and HS are based on the same backbone structure (GlcNAc 1-
4GlcA 1-4)n and can carry the same type of modifications. However, several 
differences exist between the two polysaccharides, which give them distinct 
properties and biological functions. Heparin is extensively modified and is 
hence heavily charged. HS is less modified and contains both N-sulfated 
(NS) and N-acetylated (NA) disaccharide units, whereas heparin is almost 
deficient of the latter (Gallagher and Walker, 1985). HS is produced by 
virtually all mammalian cells, and is even synthesized in C. elegans and D.
melanogaster (reviewed in (Selleck, 2001)). 

Heparin has only been found associated with one PG: serglycin. This 
proteoglycan is found intracellularly in the secretory granules of mast cells, 
where it is stored together with proteases and released upon mast cell 
activation (Henningsson et al., 2002). HS has been found associated with 
several different proteoglycans, both in the ECM and on the cell surface.  
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Figure 2. Heparin and HS PGs. Schematic overview of the main heparin and HS 
PGs. Serglycin (A) is the only PG decorated with heparin. It is stored intracellularly 
in mast cells. Glypican (B) and syndecan (C) are both cell membrane associated 
HSPGs. Glypican is attached to the cell surface via a GPI anchor, while syndecan is 
a transmembrane protein. Perlecan (D) is an example of an extra-cellular PG. Figure 
based on (Lindahl et al., 1994). 

Three well-studied HSPG are collagen XVIII, agrin and perlecan (reviewed 
in (Iozzo, 2005)). Collagen XVIII has only been identified as a member of 
the HSPGs at the end of the last century (Halfter et al., 1998). Cleavage of 
its C-terminal can release a HS-binding fragment, endostatin (ES), with anti-
angiogenic properties, which is discussed later in this thesis. Agrin is an 
extra-cellular PG most known for its function in postsynaptic differentiation 
at the neuromuscular junction (reviewed in (Bezakova and Ruegg, 2003)). 
Of all extracellular PGs, perlecan has been most extensively studied. 
Perlecan, with its molecular weight of ~470 kDa, is one of the largest 
monomeric proteins known, and interacts with many different extracellular 
components, both through the core protein and the attached HS chains 
(Iozzo, 2005). This makes perlecan an important actor in amongst others 
cell–matrix interactions, basement membrane anchoring and stability, 
angiogenesis and growth factor function.  
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Cell surface HSPGs can either be transmembrane proteins (e.g. 
syndecans), or linked to the plasma membrane via a glycosyl phosphatidyl 
inositol (GPI) anchor (e.g. glypicans). Syndecans can be shed from the cell 
surface by proteolytic release of their ectodomain, and their cytoplasmic 
domain can be phosphorylated, enabling them to transduce signals 
(Couchman et al., 2002; Koo et al., 2006). Glypicans do not penetrate the 
plasma membrane, as they are linked via a GPI anchor. They can be shed 
from the cell surface by phosphatyl inositol-specific phospholipase C and are 
unable to interact with intracellular proteins. Cell surface PGs mediate many 
cellular processes, such as cell–cell interactions, cell adhesion, growth factor 
signaling and microbial pathogenesis (reviewed in (Bernfield et al., 1999)). 
A schematic overview of PGs bearing heparin and HS chains is presented in 
figure 2. 

Heparan sulfate biosynthesis 
HS is synthesized by a series of different enzymes (as reviewed in (Lyon et 
al., 1987; Lindahl et al., 1998; Bernfield et al., 1999; Esko and Lindahl, 
2001). Specific glycosyl transferases initiate chain elongation by synthesis of 
the linkage region (GlcA 1-3Gal 1-3Gal 1-4Xyl 1-O-) on a Ser residue in 
the core protein. This is followed by addition of the first GlcNAc by 
GlcNAc-transferase I. The HS chain is then further elongated by subsequent 
transfer of GlcA and GlcNAc residues. This step is believed to be performed 
by a complex of two enzymes, EXT-1 and EXT-2, with a combined GlcA 
and GlcNAc transferase activity (reviewed in (Esko and Selleck, 2002)). 
During chain elongation, the N-acetyl groups on a fraction of the GlcNAc 
residues in the chain are deacetylated and either substituted with N-sulfate
groups or in some cases left unsubtituted with free amino groups. This 
reaction is performed by N-deacetylase/N-sulfotransferase (NDST) and 
results in a patterning of the chain into different domains. NS domains 
consist of two or more successive N-sulfated disaccharides, NA domains 
contain two or more successive N-acetylated disaccharides and mixed 
NA/NS domains are composed of alternating N-sulfated and N-acetylated 
disaccharides. The NS domains are the preferred substrates for further 
modifications. The first modification step following NDST is C5-
epimerisation of GlcA into IdoA by C5-epimerase, followed by 2-O-
sulfation of IdoA and GlcA by 2-O-sulfotransferase. Next, 6-O-
sulfotransferase catalyses 6-O-sulfation of N-sulfoglucosamine (GlcNS) and 
– to a lesser extent – GlcNAc. Finally the rare 3-O-sulfation of GlcNS or 
GlcNH3

+ by 3-O-sulfotransferase completes the decoration of the HS 
backbone. All these reactions are incomplete, resulting in a highly diverse 
modification pattern. Differential expression of different isoforms of the 
biosynthetic enzymes (Habuchi et al., 2000; Kusche-Gullberg and Kjellen, 
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2003) give rise to different HS patterns, depending on the tissue and the 
developmental stage of the embryo (Maccarana et al., 1996; Esko and 
Lindahl, 2001; Ledin et al., 2004). Figure 3 gives a schematic overview of 
the different reactions involved in HS biosynthesis. 
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Figure 3. HS biosynthesis. Schematic overview of HS modification reactions. The 
N-sulfation of certain GlcNAc residues is carried out by N-deacetylase/N-
sulfotransferase and sets the pattern for further modification. The subsequent 
reactions mainly modify the N-sulfated regions, leaving the N-acetylated regions 
essentially untouched. First, C5-epimerase converts part of the GlcA residues into 
IdoA. Then, 2-O-sulfotransferase catalyzes 2-O-sulfation of both GlcA and IdoA 
residues and 6-O-sulfotransferase catalyzes 6-O-sulfation of GlcNS residues. Also 
GlcNAc residues in the proximity of N-sulfated regions can be 6-O-sulfated. Finally, 
scarce 6-O-sulfo-GlcNS and GlcNH3

+ residues are 3-O-sulfated by 3-O-
sulfotransferase. These reactions, all of which are incomplete, result in a highly 
complex modification pattern in HS. Modified from (Lindahl et al., 1994; Kusche-
Gullberg and Kjellen, 2003). 
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Heparan sulfate–protein interactions 
The interaction between heparin and antithrombin (AT) is probably the best-
known example of a GAG–protein interaction. A specific pentasaccharide 
domain within heparin binds to AT and induces a conformational change, 
allowing AT to inhibit thrombin at a significantly higher rate than in the 
absence of heparin (Jordan et al., 1980). Heparin, as described in the 
previous chapter, is stored in mast cells and is only released upon mast cell 
activation. HS, in contrast to heparin, is present on the cell surface and in the 
ECM and is therefore the physiological ligand of most heparin-binding 
proteins (Kjellen and Lindahl, 1991; Spillmann and Lindahl, 1994; Bernfield
et al., 1999)). Furthermore, knockout mice lacking heparin are viable and 
fertile, indicating that the function of essential HS-binding proteins is not 
affected by the absence of heparin (Forsberg et al., 1999). By date, hundreds 
of proteins with a wide variety of functions have been shown to bind HS (see 
figure 4). The following chapters will discuss the role of HS in selected 
physiological and pathological situations. Of these conditions, the main 
focus will lay on cancer in general and angiogenesis in particular.  

Heparan Sulfate
Heparin

Cell-ECM interaction
 Fibronectin
 Laminin
 Vitronectin

Cell adhesion
 L-selectin
 Mac-1
 N-CAM
 PECAM-1/CD31

Amyloidosis
 Aβ
 BACE-1

Wound repair
 Neurophil elastase
 Cathepsin G

Coagulation
 AT III
 Factor Xa
 Thrombin

Anti-angiogenesis
 Angiostatin
 Endostatin
 HRGP

Lipid metabolism
 ApoB
 ApoE
 LPL
 Triglyceride lipases

Cell proliferation,
differentiation and
migration

Growth factors
 FGFs
 EGF
 PDGF
 VEGF

Morphogens
Sonic Hedgehog
Wnt

Chemokines
 IL-8
 PF-4
 RANTES

Other cytokines
 IL-12
 Interferon-γ
 TNF-α

Figure 4. Selected examples of heparin-binding proteins involved in different 
processes. Following abbreviations are used in the figure: A , amyloid-  peptide; 
Apo: apolipoprotein; AT, antithrombin; BACE, -site APP-cleaving enzyme; FGF, 
fibroblast growth factor; HRGP, histidine-rich glycoprotein; IL, interleukin; LPL, 
lipoprotein lipase; N-CAM, neural cell adhesion molecule; PDGF, platelet derived 
growth factor; PECAM, platelet-endothelial cell adhesion molecule; PF, Platelet 
factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor. Based 
on (Lijnen et al., 1983; Bernfield et al., 1999; Lindahl et al., 1999; Capila and 
Linhardt, 2002; Scholefield et al., 2003; van Horssen et al., 2003). 
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Functions of heparan sulfate proteoglycans 
Heparan sulfate in physiological processes 
Embryonic development 
Embryonic development is a highly complex process. Starting from one 
single fertilized oocyte, the cells in the developing embryo divide and 
differentiate to give rise to hundreds of well-defined cell types in several 
multi-cellular organs. This process is extremely complicated and highly 
sensitive to the presence and concentration of different factors. All cells have 
to know what they are and what they are becoming at any given time during 
development. Therefore, cells have to communicate with each other by way 
of numerous signaling systems. Morphogens are a class of signaling 
molecules that can trigger different responses, depending on the morphogen 
concentration. They are produced in a restricted region of a tissue and, as 
they move away from their source, they create a concentration gradient 
(Teleman et al., 2001). Depending on the morphogen concentration, cells 
can respond differently. Thus, while a morphogen can turn on one event in 
cells close to the source, the same morphogen can turn on another event 
further away. Amongst the morphogens, we find members of the 
Wnt/Wingless (Wg), Hedgehog, transforming growth factor- , and FGF 
families of HS-binding proteins. An important question in this respect is how 
nature is able to create robust gradients. After all, slight variations in 
morphogen concentrations can result in dramatic developmental defects and 
are therefore unacceptable. HSPGs have been shown to be important for the 
robustness of, amongst others, Wnt/Wg and bone marrow protein (BMP) 
gradient formation (Baeg et al., 2001; Paine-Saunders et al., 2002). For 
example, overexpression of the Drosophila glypican Dally-like disturbes the 
distribution of Wg, and cell deficient in HS biosynthesis fail to retain Wg 
close to the cell surface (Baeg et al., 2001). Apart from this function, HSPGs 
can also protect morphogens from degradation and facilitate interaction 
between morphogens and their receptors (reviewed in (Lin, 2004)). 

