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Abbreviations

botv Brother of tout-velu 
DNA Deoxyribonucleic acid 
Dpp Decapentaplegic 
E Embryonic day 
EB Embryoid body 
ECM Extracellular matrix 
ES Embryonic stem 
EXT Exostosin 
EXTL Exostosin-like 
FGF Fibroblast growth factor 
FGFR Fibroblast growth factor receptor 
GAG Glycosaminoglycan 
GlcA Glucuronic acid 
GlcNAc N-Acetyglucosamine 
GPI Glycosylphosphatidylinositol 
Hh Hedgehog 
HS Heparan sulfate 
HSPG Heparan sulfate proteoglycan 
ICM Inner cell mass 
LIF Leukemia inhibitory factor 
NDST N-Deacetylase/N-sulfotransferase 
OST O-sulfotransferase 
PG Proteoglycan 
RNA Ribonucleic acid 
RT-PCR Reverese transcriptase-polymerase chain reaction 
sfl Sulfateless 
sgl Sugarless 
sotv Sister of tout-velu 
ttv Tout-velu 
Wg Wingless 
wt Wild type 
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Introduction

The early embryo is composed of pluripotent stem cells that are able to give 
rise to all the different cell types of the body. These stem cells can be iso-
lated and in vitro be subjected to differentiation into a variety of cell types. 
Heparan sulfate (HS) has during recent years been discovered to have a cru-
cial role during development. These sulfated polysaccharide chains have 
been shown to be involved in the generation of morphogen gradients and to 
influence signaling of several growth factors. 

In this thesis, the role of heparan sulfate during early development is in-
vestigated. For this purpose, mice and embryonic stem cells deficient in the 
HS biosynthetic enzymes NDST1 and NDST2 have been examined. 
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Background

The mouse as a model
In efforts to understand human disease and normal development, the mouse 
is the most common model organism used. There are many benefits of using 
mice as models, the most important being the availability of many inbred 
strains. In addition, mice are relatively closely related to humans which often 
makes it possible to convert findings in mice to man (Hogan, Beddington et 
al. 1994). 

Mouse embryonic development 
Mouse embryonic development is a highly regulated process that starts with 
the union of the sperm and egg. During fertilization, at embryonic day 0 
(E0), genetic material from the two gametes fuses. Immediately following 
fertilization, at E1, cleavage occurs. During the subsequent period a series of 
rapid mitotic divisions take place, which at E3.5 culminates in blastulation. 
In the blastocyst the first differentiation event occurs when two distinct cell 
types are formed, the inner cell mass (ICM), that will give rise to the em-
bryo, and the trophoblast cells, that will give rise to extraembryonic tissue. 
Gastrulation is the process where the germ layers of the embryo are formed 
and the body plan of the organism is established. During this period the ICM 
is differentiated into the three germ layers endoderm, mesoderm, and ecto-
derm. The endoderm will give rise to respiratory and digestive organs, the 
mesoderm to connective tissue, blood cells, the heart, and parts of most in-
ternal organs while the ectoderm forms skin and neuronal tissue. At this 
stage, cells that will form the endodermal and mesodermal organs are ar-
ranged inside the embryo while the cells forming the skin and nervous sys-
tem are covering the outer surface of the embryo. At the time the three germ 
layers are formed they also start to interact with each other, rearranging 
themselves to produce tissues and organs. During the last phase of organo-
genesis a maturation process starts including an increase in fetal growth. 
This process continues even after birth, for example, with the production of 
mature gametes. The gestation period for the mouse is 19-20 days, depend-
ing on the strain (Hogan, Beddington et al. 1994; Gilbert 1997) (Figure 1).
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Figure 1. Time course of mouse development. (Adapted from Hogan et al., 1994). 

Some stages of development are more significant than others in relation to 
this thesis and will be described more extensively. 

Pre-implantation and early post-implantation development 
At the end of cleavage a sphere of cells has formed, referred to as the blasto-
cyst (Figure 2). At this time, the first differentiation event occurs when the 
inner cells of the blastocyst form the ICM. These cells are pluripotent and 
will contribute to all embryonic tissue as well as extraembryonic endoderm 
and mesoderm. The group of outer cells forms the trophectoderm, which will 
contribute to trophoblast cells and extraembryonic ectoderm such as the em-
bryonic part of the placenta (Gardner 1983). The trophectoderm will form 
mural trophectoderm, the cells surrounding the blastocoel, and polar trophec-
toderm, the cells overlying the ICM (Figure 2). Implantation is the event 
when the blastocyst attaches to and invades the maternal uteric tissue. The 
embryo has from the oocyte stage been surrounded by a matrix of glycopro-
teins, the zona pellucida. To be able to implant into the uterus the blastocyst 
has to hatch from the zona pellucida. This occurs with a combination of an 
expansion of the blastocyst, due to fluid accumulation, and the action of 
proteolytic enzymes on the zona pellucida (Cole 1967). These enzymes are 
produced by the mural trophectoderm and present in the uterine fluid, 
(Hogan, Beddington et al. 1994; Kaufman and Bard 1999). At the same time, 
the uterus is prepared for blastocyst implantation by a combination of pro-
gesterone (Huet-Hudson and Dey 1990) and estrogen signals (Paria, Huet-
Hudson et al. 1993). The activity of these hormones, together with the ma-
turity of the blastocyst, produces a limited time period when the uterus is 
conductive to implantation (Paria, Huet-Hudson et al. 1993). Around E4.5 
the blastocyst attaches to the uterus with its mural trophectoderm and in-
duces formation of a uterine crypt. This event starts the decidual reaction, 
i.e. the uterus is stimulated to produce a flexible mass of cells known as de-
cidual tissue. Soon after, breakdown of the epithelial cells of the uterus oc-
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curs, allowing the invasion of trophoblast cells that further on will contribute 
to the formation of the placenta. In the late blastocyst stage the first germ 
layer specification starts when the ICM develops into primitive endoderm 
and the epiblast (Dziadek 1979) (Figure 2). The primitive endoderm will 
migrate peripherally along the mural trophectoderm forming the parietal 
endoderm. These cells will later be separated from the mural trophectoderm 
by Reichert’s membrane, a continuous layer formed by material secreted 
from the parietal endoderm. Concurrently, the epiblast, lined by endoderm 
cells now termed visceral endoderm, will start a massive proliferation ex-
panding into the blastocoelic cavity, forming the egg cylinder. At E5.5 the 
epiblast cells will organize into an epithelium surrounding a central cavity, 
known as the proamniotic cavity. The distal part of the proamniotic cavity is 
lined by extraembryonic ectoderm from the polar trophectoderm forming the 
ectoplacental cone, which, at a later stage, is involved in the formation of the 
placenta (Figure 2). Before start of gastrulation, the visceral endoderm pre-
sent at the distal tip shows morphological differences to the rest of the vis-
ceral endoderm. These cells, termed anterior visceral endoderm, will exclu-
sively give rise to anterior descendants (Figure 2). At E6.5, gastrulation 
starts with the posterior migration of proximal epiblast cells, forming the 
primitive streak. This event seems to be induced by signals from the ex-
traembryonic ectoderm. The formation of the primitive streak and the ante-
rior visceral endoderm will determine the anterior-posterior axis of the em-
bryo (Beddington and Robertson 1999) (Figure 2). As cells move through 
the streak they form a new cell layer, the mesoderm, present between the 
epiblast and the visceral endoderm. The node, which is formed at the most 
anterior part of the streak, is a specialized structure that may control subse-
quent morphogenesis of the embryo (Kaufman and Bard 1999). 

Figure 2. Mouse peri-implantation development (Adapted from Lu et al. 2001). 
Schematic illustration of the differentiation events that take place during the period 
around implantation. 
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Lung development 
The mammalian lung develops from the primitive foregut endoderm at E9.5. 
At this time it consists of the future trachea and two primordial lung buds 
present as epithelial outgrowths surrounded by mesenchyme. During the 
psuedoglandular stage branching of the airways continues. Complex interac-
tions between the mesenchyme and the epithelium play a critical role during 
branching morphogenesis of the lung as well as differentiation of the pulmo-
nary epithelium (Hogan and Yingling 1998). The psuedoglandular stage is 
followed by the canalicular stage when the lungs become more vascularized 
(Hogan, Beddington et al. 1994). During this period branching morphogene-
sis is completed and the primitive alveoli are formed (Kotecha 2000). The 
terminal sac stage is characterized by an increase in the gas-exchanging sur-
face area and thinning of the walls of the airways. Finally, during the alveo-
lar period, ongoing also after birth, definitive alveoli are formed containing 
type I and II pneumocytes (Hogan and Yingling 1998; Kotecha 2000).  

Type II pneumocytes are the cells producing and secreting surfactant. The 
surfactant system consists of lipids and proteins that are secreted out into the 
airways and ensures that the lungs can expand by decreasing the alveolar 
surface tension. This system has been heavily investigated since lack of sur-
factants resembles the respiratory distress syndrome seen in premature in-
fants (Griese 1999). 

How lung development is controlled is not completely understood. How-
ever, several signaling pathways have been shown to be involved (Hogan 
and Yingling 1998). Hepatocyte nuclear factor-  has been shown to be re-
quired for closure of the primitive gut tube during early lung development. 
Sonic hedgehog, epidermal growth factor, bone morphogenetic protein, 
transforming growth factor-ß and fibroblast growth factors (FGFs) are all 
involved in branching morphogenesis. In addition, sonic hedgehog has been 
shown to influence mesenchymal gene expression and FGF signaling to be 
essential for postnatal modeling of alveoli (Hogan and Yingling 1998; War-
burton, Bellusci et al. 2005). 

Mast cell development 
Mast cells are cells from the immune system that are mainly known for their 
central role during inflammatory and allergic reactions. Present at the sur-
faces exposed to the environment, such as the skin, respiratory and gastroin-
testinal tract, they serve as defense against pathogens and other environ-
mental factors.  

Mast cells origin from the mesoderm and are present in the bone marrow 
as pluripotent hematopoietic stem cells (Kitamura, Shimada et al. 1977; Kel-
ler 2005). They circulate through the vascular system as immature precursors 
and maturate as they arrive to their site of action within connective or muco-
sal tissue (Gurish and Austen 2001). Mast cells are highly granulated cells 
and the granules are rich in histamine, proteases and proteoglycans. On the 
surface mast cells are coated with receptors for IgE. Crosslinking of these 
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receptors activates the mast cells causing them to release the content of their 
granules into the extracellular environment (Blank and Rivera 2004). 

In rodents two main types of mast cells have been described. They differ 
in their content of the glycosaminoglycan (GAG) chains present on the pro-
teoglycan (PG) and the types of proteases stored inside the secretory gran-
ules. Connective tissue type mast cells, present in skin and the peritoneal 
cavity, contain heparin PGs, high amounts of histamine and the proteases 
tryptase, chymase and carboxypeptidase A. Mucosal mast cells are present 
beneath mucosal surfaces and contain chondroitin sulfate PGs, low amounts 
of histamine and the protease chymase. Environmental signals are suggested 
to influence mast cell maturation into either mucosal or connective tissue 
type mast cells (Beil, Schulz et al. 2000). 

