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Proteoglycans carrying heparan sulphate (HS) chains are ubiquitously expressed at
cell surfaces and in extra-cellular matrices, and HS chains interact with numerous
proteins, including growth factors, morphogens and extra-cellular-matrix proteins.
These interactions form the basis of HS-related biological phenomena. Thus, the
biosynthesis of HS regulates key events in embryonic development and homeostasis,
and deranged HS biosynthesis could cause diseases. EXT1 and EXT2 genes encoding
the polymerase responsible for HS biosynthesis are known as causative genes of
hereditary multiple exostoses, a dominantly inherited genetic disorder characterized
by the formation of multiple cartilaginous tumours. In this review, we will summa-
rize HS biosynthesis in several model animals, the effects on cellular functions by
alteration of HS biosynthesis, and HS-associated diseases. This review suggests that
HS biosynthetic enzymes would be potential candidates for drug targets in various
diseases.
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nyltransferase; Hh, Hedgehog; HME, hereditary multiple exostoses; HS, heparan sulphate; Ihh, Indian
hedgehog; LDL, low-density lipoprotein; LDLR, LDL receptor; LRP, LDL-related protein; Ndst, GlcNAc
N-deacetylase/N-sulphotransferase; PG, proteoglycan; PTH, parathyroid hormone; PTHrP, PTH-related

peptide; TRL, triglyceride-rich lipoprotein; VEGF, vascular endothelial growth factor; Wg, Wingless.

Heparan sulphate (HS) exists ubiquitously as a proteo-
glycan (PG), and it has been implicated in cellular function
by interacting with protein ligands, which include a wide
variety of growth factors and morphogens (1-3) (Fig. 1A).
For example, HS regulates not only fibroblast growth
factor (FGF) signalling (4) but also the signalling and
diffusion of Wingless (Wg) and Hedgehog (Hh) in
Drosophila melanogaster (5) (Fig. 1A and B). Recent
studies showed that HS proteoglycans (HS-PGs) function
as a receptor for triglyceride-rich lipoproteins in the liver,
and control lipid metabolism (6) (Fig. 1D). Therefore,
disorder of the biosynthesis of HS causes impairment
of cellular function and abnormal morphogenesis, which
could lead to many diseases. Serendipitous discoveries
have revealed that hereditary multiple exostoses (HME),
which is a dominantly inherited genetic disorder char-
acterized by the formation of multiple cartilaginous
tumours, are mainly caused by mutations in genes encod-
ing HS biosynthetic enzymes, EXT1 and EXT2. To date, all
genes responsible for HS biosynthesis have been cloned
and identified, which helps to investigate the possible
association of these genes with several disease pathologies.
Here, we will provide an outline of HME, the link between
HS and the EXT family of proteins, and examples of other
diseases associated with HS.
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HME AND EXT GENE FAMILY

HME, an autosomal dominant bone disorder, is the most
common type of benign bone tumour. It is clinically
characterized by cartilage-capped tumours located at the
growth plate of long bones, known as osteochondromas or
exostoses (7). As tumours grow with age, the compression
of nerves and soft tissues causes paralysis, algia, inter-
feres with joint movement and causes occlusion of blood
vessels. Surgical intervention is often necessary, and
many patients require multiple surgeries throughout the
course of the disease. HME has an estimated occurrence
of 1 in 50,000 among the general population, and usually
presents early in life before the age of 10. Of greatest
clinical concern, however, is malignant transformation of
the benign tumour to a chondrosarcoma or an osteosar-
coma, which occurs in 1~2% of patients (8).

Extensive genetic linkage analysis has determined
three different loci on chromosomes 8q24.1 (EXTI),
11p11-13 (EXT2) and 19p (EXT3) as causative agents
of HME. EXT1 and EXT2 genes have been identified by
positional cloning, while EXT3 has yet to be identified.
In a variety of studies, mutations responsible for HME
have been localized in either EXT1 or EXT2 genes in
>80% of unrelated patients to date. Although the cellular
functions of EXT1 and EXT2 were not clear at the time
they were cloned, both were identified as tumour sup-
pressor genes, since loss of heterozygosity at these
loci occurred in HME patients, whose benign tumours
were transformed into chondrosarcomas (9). In addition,
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Fig. 1. Various functions of HS-PGs. (A) HS-PGs expressed
on the cell surfaces or in the extra-cellular matrices act as
reservoirs of ligands or co-receptors. (B) HS-PGs are involved
in the gradient formation of morphogens. (C) HS-PGs accelerate