Homeostasis 
HSPGs are not only necessary during development. Also in a full-grown 
organism, HS is of critical importance in many biological processes 
(reviewed in (Bernfield et al., 1999)). HSPGs are involved in stabilizing 
interactions between cells and in cell–ECM interactions. Also for cell 
spreading and formation of focal adhesions the presence of HSPGs is 
required (Woods and Couchman, 1994; Lebakken and Rapraeger, 1996; 
McQuade and Rapraeger, 2003). Other HS-binding factors make HSPGs 
important players in wound healing, coagulation, enzymatic activities and 
cellular signaling. 
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Heparan sulfate in disease 
In addition to many important physiological processes, HS is also associated 
with several diseases. Many microorganisms exploit cell-surface HS as a co-
receptor. Amongst those microorganisms we find several viruses (herpes 
simplex virus, cytomegalovirus, varicella zoster virus, Dengue virus, human 
immunodeficiency virus and several others). In addition to viruses, also 
bacteria, such as Chlamydia and Neisseria, and parasites like Plasmodium 
falciparum have been shown to interact with HS or HSPGs (reviewed in 
(Rostand and Esko, 1997; Spillmann, 2001)). 

HS is involved in pathogenesis not only by providing attachment sites for 
microorganisms, but also as ligands for endogenous molecules involved in 
different diseases. Worth to mention in this respect are inflammatory 
diseases (binding to e.g. cytokines) and amyloid related disorders. In 
amyloidosis, HS plays a particularly interesting role, as GAGs have been 
found in all types of amyloid plaques, independent of the protein deposited. 
An amyloid disease for which the role of HS has been studied extensively is 
Alzheimer’s disease (AD). HS has been shown to stabilize fibrilization of 
A  peptide and thus contributing to the formation of the amyloid plaques 
found in AD. HS has also been shown to be involved in protecting A
deposits from proteolytic degradation (reviewed in (van Horssen et al.,
2003). Prion diseases are a class of amyloid-related disorders, characterized 
by the presence of protease-resistant prion protein (PrP). Examples of such 
diseases are Creutzfeldt-Jakob disease, kuru and fatal familial insomnia in 
humans. In cattle, scapie and bovine spongiform encephalopathy are well 
known prion diseases (Dormont, 2002). HS binds to PrP, and the presence of 
several HS binding sites in PrP has been shown (Warner et al., 2002). -
synucleinopathies are yet another class of amyloid-related disorders, with 
Parkinson’s disease and dementia with Lewy bodies as the best-known 
examples. HS colocalizes with Lewy bodies and Lewy neuritis and is able to 
induce -synuclein fibrils in vitro (Cohlberg et al., 2002). An interesting 
potential for HS as a drug target has been shown in mice overexpressing 
heparanase, a mammalian endo- -D-glucuronidase, which are resistant to 
amyloid protein A amyloidosis (Li et al., 2005). 

A group of diseases that deserves special attention in the light of this 
thesis are angiogenesis-dependent diseases. The common feature in these 
diseases is a disturbance of the normal vasculature, which can result in a 
wide array of conditions. As described later, both promoters and inhibitors of 
angiogenesis can bind to HS, making it an important player in these 
conditions.

In diabetic retinopathy (reviewed in (Gariano and Gardner, 2005; 
Wilkinson-Berka, 2005)), hyperglycemia induces pericyte apoptosis, 
membrane thickening and leakage of capillaries. These damages result in 
alterations in the blood flow, which in turn causes local hypoxia. Hypoxia 
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triggers neovascularization in the retina by production of angiogenic growth 
factors. Progression of this disease, together with accompanying fibrosis 
finally causes blindness. 

Rheumatoid arthritis is characterized by inflammation of the synovium 
(i.e. the joint lining) and degradation of cartilage and bone (reviewed in 
(Taylor and Sivakumar, 2005)). The high metabolic rate of the inflamed 
tissue, together with the rapid proliferation of synovial cells causes hypoxia. 
This causes angiogenesis, just as in diabetic retinopathy. As the formation of 
new blood vessels provides the synovium with more oxygen and nutrients, it 
contributes to further progression of arthritis. 

The most studied angiogenesis-dependent disorder is without any doubt 
cancer. As tumors are unable to grow beyond a few mm3 without 
vascularization of the tumor, angiogenesis is critical for further growth, but 
also for metastatis of the tumor. The following chapter will describe the 
process of angiogenesis, and how HS may be involved in regulating the 
vasculature in physiological and pathological situations. 

Angiogenesis 
Angiogenesis is defined as the formation of new capillaries by sprouting 
from existing blood vessels. In response to the appropriate growth factors, 
endothelial cells will degrade the basement membrane, change their 
morphology in order to invade the surrounding connective tissue, form 
capillaries into the nearby connective tissue and generate a new basement 
membrane surrounding the vessel (figure 5). This is an important 
physiological process during the development of a fetus. In adult mammals, 
the only physiological process in which angiogenesis is involved is the 
vascularization of the female reproductive tract in response to ovulation 
during the menstrual cycle. In normal tissue, vascularization remains 
quiescent either by the presence of inhibitors or the absence of stimuli 
(reviewed in (Cao, 2001; Jain, 2005)).  

In several situations, angiogenesis is activated. During wound healing, 
new capillaries invade the wound. After the healing process, the newly 
formed capillaries disappear and vascularization returns to its normal state. 
Several severe pathological situations, such tumor growth, also depend on 
angiogenesis (for a recent review, see (Jain, 2005)). As mentioned in the 
previous chapter, a primary or metastasized tumor can only grow until it is a 
few mm3 big. Beyond this point, nutrients, oxygen and waste products 
cannot be exchanged by diffusion, which hinders the growth of tumors. 
Tumors therefore need to induce angiogenesis to enable vascularization. 
They do so by excreting various pro-angiogenic factors, such as VEGF and 
FGFs. A vascularized tumor is able to grow much bigger, because it has 
access to oxygen and nutrients from the blood, and waste products can be 
removed. Moreover, the presence of blood vessels in the tumor facilitates 
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metastasis. An important player in angiogenesis-related processes is HS 
(reviewed in (Sanderson et al., 2004; Segev et al., 2004)). HSPGs present on 
the surface of endothelial cells are necessary for interaction with several 
heparin-binding, pro-angiogenic growth factors like VEGF and FGF-2. 
Indeed, several PGs, among which syndecans and perlecans, have been 
shown to be over-expressed in tumors (Sanderson et al., 2004). 

A B

C D

Figure 5. Angiogenesis. New blood vessels are formed by sprouting from a pre-
existing small vessel. (A) In response to growth factors, endothelial cells digest the 
basement membrane and form pseudopodes, which invade the ECM. (B) The 
endothelial cell divides and (C) vacuoles are formed in the newly devided cells. (D) 
Vacuoles fuse and create the lumen of the newly formed blood vessel. This process 
is repeated during elongation of the newly formed capillary (Picture based on 
(Alberts et al., 1994)). 

Anti-angiogenesis
In both physiological and pathological situations, it is important to control 
angiogenesis. Therefore, not only pro-angiogenic growth factors, but also 
anti-angiogenic factors are of critical importance. In avascular tissues, such 
as the cornea, it is believed that HS in the aqueous humor binds heparin-
binding growth factors and clears them from the corneal environment 
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(Fannon et al., 2003). Moreover, pigment epithelium-derived factor has been 
isolated from the eye and has been shown to be a potent angiogenesis 
inhibitor (Dawson et al., 1999). Anti-angiogenic factors, many of which 
have affinity towards HS, are also present in a wide range of vascular 
tissues. It is believed that the amount of vascularization is tightly regulated 
by the amounts of pro-angiogenic versus anti-angiogenic factors (Cao, 2001; 
Jain, 2005). The fact that several anti-angiogenic factors have been 
discovered in association with tumor growth indicates that even tumors need 
to regulate the extent of angiogenesis. An overview of endogenous anti-
angiogenic factors is given in table 1. 

Table 1. Endogenous angiogenesis inhibitorsa

Inhibitor group Examples 

Endothelial cell specific 
inhibitors

Angiostatin, ES, AT, kringle domains of plasminogen 

Avascular tissue-derived 
inhibitors

Troponin-1, pigment epithelium-derived factor 

Anti-angiogenic cytokines Gro- , interferon- , IP-10, platelet factor-4, interleukin-18 
Angiogenic factor antagonist Soluble FR-1, soluble VEGFR-1, angiopoietin-2 
Other inhibitors Thrombospondin-1, tissue inhibitors of metalloproteinase, 

16-kDa N-terminal of prolactin, proliferin-related protein, a 
fragment of MMP-2 (PEX), vasostatin, restin, maspin, 
canstatin, arresten, tumstatin, HRGPb

aBased on (Cao, 2001). Following abbreviations are used in the table: AT, 
antithrombin; ES, endostatin; FR, fibroblast growth factor receptor; HRGP, 
histidine-rich glycoprotein; TIMP, tissue inhibitor of metalloproteinase; VEGFR, 
vascular endothelial growth factor receptor. b(Olsson et al., 2004). 