Generation of genetically modified mice 
The technique of disrupting a specific gene in the mammalian genome has 
made it possible to study a desired, hereditary alteration in DNA. In 1981, a 
method on how to isolate embryonic stem (ES) cell lines from early embryos 
was described (Evans and Kaufman 1981; Martin 1981). A few years later, it 
was reported that transfected DNA could recombine with its homologous 
chromosomal counterpart in the genome of mammalian cell types (Smithies, 
Gregg et al. 1985), including ES cells (Thomas and Capecchi 1987). These 
were the findings that lead to the production of genetically modified mouse 
strains. Modifications of genes in murine ES cells followed by injection of 
these cells into recipient blastocysts are the most widespread use of gene 
targeting. To generate a classic knockout mouse the gene function is dis-
rupted in ES cells by using a targeting vector designed to undergo a homolo-
gous genetic exchange with its chromosomal counterpart. The vector con-
tains two stretches of genomic DNA from the target gene with a positive 
selection marker (usually the neomycin gene) in between these stretches. 
Upon homologous recombination in ES cells the target gene is disrupted. ES 
cells are pluripotent, i.e. they can give rise to all cell types of the embryo. 
Under certain conditions ES cells can be kept in culture without loosing their 
pluripotency. To generate a transgenic mouse, ES cells are electroporated 
with the targeting vector, containing the selection gene, and screened for 
recombination events. ES cells with correct integration of the targeting vec-
tor are injected into a blastocyst, which is reimplanted into a psuedopregnant 
foster mother. Chimaeric mice can be identified by fur color since the ES 
cells and the recipient mouse come from strains with different fur colors. If 
the chimaeric mouse is a male in which the gene-targeted cells have given 
rise to germ cells, this mouse can be the founder of a homozygous knockout 
strain (Morrow and Kucherlapati 1993). 
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Differentiation of ES cells mimics mouse development in vitro
Stem cells are undifferentiated cells that are defined by the capability of self-
renewal and multi-lineage differentiation (Weissman 2000). The first stem 
cell is the fertilized egg, which is totipotent, meaning that it has the ability to 
differentiate to all embryonic and extraembryonic tissue of an embryo. ES 
cells are isolated from the ICM of blastocysts. These cells are pluripotent i.e. 
they are able to give rise to all cells of an embryo but only part of the ex-
traembryonic tissue. Culturing ES cells in the presence of leukemia inhibi-
tory factor (LIF) will keep the cells in an undifferentiated state. In other 
words they still have their pluripotency. If LIF is removed, the cells will start 
to differentiate. By adding certain factors, such as growth factors or cyto-
kines, the differentiation can be directed to produce specific cell types from 
all the three primitive germ layers, endoderm, ectoderm and mesoderm. ES 
cells carrying a desired mutation, can be useful tools in in vitro studies when 
the homozygous animal display a phenotype that is embryonic lethal. Post-
implantation embryonic development can be mimicked in vitro when ES 
cells are cultured as cellular aggregates named embryoid bodies (EBs). Dur-
ing these conditions cells within the EB undergo specific morphological 
changes leading to the generation of the three germ layers (Wobus 2001). 
The establishment of EBs is today a powerful tool when investigating the 
early stages of development. 
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Glycobiology

Glycobiology is the field of biology where the structure, biosynthesis and 
function of glycans (chains of sugars) are studied. Present on the surface of 
cells and in the extracellular matrix (ECM), glycans have important func-
tions in cell-cell and cell-matrix interactions often vital for the development 
of the organism. In addition, glycans have been shown to provide initial 
docking sites for binding of various viruses and other microorganisms 
(Menozzi, Pethe et al. 2002). 

Glycosaminoglycans (GAG) are linear polysaccharide chains composed 
of repeating disaccharide units that are modified by sulfation and epimeriza-
tion during synthesis in the Golgi compartment of the cell. The type of di-
saccharide unit present is characteristic of each GAG. N-Acetylglucosamine 
(GlcNAc) containing GAG chains comprise heparin/heparan sulfate (HS), 
keratan sulfate and hyaluronan while chondroitin sulfate and dermatan sul-
fate contain N-acetylgalactosamine. All GAGs, with the exception of hyalu-
ronan, are heavily sulfated and covalently bound to core proteins forming 
proteoglycans (PG) (Kjellen and Lindahl 1991).  

GAGs are produced by a complex machinery involving many different 
enzymes. Due to dynamic regulation of structure GAGs are able to adapt to 
changes in the cell and its environment.  

Heparan sulfate and heparin proteoglycans 
Heparan sulfate and heparin PGs have been extensively studied. They differ 
in the degree of modification of the GAG chain with heparin being more 
highly modified. Heparin has gained much attention due to its extensive 
clinical use as an anticoagulant agent. However, in the mammalian organism 
heparin has only been found inside secretory granules of mast cells. Instead, 
HS is the GAG chain widely expressed and produced by nearly every cell 
type in the mammalian organism. Bound to core proteins HS is either se-
creted out into the ECM, inserted into the plasma membrane or present in-
tracellularly. Due to its high negative charge, HS interacts with a wide vari-
ety of proteins and influences many diverse processes for example, cell divi-
sion, adhesion, matrix assembly and viral entry (Lander and Selleck 2000).
Several investigations have shown the importance of functional HSPGs, both 
during normal development and disease. 
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Core proteins of heparan sulfate and heparin proteoglycans 
To date, the importance of the HS chains has been the topic of most HSPG 
studies that have been performed. Although the core proteins determine the 
position and the site of expression of the HS chains, less effort has been 
made in trying to understand the significance of these proteins. HSPGs are 
classified into different families depending on their core protein structure 
and some HSPGs are hybrid molecules, i.e. they can carry both CS and HS 
chains.

Intracellular heparin proteoglycan 
Serglycin is an intracellular PG, present in cytoplasmic granules in a wide 
range of hematopoietic cells (Figure 3). The central part of the serglycin 
core protein consists of repeating units of serine and glycine, where the ser-
ine residues are substituted with heparin/chondroitin sulfate chains (Kolset 
and Gallagher 1990). Connective tissue type mast cell is the only cell type 
known to be capable of synthesizing heparin chains, with the exception of a 
cultured oligodendrocyte-type 2 astrocyte progenitor cell which synthesize a 
heparin-like, almost completely N- and O-sulfated GAG (Stringer, Mayer-
Proschel et al. 1999). However, the protein core to which these GAG chains 
are attached has not been identified. In other cell types, the serglycin core 
protein contains chondroitin sulfate (Kolset, Prydz et al. 2004). Proteogly-
cans inside granules display important functions in binding and storage of 
secretory granule compounds.  

Cell surface HSPGs  
The major cell surface HSPGs belong to the syndecan and glypican families 
(Figure 3). In addition, the part-time HS-containing proteoglycans, CD44 
and betaglycan, are present as membrane spanning cell surface proteins 
(Brown, Bouchard et al. 1991; Massague 1992). Some of the proposed func-
tions of cell surface HSPGs are to bind ECM proteins, form signaling com-
plexes, work as internalization receptors and act as paracrine soluble effec-
tors (Bernfield, Gotte et al. 1999). Structural characterization of HS chains 
attached to different core proteins synthesized by the same cells indicates 
that sulfation pattern is cell specific rather than core protein specific (Zako, 
Dong et al. 2003). 

Syndecans - The vertebrate syndecans constitute a family comprising four 
members, syndecan 1-4 (Bernfield, Kokenyesi et al. 1992). They are type I 
transmembrane proteins and contain a short highly conserved C-terminal 
cytoplasmic tail, a hydrophobic transmembrane region and an extracellular 
domain containing GAG attachment sites distal from the plasma membrane 
and a putative protease cleavage site in the proximal region (Woods and 
Couchman 2001) (Figure 3). Syndecans mainly carry HS chains but synde- 
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Figure 3. Illustration of the most common HSPGs. Syndecans and glypicans are cell 
surface bound HSPGs that are present in most cells. Perlecan is present in basement 
membranes while serglycin is an intracellular PG that carries heparin chains. 

can-1 and -4 may also contain chondroitin sulfate chains (Carey 1997). The 
cytoplasmatic domain of all syndecans has conserved tyrosine residues that 
can be phosphorylated endogenously (Ott and Rapraeger 1998) and interact 
with several cytoskeletal and signaling molecules. In addition, all syndecans 
have been shown to form homologous dimers or multimers (Miettinen, Ed-
wards et al. 1994; Asundi and Carey 1995; Choi, Lee et al. 2005).  

Most cells express at least one, often multiple, syndecans. Each syndecan 
family member is expressed in cell-, tissue-, and development-specific pat-
terns (Kim, Goldberger et al. 1994). The highly regulated expression pattern 
during embryonic development is distinct from the expression in adult tissue 
suggesting an active role of syndecans in cell differentiation and changes in 
tissue organization (Salmivirta and Jalkanen 1995). Syndecans-2 and -4 are 
the syndecans most widely distributed in adult tissue while syndecan-3 is 
predominantly found in neural tissues and syndecan-1 is present in tissues 
rich in epithelial and fibroblastic cell types such as skin and liver (Kim, 
Goldberger et al. 1994). 

Several observations support the idea of a functional role of the core pro-
teins. One example is the role of syndecan-2 in Xenopus development where 
it is essential during left-right development. Protein kinase C-  dependent 
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phosphorylation of the cytoplasmic domain of the syndecan occurs in right-
sided but not in leftsided ectoderm (Kramer and Yost 2002). 
  The extracellular domain of all syndecans can shed from the cell surface by 
proteolytic cleavage at a site near the plasma membrane (Kim, Goldberger et 
al. 1994). The function of these shed PGs may be to allow bound molecules 
to act at a greater distance from the cell (Bernfield, Gotte et al. 1999). 

Glypicans belong to a family of six members in mammals, glypican 1-6. 
These PGs are linked to the plasma membrane by a glycosylphosphatidy-
linositol (GPI) anchor. An extracellular region containing a N-terminal cys-
teine-rich domain and two to three GAG attachment sites close to the plasma 
membrane are other features that characterize glypicans (Figure 3). In con-
trast to syndecans, glypicans have been shown to exclusively carry HS 
chains. They have been suggested to localize to lipid rafts in the plasma 
membrane. These are structures rich in sphingolipids, cholesterol and GPI 
anchored glycoproteins that recruits signaling molecules from the cytoplasm 
to the complex (Ilangumaran, He et al. 2000). These rafts make it possible 
for GPI-anchored proteins to signal into the cell despite the lack of trans-
membrane spanning proteins.  

Glypicans are widely expressed throughout development as well as adult-
hood. However, individual family members show tissue- and stage specific 
patterns of expression. Glypican-1 is ubiquitously expressed in the adult 
tissue while mainly expressed in the central nervous system and skeletal 
muscles during embryonic development. In contrast, glypicans-3, -4, -5 and 
 -6 are widely distributed during embryonic development while their expres-
sion is more restricted in the adult animal. Glypican-2 expression has not 
been detected in adult tissue but is required for embryonic brain develop-
ment (Fransson, Belting et al. 2004). 