three EXT-like genes, EXTLI, EXTL2 and EXTL3 (for
EXT-like genes 1, 2 and 3) that share significant
sequence homologies with EXT1 and EXT2 have been
identified and cloned by database searches, revealing
the EXT gene family, which consists of five members
(Fig. 2A) (10-13). Although there is no evidence of an
association of EXT-like genes with HME, genetic analy-
sis of several cancers suggests that they may also belong
to tumour suppression genes. All EXT genes encode
type II transmembrane proteins with a short amino
terminal cytoplasmic tail and, notably, the carboxyl
terminal portion of EXTs is most highly conserved,
suggesting a conserved function. However, their biolog-
ical functions were not clarified until two different
studies reported their involvement in HS biosynthesis,
as described later.

ASSOCIATION WITH EXT GENE FAMILY AND
DEFECTIVE HS BIOSYNTHESIS

As shown in Fig. 3, HS chains are covalently bound to
Ser residues in core proteins through a common
glycosaminoglycan-protein linkage tetrasaccharide struc-
ture, GlcUAR1-3Galp1-3Galp1-4XylB1-O-Ser (14, 15).
Biosynthesis of HS is triggered by transferring the first
GlcNAc residue to the tetrasaccharide linkage region,
followed by synthesis of the repeating disaccharide
region [(-4GlcUAB1-4GlcNAcal-),]. During the poly-
merization of HS chains, numerous modifications by
corresponding sulphotransferases, an epimerase and
sulphatases occur in the repeating disaccharide region.
The specific sulphation patterns are recognized by a
variety of proteins and their interactions are thought to
be involved in the regulation of physiological functions.

A connection between HS-synthesizing glycosyltrans-
ferases and the HME genes was revealed by two

the transition of monomeric amyloidgenic peptides to the B-sheet,
leading to enhancement of fibril formation. (D) HS-PGs in the
liver play a crucial role in the incorporation of lipoproteins.

independent studies. In one study, employing an
HS-deficient mutant cell line, sog9 and the property of
herpes simplex virus to infect cells with HS, cDNA that
can rescue HS biosynthesis in that mutant cell line was
isolated and identified as EXT1 (16). In the other study,
EXT2 was identified as an HS co-polymerase by direct
peptide sequencing of the HS polymerase purified from
bovine serum (17). The expressed recombinant EXT2 as
well as EXT1 displayed dual glycosyltransferase activ-
ities, of GlcNAc transferase (GlcNAcT) and GlcA trans-
ferase (GIcAT), representative of an HS polymerase
(Fig. 2B) (17). These results suggest that EXT1 and
EXT2 are HS polymerases responsible for the synthesis
of the disaccharide-repeating region of growing HS
chains. Interestingly, because mutations in either EXT1
or EXT2 result in the formation of clinically indistin-
guishable exostoses, EXT1 and EXT2 do not appear to
be functionally redundant in vivo, even though the two
proteins display similar substrate specificities in vitro
(18). EXT1 and EXT2 are a functionally complementary
pair because they form a stable complex in vivo. EXT1/
EXT2 heterooligomeric complexes can reside in the
Golgi and have considerably higher glycosyltransferase
activity than either EXT1 or EXT2 alone (19). Further-
more, recombinant soluble enzymes expressed by the
co-transfection of EXT1 and EXT2 exhibit polymerization
activities and synthesized heparan polymer (20). Thus,
EXT1 and EXT2 are engaged in the biosynthesis of HS
as a polymerase complex with both GlcAT and GlcNAcT
activities (Fig. 3).

Since, as described, three EXT-like gene products share
amino acid sequence homology with EXT1 and EXT2,
it was expected that these gene products were also involved
in HS biosynthesis. In fact, biochemical analyses showed
that EXTL1, EXTL2 and EXTL3 have GlcNAcT activi-
ties (Fig. 2) (21, 22), and thus they were thought to be

J. Biochem.

2T0Z ‘8z Joquieides uoeuly) Jo ABojouyas | pue aousids Jo AlisieAlun e /Blo'sfeulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Diseases Developed by Altered HS Biosynthesis 9
A RIB-1
hEXT2
SOTV
hEXTL3
I_-mEXTL3
BOTV
——RIB-2
— hEXTL2
LmEXTL2
I: hEXTL1
mEXTL1
hEXT1
mEXT1
— TTV
. 1,200
B
GIcNACT-I GIcNAcT-Il  GIcAT-II Phenotypes