Pro- and anti-angiogenic heparan sulfate ligands 
A large number of proteins involved in angiogenesis promotion and 
inhibition have the ability to interact with HS, and even depend on HS for 
their action (see (Cao, 2001; Iozzo and San Antonio, 2001)). In this chapter, 
I shall in more detail describe the HS ligands described in the articles this 
thesis is based on. These ligands can be devided into two groups. FGFs and 
VEGF have the ability to activate endothelial cells through their receptors 
and are therefore pro-angiogenic. ES and HRGP on the other hand inhibit 
angiogenesis.

Growth factors and their receptors 
FGFs are a family of small polypeptide growth factors (17–34 kDa in 
vertebrates), consisting of 22 members with 13–71 % amino acid identity 
(Yamashita et al., 2000; Ornitz and Itoh, 2001). FGFs, being a large family 
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of proteins, are involved in a wide array of biological processes (reviewed in 
(Powers et al., 2000)). They play an important role during embryonic 
development, where the expression pattern of FGFs constantly changes over 
time. Some FGFs are expressed through several stages of the embryonic 
development, whereas others are expressed localized during specific time-
points (Powers et al., 2000; Ford-Perriss et al., 2001). The two FGFs used 
here are FGF-1 and FGF-2. Both have been shown to promote angiogenesis, 
because of their ability to promote endothelial cell migration.  

All FGFs have affinity for heparin and HS, and the role of HS in the 
function of FGF has been extensively studied. It is clear that HS is required 
for stabilization of FGF-FR signaling complexes (Yayon et al., 1991; Wu et 
al., 2003). On the other hand, it is debated how important the exact 
composition of HS is for binding to different FGFs, and what structures are 
important for signaling. Several publications stress the importance of 
specific activating and even inhibitory HS sequences (Guimond et al., 1993; 
Guimond and Turnbull, 1999; Allen et al., 2001; Ostrovsky et al., 2002), 
while other publications show overlapping binding sites on HS for different 
FGFs (Maccarana et al., 1993; Kreuger et al., 2001). 

There are five different FRs, all with an extra-cellular part containing two 
or three Ig domains. The intracellular part of the FR consists of two tyrosine 
kinase domains. Alternative splicing and expression of different FR genes 
gives rise to a variety of FRs on different cells (Powers et al., 2000). FRs 
also bind HS, and it has been shown that HS are used as co-receptors for the 
interaction between FGFs and FRs (Rapraeger et al., 1991; Yayon et al.,
1991).

Although not studied here, it should be mentioned that also VEGF is a 
potent activator of angiogenesis. Its production can be triggered by hypoxia, 
making it an important regulator of tissue oxygen levels (Shweiki et al.,
1992). VEGF is almost exclusively expressed in vascular endothelial cells 
and exists as six splice variants with different affinity for heparin and HS 
(reviewed in (Robinson and Stringer, 2001)). In addition to inducing 
endothelial cell proliferation and migration, VEGF is like FGF involved in 
other processes associated with angiogenesis. It has been shown for example 
that VEGF can induce production of interstitial collagenase and plasminogen 
activators (Unemori et al., 1992; Pepper et al., 1998). VEGFRs are tyrosine 
kinase receptors that madiate the activity of VEGFs. They are mainly present 
on the cell surface of hematopoietic cells, macrophages, endothelial cells and 
smooth muscle cells, where they, amongst other functions, regulate 
angiogenesis, lymphangiogenesis, mitogenesis, cell migration and vessel 
permeability (reviewed in (Cebe-Suarez et al., 2006)). 
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Endostatin
ES is a 22 kDa cleavage product of collagen XVIII. It has anti-angiogenic 
properties and is able to decrease the size of tumors in an animal model 
(O'Reilly et al., 1997). For its anti-angiogenic activity, ES depends on Zn2+

binding (Boehm et al., 1998; Ding et al., 1998) and interaction with HS 
(Karumanchi et al., 2001; Kreuger et al., 2002). Recent discoveries showed 
that strategic mutations of Arg residues involved in heparin binding 
abolished not only heparin binding, but also its anti-angiogenic activity, 
confirming the importance of HS for the action of ES (Olsson et al., 2004). 
Upon binding to HS and a high-affinity receptor on endothelial cells 
(Karumanchi et al., 2001), ES activates a complex signaling network, 
involving both down-regulation of pro-angiogenic genes (hypoxia-inducible 
transcription factor HIF1- , ephrin A1, TNF, nuclear factor B, etc.) and up-
regulation of anti-angiogenic genes (amongst others kininogen, AT-III, 
chromogranin A and precursor molecules of vasostatin and maspin) 
(Abdollahi et al., 2004). Recent studies in patients with Knobloch syndrome, 
lacking functional collagen XVIII, have revealed that collagen XVIII also 
plays an important role in ocular development (Marneros and Olsen, 2005). 
Other functions of ES and collagen XVIII are largely unknown.  

Histidine-rich glycoprotein 
HRGP is a 75 kDa plasma protein, and is in many aspects similar to ES. A 
fragment of HRGP has been shown to be a potent angiogenesis inhibitor and 
HRGP is, just like ES, able to bind Zn2+ and HS (Morgan, 1985; Jones et al.,
2004; Olsson et al., 2004). HRGP is structurally composed of three domains 
(figure 6) (Borza et al., 1996). 
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Figure 6. HRGP domains. The N-terminal of HRGP consists of two cystatin-like 
domains. The C-terminal part of the protein consists of a cleavable His/Pro-rich 
pentapeptide repeat domain, flanked by a Pro-rich and C-terminal domain (based on 
(Borza et al., 1996)).  

Two cystatin-like regions make up the N-terminal domain. The central 
domain is rich in histidine and proline residues and consists of several 
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repeats of the pentapeptide HHPHG. The human form of HRGP consists of 
twelve repeats of which the first seven repeats show a certain degree of 
variation, whereas the last five are exact repeats. Our collaborators have 
recently investigated the action of HRGP and showed that its anti-angiogenic 
activity is situated in the 150 amino acid long His/Pro-rich domain, which is 
proteolytically released from HRGP. The mode of action involves a 
rearrangement of focal adhesion sites and decreased attachment to 
vitronectin, resulting in poor cell migration (Olsson et al., 2004). 

In addition to Zn2+ and HS, HRGP has several other ligands. Amongst 
those we find heme (Morgan, 1985) and components of the immune system 
(Leung et al., 1989; Saigo et al., 1989), the coagulation-fibrinolysis system 
(Lijnen et al., 1980; Lijnen et al., 1983; Leung, 1986) and the ECM (Leung
et al., 1984). This makes HRGP an important player in many other 
biological processes, such as cell adhesion and proliferation, coagulation and 
immunity (reviewed in (Jones et al., 2005)). 



24

Present investigations 

Aims of the study 
Angiogenesis is an important aspect of tumor biology. For a tumor to grow, 
it needs to be supplied with oxygen and nutrients. It does so by inducing 
angiogenesis in nearby blood vessels through excretion of pro-angiogenic 
factors. On the other side, several anti-angiogenic factors stop or slow down 
angiogenesis when a tissue has been sufficiently vascularized. Several of 
these pro- and anti-angiogenic factors have been shown to bind HS.  

In the studies presented in this report, we wanted to elucidate how HS is 
involved in the function of selected pro- and anti-angiogenic factors: FGFs 
and their receptors on one hand and ES and HRGP on the other hand. More 
specifically, we wanted to investigate: 

The binding of poly- and oligosaccharides to ES and the effect of 
HS domain organization on the action of ES (Paper I). 
What domains of HRGP are engaged in binding to HS and heparin, 
whether they overlap with anti-angiogenically active peptides and 
how HRGP binds to different types of HS and heparin (Paper II). 
The molecular organization of HS to identify features responsible 
for interaction with HRGP and FGF (Paper III). 
The characteristics of N-sulfated HS sequences involved in 
stabilization of ternary complexes between FGF-1 and 2 and their 
receptors (Paper IV). 

Results
Role of heparan sulfate domain organization in endostatin 
inhibition of endothelial cell function (Paper I). 
In a previous study, it was shown that a heparin 12-mer binds much better to 
ES than shorter fragments (Sasaki et al., 1999). Moreover, ES was also able 
to bind to HS purified from different tissues. When investigating the 
composition of HS, we rarely find NS-domains consisting of 12 
monosaccharide units. In fact, the vast majority of the NS-domains seem to 
be 10 monosaccharide units long. 
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To find the natural epitope, HS fragments were prepared containing both 
NA- and NS-domains (called SAS-domains). Fractions corresponding to 8–
16 monosaccharide units were pooled after size fractionation and tested for 
binding to HRGP. We found that ~15 % of these SAS-domains were 
retained on an ES column and could be eluted from the column using the 
same salt concentration needed to elute heparin. 

Bound SAS-domains were cleaved by N-deacetylation and deamination at 
pH 3.9, to disrupt all N-acetylated residues. This resulted in an impaired 
binding, indicating that bound HS fragments contain GlcNAc residues. 
When the binding domains are cleaved at such residues, the binding sites in 
HS fragments are disrupted. 

In addition, isolated SAS domains showed to have the same inhibitory 
effect as heparin on the function of ES in an in vitro cell assay. 

Taken together, our results suggest that ES recognizes a region within HS, 
consisting of two NS-domains, spaced by an NA-domain. This report is the 
first to show such types of HS epitopes for a monomeric protein. 

The anti-angiogenic His/Pro-rich fragment of histidine-rich 
glycoprotein binds to endothelial cell heparan sulfate in a Zn2+-
dependent manner (Paper II). 
Earlier work of our collaborators has shown that HRGP has anti-angiogenic 
properties. More specifically, a proteolytically excised region of HRGP, 
corresponding to the His/Pro-rich domain, was shown to be responsible for 
the inhibitory effect on chemotaxis in an in vitro assay (Olsson et al., 2004). 
In addition, a recent publication by Jones et al. showed that HRGP 
recognizes HSPGs as cell surface receptors (Jones et al., 2004). However, 
they proposed the N-terminal cystatin domains to be the main HS binding 
entities.