Like syndecans, glypicans are known to be shed from the cell surface. 
Ishihara and coworkers showed that glypican-1, released from the cell sur-
face but still containing the GPI anchor, binds to a cell surface receptor and 
becomes endocytosed (Ishihara, Fedarko 1987). Endocytosis of PGs has 
been shown to be of importance for signaling and internalization of several 
growth factors (Kolset, Prydz et al. 2004). The glypican-1 core protein con-
tains a nuclear localization signal, and GAGs and growth factors have been 
localized to the nucleus. These observations indicate that glypican might act 
by guiding factors in the direction of the nucleus (Kolset, Prydz et al. 2004).
Also, endocytosis mediated recycling of glypican may be used as a way to 
redirect glypican to different areas of the cell surface (Fransson 2003).  

Extracellular matrix HSPGs 
Three main basement membrane PG have been characterized: perlecan, col-
lagen XVIII and agrin. These PGs are suggested to be involved in maintain-
ing basement membrane structure as well as in regulating several signaling 
pathways (Iozzo 2005). 
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Perlecan is the most characterized extracellular HSPG and has a wide tissue 
distribution, predominantly present in basement membranes but also local-
ized to cartilage (SundarRaj, Fite et al. 1995) and various connective tissue 
stromas (Iozzo and Murdoch 1996). It has a complex structure, composed of 
five modules that are structurally related to molecules involved in lipid up-
take, mitogenesis and adhesion (Iozzo 2005). It usually carries three HS 
chains close to the N-terminus but also contains one potential GAG attach-
ment site near the C-terminal in domain V (Iozzo 2005) (Figure 3). Perlecan 
can through its various modules and its HS chains participate in numerous 
molecular interactions. Although perlecan itself has been shown to be angio-
genic, the C-terminal part of perlecan, endorepellin, can be released from the 
core protein and act as a potent inhibitor of angiogenesis (Iozzo 2005). In 
addition, endorepellin has been shown to localize to lipid rafts resulting in 
disassembly of the actin cytoskeleton and focal adhesions in endothelial cells 
(Bix, Fu et al. 2004).  

Collagen XVIII is part of almost all epithelial and endothelial basement 
membranes (Rehn and Pihlajaniemi 1995) and is also found in cartilage and 
fibrocartilage (Pufe, Petersen et al. 2004). It is composed of a central triple-
helical collagenous domain that is interrupted and flanked by two non-
collagenous regions. Collagen XVIII contains three GAG attachment sites, 
which have been shown to carry HS chains (Iozzo 2005). Like perlecan, the 
C-terminal tail of collagen XVIII, endostatin, can be proteolytically released 
and display anti-angiogenic activity both in vitro and in vivo (O'Reilly, 
Boehm et al. 1997; Marneros and Olsen 2001). Mongiat and collaborators 
showed in 2003 that endostatin interacts with endorepellin. This interaction 
between the C-terminus of collagen XVIII and the C-terminus of perlecan 
could play a crucial role in the assembly and maintenance of basement 
membranes (Mongiat, Sweeney et al. 2003). 

Agrin - from the Greek name “agrein” which means, “to assemble” - was 
given its name due to its ability to aggregate acetylcholine receptors. Agrin 
is responsible for the organization of the postsynaptic apparatus at the neu-
romuscular junction (McMahan 1990). In addition, it is present at the site of 
contact between antigen presenting cells and active T lymphocytes (Khan, 
Bose et al. 2001) and in the organization of the cytoskeleton (Bezakova and 
Lomo 2001; Uhm, Neuhuber et al. 2001). Agrin can carry at least three HS 
chains and several isoforms are expressed in a tissue specific manner, where 
the presence of different amino termini is suggested to determine its tissue 
localization (Bezakova and Ruegg 2003). 

HS functions through interactions with proteins 
Due to its high negative charge and as a result of a specific sulfation pattern 
HS can interact with a broad range of physiologically important molecules 
(Lindahl, Lidholt et al. 1994). Accordingly, HS takes part in widely diverse  
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Table 1. HS/Heparin binding proteins (partial list)a

Protein functions Proteins 

Morphogens BMP-2, -4, Chordin, Sonic hedgehog, Wnts (1-13) 
ECM components Fibrin, Fibronectin, Laminins, Vitronectin 
Tissue remodeling factors Tissue plasminogen factor,  Plasminogen activator inhibitor 
Coagulation Antithrombin III, Factor Xa, Thrombin 
Growth factors FGFs (1-15), IGF-II, PDGF-AA, TGF-ß1, 2, VEGF165, 189 
Proteinases Neutrophil elastase, Cathepsin G 
Anti-angiogenic factors Angiostatin, Endostatin 
Cell adhesion molecules L-selectin, N-CAM, PECAM-1 
Cytokines IL-2, -3, -4, -5, -7, -12, TNF- , Interferon-
Energy metabolism Agouti-related protein, Lipoprotein lipase 

a Adapted from Bernfield et al. 1999. Abbreviations: BMP, bone morphogenetic protein; FGF, 
fibroblast growth factor; IGF, insulin-like growth factor; PDGF, platelet derived growth 
factor; TGF, transforming growth factor; IL, interleukin; TNF, tumor necrosis factor; N-
CAM, neural cell adhesion molecule; PECAM, platelet-endothelial cell adhesion molecule. 

functions in the mammalian organism such as cell adhesion, migration, dif-
ferentiation, proliferation, axon guidance, matrix assembly, lipid metabolism 
and viral entry (Table 1). Binding of HS may affect protein conformation, 
increase protein-protein binding and result in capturing of proteins in the 
ECM or at the cell surface protecting them from degradation or presenting 
them for their targets. In addition, HS can act as co-receptors for growth 
factors and mediate internalization of proteins, a process often used by mi-
croorganisms when entering the cell. HSPGs have also been shown to play a 
crucial role during embryonic development in establishing morphogen gra-
dients, thereby directing cell and tissue organization (see HS in developmen-
tal processes). 

The NS and NS/NA domains (see HS biosynthesis, Figure 5.) of the 
GAG chains are responsible for most interactions between HSPGs and pro-
teins. Some interactions are highly dependent on specific HS sequences, 
whereas other interactions simply depend on electrostatic forces. While most 
investigations made on HS-protein interactions are performed in vitro with 
heparin as GAG source, heparin will never come in contact with most of 
these proteins in vivo.

The first HS-ligand interaction characterized was that between heparin 
and antithrombin (Petitou, Casu et al. 2003). Antithrombin is a circulating 
protease inhibitor that participates in the regulation of clotting. A specific 
pentasaccharide sequence, containing the rare 3-O-sulfate group, is required 
for binding of heparin to antithrombin . This sequence has been found in 
heparin but also in HS, which is more likely to be the physiological mediator 
of this reaction (Petitou, Casu et al. 2003). The binding induces a conforma-
tional change in antithrombin resulting in a highly accelerated complex for-
mation between antithrombin and thrombin resulting in inhibited cleavage of 
fibrinogen to fibrin (Bourin and Lindahl 1993). HS may also be involved in 
recruitment of the two factors by making them slide on the GAG chain, 
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thereby increasing the probability of contact (Rosenberg, Shworak et al. 
1997) (See HS in developmental processes). 
Another extensively investigated interaction is between HS/heparin, FGFs 
and FGF-receptors (FGFR). Various FGFs have been shown to require 
HS/heparin to form ternary signaling complex with their FGFR (Rapraeger, 
Krufka et al. 1991; Yayon, Klagsbrun et al. 1991; Pellegrini 2001). Each 
FGF-FGFR pair has unique HS binding requirements, which makes it possi-
ble to specifically regulate FGF signaling by changes in HS structure during 
development (Allen and Rapraeger 2003). Further, HS can work as retention 
molecules for FGFs and other growth factors in ECM, protecting them from 
proteolytic degradation (Saksela, Moscatelli et al. 1988).  

HS biosynthesis 
The biosynthesis of HS is a complex process involving many different en-
zymes that are able to synthesize HS chains of highly variable structure. 
Different cell types, even within the same organ, are able to produce HS with 
distinct structures. However, the mechanism by which the structure of HS is 
controlled is not completely understood.  

The biosynthesis of HS takes part in the Golgi compartment (Esko and 
Lindahl 2001). All enzymes involved in HS biosynthesis, except for one 3-
O-sulfotransferase isoform, are typical type II transmembrane proteins com-
posed of a short cytoplasmic peptide, a transmembrane region and a large 
cytoplasmic domain containing the catalytical sites. The generation of a HS 
chain starts with the formation of a linkage region to a serine-residue on the 
core protein. The linkage is a four-saccharide unit composed of xylose-
galactose-galactose-glucuronic acid, and is the starting point for both HS and 
CS biosynthesis. The addition of a N-acetyl glucosamine residue to the link-
age region constrains the biosynthesis to HS (Sugahara and Kitagawa 2000). 
After the addition of the first N-acetyl glucosamine residue, polymerases of 
the exostosin (EXT) family add alternating glucuronic acid (GlcA) and N-
acetyl glucosamine (GlcNAc) residues to form the polysaccharide backbone 
(Figure 4). EXT1 and 2 are the polymerases suggested to be responsible for 
this transfer in mammals (Zak, Crawford et al. 2002). However, additional 
EXT family members, EXT-like (EXTL) 1-3, have been shown to possess 
glycosyltransferase activity but their role in HS polymerization in vivo re-
mains unclear (Kitagawa, Shimakawa et al. 1999; Kim, Kitagawa et al. 
2001; Izumikawa, Egusa et al. 2006). At the next stage of the synthesis, the 
polysaccharide backbone is subjected to several modification steps, starting 
with replacement of GlcNAc acetyl groups with sulfate groups (Figure 4).
The enzyme responsible for this modification, N-deactylase/N-
sulfotransferase (NDST), exists in four different isoforms and modifies re-
gions of the chain while it leaves other regions unsulfated. Presence of N-
sulfate groups and hence the action of NDST has been thought to be required 
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for other enzymes to modify the chain. However, our results indicate that  
6-O-sulfotransferases can act on a chain that lack N-sulfate groups (Paper 
II). Further modifications of the HS chain include epimerization of glu-
curonic acid to iduronic acid units by the glucuronyl C5-epimerase, followed 
by O-sulfation at different positions (Figure 4). The O-sulfotransferases 
include iduronosyl 2-O-sulfotransferase (2-OST), glucosaminyl 6-O-sulfo-
transferase (6-OST) and glucosaminyl 3-O-sulfotransferase (3-OST). While 
only single isoforms of epimerase and 2-OST are present, 6-OSTs occur in 
three different and 3-OSTs in seven different isoforms (Kusche-Gullberg and 
Kjellen 2003).  

Modifications of the HS backbone occur in clusters resulting in HS chains 
containing sections of highly modified regions rich in N-sulfated and epim-
erized residues (NS domains), mostly unmodified regions (NA domains),  

Figure 4. HS/heparin biosynthesis. The biosynthesis of HS/heparin takes place in 
the Golgi compartment and starts with synthesis of the linkage region, a tetrasaccha-
ride attached to a serine residue in the core protein. The chain, composed of alternat-
ing GlcNAc and GlcA residues, is polymerized by members of the EXT family. 
Thereafter, modifications of the chain start with N-deacetylation/N-sulfation of the 
GlcNAc residues followed by the action of epimerase and various O-sulfotrans-
ferases.  
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and some sections that contain alternating NA and NS units of glucosamine 
(NS/NA domains) (Maccarana, Sakura et al. 1996; Westling and Lindahl 
2002) (Figure 5.). This intricate biosynthetic machinery results in a polysac-
charide of considerable structural heterogeneity that is able to interact with a 
wide variety of molecules. 

Figure 5. Schematic illustration of HS structure. The chain is composed of highly 
sulfated (NS) domains, intermediately modified regions (NA/NS) and domains that 
are mostly unmodified (NA).  

Interactions between biosynthetic enzymes 
Several investigations have shown the importance of complex formation 
between enzymes involved in HS biosynthesis. The HS polymerases EXT1 
and EXT2 have been shown to form hetero-dimers required for maximal 
activity in vitro and translocation to the Golgi apparatus in vivo (Kobayashi, 
Morimoto et al. 2000; McCormick, Duncan et al. 2000). In addition, Pinhal 
and coworkers showed that when C5-epimerase was relocated to the endo-
plasmatic reticulum through addition of an ER retention signal, a parallel 
redistribution of 2-O-sulfotransferase occurred. The authors suggest that a 
physical association between the enzymes is required for stability and trans-
location to the Golgi compartment (Pinhal, Smith et al. 2001). Unpublished 
work from Jenny Presto indicates a connection between NDSTs and EXTs 
(Jenny Presto, personal communication). A coupling between the polymeri-
zation and the sulfation process has previously been suggested since in-
creased N-sulfation correlates with an increase in polysaccharide chain 
length (Lidholt and Lindahl 1992; Pikas, Eriksson et al. 2000). 

The functional significance of these complexes in vivo is today not clear 
but they add another aspect of regulation to HS biosynthesis. 

N-deacetylase/N-sulfotransferase – a key enzyme in HS biosynthesis 
In my work I have focused on the role of NDSTs in HS biosynthesis. Since 
most modifications of a HS chain are concentrated around the regions of N-
sulfated GlcN residues, NDSTs are regarded as key enzymes in HS biosyn-
thesis.

NDSTs are bifunctional enzymes, carrying out both N-deacetylation and 
N-sulfation of GlcNAc units of the HS chain. They are present in the Golgi 
compartment as type II transmembrane proteins with the N-terminal parts of 
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the enzymes as short cytoplasmic tails followed by the single transmembrane 
spanning domains. A stem region connects the transmembrane domain with 
the large C-terminal part present in the Golgi lumen, where the two catalyti-
cal sites have been localized (Berninsone and Hirschberg 1998; Kakuta, 
Sueyoshi et al. 1999; Duncan, Liu et al. 2006).

A protein with N-sulfotransferase activity, later shown to be NDST1, was 
first purified from rat liver (Brandan and Hirschberg 1988). In 1991, Petters-
son and coworkers purified NDST2 from mouse mastocytoma and suggested 
that it may contain both N-deacetylase and N-sulfotransferase activities 
(Pettersson, Kusche et al. 1991), which was shortly after demonstrated 
(Kjellen, Pettersson et al. 1992). cDNA clones of the two NDST isoforms 
were later isolated and sequenced (Hashimoto, Orellana et al. 1992; Eriks-
son, Sandback et al. 1994; Orellana, Hirschberg et al. 1994). Two additional 
NDST isoforms have since then been reported, NDST3 and 4 (Aikawa and 
Esko 1999; Aikawa, Grobe et al. 2001). The four NDSTs are thought to have 
evolved from a common ancestral gene, which diverged to give rise to two 
subtypes, NDST1/2 and NDST3/4 (Aikawa, Grobe et al. 2001). NDST1 and 
NDST2 are both widely distributed during embryonic stages as well as in the 
adult. The N-deacetylase/N-sulfotransferase specific activities are very simi-
lar for NDST1 and NDST2 with only a slightly higher sulfotransferase activ-
ity of the NDST1 isoform. The mRNA expression of NDST3 and NDST4 is 
much more restricted with NDST3 and NDST4 transcripts mainly expressed 
during the embryonic period. During the adult period NDST3 is detected in 
the brain and heart and to a lower extent in the kidney, muscle and testis, 
while NDST4 mRNA, which has a modest expression level in comparison to 
the other NDSTs, is weakly expressed in adult heart. NDST3 displays the 
lowest sulfotransferase activity of all the NDST isoforms, with a much 
higher N-deacetylase activity. For NDST4 the opposite is found with a weak 
N-deacetylase activity and a N-sulfotransferase activity similar to the level 
of NDST1 and NDST2 (Aikawa, Grobe et al. 2001). Evidence has been pre-
sented indicating that regulation of the different NDST isoforms depends on 
transcriptional (Morii, Ogihara et al. 2001), as well as translational factors 
(Grobe and Esko 2002). All NDST isoforms contain long 5’-untranslated 
region sequences. Similar sequences are known to be involved in transla-
tional regulation of e.g. growth factors. This suggests a possibility for the 
cell to coordinate regulation of growth factors and their HSPG co-receptor 
(Grobe and Esko 2002). 

The in vivo action of different NDST isoforms is not fully elucidated. 
NDST2 was early thought of as the enzyme responsible for heparin produc-
tion (Eriksson, Sandback et al. 1994; Toma, Berninsone et al. 1998) and 
several observations have supported this hypothesis. Overexpression of 
NDST2 in vitro results in highly sulfated heparin-like HS while overexpres-
sion of NDST1 increases N-sulfation but not to the same extent (Pikas, 
Eriksson et al. 2000). In addition, NDST2 is the main isoform expressed in 
connective tissue type mast cells, the only cells containing heparin, where 
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only minor amounts of NDST1 is present (Kusche-Gullberg, Eriksson et al. 
1998). Characterization of mice deficient in NDST1 and NDST2, respec-
tively, has shown the importance of NDST1 during development as opposed 
to the restricted mast cell phenotype of NDST2 deficient mice (paper I and 
(Forsberg, Pejler et al. 1999)). However, the widespread distribution of 
NDST2 in mammalian cells indicates that NDST2 is also a player in HS 
biosynthesis (Kusche-Gullberg, Eriksson et al. 1998; Aikawa, Grobe et al. 
2001). This is further supported by the dramatic phenotype of embryos lack-
ing both NDST1 and NDST2 (paper III).

Model organisms with defective HS production 
Knowledge of the in vivo functions of HS has been greatly improved with 
the generation of model organisms with mutations in specific HS biosyn-
thetic enzymes or core proteins. The different phenotypes expressed in these 
models illustrate the diverse actions of HS and the crucial role of HS during 
various developmental processes. However, analysis of a mutant phenotype 
is extremely complicated. Since many biosynthetic enzymes and core pro-
teins are present in several isoforms, they may compensate for each other, 
making the analysis of the actual contribution of the mutated isoform prob-
lematic. Furthermore, due to the involvement of HS at different levels in 
biological processes it is difficult to distinguish between phenotypes that are 
specific for the deletion and possible secondary effects. 

The use of invertebrates as model animals is convenient due to the de-
creased number of isoforms present. However, their HS structure may be 
less complex than in vertebrate organisms. 

Invertebrate model animals – Drosophila
Many genes involved in GAG biosynthesis have been discovered to affect 
patterning in Drosophila (Binari, Staveley et al. 1997; Hacker, Lin et al. 
1997; Haerry, Heslip et al. 1997; Lin, Buff et al. 1999; Tsuda, Kamimura et 
al. 1999). Analyses of these mutants have shown the requirement of HSPGs 
for correct signaling and tissue distribution of several growth factors and 
morphogens and have enhanced the understanding of in vivo functions of 
HSPGs.

The first described mutant of a gene involved in GAG synthesis is a homo-
logue to mammalian UDP glucose dehydrogenase, an enzyme critical for 
biosynthesis of both chondroitin sulfate and heparan sulfate. This enzyme 
was named sugarless (sgl), but is also referred to as suppenkasper and kiwi
in the literature (Binari, Staveley et al. 1997; Hacker, Lin et al. 1997; Haerry, 
Heslip et al. 1997). The second mutant gene described is a homologue to 
mammalian NDST, named sulfateless (sfl) (Lin, Buff et al. 1999). It was 
found that deficiency in either of these genes results in defects in several 
signaling pathways causing embryonic lethality. Drosophila deficient in 
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either sgl or sfl expression is associated with profound defects in mesoderm 
and tracheal cell migration, suggesting defects in FGFR signaling (Lin, Buff 
et al. 1999). In addition, a phenotype indistinguishable from wingless (Wg) 
mutants is displayed in sgl null mutants (Hacker, Lin et al. 1997). Further 
analysis revealed additional functions for sgl in decapentaplegic (Dpp), a 
transforming growth factor-ß/bone morphogenetic protein related signaling 
pathways (Haerry, Heslip et al. 1997). Like in sgl mutants, lack of sfl results 
in Wg mediated signaling defects but in addition, hedgehog (Hh) signaling is 
also affected (Lin, Buff et al. 1999; The, Bellaiche et al. 1999).  

Three genes related to the mammalian EXT family of genes have been 
described in Drosophila, tout-velu (ttv), sister of tout-velu (sotv) and brother 
of tout-velu (botv), which encode homologues of EXT1, EXT2 and EXTL3, 
respectively (Bellaiche, The et al. 1998; Takei, Ozawa et al. 2004). Deletion 
of ttv was reported to result in selective defects in gradient formation of Hh 
from the cells of synthesis across the developing epithelium (Bellaiche, The 
et al. 1998; The, Bellaiche et al. 1999). However, further analysis showed 
impairment also in Dpp and Wg signaling (Takei, Ozawa et al. 2004). Sig-
naling pathways affected by sotv and botv mutations were similar as for ttv
with defects in Hh, Wg and Dpp mediated signaling (Takei, Ozawa et al. 
2004). The similarity in phenotype of these isoforms is logical since all three 
EXT members in Drosophila appear to be essential for the biosynthesis of 
HS (Izumikawa, Egusa et al. 2006). Data supporting the notion that specific 
GAG structures are critical in regulating discrete patterning processes came 
with the discovery of pipe. Drosophila deficient in pipe, a tentative 2-OST 
homologue, display disturbed generation of ventralizing signals in the egg 
chamber leading to defects in the dorsal/ventral patterning of the early em-
bryo (Sen, Goltz et al. 1998). However, to date, neither pipe enzymatic activ-
ity nor sulfation of relevant substrates has been demonstrated.  

Studies of mutations in HSPG core proteins have also been performed in 
Drosophila. The main efforts have been directed toward the characterization 
of the homologues of mammalian glypicans, Dally (Nakato, Futch et al. 
1995; Tsuda, Kamimura et al. 1999) and Dally-like (Khare and Baumgartner 
2000). In addition, a syndecan homologue (Spring, Paine-Saunders et al. 
1994) and a perlecan homologue named trol (Voigt, Pflanz et al. 2002) have 
been identified. Dpp, FGF, Wg and Hh are the signaling pathways mainly 
affected in HSPG mutants. In addition, syndecan has been shown to be a 
necessary component of Slit/Robo signaling during development of the cen-
tral nervous system in Drosophila (Steigemann, Molitor et al. 2004). Inter-
pretation of phenotypes in HSPG core protein mutants is complicated by the 
fact that defects may be caused by deficiency of the core protein, the GAG 
chains or both. 