As we expected that the anti-angiogenic effect of HRGP could be related 
to its HS binding properties, we wanted to further investigate this interaction. 
Therefore, we expressed several truncated forms of HRGP, to determine the 
heparin-binding region in HRGP, which correlated to inhibition of 
chemotaxis in vitro. Furthermore, we designed smaller peptides within the 
domain shown to be anti-chemotactic and could narrow down the heparin 
binding site to a 26 amino acid region, located between amino acids 335 and 
358 of HRGP (called HRGP335). This peptide was located within peptide 
HRGP330, which stretches from aa 330 to 364 and was previously shown to 
be able to inhibit chemotaxis in an in vitro assay (Olsson et al., 2004). A 
parallel study showed that HRGP330 is also able to inhibit angiogenesis 
(Dixelius et al., 2006). Moreover, we showed that Zn2+ is the only cation 
able to mediate binding between heparin and HRGP or peptide HRGP335 at 
physiological concentrations.  
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To verify that HRGP also binds HS, we tested binding of HRGP335 to 
HS from different sources. We could measure binding of HRGP335 towards 
HS, and could see differences in the extent of binding of HS isolated from 
different tissues that could not be explained by sulfation degree solely. We 
therefore pose the hypothesis that certain structural differences within HS 
from different sources influence binding to HRGP335. The exact structural 
features within HS responsible for binding to HRGP335 are however not 
known and have to be further investigated.  

When summarized, our results show a 26 amino acid peptide within the 
His/Pro-rich domain of HRGP that binds to HS in a Zn2+ dependent manner. 
The studied HS binding site in HRGP overlaps with the domain shown to 
exert the anti-angiogenic activity of HRGP and shows a preference for HS 
from certain sources. 

Binding of histidine-rich glycoprotein and FGF-2 to size-
fractionated heparan sulfate from porcine tissues (Paper III). 
In paper II we described the ability of HRGP335, a 26 aa peptide located 
within the anti-angiogenically active site of HRGP, to bind HS to the same 
extent as full-length HRGP. This binding was shown to be tissue-dependent. 
In this paper, we wanted to further elucidate what features of HS are 
responsible for its binding to HRGP.  

To address this question, we isolated HS from different porcine tissues, 
i.e. liver, intestine and lung. We tested the ability of different size-defined 
subpopulations for binding towards HRGP335 and FGF-2, as well as their 
structural composition. 

We showed that all three tissues tested contained size-heterogeneous 
populations and we could isolate three distinct populations for each tissue. 
We saw a clear decrease in the amount of chains with affinity towards FGF-
2 and HRGP335 for shorter chains. However, size alone could not explain 
the observed binding differences. When we compared the disaccharide 
composition of the different subpopulations, we could see shifts in 
disaccharide content between the different pools, but these could not explain 
the differences in binding. We therefore decided to characterize the domain 
organization. This showed that short chains have approximately the same 
ratios of NA- and NS-domains, with no dramatic changes in the composition 
of NS-domains.  

Our results suggest that the higher degree of HRGP- and FGF-binding of 
longer chains may in part be caused by statistical reasons (i.e. the increased 
probability of finding binding motifs for chains of increasing length, rather 
than major structural differences), and in part by structural features 
recognized differently by HRGP335 and FGF-2. 
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Heparan sulfate-related oligosaccharides in ternary complex 
formation with fibroblast growth factors 1 and 2 and their 
receptors (Paper IV). 
Both FGFs and their receptors bind HS, and HS has been shown previously 
to play an important role in the formation of ternary complexes needed for 
signaling. In this paper, we wanted to investigate the structural requirements 
of HS, specifically the NS-domain structures, which are needed to support 
ternary complex formation of FGF-1 and FGF-2 with their receptors. 

To do so, we designed libraries of biosynthetic HS-like oligosaccharides. 
By enzymatic resulfation of partially chemically depolymerized and 
desulfated heparin, fragments were obtained with a known degree of 2-O-
and 6-O-sulfation. These allowed us to test what kind of oligosaccharide 
structures were able to support ternary complex formation in a system using 
affinity columns with immobilized receptor ectodomains and free 
oligosaccharides and FGF. 

We could see similar oligosaccharide requirements for FGF-1 and FGF-2 
in complex with FR1c-3c. FR4 was the only receptor tested with the ability 
to bind oligosaccharides in the absence of FGF at physiological ionic 
strengths. This interaction was further promoted by FGF-1, but only 
modestly by FGF-2. Our results also indicate that overall O-sulfation plays a 
more pronounced role in ternary complex formation than the exact location 
of the different sulfate groups. 

Discussion 
More than 85 % of cancer mortality is caused by solid tumors. For a solid 
tumor to grow, survive and metastase, access to oxygen and nutrients from 
the blood is an absolute requirement. Therefore, tumors induce angiogenesis 
in nearby blood vessels. Angiogenesis is not only associated with tumor 
biology. Also in other diseases, and during embryonic development as well 
as the female menstrual cycle, angiogenesis plays an important role. That is 
why nature has developed a large collection of proteins that control 
angiogenesis. On one hand, a selection of growth factors has the ability to 
induce angiogenesis. These include FGF-1 and FGF-2, discussed in paper 
IV, and VEGF, used as a promotor of angiogenesis in papers I and II. On the 
other hand, several inhibitors of angiogenesis can prevent the formation of 
new blood vessels. Amongst those we find ES and HRGP, which are 
discussed mainly in papers I and II. Angiogenesis promoters, as well as 
inhibitors are also used by tumors, to control the extent of vascularization 
(reviewed in (Cao, 2001)). 

Many pro- and anti-angiogenic factors have the ability to bind heparin. As 
heparin is a chemical homologue of HS, it is likely that heparin-binding 
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molecules rather interact with HS on the cell surface or in the ECM. For 
most heparin-binding proteins, this has been confirmed in different types of 
assays. As depicted in figure 7, we studied the effect of HS on the function 
of several angiogenesis-related factors: FGF-1, FGF-2, VEGF and their 
receptors as stimulators of endothelial cells, and ES and HRGP as inhibitors 
of endothelial cell migration and angiogenesis.  

ES HRGP

HSPG

VEGFFGF

Figure 7. HSPGs as angiogenesis mediators. Both promoters (like FGF and VEGF) 
and inhibitors (like ES and HRGP) of angiogenesis interact with HS on the 
endothelial cell surface. For maintenance of a healthy vasculature, these factors have 
to be present in a balanced system. 

Of all angiogenesis-related proteins, FGFs have been most extensively 
studied. This is not surprising, as they are a large group of proteins which are 
widely expressed and involved in many physiological processes, among 
which several steps of the angiogenesis process from basement membrane 
degradation to pericyte recruitment (reviewed in (Presta et al., 2005)). The 
different signaling pathways of FGF have been studied (reviewed in (Cross 
and Claesson-Welsh, 2001; Presta et al., 2005)), and the importance of 
HSPGs for FGF dependent signaling has been shown (Rapraeger et al.,
1991; Yayon et al., 1991). However, different opinions about HS structures 
required for interaction with both FGF and FR have been published 
(Guimond and Turnbull, 1999; Ostrovsky et al., 2002; Wu et al., 2003; 
Mohammadi et al., 2005). In addition, HS has been shown to be able to both 
promote and inhibit FR signaling (Pye and Kumar, 1998). In paper IV, we 
confirm the observation that HS is able to form a ternary complex with FGF-
1 or FGF-2 and their receptors. The arrangement of sulfate groups in 8- to 
10-mer fragments did not seem to matter, as only the total degree of 
sulfation seemed to influence the stability of ternary complexes with both 
FGF-1 and FGF-2. These observations support the findings by Kreuger et al.
that FGFs share binding sites on the HS chain (Kreuger et al., 2005). Also 
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other investigators have observed that the presence of HS is more important 
than its exact structure, mainly in knockout mouse models. The absence of 
NDST, C5-epimerase and 2-OST in mice have all allowed a rather advanced 
embryonic development despite severely distorted HS structures (Bullock et 
al., 1998; Ringvall et al., 2000; Li et al., 2003). In fact, all these knockout 
mice can survive until shortly after birth. One may thus speculate that the 
exact structure of HS is of minor importance in FGF signaling events and 
that more extensive regulation must be taken care of by other systems, such 
as differential expression of either FGF or their receptors. Because of the 
complexity of embryonic development, further research in these questions 
has to be performed to test these possibilities. 

For the studied inhibitors of angiogenesis, the role of cell surface 
receptors is less clear. ES binds to cell surface HSPGs and to proteins in the 
ECM (Sasaki et al., 1998). In addition, a high affinity receptor for ES has 
been proposed (Karumanchi et al., 2001) and Rehn et al. showed that ES 
interacts with integrin 5 1 (Rehn et al., 2001). This interaction has later 
been shown to be important for the anti-angiogenic action of ES (Wickstrom
et al., 2002; Sudhakar et al., 2003). Recently, ES signaling pathways have 
been published (Abdollahi et al., 2004) and showed  that amongst the genes 
downregulated by ES we can find both FGF-2 and VEGF and their 
receptors. This supports a model in which ES inhibits angiogenesis by 
downregulating pro-angiogenic growth factors through binding to HSPG and 
secondary receptors, including 5 1 (figure 8). In addition to downregulation 
of VEGF expression, ES could theoretically compete for HS binding with 
for example VEGF. VEGF has recently been shown to bind spaced NS 
domains in HS (Robinson et al., 2006), a feature which is also recognized by 
ES (Kreuger et al., 2002). 

ES

VEGF↓, VEGFR↓
FGF↓, FR↓

?

HSPG

?

Figure 8. A model depicting the possible mode-of-action of ES. Through binding to 
cell-surface HS, ES is supported in its interaction with 5 1 integrin and possibly 
additional receptors. These interactions would then induce signal transduction, 
resulting in amongst others down-regulation of pro-angiogenic factors. 
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HRGP, the second anti-angiogenic protein described in this thesis depends 
just as ES on HS binding for its action. It was shown that proteolytic 
cleavage of HRGP is required for its effect in an in vitro chemotaxis assay 
(Olsson et al., 2004). In paper II we described a heparin-binding peptide 
derived from HRGP with anti-chemotactic properties that just as HRGP 
depends on Zn2+ for its action. How then may HRGP exert its anti-
angiogenic effect? 
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Figure 9. Two models of how HRGP may function as an angiogenesis inhibitor. (A) 
The competition model: the His/Pro-rich domain of HRGP competes for binding to 
HS with pro-angiogenic growth factors. (B) A more complex model supported by 
recent literature. The His/Pro-rich domain of HRGP does not compete for HS-
binding with growth factors. Instead it would interact with other HS chains close to 
the cell surface. This would faciliate binding to other receptors, such as v 3 integrin 
and possibly other receptors. In this way, angiogenesis is inhibited by blocking 
binding to ECM molecules, such as vitronectin. 

A first possibility is that the His/Pro-rich domain of HRGP competes for 
binding with pro-angiogenic factors (figure 9A). Other modes of action 
could also be possible, and are supported by recent literature. As the peptide 
described in paper II seemed to be necessary and sufficient for inhibition of 
endothelial cell migration, potential receptors related to this function should 
be able to bind in this region of the protein. In a recent publication (Dixelius
et al., 2006), our collaborators showed that HRGP exerts its effect by 
preventing adhesion of endothelial cells to vitronectin in a v 3 integrin-
dependent manner. Furthermore, they observed no changes in VEGF 
receptor activation. Previous studies showed that activation of FR-1 is not 
affected by HRGP either (Olsson et al., 2004), which also speaks against the 
competition model shown in figure 9A. This leaves us with following 
candidate cell-surface receptors for HRGP: HSPGs, v 3 integrin, 
membrane-bound tropomyosin and possibly additional, yet unidentified 
receptors. These candidates could well be complementary receptors, as they 
bind to different regions of the His/Pro-rich domain of HRGP. Donate et al.
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showed that a repeat of HHPHG could bind to tropomyosin found on the 
surface of endothelial cells (Zhang et al., 2002; Donate et al., 2004). This 
repeats are found in the C-terminal region of the His/Pro-rich domain, 
whereas the peptides described by us contain modified repeats of the 
HHPHG pentapeptide derived from the N-terminal region. Worth to mention 
in this respect is that the HSPG syndecan-4 has been found associated with 
focal adhesions, and has the ability to transduce signals (Woods and 
Couchman, 1994; Simons and Horowitz, 2001). In addition, v 3 integrin is 
a vitronectin receptor, also associated with focal adhesions. Based on the 
findings mentioned in this paragraph, we can propose two models for the 
mode of action by which the His/Pro rich region of HRGP may exert its 
action either through HSPGs, through v 3 integrin or through another 
receptor (figure 9B). 

Taking this data together, how could we then summarize the function of 
HS in regulation of angiogenesis with regard to the proteins studied in this 
thesis (figure 10)? In the case of FGF, we could say that the role of HS lies 
in the stabilization of the FGF-HS-FR ternary complex. FGF and FR are 
dependent on HS, but the exact arrangement of sulfate groups seems to be of 
less importance. In the interaction with angiogenesis inhibitors, HS probably 
functions as a co-receptor to stabilize the interaction of either HRGP or ES 
with its receptor. The most probable function for HS in angiogenesis 
inhibition would be to achieve a high local concentration of angiogenesis 
inhibitor near the cell surface. This could then facilitate binding to secondary 
high-affinity receptors, such as integrins. In this way the angiogenesis 
inhibitor could then exert its action, e.g. by integrin-dependent signaling or 
by blocking interactions with extra-cellular ligands. A last function that 
could not be excluded would be that the angiogenesis inhibitor signals 
directly through a PG, e.g. syndecan-4. It is less likely that the angiogenesis 
inhibitors studied here compete for HS binding with growth factors, as 
growth factor signaling has not been shown to be disturbed by ES or HRGP. 

X

HSPG

FGF/VEGF
receptor

FGF/VEGF

Vitronectin

integrin

unidentified
receptor

HRGP / ES

ES
X

?

His/Pro-rich
domain (HRGP)

X
?

A B C D
?

Figure 10. Summary of possible functions for HS in regulation of angiogenesis: (A) 
Stabilization of FGF-FR complex formation, (B) Interaction with HRGP to facilitate 
contact with HRGP receptors, including the possibility of signaling through the 
HSPG core protein, (C) Competition between HRPG or ES with FGF or VEGF and 
their receptors for HS binding sites, (D) Interaction with ES to allow its binding to 
other cell-surface receptors. 
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Future perspectives 

The results discussed in this thesis are merely the top of the iceberg. In fact, 
we have only started to understand what role HS may play in regulation of 
angiogenesis. Some critical questions that remain to be answered concerning 
the role of HS in regulation of angiogenesis are: 

How does HS composition relate to function? Several studies have shown 
both differential expression of biosynthetic enzymes and different HS 
composition in different tissues. As many proteins bind HS and require 
different structural features, we have to further investigate the HS structure 
in relation to protein binding capacity. It is heavily debated whether HS-
binding proteins require specific sulfation patterns or not. Our results have 
contributed to find answers to this problem, but experimental difficulties 
make it by date very difficult to sequence HS. Sequencing HS has in many 
cases confirmed that proteins do not require specific sulfation patterns for 
binding. Yet, few studies have looked at the effect of protein binding to 
different HS structures in terms of biological functions.  

What is the mechanism behind the anti-angiogenic effect of HRGP? The 
mode of action of HRGP has recently been shown to be dependent on 
interaction with HSPGs and integrin v 3 (Dixelius et al., 2006). However, it 
still remains to be elucidated if v 3 is the only cell-surface receptor 
involved in the action of HRGP, and if HRGP only blocks interactions with 
ECM components, or if it even transduces a signal through v 3 integrin or a 
secondary receptor. 

What is the mechanism behind the anti-angiogenic effect of ES? It has 
been suggested that ES signals upon binding v 3 integrin. More details 
about this possible pathway are still to be investigated, and a question of 
major interest is how binding of ES to HS is related to v 3 binding.  

We already showed that endostatin recognizes so-called SAS-domains, 
i.e. HS fragments consisting of two NS domains spaced by a poorly 
modified NA-domain. This concept remains to be further investigated in 
order to explain how long the spaced NS-domains need to be, and how many 
NA-disaccharides can space the NS domains. This question could be 
answered by using synthetic SAS domains, which contain NS domains 
spaced by a chemically synthesized linker. By varying the length of this 
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linker, the interaction of ES, but also of other proteins recognizing SAS 
domains, could be further investigated. 

How does HS support ternary complexes? The results shown in paper IV 
show that the distribution of sulfate groups is less important than the total 
sulfation degree in the case of FGF-FR complexes. As the complex and 
tissue-dependent structure of HS probably exist for a reason, it would be 
interesting to see what HS structures are required for other ternary 
complexes, e.g. other growth factors and their receptors. In general, it would 
be interesting to see how specific HS structures should be for different 
interactions.

Clearly, many questions still remain to be answered and the complexity of 
HS will continue to puzzle scientist for many years to come. It is by date 
impossible to amplify and sequence HS in the same way as it is for proteins 
and DNA, so we hope that one day such techniques will become available, 
and help to solve many of the remaining questions we have. This is desirable 
from a scientific perspective, but also from a medical point of view. HS is 
involved in many diseases, and greater knowledge of its structure and 
function will hopefully lead to better drugs, based on HS or its ligands. 



34

Populärvetenskaplig sammanfattning 

Människor, som alla levande organismer, är uppbyggda av olika vävnader 
som i sin tur består av många olika celler. Dessa celler måste kommunicera 
med varandra av olika anledningar. Celler i ett utvecklande foster måste veta 
vilken vävnad dem ska bilda, och nervceller i en fullvuxen människa står i 
kontakt med varandra för att skicka signaler till hjärnan. 

För att möjliggöra kommunikation mellan celler har naturen utvecklat 
olika signalämnen. Dessa kan utsöndras av en cell, och tas emot av en annan. 
Celler tar emot dessa signalämnen med hjälp av så kallade receptorer 
(mottagare), vilka sitter på cellytan. 

En kategori av dessa receptorer heter heparansulfat proteoglykaner och 
består av ett protein (proteoglykan) som bär på långa kedjor uppbyggda av 
sockermolekyler (heparansulfat kedjor). Denna avhandling beskriver hur 
olika signalämnen binder till heparansulfat kedjor, och med hjälp av dessa 
förmedlar en signal till cellen.

Alla signalämnen som är beskrivna i denna avhandling är involverade i 
bildning av nya blodkärl från befintliga blodkärl, kallat angiogenes. Dessa 
signalämnen kan antingen aktivera angiogenes eller hämma den, beroende 
på kroppens krav. 

Bildning av nya blodkärl är en viktig process i fosterutvecklingen, då 
många nya små blodkärl (kapillärer) bildas. Tyvärr är angiogenes också 
involverat i olika sjukdomar. En växande tumör utsöndrar faktorer som kan 
aktivera angiogenes, då den har ett stort behov av nya blodkärl för att förses 
med syre, samt för att bli av med avfallsprodukter. 

Det är viktigt att förstå hur dem olika signalämnen påverkar angiogenes. 
Detta bidrar till en större förståelse av hur nya blodkärl bildas, och kan även 
bidra med viktig information till utveckling av framtida läkemedel. Dessa 
skulle kunna bromsa eller läka cancer genom att förhindra att tumören förses 
med blod. 



35

Acknowledgements

The work presented in this thesis was carried out at the Department of 
Medical Biochemistry and Microbiology, Uppsala University. 

I would like to take the opportunity to express my gratitude to everybody 
who, in one way or another, has contributed to the completion of my thesis 
work:

Dorothe Spillmann, my supervisor. I am grateful for your knowledge, 
your passion for science and the possibilities you gave me to develop in my 
own way towards the scientist I am today. Although you’ve ever been busy, 
you always had time for me. If the errata list for this thesis is short, it is 
because you never minded reading through my thesis one more time, no 
matter what. 