Not many studies deal with structural analysis of Drosophila HS. Toyoda 
and coworkers have performed biochemical analysis on HS derived from sgl,
sfl and ttv deficient Drosophila (Toyoda, Kinoshita-Toyoda et al. 2000). 
They reported that both HS and CS synthesis were severely affected in sgl
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mutants while sfl and ttv only displayed defects in HS biosynthesis. HS in sfl
deficient mutants were completely devoid of sulfate groups whereas the 
amount of HS synthesized was unaffected. In addition, HS synthesis was 
significantly reduced by loss off ttv function (Toyoda, Kinoshita-Toyoda et 
al. 2000). Furthermore, the group of Kitagawa showed that ttv and sotv mu-
tants, respectively, produce severely reduced amounts of HS chains. How-
ever, no HS chains were polymerized in botv mutants and a double-mutant 
of ttv-sotv showed further reduced HS synthesis compared to the ttv mutant 
alone (Izumikawa, Egusa et al. 2006). 

Vertebrate model animals – Mice 
The generation of mice with defective HS biosynthesis has greatly enhanced 
the understanding of HS function in mammalian organisms. So far mouse 
strains have been described that carry mutations in two HS polymerases, two 
NDST isoforms, the C5-epimerase, the 2-O-sulfotransferase and in a  
3-O-sulfotransferase. In addition, several core protein mutants have been 
generated.

Mouse models with defective HS biosynthesis 
In 1999, two independent research groups reported the generation of mice 
deficient in NDST2 (Forsberg, Pejler et al. 1999; Humphries, Wong et al. 
1999). Despite the wide distribution of NDST2 mRNA no effect on HS 
structure was detected in these mice. However, heparin biosynthesis in con-
nective tissue type mast cells was disturbed resulting in an abnormal mor-
phology and an altered storage of proteases in these cells. In contrast to 
NDST2 deficient mice, mice carrying a deletion in NDST1 display an over-
all reduced N-sulfation of HS. These mice exhibit abnormal lungs and die 
during the early postnatal period due to breathing difficulties (paper I). In 
these mice defects in the eye and skeletal formation have also been observed. 
Further analysis of the developmental defects of the head demonstrated se-
vere defects of the forebrain and forebrain-derived structures, consistent with 
impaired FGF and sonic Hh signaling (Grobe, Inatani et al. 2005). Mice 
deficient in both NDST1 and NDST2 demonstrate a much more severe phe-
notype and do not survive beyond E5.5. The morphology of the embryos is 
greatly disturbed with large parts of the embryo or the extraembryonic tissue 
missing (paper III). Examination of HS from NDST1/2 deficient ES cells 
reveals a chain completely devoid of N-sulfate groups but, interestingly, still 
6-O-sulfated (paper II). 

Mutations in either of the polymerases EXT1 or EXT2 have previously 
been shown to give rise to hereditary multiple exostoses in humans, a condi-
tion characterized by the formation of multiple benign bone tumors (Zak, 
Crawford et al. 2002) (see Involvement of HS in human disease). Unlike 
humans, EXT1+/- mice do not form exostoses (Lin, Wei et al. 2000). How-
ever, exostose formation in mice has been associated with a heterozygous 
mutation of EXT2 (Stickens, Zak et al. 2005). Mice deficient in either EXT1 
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or EXT2 fail to gastrulate and both demonstrate an underdeveloped ex-
traembryonic region and lack of organized mesoderm (Lin, Wei et al. 2000; 
Stickens, Zak et al. 2005). A study where EXT1 expression was selectively 
disrupted in the nervous system showed that these mice die perinatally and 
display severe brain defects. The phenotypes were suggested to depend on 
defects in several signaling events, the most critical being the FGF8 pathway 
(Inatani, Irie et al. 2003). Additionally, a gene trap mutant of EXT1 
(EXT1gt/gt) has been generated (Mitchell, Pinson et al. 2001). In contrast to 
EXT1 null mice, which die at gastrulation, EXT1gt/gt mice survive until 
E14.5. These mice demonstrate delayed hypertrophic differentiation and 
increased chondrocyte proliferation during bone development as well as 
reduced amounts of HS (Koziel, Kunath et al. 2004). However, the sulfation 
pattern of the mutant HS seemed to be normal (Yamada, Busse et al. 2004). 

Mice deficient in 2-O-sulfotransferase (Bullock, Fletcher et al. 1998) or 
C5-epimerase (Li, Gong et al. 2003), both die perinatally, lack kidneys and 
display additional defects such as excessive bone mineralization, post-axial 
polydactyly, cleft palate and bilateral iris coloboma. However, similar to 
NDST1 deficient mice, C5-epimerase deficient mice exhibit a lung pheno-
type, while no such phenotype is seen in 2-OST deficient mice (Li, Gong et 
al. 2003). A pattern of more extended N-sulfated regions, as well as an in-
crease in 6-O-sulfation are found in HS isolated from both 2-OST and  
C5-epimerase deficient mice (Merry, Bullock et al. 2001; Li, Gong et al. 
2003). The presence of 2-O-sulfated residues is greatly reduced in C5-
epimerase deficient mice reflecting the preference of the 2-O-
sulfotransferase for iduronic acid (Li, Gong et al. 2003). However, examina-
tion of a cell line lacking 2-OST indicates that formation of epimerized resi-
dues is independent of 2-O-sulfation (Bai and Esko 1996). 

The anticoagulant activity of HS depends on the presence of a specific 
pentasaccharide sequence containing a 3-O-sulfated residue. 3-OST1 is the 
enzyme suggested to control endothelial cell production of HS containing 
this sequence. However, 3-OST5 has also been shown to be able to generate 
this binding sequence (Chen, Duncan et al. 2003). Surprisingly, 3-OST1 
deficient mice lack an obvious procoagulant phenotype. Instead, additional 
defects including genetic background-dependent postnatal lethality and in-
trauterine growth retardation have been reported. The cause of these pheno-
types is currently unknown. However, altered hemostasis does not seem to 
be the underlying mechanism (HajMohammadi, Enjyoji et al. 2003). 

Mouse models with mutations in HSPG core proteins 

Perlecan
The role of perlecan in maintaining ECM structure and basement membrane 
integrity was confirmed with the generation of perlecan deficient mice. 
Some of these mice die at E10.5 with defective cephalic and cardiac devel-
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opment (Arikawa-Hirasawa, Watanabe et al. 1999; Costell, Gustafsson et al. 
1999). In more detail, these mice did not survive because of collapsed brain 
vesicles and cardiac arrest, conditions that resulted from fragile basement 
membranes e.g. in regions exposed to mechanical stress (Arikawa-Hirasawa, 
Watanabe et al. 1999; Costell, Gustafsson et al. 1999). The surviving perle-
can deficient embryos had severe brain and skeletal defects characterized by 
shortened long bones and craniofacial abnormalities and died around birth 
(Arikawa-Hirasawa, Watanabe et al. 1999; Costell, Gustafsson et al. 1999). 
The skeletal defects were accompanied by a severe disruption of matrix 
structure in the hypertrophic zone of long bones. Incorrect FGFR3 signaling 
apparently results in a similar phenotype (Arikawa-Hirasawa, Watanabe et 
al. 1999) suggesting a role for FGFR3 in maintaining ECM structure and 
basement membrane integrity.

Syndecan
Mice lacking syndecans-1, -3 and –4, respectively, have been generated 
(Alexander, Reichsman et al. 2000; Echtermeyer, Streit et al. 2001; Kak-
sonen, Pavlov et al. 2002). These mice are all viable and fertile with no gross 
abnormalities. However, subtle phenotypes have been identified. Syndecan-4 
has been proposed to be an important constituent in focal adhesion forma-
tion. Yet, normal focal adhesion sites formed in syndecan-4 deficient fibro-
blasts. Closer examination showed that syndecan-4 is essential for focal ad-
hesion formation only when the signal from fibronectin is delivered as a 
soluble form (Ishiguro, Kadomatsu et al. 2000; Reizes, Lincecum et al. 
2001). Additional studies have shown that syndecan-4 deficiency may result 
in delayed wound repair and impaired angiogenesis (Echtermeyer, Streit et 
al. 2001). Syndecan-3, the predominant neural syndecan, has been predicted 
to play a role in development and plasticity of neuronal connections. Still, 
syndecan-3 null mice had no apparent defects in the structure of the brain. 
Instead, syndecan-3 was suggested to act as an important modulator of hip-
pocampus-dependent memory (Kaksonen, Pavlov et al. 2002). Examination 
of the hypothalamus of wild-type mice revealed that syndecan-3 levels 
change in response to nutritional status in a manner similar to agouti-related 
protein, a peptide known to modify feeding behavior. Mice deprived of food 
were shown to express increased levels of syndecan-3 at the cell surface, 
while food intake resulted in shedding of syndecan-3 from the cell surface. 
However, the regulating mechanism behind an increase or decrease in syn-
decan-3 remains to be elucidated. (Reizes, Lincecum et al. 2001) 

Syndecan-1 is highly expressed in epithelial cells were it is suggested to 
participate in cell adhesion and growth factor signaling. By crossing synde-
can-1 deficient mice with transgenic mice that have ectopic Wnt-1 expres-
sion, syndecan-1 could be shown to take part in Wnt-1 signaling (Alexander, 
Reichsman et al. 2000). In addition, syndecan-1 deficient mice show in-
creased leukocyte adhesion in a retina perfusion model, indicating a function 
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for this PG as a negative regulator of leukocyte-mediated inflammation 
(Gotte, Joussen et al. 2002). Also, syndecan-1 null mice exposed to micro-
bial pathogens were shown to significantly resist infection, suggesting that 
cell surface HSPGs can promote microbial pathogenesis (Bellin, Capila et al. 
2002).

Glypican
Generation of glypican-3 deficient mice has demonstrated glypican-3 as 

an inhibitor of cell proliferation. Glypican-3 deficient mice die perinatally 
and exhibit pre- and postnatal overgrowth, dysplastic kidneys and abnormal 
lung development similar to humans with the Simpson-Golabi-Behmel syn-
drome (Cano-Gauci, Song et al. 1999) (see Involvement of HS in human 
disease). Deficiency in insulin-like growth factor II receptor also results in 
developmental overgrowth, suggesting an involvement of glypican-3 in insu-
lin-like growth factor signaling (Wang, Fung et al. 1994). However, a direct 
interaction between glypican-3 and insulin-like growth factor could not be 
demonstrated (Song, Shi et al. 1997), and the two factors have been shown 
to act through two independent signaling pathways (Chiao, Fisher et al. 
2002).  

HS in developmental processes 
During recent years the role of HSPGs in developmental processes has 
gained much attention. The generation of model animals deficient in HSPG 
core proteins and biosynthetic enzymes in concert with improved techniques 
to analyze GAG structure and pattern of expression have demonstrated the 
immense importance of HSPGs during development. Data from in vivo stud-
ies of mutations in both Drosophila and mouse confirm that HSPGs are in-
volved in generation of morphogen gradients and that they influence the 
function of several growth factor pathways essential for tissue assembly and 
differentiation.