Ulf Lindahl, my co-supervisor and professor, for your support, guidance 
and seemingly unlimited knowledge about glycobiology. Your ability to 
keep an overall view on my projects has helped me to keep them on the right 
track. I am grateful for the opportunities you gave me and will never forget 
the day back in the year 2000 when you asked me what I wanted to do with 
the rest of my life. 

Staffan Johansson, my examiner, for support and valuable comments. 

All past and present people in the B9:3 corridor. Nadja, Sindhu, Gunilla
and Anna, my roommates, for your kindness, help and discussions; Anh-
Tri, for your friendship and support even though you don’t like Belgians; 
Rebecka and Elina, for fika and friendship; Eva G., for chats and never-
ending happiness; Juan, for your kindness, and for telling me where you can 
find dragons in China; Carolina and Maria J., for always being happy when 
I popped into your office; Sabrina, for all kind words; Per, for valued 
comments; Jin-Ping, Helena, Lena, Eva H., Maria W., Sofia, Wei, Marta,
Chi, Marion, Göte, Lars, Jens, Erik, Krzysztof, Aneta, Åsa, Emanuel,
Elisabet, Camilla, Svetlana, Bob and all students who came and went, for 
making B9:3 a friendly and inspiring working environment. 



36

All other fellow PhD students at IMBIM, especially Jenny P., Anne,
Stina, Katarina, Pernilla, Ulrika, Daniel and Margaret, who started their 
PhD studies in the same period as me, for always being friendly and 
supportive and Jenny A. for nice teaching times. 

The administrative and technical support team: Erika, for always being 
helpful; Barbro, for GLIBS-meetings and so much more; Inga-Lisa, Liisa,
Marianne, Maud, Rehné and Ulla-Maria for administrative support; 
Kerstin, Olav, Tony, Pjotr and Ted for practical, technical and logistic 
solutions.

My co-authors, for your contributions to the papers this thesis is based on, 
especially Johan, for always being happy and helpful; Anna-Karin, for 
always being nice and easy to collaborate with and Lena, for sharing your 
knowledge in the field of angiogenesis. 

Kristina and Josef, for teaching assistance and Claës for always being 
helpful.

My friends, for their support. A special thanks to Dries, for remaining my 
buddy despite the distance and Steven, for keeping our friendship a number 
one priority. 

My family for always believing in me. My parents, Bernard and Hilde
for weekly phone calls, unlimited love and never-ending support (“trust me, 
I know what I’m doing”) and my sisters Marieke en Katrien for being the 
greatest sisters one could have. Also thanks to my family-in-law, Dana and 
Ahmad for always making me feel at home, “babcia Marysia” for unlimited 
supply of cookies and Maja for help with the Swedish summary. 

Last, but definitely not least, a big hug for my lovely wife Sylwia. Your 
trust, love and support mean the world to me. Thank you for being my 
biggest fan; I like it when you think I’m the best in everything I do! Kocham 
ci .



37

References

Abdollahi, A., Hahnfeldt, P., Maercker, C., Grone, H. J., Debus, J., Ansorge, W., 
Folkman, J., Hlatky, L. and Huber, P. E. (2004) Endostatin's antiangiogenic 
signaling network. Mol Cell 13, 649-663 

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K. and Watson, J. D. (1994) 
Differentiated Cells and the Maintainance of Tissues. In Molecular Biology of 
the Cell, pp. 1136-1193, Garland Publishing, New York 

Allen, B. L., Filla, M. S. and Rapraeger, A. C. (2001) Role of heparan sulfate as a 
tissue-specific regulator of FGF-4 and FGF receptor recognition. J Cell Biol 
155, 845-858 

Baeg, G. H., Lin, X., Khare, N., Baumgartner, S. and Perrimon, N. (2001) Heparan 
sulfate proteoglycans are critical for the organization of the extracellular 
distribution of Wingless. Development 128, 87-94 

Bernfield, M., Gotte, M., Park, P. W., Reizes, O., Fitzgerald, M. L., Lincecum, J. 
and Zako, M. (1999) Functions of cell surface heparan sulfate proteoglycans. 
Annu Rev Biochem 68, 729-777 

Bezakova, G. and Ruegg, M. A. (2003) New insights into the roles of agrin. Nat Rev 
Mol Cell Biol 4, 295-308 

Boehm, T., O'Reilly M, S., Keough, K., Shiloach, J., Shapiro, R. and Folkman, J. 
(1998) Zinc-binding of endostatin is essential for its antiangiogenic activity. 
Biochem Biophys Res Commun 252, 190-194 

Borza, D. B., Tatum, F. M. and Morgan, W. T. (1996) Domain structure and 
conformation of histidine-proline-rich glycoprotein. Biochemistry 35, 1925-
1934 

Bullock, S. L., Fletcher, J. M., Beddington, R. S. and Wilson, V. A. (1998) Renal 
agenesis in mice homozygous for a gene trap mutation in the gene encoding 
heparan sulfate 2-sulfotransferase. Genes Dev 12, 1894-1906 

Cao, Y. (2001) Endogenous angiogenesis inhibitors and their therapeutic 
implications. Int J Biochem Cell Biol 33, 357-369 

Capila, I. and Linhardt, R. J. (2002) Heparin-protein interactions. Angew Chem Int 
Ed Engl 41, 390-412 



38

Cebe-Suarez, S., Zehnder-Fjallman, A. and Ballmer-Hofer, K. (2006) The role of 
VEGF receptors in angiogenesis; complex partnerships. Cell Mol Life Sci 

Cohlberg, J. A., Li, J., Uversky, V. N. and Fink, A. L. (2002) Heparin and other 
glycosaminoglycans stimulate the formation of amyloid fibrils from alpha-
synuclein in vitro. Biochemistry 41, 1502-1511 

Couchman, J. R., Vogt, S., Lim, S. T., Lim, Y., Oh, E. S., Prestwich, G. D., 
Theibert, A., Lee, W. and Woods, A. (2002) Regulation of inositol phospholipid 
binding and signaling through syndecan-4. J Biol Chem 277, 49296-49303 

Cross, M. J. and Claesson-Welsh, L. (2001) FGF and VEGF function in 
angiogenesis: signalling pathways, biological responses and therapeutic 
inhibition. Trends Pharmacol Sci 22, 201-207 

Dawson, D. W., Volpert, O. V., Gillis, P., Crawford, S. E., Xu, H., Benedict, W. and 
Bouck, N. P. (1999) Pigment epithelium-derived factor: a potent inhibitor of 
angiogenesis. Science 285, 245-248 

Ding, Y. H., Javaherian, K., Lo, K. M., Chopra, R., Boehm, T., Lanciotti, J., Harris, 
B. A., Li, Y., Shapiro, R., Hohenester, E., Timpl, R., Folkman, J. and Wiley, D. 
C. (1998) Zinc-dependent dimers observed in crystals of human endostatin. Proc 
Natl Acad Sci U S A 95, 10443-10448 

Dixelius, J., Olsson, A.-K., Thulin, A., Lee, C., Johansson, I. and Claesson-Welsh, 
L. (2006) Minimal Active Domain and Mechanism of Action of the 
Angiogenesis Inhibitor Histidine-Rich Glycoprotein. Cancer Res 66, 2089-2097 

Donate, F., Juarez, J. C., Guan, X., Shipulina, N. V., Plunkett, M. L., Tel-Tsur, Z., 
Shaw, D. E., Morgan, W. T. and Mazar, A. P. (2004) Peptides derived from the 
histidine-proline domain of the histidine-proline-rich glycoprotein bind to 
tropomyosin and have antiangiogenic and antitumor activities. Cancer Res 64,
5812-5817 

Dormont, D. (2002) Prion diseases: pathogenesis and public health concerns. FEBS 
Lett 529, 17-21 

Esko, J. D. and Lindahl, U. (2001) Molecular diversity of heparan sulfate. J Clin 
Invest 108, 169-173. 

Esko, J. D. and Selleck, S. B. (2002) ORDER OUT OF CHAOS: Assembly of 
Ligand Binding Sites in Heparan Sulfate. Annu Rev Biochem 71, 435-471 

Fannon, M., Forsten-Williams, K., Dowd, C. J., Freedman, D. A., Folkman, J. and 
Nugent, M. A. (2003) Binding inhibition of angiogenic factors by heparan 
sulfate proteoglycans in aqueous humor: potential mechanism for maintenance 
of an avascular environment. Faseb J 17, 902-904 

Ford-Perriss, M., Abud, H. and Murphy, M. (2001) Fibroblast growth factors in the 
developing central nervous system. Clin Exp Pharmacol Physiol 28, 493-503 



39

Forsberg, E., Pejler, G., Ringvall, M., Lunderius, C., Tomasini-Johansson, B., 
Kusche-Gullberg, M., Eriksson, I., Ledin, J., Hellman, L. and Kjellen, L. (1999) 
Abnormal mast cells in mice deficient in a heparin-synthesizing enzyme. Nature 
400, 773-776 

Fransson, L. A., Belting, M., Jonsson, M., Mani, K., Moses, J. and Oldberg, A. 
(2000) Biosynthesis of decorin and glypican. Matrix Biol 19, 367-376 

Funderburgh, J. L. (2000) Keratan sulfate: structure, biosynthesis, and function. 
Glycobiology 10, 951-958 

Gallagher, J. T. and Walker, A. (1985) Molecular distinctions between heparan 
sulphate and heparin. Analysis of sulphation patterns indicates that heparan 
sulphate and heparin are separate families of N-sulphated polysaccharides. 
Biochem J 230, 665-674 

Gariano, R. F. and Gardner, T. W. (2005) Retinal angiogenesis in development and 
disease. Nature 438, 960-966 

Guimond, S., Maccarana, M., Olwin, B. B., Lindahl, U. and Rapraeger, A. C. (1993) 
Activating and inhibitory heparin sequences for FGF-2 (basic FGF). Distinct 
requirements for FGF-1, FGF-2, and FGF-4. J Biol Chem 268, 23906-23914 

Guimond, S. E. and Turnbull, J. E. (1999) Fibroblast growth factor receptor 
signalling is dictated by specific heparan sulphate saccharides. Curr Biol 9,
1343-1346 

Habuchi, H., Tanaka, M., Habuchi, O., Yoshida, K., Suzuki, H., Ban, K. and 
Kimata, K. (2000) The occurrence of three isoforms of heparan sulfate 6-O-
sulfotransferase having different specificities for hexuronic acid adjacent to the 
targeted N-sulfoglucosamine. J Biol Chem 275, 2859-2868 

Halfter, W., Dong, S., Schurer, B. and Cole, G. J. (1998) Collagen XVIII is a 
basement membrane heparan sulfate proteoglycan. J Biol Chem 273, 25404-
25412 

Henningsson, F., Ledin, J., Lunderius, C., Wilen, M., Hellman, L. and Pejler, G. 
(2002) Altered storage of proteases in mast cells from mice lacking heparin: a 
possible role for heparin in carboxypeptidase A processing. Biol Chem 383,
793-801 

Iozzo, R. V. (2005) Basement membrane proteoglycans: from cellar to ceiling. Nat 
Rev Mol Cell Biol 6, 646-656 

Iozzo, R. V. and San Antonio, J. D. (2001) Heparan sulfate proteoglycans: heavy 
hitters in the angiogenesis arena. J Clin Invest 108, 349-355. 

Jain, R. K. (2005) Normalization of tumor vasculature: an emerging concept in 
antiangiogenic therapy. Science 307, 58-62 



40

Jones, A. L., Hulett, M. D. and Parish, C. R. (2004) Histidine-rich glycoprotein 
binds to cell surface heparan sulfate via its amino-terminal domain following 
Zn2+ chelation. J Biol Chem 279, 30114-30122 

Jones, A. L., Hulett, M. D. and Parish, C. R. (2005) Histidine-rich glycoprotein: A 
novel adaptor protein in plasma that modulates the immune, vascular and 
coagulation systems. Immunol Cell Biol 83, 106-118 

Jordan, R., Oosta, G., Gardner, W. and Rosenberg, R. (1980) The kinetics of 
hemostatic enzyme-antithrombin interactions in the presence of low molecular 
weight heparin. J. Biol. Chem. 255, 10081-10090 

Karumanchi, S. A., Jha, V., Ramchandran, R., Karihaloo, A., Tsiokas, L., Chan, B., 
Dhanabal, M., Hanai, J. I., Venkataraman, G., Shriver, Z., Keiser, N., Kalluri, 
R., Zeng, H., Mukhopadhyay, D., Chen, R. L., Lander, A. D., Hagihara, K., 
Yamaguchi, Y., Sasisekharan, R., Cantley, L. and Sukhatme, V. P. (2001) Cell 
surface glypicans are low-affinity endostatin receptors. Mol Cell 7, 811-822 

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

Knudson, C. B. and Knudson, W. (2001) Cartilage proteoglycans. Semin Cell Dev 
Biol 12, 69-78. 

Kolset, S. O. and Gallagher, J. T. (1990) Proteoglycans in haemopoietic cells. 
Biochim Biophys Acta 1032, 191-211 

Koo, B. K., Jung, Y. S., Shin, J., Han, I., Mortier, E., Zimmermann, P., Whiteford, J. 
R., Couchman, J. R., Oh, E. S. and Lee, W. (2006) Structural basis of syndecan-
4 phosphorylation as a molecular switch to regulate signaling. J Mol Biol 355,
651-663 

Kreuger, J., Jemth, P., Sanders-Lindberg, E., Eliahu, L., Ron, D., Basilico, C., 
Salmivirta, M. and Lindahl, U. (2005) Fibroblast growth factors share binding 
sites in heparan sulphate. Biochem J 389, 145-150 

Kreuger, J., Matsumoto, T., Vanwildemeersch, M., Sasaki, T., Timpl, R., Claesson-
Welsh, L., Spillmann, D. and Lindahl, U. (2002) Role of heparan sulfate domain 
organization in endostatin inhibition of endothelial cell function. EMBO J 21,
6303-6311 

Kreuger, J., Salmivirta, M., Sturiale, L., Gimenez-Gallego, G. and Lindahl, U. 
(2001) Sequence Analysis of Heparan Sulfate Epitopes with Graded Affinities 
for Fibroblast Growth Factors 1 and 2. J. Biol. Chem. 276, 30744-30752 

Kusche-Gullberg, M. and Kjellen, L. (2003) Sulfotransferases in glycosaminoglycan 
biosynthesis. Curr Opin Struct Biol 13, 605-611 

Lebakken, C. S. and Rapraeger, A. C. (1996) Syndecan-1 mediates cell spreading in 
transfected human lymphoblastoid (Raji) cells. J Cell Biol 132, 1209-1221 



41

Ledin, J., Staatz, W., Li, J. P., Gotte, M., Selleck, S., Kjellen, L. and Spillmann, D. 
(2004) Heparan sulfate structure in mice with genetically modified heparan 
sulfate production. J Biol Chem 279, 42732-42741 

Leung, L., Saigo, K. and Grant, D. (1989) Heparin binds to human monocytes and 
modulates their procoagulant activities and secretory phenotypes. Effects of 
histidine-rich glycoprotein. Blood 73, 177-184 

Leung, L. L. (1986) Interaction of histidine-rich glycoprotein with fibrinogen and 
fibrin. J Clin Invest 77, 1305-1311 

Leung, L. L., Nachman, R. L. and Harpel, P. C. (1984) Complex formation of 
platelet thrombospondin with histidine-rich glycoprotein. J Clin Invest 73, 5-12 

Li, J. P., Galvis, M. L., Gong, F., Zhang, X., Zcharia, E., Metzger, S., Vlodavsky, I., 
Kisilevsky, R. and Lindahl, U. (2005) In vivo fragmentation of heparan sulfate 
by heparanase overexpression renders mice resistant to amyloid protein A 
amyloidosis. Proc Natl Acad Sci U S A 102, 6473-6477 

Li, J. P., Gong, F., Hagner-McWhirter, A., Forsberg, E., Abrink, M., Kisilevsky, R., 
Zhang, X. and Lindahl, U. (2003) Targeted disruption of a murine glucuronyl 
C5-epimerase gene results in heparan sulfate lacking L-iduronic acid and in 
neonatal lethality. J Biol Chem 278, 28363-28366 

Lijnen, H. R., Hoylaerts, M. and Collen, D. (1983) Heparin binding properties of 
human histidine-rich glycoprotein. Mechanism and role in the neutralization of 
heparin in plasma. J Biol Chem 258, 3803-3808 

Lijnen, H. R., Hoylaerts, M. and Collen, D. (1980) Isolation and characterization of 
a human plasma protein with affinity for the lysine binding sites in plasminogen. 
Role in the regulation of fibrinolysis and identification as histidine-rich 
glycoprotein. J Biol Chem 255, 10214-10222 

Lin, X. (2004) Functions of heparan sulfate proteoglycans in cell signaling during 
development. Development 131, 6009-6021 

Lindahl, B., Westling, C., Gimenez-Gallego, G., Lindahl, U. and Salmivirta, M. 
(1999) Common binding sites for beta-amyloid fibrils and fibroblast growth 
factor-2 in heparan sulfate from human cerebral cortex. J Biol Chem 274,
30631-30635 

Lindahl, U., Kusche-Gullberg, M. and Kjellen, L. (1998) Regulated diversity of 
heparan sulfate. J Biol Chem 273, 24979-24982. 

Lindahl, U., Lidholt, K., Spillmann, D. and Kjellen, L. (1994) More to "heparin" 
than anticoagulation. Thromb Res 75, 1-32. 

Lyon, M., Steward, W. P., Hampson, I. N. and Gallagher, J. T. (1987) Identification 
of an extended N-acetylated sequence adjacent to the protein-linkage region of 
fibroblast heparan sulphate. Biochem J 242, 493-498. 



42

Maccarana, M., Casu, B. and Lindahl, U. (1993) Minimal sequence in 
heparin/heparan sulfate required for binding of basic fibroblast growth factor. J 
Biol Chem 268, 23898-23905 

Maccarana, M., Sakura, Y., Tawada, A., Yoshida, K. and Lindahl, U. (1996) 
Domain structure of heparan sulfates from bovine organs. J Biol Chem 271,
17804-17810. 

Marneros, A. G. and Olsen, B. R. (2005) Physiological role of collagen XVIII and 
endostatin. Faseb J 19, 716-728 

McDonald, J. A. and Camenisch, T. D. (2002) Hyaluronan: genetic insights into the 
complex biology of a simple polysaccharide. Glycoconj J 19, 331-339 

McQuade, K. J. and Rapraeger, A. C. (2003) Syndecan-1 transmembrane and 
extracellular domains have unique and distinct roles in cell spreading. J Biol 
Chem 278, 46607-46615 

Mohammadi, M., Olsen, S. K. and Ibrahimi, O. A. (2005) Structural basis for 
fibroblast growth factor receptor activation. Cytokine Growth Factor Rev 16,
107-137 

Morgan, W. T. (1985) The histidine-rich glycoprotein of serum has a domain rich in 
histidine, proline, and glycine that binds heme and metals. Biochemistry 24,
1496-1501 

O'Reilly, M. S., Boehm, T., Shing, Y., Fukai, N., Vasios, G., Lane, W. S., Flynn, E., 
Birkhead, J. R., Olsen, B. R. and Folkman, J. (1997) Endostatin: an endogenous 
inhibitor of angiogenesis and tumor growth. Cell 88, 277-285 

Olsson, A. K., Johansson, I., Akerud, H., Einarsson, B., Christofferson, R., Sasaki, 
T., Timpl, R. and Claesson-Welsh, L. (2004) The minimal active domain of 
endostatin is a heparin-binding motif that mediates inhibition of tumor 
vascularization. Cancer Res 64, 9012-9017 

Olsson, A. K., Larsson, H., Dixelius, J., Johansson, I., Lee, C., Oellig, C., Bjork, I. 
and Claesson-Welsh, L. (2004) A fragment of histidine-rich glycoprotein is a 
potent inhibitor of tumor vascularization. Cancer Res 64, 599-605 

Ornitz, D. M. and Itoh, N. (2001) Fibroblast growth factors. Genome Biol 2,
REVIEWS3005.3001-3005.3012 

Ostrovsky, O., Berman, B., Gallagher, J., Mulloy, B., Fernig, D. G., Delehedde, M. 
and Ron, D. (2002) Differential effects of heparin saccharides on the formation 
of specific fibroblast growth factor (FGF) and FGF receptor complexes. J Biol 
Chem 277, 2444-2453 

Paine-Saunders, S., Viviano, B. L., Economides, A. N. and Saunders, S. (2002) 
Heparan sulfate proteoglycans retain Noggin at the cell surface: a potential 
mechanism for shaping bone morphogenetic protein gradients. J Biol Chem 277,
2089-2096. 