Morphogen gradients are crucial for normal patterning  
In the very early embryo all cells are equal. Differentiation of cells into spe-
cific cell types and tissue patterning of the embryo are processes depending 
on cell-cell signaling. The amount of active ligand is normally the rate-
limiting step for initiation of signaling (Freeman and Gurdon 2002). How-
ever, ligand supply can be controlled at several levels including transcrip-
tional and translational regulation, receptor availability and distribution of 
ligand from the source of production.  

There are two main signaling pathways in development; threshold and 
concentration-dependent induced signaling (Freeman and Gurdon 2002) 
(Figure 6). In threshold signaling, cells do not respond until the signal 
reaches a certain level. This kind of signaling is common during late  
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Figure 6. Threshold and concentration-dependent signaling. (A) Threshold signal-
ing. Cells adopt distinct cell fates only when the signal reaches a certain level. (B) 
Concentration-dependent signaling. A gradient of a signaling molecule instructs 
cells to adopt different cell fates according to the concentration of signal to which 
they are exposed.  

developmental processes (Figure 6A). In concentration-dependent signaling, 
cells respond to different concentrations of the factor to generate different 
cell-types (Freeman and Gurdon 2002) (Figure 6B). These signaling gradi-
ents, often referred to as morphogen gradients, are frequent during early 
development and probably act as positional information for cells. Typically, 
a signal produced from a defined localized source forms a concentration 
gradient as it spreads throughout surrounding tissue. Depending on the posi-
tion of the receiving cell relative the source of the signal the cell will re-
spond to the ligand to specify gene expression changes and cell fate selection 
(Ashe and Briscoe 2006) (Figure 6B). Whether these gradients arise by dif-
fusion or by other mechanisms, such as transcytosis has not yet been clari-
fied (Lander, Nie et al. 2002). 

The role of HS in developmental signaling
HSPGs have been shown to play an essential role in regulating a number of 
developmental signaling pathways. The generation of Drosophila mutants 
with defective HS production has identified HS as an important extracellular 
modulator of gradient formation for several morphogens such as, Wg, Hh 
and Dpp (see Model organisms with defective HS production). However, in 
the case of FGF, HSPGs are required as coreceptors to achieve optimal sig-
naling through the FGFR (Nybakken and Perrimon 2002).  

The mechanisms used by HSPGs to regulate signaling during develop-
ment may vary for different signaling systems. Five different models through 
which HSPGs are thought to modulate signaling activity have been pre-
sented: dimerization of receptors, receptor-ligand stabilization, two-
dimensional sliding, surface transport, and transcellular transport of ligands 
(Nybakken and Perrimon 2002) (Figure 7). For transmission of effective 
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signals many receptors must dimerize. HS may be necessary for dimerization 
of ligands and/or presentation of these ligands to their receptors (Figure 7A).
Another possibility is that HS functions as a stabilizer of the ligand-receptor 
interaction resulting in maximal signaling from the receptor (Figure 7B). A 
likely mechanism where HS is involved in formation of morphogen gradi-
ents is the two-dimensional sliding of ligands on HS chains. The weak  

Figure 7. Mechanism of HSPG regulation in developmental signaling. (Adapted 
from Nybakken and Perrimon, 2002). (A) Dimerization: HS may be required for 
dimerization/oligomerization of ligands and/or presentation of these ligands to their 
receptor. (B) Receptor/ligand stabilization: HSPGs may stabilize ligand/receptor 
signaling complex and promote maximal signaling from the receptor. (C) Two-
dimensional sliding: HS may by low-affinity binding of ligands allow them to slide 
along the HS chain. This facilitates diffusion and limits the ligand distribution to a 
two-dimensional plane. (D) Surface transport of ligands: The ligand-bound HSPGs 
can move between cells, possibly via lipid rafts (represented by the light cell mem-
brane region), and once localized to the other cell, bind its receptor and activate 
signaling. (E) Transcellular transport: The ligand-bound HSPG is placed in a vesicle 
and transferred to the adjacent cell. Once there it can fuse with a vesicle containing 
the receptor of the ligand, which can start signaling.  
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interaction between ligands and HS would allow for HS-associated ligands 
to diffuse by sliding within this two-dimensional surface. In addition, this 
would increase the chance for the ligand to encounter its receptor (Figure 
7C). Other mechanisms by which HSPG could transport ligands to their site 
of action are through surface and vesicular transport (Figure 7D, E). Glypi-
cans have been shown to localize to lipid rafts, regions of the cell surface 
demonstrated to move proteins between cells (Kooyman, Byrne et al. 1995), 
indicating a role of HS in surface transport of ligands (Figure 7D). Transcel-
lular transport involves vesicles containing HS-associated ligands that are 
transported to the neighboring cell. Fusion with a vesicle containing a recep-
tor for the ligand can then activate signaling in this cell (Figure 7E). Possi-
bly, HSPGs can act as factors controlling the distribution and/or secretion of 
these vesicles (Nybakken and Perrimon 2002). 

Alterations in HS structure during development 
The structure of HS has been shown to vary during different developmental 
stages. ES cells contain low-sulfated HS chains while many cells later during 
development display more highly sulfated HS chains (paper II). However, 
the fine structure changes both with time and cell type (David, Bai et al. 
1992; Jenniskens, Hafmans et al. 2002). This is not surprising since several 
HS biosynthetic enzymes and core proteins are spatiotemporally expressed 
(Bernfield, Gotte et al. 1999; Stickens, Brown et al. 2000; Aikawa, Grobe et 
al. 2001). 

As previously described, each FGF-FGFR pair has unique HS binding re-
quirements. When the binding capability of various FGF-FGFR pairs to HS 
at different developmental stages was examined differences in HS mediated 
assembly of the various FGF-FGFR complexes were seen (Allen and Ra-
praeger 2003). These results indicate that changes in HS fine structure favors 
the action of different FGF-FGFR pairs at different developmental stages 
and in various cell types.  

HS is crucial for normal embryogenesis 
The phenotypes of mice deficient in HS biosynthetic enzymes have demon-
strated the importance of HS for normal embryogenesis. EXT1 and EXT2 
deficient embryos, lacking a polymerized HS chain, as well as NDST1/2 
deficient embryos, with an extremely low-sulfated HS chain, die before gas-
trulation is completed (Lin, Wei et al. 2000; Stickens, Zak et al. 2005), paper 
III, paper II). These findings demonstrate the crucial role of HS during early 
embryogenesis but HS has also been shown to be highly important at later 
stages during development of several organs. Lung defects are demonstrated 
in mice lacking NDST1 or C5-epimerase. Mice deficient in 2-OST or  
C5-epimerase both lack kidneys (Bullock, Fletcher et al. 1998; Li, Gong et 
al. 2003). In 2-OST deficiency this was shown to be due to an inability of 
mesenchymal condensation around the ureteric bud and initiation of branch-
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ing morphogenesis (Bullock, Fletcher et al. 1998). In addition,  
2-OST, C5-epimerase and NDST1 deficient mice all display skeletal pheno-
types suggesting a role for HS in skeletal development (paper I and (Lin, 
Wei et al. 2000; Stickens, Zak et al. 2005)). This is further supported by the 
generation of EXT1gt/gt mice that display defects in bone formation (Koziel, 
Kunath et al. 2004). Conditional EXT1 mice, with defective EXT1 expres-
sion only in the brain, show the importance of HS for axon guidance during 
brain morphogenesis (Inatani, Irie et al. 2003). Also, by differential expres-
sion of vascular endothelial growth factor isoforms in mouse, HS has been 
shown to be critical for normal vascular development (Ng, Rohan et al. 
2001).

Involvement of HS in human disease 
Characterization of mice deficient in HS biosynthetic enzymes or core pro-
teins has shed some light on the possible involvement of HS in various 
pathological conditions. Here, conditions directly linked to HS deficiency as 
well as the contribution of HS to some of the major pathologies will be dis-
cussed.

Glypican-3 – an inhibitor of cell proliferation   
Simpson-Golabi-Behmel syndrome is a rare X-linked disorder associated 
with mutations in the glypican-3 gene. Some of the developmental abnor-
malities related to this syndrome involves pre and postnatal overgrowth, 
congenital heart defects, distinct facial traits, macroglossia, cystic and dys-
plastic kidneys, syndactyly and polydactyly. In addition, these patients have 
a predisposition to develop embryonal tumors (Neri, Gurrieri et al. 1998). 
Glypican-3 deficient mice exhibit several of the features that characterize 
patients with this syndrome (Cano-Gauci, Song et al. 1999) (see Mouse 
models with mutations in HSPG core proteins). 

Hereditary multiple exostoses – benign tumors caused by mutations in 
HS polymerases 
Mutations in the HS polymerases EXT1 and EXT2 result in hereditary mul-
tiple exostoses. This is an autosomal dominant disorder with an estimated 
prevalence of 1:50,000 in the general population (Zak, Crawford et al. 2002). 
It is characterized by the formation of exostoses, bony outgrowths, located at 
the growth plates of long bones. Although exostoses are benign tumors they 
sometimes have to be surgically removed due to secondary complications 
such as joint pain, compression of nerves and restricted movement. In ap-
proximately 1-2% of the patients malignant transformation of the benign 
tumors occurs (Zak, Crawford et al. 2002). It is suggested that decreased 
amounts of HSPGs in hereditary multiple exostoses alter proper growth fac-
tor signaling (Duncan, McCormick et al. 2001). HS has been shown to play a 
crucial role in Indian hedgehog/parathyroid hormone related signaling, 
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which is part of a negative feedback loop regulating chondrocyte prolifera-
tion and maturation (Duncan, McCormick et al. 2001). Also, diminished 
FGF signaling has been suggested to give rise to abnormal chondrocyte pro-
liferation resulting in exostosis formation (Duncan, McCormick et al. 2001). 

Cancer and metastasis 
Cancer is characterized by uncontrolled proliferation of cells followed by 
tissue invasion and sometimes metastasis. HSPGs have been shown to be 
involved in regulation of growth and tumorigenesis. Glypican-1 expression 
is greatly enhanced in human pancreatic cancer and has been shown to sup-
port proliferation of these cells by interactions with FGF2 and the heparin 
binding epidermal growth factor-like growth factor (Kleeff, Ishiwata et al. 
1998). In contrast, glypican-3 is consistently down-regulated in tumor cell 
lines, an observation that supports the role of glypican-3 as an inhibitor of 
cell proliferation (Filmus 2001).  

Angiogenesis is an important event in tumor progression since continuous 
tumor growth is dependent on new blood supply. Several angiogenic factors, 
including vascular endothelial growth factor and FGFs, have been shown to 
interact with HSPGs (Iozzo 2005). In contrast, anti-angiogenic activity has 
been demonstrated for the C-terminal domains of perlecan and collagen 
XVIII (Iozzo and San Antonio 2001). Heparanase, an enzyme responsible 
for HS turnover in cells, has been suggested to play an important role in 
metastasis due to removal of HS in extracellular tissue facilitating movement 
of cells to distant locations (Vlodavsky and Friedmann 2001). In addition, 
shed syndecan-1 has been suggested to influence extracellular proteolysis by 
transporting activated matrix metalloproteinase-7 into the surrounding 
stroma (Ding, Lopez-Burks et al. 2005).  