43

Pepper, M. S., Mandriota, S. J., Jeltsch, M., Kumar, V. and Alitalo, K. (1998) 
Vascular endothelial growth factor (VEGF)-C synergizes with basic fibroblast 
growth factor and VEGF in the induction of angiogenesis in vitro and alters 
endothelial cell extracellular proteolytic activity. J Cell Physiol 177, 439-452 

Powers, C. J., McLeskey, S. W. and Wellstein, A. (2000) Fibroblast growth factors, 
their receptors and signaling. Endocr Relat Cancer 7, 165-197 

Presta, M., Dell'Era, P., Mitola, S., Moroni, E., Ronca, R. and Rusnati, M. (2005) 
Fibroblast growth factor/fibroblast growth factor receptor system in 
angiogenesis. Cytokine Growth Factor Rev 16, 159-178 

Pye, D. A. and Kumar, S. (1998) Endothelial and fibroblast cell-derived heparan 
sulphate bind with differing affinity to basic fibroblast growth factor. Biochem 
Biophys Res Commun 248, 889-895 

Rapraeger, A. C., Krufka, A. and Olwin, B. B. (1991) Requirement of heparan 
sulfate for bFGF-mediated fibroblast growth and myoblast differentiation. 
Science 252, 1705-1708 

Rehn, M., Veikkola, T., Kukk-Valdre, E., Nakamura, H., Ilmonen, M., Lombardo, 
C., Pihlajaniemi, T., Alitalo, K. and Vuori, K. (2001) Interaction of endostatin 
with integrins implicated in angiogenesis. Proc Natl Acad Sci U S A 98, 1024-
1029 

Ringvall, M., Ledin, J., Holmborn, K., van Kuppevelt, T., Ellin, F., Eriksson, I., 
Olofsson, A. M., Kjellen, L. and Forsberg, E. (2000) Defective heparan sulfate 
biosynthesis and neonatal lethality in mice lacking N-deacetylase/N-
sulfotransferase-1. J Biol Chem 275, 25926-25930 

Robinson, C. J., Mulloy, B., Gallagher, J. T. and Stringer, S. E. (2006) VEGF165-
binding sites within heparan sulfate encompass two highly sulfated domains and 
can be liberated by K5 lyase. J Biol Chem 281, 1731-1740 

Robinson, C. J. and Stringer, S. E. (2001) The splice variants of vascular endothelial 
growth factor (VEGF) and their receptors. J Cell Sci 114, 853-865 

Rostand, K. S. and Esko, J. D. (1997) Microbial adherence to and invasion through 
proteoglycans. Infect Immun 65, 1-8. 

Saigo, K., Shatsky, M., Levitt, L. J. and Leung, L. K. (1989) Interaction of histidine-
rich glycoprotein with human T lymphocytes. J Biol Chem 264, 8249-8253 

Sanderson, R. D., Yang, Y., Suva, L. J. and Kelly, T. (2004) Heparan sulfate 
proteoglycans and heparanase--partners in osteolytic tumor growth and 
metastasis. Matrix Biol 23, 341-352 

Sasaki, T., Fukai, N., Mann, K., Gohring, W., Olsen, B. R. and Timpl, R. (1998) 
Structure, function and tissue forms of the C-terminal globular domain of 
collagen XVIII containing the angiogenesis inhibitor endostatin. EMBO J 17,
4249-4256 



44

Sasaki, T., Larsson, H., Kreuger, J., Salmivirta, M., Claesson-Welsh, L., Lindahl, 
U., Hohenester, E. and Timpl, R. (1999) Structural basis and potential role of 
heparin/heparan sulfate binding to the angiogenesis inhibitor endostatin. EMBO 
J 18, 6240-6248 

Scholefield, Z., Yates, E. A., Wayne, G., Amour, A., McDowell, W. and Turnbull, J. 
E. (2003) Heparan sulfate regulates amyloid precursor protein processing by 
BACE1, the Alzheimer's beta-secretase. J Cell Biol 163, 97-107 

Segev, A., Nili, N. and Strauss, B. H. (2004) The role of perlecan in arterial injury 
and angiogenesis. Cardiovasc Res 63, 603-610 

Selleck, S. B. (2001) Genetic dissection of proteoglycan function in Drosophila and 
C. elegans. Semin Cell Dev Biol 12, 127-134 

Shweiki, D., Itin, A., Soffer, D. and Keshet, E. (1992) Vascular endothelial growth 
factor induced by hypoxia may mediate hypoxia-initiated angiogenesis. Nature 
359, 843-845 

Simons, M. and Horowitz, A. (2001) Syndecan-4-mediated signalling. Cell Signal 
13, 855-862 

Spillmann, D. (2001) Heparan sulfate: anchor for viral intruders? Biochimie 83,
811-817. 

Spillmann, D. and Lindahl, U. (1994) Glycosaminoglycan-protein interactions: a 
question of specificity. Current Opinion in Structural Biology 4, 677-682 

Sudhakar, A., Sugimoto, H., Yang, C., Lively, J., Zeisberg, M. and Kalluri, R. 
(2003) Human tumstatin and human endostatin exhibit distinct antiangiogenic 
activities mediated by alpha v beta 3 and alpha 5 beta 1 integrins. Proc Natl 
Acad Sci U S A 100, 4766-4771 

Sugahara, K., Mikami, T., Uyama, T., Mizuguchi, S., Nomura, K. and Kitagawa, H. 
(2003) Recent advances in the structural biology of chondroitin sulfate and 
dermatan sulfate. Curr Opin Struct Biol 13, 612-620 

Taylor, P. C. and Sivakumar, B. (2005) Hypoxia and angiogenesis in rheumatoid 
arthritis. Curr Opin Rheumatol 17, 293-298 

Teleman, A. A., Strigini, M. and Cohen, S. M. (2001) Shaping morphogen gradients. 
Cell 105, 559-562 

Tkachenko, E., Rhodes, J. M. and Simons, M. (2005) Syndecans: new kids on the 
signaling block. Circ Res 96, 488-500 

Unemori, E. N., Ferrara, N., Bauer, E. A. and Amento, E. P. (1992) Vascular 
endothelial growth factor induces interstitial collagenase expression in human 
endothelial cells. J Cell Physiol 153, 557-562 



45

van Horssen, J., Wesseling, P., van den Heuvel, L. P., de Waal, R. M. and Verbeek, 
M. M. (2003) Heparan sulphate proteoglycans in Alzheimer's disease and 
amyloid-related disorders. Lancet Neurol 2, 482-492 

Warner, R. G., Hundt, C., Weiss, S. and Turnbull, J. E. (2002) Identification of the 
heparan sulfate binding sites in the cellular prion protein. J Biol Chem 277,
18421-18430 

Wickstrom, S. A., Alitalo, K. and Keski-Oja, J. (2002) Endostatin associates with 
integrin alpha5beta1 and caveolin-1, and activates Src via a tyrosyl phosphatase-
dependent pathway in human endothelial cells. Cancer Res 62, 5580-5589 

Wilkinson-Berka, J. L. (2005) Angiotensin and diabetic retinopathy. Int J Biochem 
Cell Biol 

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

Wu, Z. L., Zhang, L., Yabe, T., Kuberan, B., Beeler, D. L., Love, A. and Rosenberg, 
R. D. (2003) The involvement of heparan sulfate (HS) in FGF1/HS/FGFR1 
signaling complex. J Biol Chem 278, 17121-17129 

Yamashita, T., Yoshioka, M. and Itoh, N. (2000) Identification of a novel fibroblast 
growth factor, FGF-23, preferentially expressed in the ventrolateral thalamic 
nucleus of the brain. Biochem Biophys Res Commun 277, 494-498 

Yayon, A., Klagsbrun, M., Esko, J. D., Leder, P. and Ornitz, D. M. (1991) Cell 
surface, heparin-like molecules are required for binding of basic fibroblast 
growth factor to its high affinity receptor. Cell 64, 841-848 

Zhang, J. C., Donate, F., Qi, X., Ziats, N. P., Juarez, J. C., Mazar, A. P., Pang, Y. P. 
and McCrae, K. R. (2002) The antiangiogenic activity of cleaved high 
molecular weight kininogen is mediated through binding to endothelial cell 
tropomyosin. Proc Natl Acad Sci U S A 99, 12224-12229 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 125

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-6638

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2006


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Background
	Proteoglycans and glycosaminoglycans
	Heparan sulfate and heparin
	Heparan sulfate biosynthesis
	Heparan sulfate–protein interactions
	Functions of heparan sulfate proteoglycans
	Heparan sulfate in physiological processes
	Heparan sulfate in disease
	Angiogenesis
	Anti-angiogenesis

	Pro- and anti-angiogenic heparan sulfate ligands
	Growth factors and their receptors
	Endostatin
	Histidine-rich glycoprotein


	Present investigations
	Aims of the study
	Results
	Role of heparan sulfate domain organization in endostatin inhibition of endothelial cell function (Paper I).
	The anti-angiogenic His/Pro-rich fragment of histidine-rich glycoprotein binds to endothelial cell heparan sulfate in a Zn2+-dependent manner (Paper II).
	Binding of histidine-rich glycoprotein and FGF-2 to sizefractionated heparan sulfate from porcine tissues (Paper III).
	Heparan sulfate-related oligosaccharides in ternary complex formation with fibroblast growth factors 1 and 2 and their receptors (Paper IV).

	Discussion

	Future perspectives
	Populärvetenskaplig sammanfattning
	Acknowledgements
	References