Amyloid-related disorders 
Amyloids are complex tissue deposits consisting of different proteins and 
HS. Several disorders are associated with deposition of amyloid such as 
prion diseases, including Creutzfeldt-Jakob disease, and -synucleinopathies 
to which Parkinson’s disease belong. Another disorder associated with amy-
loid deposition is Alzheimer’s disease where the clinical symptoms include 
loss of memory and cognitive deficiencies. In Alzheimer’s disease the pres-
ence of neurofibrillary tangles and senile plaques are characteristic patho-
logical lesions. HSPGs have been suggested to be involved in the formation 
and stability of these plaques (Berzin, Zipser et al. 2000; van Horssen, Wes-
seling et al. 2003). 

Diabetes Mellitus 
Diabetes Mellitus is a group of metabolic disorders characterized by defec-
tive production or use of insulin resulting in an inability of metabolizing 
glucose. It is a common disease in the western population with a prevalence 
of approximately 5%. Untreated diabetes eventually leads to diabetic acido-
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sis resulting in unconsciousness and death. HSPGs have been implicated in 
many complications of diabetes such as nephropathy, retinopathy, neuropa-
thy and cardiovascular disease. Most of these complications are associated 
with thickening of basement membranes with perlecan as an important par-
ticipant. In addition, perlecan has been found in amyloid plaques formed in 
pancreas of diabetic patients (Conde-Knape 2001).

Therapeutic potential of HS 
The involvement of HS in various pathological processes makes the explora-
tion of new therapeutics highly relevant. A number of different approaches 
can be used when developing HS/heparin-based therapeutics. For example, 
inhibition of HS or HSPG biosynthesis can be used to reduce the amount or 
regulate the structure of HS, e.g. within a tumor. Reducing the amount of 
various HS biosynthetic enzymes using antisense or siRNA technology may 
be a possible approach (Sanderson, Yang et al. 2004). Another example is to 
target HS degradation. The identification of inhibitors of heparanase, result-
ing in antiangiogenic and antimetastatic effects, may be an attractive ap-
proach for developing new pharmaceuticals for treatment of metastatic tu-
mors and chronic inflammatory diseases (Sanderson, Yang et al. 2004). The 
more detailed understanding of HS structure and identification of specific 
protein binding domains are of outmost importance in the design of mole-
cules interfering with HS function. 
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Present investigation 

Aims
The overall objectives of this thesis have been to understand the in vivo func-
tion of HS during embryonic development and to elucidate the functional 
role of the different NDST isoforms during HS biosynthesis. 

The specific aims were as follows: 
To investigate the role of NDST1 in HS biosynthesis and how 
mammalian development is affected by the specific loss of this en-
zyme (Paper I).  
To investigate how deficiency of NDST1 and NDST2 affects HS 
biosynthesis and structure in embryonic stem cells (Paper II). 
To investigate the combined role of NDST1 and NDST2 in HS bio-
synthesis and to study how the altered HS structure affects mam-
malian development (Paper III). 
To investigate the roles of NDST1 and NDST2 during in vitro de-
velopment of mast cells (Paper IV). 

Results

Paper I – NDST1 deficient mice synthesize low-sulfated HS and 
die neonatally. 
In this study the contribution of NDST1 during mouse development was 
investigated by generation of mice devoid of this enzyme. At the time of the 
investigation, NDST1 and NDST2 were the only NDST isoforms identified. 
Since NDST2 deficient mice displayed a phenotype restricted to the connec-
tive tissue type mast cells we hypothesized a more severe phenotype in mice 
lacking NDST1.

No viable NDST1-/- pups were recovered from heterozygous crossings be-
tween NDST1+/- mice. Soon after birth, pups homozygous for the NDST1 
deletion became cyanotic and died. Their lungs were found to be severely 
atelectatic while lungs from wild type (wt) or heterozygous pups were in-
flated. Further analysis showed an altered homeostasis of surfactant proteins 
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in the atelectatic lungs and an increased number of cells producing surfactant 
proteins were observed. However, secretion of these proteins into the air-
ways was vastly reduced. 

Analysis of HS expression in E18.5 embryos revealed an overall altera-
tion of HS structure. Immunostainings using monoclonal antibodies recog-
nizing epitopes containing N-sulfate groups illustrated the occurrence of 
altered HS in most basement membranes. However, antibodies recognizing 
other basement membrane components, such as nidogen-1 and perlecan 
showed normal staining patterns indicating no severe structural alteration in 
basement membranes. These results were supported by structural analysis of 
[3H]glucosamine labeled HS from cultured embryonic fibroblasts indicating 
a decreased degree of N-sulfation of HS from >40% in wt to <15% in 
NDST1 deficient mice.

In addition to the neonatal lethality a minor part of the NDST1 deficient 
embryos die during the embryonic period between E14.5 and E18.5. Non-
fully penetrant phenotypes of the skull and the eyes have been observed in 
these mice but whether this is the cause of lethality during this stage is cur-
rently not confirmed. 

From the investigation presented in this paper, the five main conclusions 
are:

NDST1 is required for correct HS structure in most tissues and or-
gans. Despite of the altered HS structures most organs and tissues 
seem to have developed normally. 
The presence of N-sulfates in HS produced by embryonic fibroblast 
lacking NDST1 indicates the action of other NDST isoforms. 
Lack of NDST1 affects mouse survival postnatally and during late 
gestation.
The presence of low-sulfated HS results in disturbed lung devel-
opment. 
NDST1 is necessary for normal mammalian development. 

Paper II – A HS chain devoid of N-sulfate groups may still be 6-
O-sulfated.
In this study the structure of HS synthesized by NDST1 and NDST2 
(NDST1/2) deficient mouse ES cells was characterized.  

Analysis of NDST mRNA in control ES cells revealed that NDST1 and 
NDST2 are the only isoforms expressed in significant amounts while mini-
mal amounts of NDST3 and no NDST4 transcripts were present. NDST1/2 
deficient ES cells had weakly expressed NDST3 as the only isoform present.
HS produced by control ES cells was low-sulfated but contained all modifi-
cations normally found, indicating that HS biosynthesis is organized in the 
same manner as in more differentiated cell types. Control and NDST1/2 
deficient cells express the same amounts of GAGs. However, slightly longer 
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HS chains are produced in NDST1/2 deficient cells. Structural analysis of 
HS from NDST1/2 deficient ES cells revealed that these HS chains were 
devoid of N-sulfate and 2-O-sulfate groups. However, and interestingly, 
about half of the 6-O-sulfate groups found in HS from control cells remained 
in HS from NDST1/2 deficient cells. Analysis of 6-OST mRNA levels 
showed that 6-OST1 is the main isoform expressed in these cells. A reduced 
level of N-sulfation was also seen in HS from ES cells deficient in NDST2, 
but heterozygous for the NDST1 mutation. Also, 2-O-sulfation was signifi-
cantly reduced in these cells. Interestingly the amount of N-unsubstituted 
glucosamine residues detected was the same in NDST1/2 deficient and con-
trol ES cells.

The results of the study presented in this paper provide the following four 
main conclusions: 

NDST1 and NDST2 are the major NDST isoforms expressed in 
mouse ES cells, with only minor expression of NDST3. 
HS polymerization does not depend on NDSTs. In fact, NDST de-
ficient cells produce longer HS chains than control cells. 
In murine ES cells, N-sulfation is not a prerequisite for 6-O-
sulfation.
In these ES cells, the generation of N-unsubstituted glucosamine 
residues is a process not dependent on NDST1 and NDST2. 

Paper III – Deficiency in NDST1 and NDST2 results in early 
embryonic lethality 
Crossing of NDST2 deficient mice with mice heterozygous for NDST1 re-
sulted in NDST1/2+/- -/- mice, which were mated to generate mice deficient in 
both NDST1 and NDST2. However, no NDST1/2 deficient animals were 
present among newborn pups. By dissecting out and genotyping embryos at 
different stages we established that NDST1/2 deficient embryos do not sur-
vive beyond E5.5. The morphology of these embryos was greatly disturbed 
with large parts of the embryo or the extraembryonic tissue missing. The 
impaired capacity for growth and differentiation was also apparent when 
blastocysts were cultured in vitro, where cells of the ICM were unable to 
grow. Messenger RNA expression analysis of EBs by RT-PCR furthermore 
demonstrated an abnormal expression pattern of markers for all the three 
germ layers. Analysis of NDST expression showed that NDST3 was the only 
isoform present in NDST1/2 deficient ES cells during EB development, al-
beit at low levels. 

Based on the data presented in this paper, my three main conclusions are: 
NDST1 and NDST2 are required for normal embryonic develop-
ment since NDST1/2 deficient mice die shortly after implantation. 
Heparan sulfate seems to be needed for proper expression of all 
three germ layers during early embryonic development. 
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Heparan sulfate is a crucial component of mammalian embryonic 
development.  

Paper IV – Deficiency in NDST1 and NDST2 is not compatible 
with mast cell development in vitro.
Since NDST2 deficiency gives rise to abnormal connective tissue type mast 
cells we decided to examine the role of the different NDST isoforms during 
mast cell development. Protocols for induction of mast cell differentiation 
from ES cells and from embryonic tissue have been employed. In addition, 
GAG content of the mast cells produced has been analyzed.  

Mast cell differentiation from NDST1+/- and NDST2+/- ES cells, respec-
tively, resulted in mast cells indistinguishable from wt cells. However, mast 
cells differentiated from NDST1/2+/- -/- ES cells had an abnormal morphology 
and looked similar to the connective tissue type mast cells observed in the 
NDST2 deficient mice (Forsberg, Pejler et al. 1999). These cells also failed 
to synthesize mast cell proteases. NDST1/2 deficient ES cells were incapable 
of mast cell differentiation. Instead, with time the EBs lost their defined 
outer border and disintegrated. Mast cells derived from NDST1/2+/+ -/- and 
NDST1/2+/- -/- embryos displayed the same phenotype as the NDST1/2+/- -/- ES 
cell derived mast cells. However, in contrast to the ES derived mast cells 
they were shown to express both chymase and the proform of carboxypepti-
dase A. No difference in mast cell production could be detected among mast 
cells derived from NDST1+/- crossings. Analysis of GAG content showed 
that mast cells of the different genotypes all synthesized predominantly 
chondroitin sulfate. However, a small amount of HS was present in all cells. 
The HS produced seemed to be present both intracellularly and at the cell 
surface.

From the study presented in this article, the four main conclusions are: 
NDST2, but not NDST1, is needed for normal mast cell develop-
ment.
Mast cells with abnormal morphology and altered expression of 
proteases are formed in the absence of NDST2. 
NDST1/2 deficient ES cells are not able to form mast cells. 
Both NDST1 and NDST2 have the ability to participate in 
HS/heparin biosynthesis in the forming mast cells, since 
HS/heparin is found both in cells lacking NDST1 and NDST2. 
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Discussion 

NDST1 versus NDST2 during development 
When attempting to understand the roles of NDSTs during HS biosynthesis 
and various developmental stages several questions arise. How important is 
NDST for the final design of a HS chain? What are the regulatory mecha-
nisms determining the actions of the different isoforms? Do the phenotypes 
displayed in the NDST deficient mice and embryos correlate with the actual 
contribution of the different isoforms during normal development? Why do 
extensive alterations of HS structure, as those seen in the NDST1 deficient 
mice, result in such modest defects in most tissues and organs? 

What decides the final design of a HS chain? 
Modifications of the polymerized HS polysaccharide have generally been 
regarded to follow a strict pattern starting with the action of NDST. Since all 
other modifications occur in, or near, the N-sulfated regions, other enzymes 
have been hypothesized to recognize the N-sulfated chain as a substrate. 
However, data from analysis of HS from NDST1/2 deficient ES cells over-
turned this theory. HS from ES cells lacking both NDST1 and NDST2 were 
shown to contain 6-O-sulfated residues but were completely devoid of N-
sulfated residues (paper II). These results indicate that 6-O-sulfotransferase 
is not as dependent on N-sulfated residues as once suggested. Analysis of HS 
structure in mice with deficiencies in other biosynthetic enzymes supports 
this observation. HS isolated from NDST1 deficient embryos show a strong 
reduction of N-sulfated and 2-O-sulfated disaccharides. Despite of this, the 
amount of 6-O-sulfated residues was only mildly reduced in the mutant. In 
addition, the amount of N-sulfated disaccharides is increased in both  
C5-epimerase (+ 8%) and 2-OST (+ 5%) deficient mice. This is accompa-
nied by an increase in 6-O-sulfated residues. However, the percentage in-
crease is higher than expected, with 18% increase for C5-epimerase and 12% 
increase for 2-OST deficient mice. This raises the question whether the pres-
ence of 6-O-sulfated, rather than N-sulfated, residues determines the final 
design of the chain? The generation of model animals and cells with defec-
tive HS biosynthesis combined with more refined methods for HS structure 
analysis will gain further insight into this question. 

Most organs develop normally in mice containing HS with reduced N-
sulfation
Being present in most organs and cells, NDST1 and NDST2 are the most 
widespread NDST isoforms. Thus, why is the severity of the phenotypes 
achieved in the two knockout strains so different? NDST2 deficient mice 
display altered connective tissue type mast cells but seem to have a normal 
HS structure in other cells and tissues (Forsberg, Pejler et al. 1999; Ledin, 
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Staatz et al. 2004). In contrast, NDST1 deficiency results in prenatal and 
neonatal death, severe lung defects, non-fully penetrant defects of the eye 
and skeleton and an overall decrease of HS sulfation in most tissues and 
organs (paper I). The conclusion from these studies is that the predominant 
active isoform during development is NDST1. However, since NDST1/2 
deficient mice die during the early postimplantation period NDST2 should 
also have an important role during embryonic development.  

There are many similarities between the phenotypes of NDST1-/- (paper 
I), C5-epimerase-/- (Li, Gong et al. 2003) and 2-OST-/- mice (Bullock, 
Fletcher et al. 1998; Merry, Bullock et al. 2001). All of these mice demon-
strate an altered HS structure and display perinatal lethality. While  
C5-epimerase and 2-OST deficient mice share many of the phenotypes dis-
played, such as, bilateral renal agenesis, excessive bone mineralization, post-
axial polydactyly, cleft palate and bilateral iris coloboma, NDST1 deficient 
mice display a lung phenotype similar to C5-epimerase deficient mice but 
have normal kidneys. The skeletal phenotype is less severe in NDST1 com-
pared to 2-OST and C5-epimerase deficiency. However, severe skull and eye 
defects are more common in NDST1 deficient mice (Li, Gong et al. 2003; 
Grobe, Inatani et al. 2005).  

Despite the overall reduced sulfation of HS in NDST1 deficient mice 
most organs seem to have developed normally. Structural analysis indicates 
that the N-sulfate groups still present are arranged in NS and NS/NA do-
mains (Ledin, Staatz et al. 2004) (Figure 5). These will most likely form wt-
like HS regions but with a larger part of the chain being unmodified com-
pared to wt HS. Such a sulfation pattern has been reported for HS in a cell 
line with mutant NDST1 (Bame, Zhang et al. 1994). Apparently, most or-
gans can develop normally with the low concentration of wt-like HS se-
quences while other such as lung, eye and skeleton are more sensitive to this 
alteration. The presence of a severe lung phenotype in C5-epimerase defi-
cient mice indicates a requirement for iduronic acid containing HS structures 
in lung development. However, since NDST1 deficient mice have a similar 
phenotype not only the presence but also the amount of a particular HS 
structure seems to be critical. The relatively mild skeletal and eye defects 
demonstrated in mice deficient in 2-OST and C5-epimerase, respectively, 
probably depend on defective growth factor signaling. In these mice, the HS 
structure is more severely affected in the sense that no wt-like structures are 
present, probably resulting in defects in specific protein interactions. 

NDST2 is essential during early embryonic development 
The essential role of HS during early embryonic development has been dem-
onstrated both in Drosophila and in mice. Early embryos containing unmodi-
fied or very low-sulfated HS cannot undergo postgastrulation development. 
Interestingly, NDST1/2 deficient embryos appear to die earlier than EXT1 
and EXT2 deficient embryos, respectively. This is remarkable since 
NDST1/2 deficient ES cells generate HS chains containing 6-O-sulfates 
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while EXT deficiency abolishes polymerization of the chain. Could it be 
more harmful with a HS chain that induces incorrect signaling than to lack 
the entire chain? Or is it possible that some HS is still produced in the EXT 
deficient animals, so far not detected? Studies in Drosophila have shown the 
presence of very short chains of sulfated HS in ttv (EXT1 homologue) and 
sotv (EXT2 homologue) mutants, respectively (Izumikawa, Egusa et al. 
2006). Here, the combined action of either ttv or sotv, and botv (EXTL3 
homologue) may be responsible for the polymerization process. The role of 
EXTL3 in mammalian HS biosynthesis in vivo is currently not elucidated. 
However, if EXTL3 works in a similar manner in mice as in the homologue 
in Drosophila, short HS chains could still be produced when only one of the 
EXT isoforms is missing. Thus, this could be the cause of the different phe-
notypes observed in EXT1, EXT2 and NDST1/2 deficient mice. EXT defi-
cient embryos display a defect of the extraembryonic part of the embryo. 
However, results from in vitro studies of NDST1/2 deficient blastocyst out-
growths, instead indicate an abnormality of the embryonic part. If this is the 
case, an altered responsiveness to growth factors/morphogens could lead to 
the early lethality demonstrated. This would support the idea that the HS 
chain produced by NDST1/2 deficient embryos might give rise to inhibitory 
signals. A third possibility for the earlier lethality of the NDST1/2 deficient 
embryos is the genetic background of the mice used. However, EXT1 defi-
cient mice display similar phenotypes both in a 129SvEv/C57/Bl6 hybrid 
and a 129/SvEv inbred background strain speaking against this possibility 
(Lin, Wei et al. 2000). 

NDST2 - the main isoform active during mast cell development 
In paper IV the requirements for NDST1 and NDST2 during mast cell de-
velopment were investigated. No mast cell development could be induced 
when both NDST1 and NDST2 were absent. Like NDST2 deficient connec-
tive tissue type mast cells in vivo, ES cell and embryo-derived mast cells in 
vitro display abnormal granules. In contrast, NDST1 deficiency does not 
seem to affect mast cell development. However, one allele of NDST1 alone 
is able to produce mast cells with the same abnormality as seen in NDST2 
deficiency. Whether NDST1 compensates for the absence of NDST2 or if 
NDST1 normally is involved in mast cell development is difficult to state. 
However, we could demonstrate that the expression of NDST2 is required 
for activation of carboxypeptidase A. This process has previously been 
shown to depend on heparin (Henningsson, Ledin et al. 2002) but it is not 
known if HS can substitute for heparin. We have shown that a small amount 
of HS is present in mast cells of all different genotypes analyzed, both at the 
cell surface and intracellularly. A more detailed structural analysis will re-
veal if heparin is produced only when NDST2 is expressed and that this is 
the reason for the lack of carboxypeptidase A activation in NDST2 deficient 
cells. Alternatively, the HS N-sulfated by NDST1 is not transferred to the 
granules where activation takes place. 



45

Since NDST1/2 deficient ES cells are unable to generate mast cells, 
HS/heparin seems to be essential for mast cell development. Likely, NDST2 
is the isoform responsible for HS/heparin biosynthesis in mast cells. How-
ever, it cannot be ruled out that NDST1 is responsible for HS synthesized to 
the cell surface. In what manner the cell differs between these two pathways 
is an issue that remains to be elucidated? 

Concluding remarks 
NDST1 appears to be the isoform mainly responsible for HS biosynthesis, 
both during embryonic development and adult life. However, the essential 
role of NDST2 during early embryonic development has become clear with 
the generation of NDST1/2 deficient embryos. The restricted expression 
pattern of NDST3 and NDST4 indicates a modest role for these isoforms 
during development. Instead NDST3 and NDST4 are probably needed for 
more subtle changes during specific developmental processes. 
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Future perspectives 

The generation of model organisms with mutations in biosynthetic enzymes 
and core proteins has greatly increased the knowledge about in vivo func-
tions of HS. In addition, the availability of ES cells with defective HS will 
be useful for studies of the role of HS during the early embryonic period. 

Characterization of NDST1 deficient mice showed the importance of 
NDST1 during development, while the phenotype of NDST2 deficient mice 
indicated that this isoform selectively produce heparin in connective tissue 
type mast cells. However, with the generation of NDST1/2 deficient mice 
the critical role for NDST2 during early development was established.  

The pattern of expression of different embryonic markers displayed by in 
situ hybridization and the presence of different HS structures, characterized 
by HS specific phage-display antibodies, may further elucidate the cause of 
death in the early NDST1/2 deficient embryos. Analysis of HS chains from 
NDST1/2 deficient ES cells demonstrated that they were completely devoid 
of N-sulfate groups but still containing 6-O-sulfate groups. This result was 
highly unexpected and showed that HS biosynthesis probably is less hierar-
chic than previously anticipated. A more detailed analysis of the HS chain 
produced by NDST1/2 deficient ES cells will be very interesting. Some 
questions that will be addressed are: How are the 6-O-sulfate groups ar-
ranged along the chain? Is it possible that positioning of 6-O-sulfate groups 
may decide the overall design of the HS chain? What is the relationship be-
tween NDSTs and other HS biosynthetic enzymes?  

The early lethality seen in the NDST1/2 deficient mice will also be inter-
esting to investigate further. FGF4 deficient embryos die soon after implan-
tation and in vitro growth of FGF4 deficient blastocysts display a prolifera-
tion defect similar to the one seen in NDST1/2 deficient blastocyst out-
growths (Feldman, Poueymirou et al. 1995). These results suggest that the 
early lethality observed in NDST1/2 deficient embryos may be due to an 
inability to receive FGF4 signals. 

Finally, why do NDST1/2 deficient embryos die earlier than EXT1 or 
EXT2 deficient embryos? Is it possible that HS with an abnormal structure is 
more harmful than total lack of HS? Comparison of in vitro differentiation 
potential of ES cells devoid in EXT1 or EXT2 with NDST1/2 deficient ES 
cells will hopefully provide the answer. 
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