RIB-1 - -

TTV - + +
mEXT1 - +++ ++
hEXT1 - +++ ++
SOTV - + +
mEXT2 - + +
hEXT2 -

mEXTLA NT NT NT
hEXTL1 - ++ -
mEXTL2 + - -
hEXTL2 + - -
RIB-2 ++ ++ -
BOTV ++ ++ -
mEXTL3 NT NT NT
hEXTL3 +++ +++

Developmental abnormalities in embryonic stage
Defect in Hh, Dpp signalings

Disruption of gastrulation

Exostoses (heterozygote)

Defect in Hh, Dpp signalings
Disruption of gastrulation
Exostoses (heterozygote)

Developmental abnormalities in embryonic stage
Defect in Hh, Wg, Dpp signalings
Embryonic lethal (embryonic day 10.5)

?

Fig. 2. Phylogenic analysis and properties of EXT family
members. (A) Amino acid sequences of known EXT family mem-
bers among humans, mice, D. melenogaster and C. elegans were
aligned with CLC Free Workbench 4. (B) Glycosyltransferase

implicated in HS biosynthesis (Fig. 3). Because EXTL2 and
EXTL3 possessed activity transferring the first GleNAc
residue to the tetrasaccharide-linkage region (so-called
GlcNACT-I activity), it was speculated that they were
implicated in the initiation of HS biosynthesis as a
GlcNACT-I. Previous studies indicated that the Chinese
hamster ovary cell mutant defective in HS polymeriza-
tion (23) accumulated a pentasaccharide intermediate,
GlcNAca1-4GIUAB1-3Galp1-3Galp1-4Xyl (24). These find-
ings suggested the notion that GlcNAcT-I distinct from HS
polymerase catalyses the initiation of HS. However, in view
of the recent findings that in vitro polymerization of
HS was induced on tetrasaccharide-linkage analogues
as acceptor substrates by the enzyme complex of human
EXT1/EXT2 without the aid of EXTL proteins, it can be
believed that EXTL2 and EXTL3 might be dispensable for
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activities of each EXT family member are listed. +, activity
detected; —, no activity; NT, not tested. Phenotypes by defects in
each EXT family member are shown to the right.

the initiation of HS in mammals (20). Hence, the biological
roles of mammalian EXTL2 and EXTL3 in HS biosynthesis
are less clearly defined.

We previously purified o-1,4-N-acetylgalactosaminyl-
transferase (0-GalNAcT) from the culture medium of a
human sarcoma cell line, and found o-GalNAcT to be
EXTL2 (21). Because EXTL2 possessed the ability to
transfer GlcNAc and GalNAc to the tetrasaccharide
representing the common glycosaminoglycan-protein
linkage region, we considered EXTL2 to be the most
likely critical enzyme that determines and initiates HS
biosynthesis. To explore the physiological roles of EXTL2
in the biosynthesis of HS, we generated transgenic mice
over-expressing the human EXTL2 gene. Unexpectedly,
the amounts of HS in EXTL2-transgenic mice decreased
(unpublished data). The orthologue of mammalian
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Fig. 3. Comparison of HS biosynthesis among C. elegans,
D. melanogaster and mammals. The biosynthesis of HS is
initiated by the addition of a Xyl residue to specific Ser residues
in the core protein, followed by the sequential addition of two
Gal residues and a GlcUA residue, forming the tetrasaccharide
linkage structure GlcUAPB1-3Galpl-3Galpl-4XylB1-O-Ser. The
transfer of a single GlcNAc residue to tetrasaccharide linkage
regions initiates the assembly and polymerization of HS with
GleNAc and GlcUA residues added alternately. The mechanism
of HS biosynthesis in these organisms is similar but distinct
in that HS polymerase composed of TTV/SOTV complex in
D. melanogaster exhibits no GIcNAcT-I activity for chain initia-
tion. Thus, BOTV, which possesses GlcNAcT-I activity, is a
trigger of HS chain initiation in D. melanogaster. On the other
hand, mammalian HS is biosynthesized by EXT1/EXT2 poly-
merase complex even in the absence of EXTL2 and EXTLS.
Therefore, the significance of EXTL2 and EXTL3 in the biosyn-
thesis of HS remains unclear.

EXTL2 is absent in Drosophila, suggesting that it is not
essential for HS biosynthesis (Fig. 2A). During the initial
phases of our studies, EXTL2 was expected to act as
a key enzyme for HS biosynthesis, but the recent study
suggested that EXTL2 mainly functions in vivo as a
regulatory molecule other than GlcNAcT-I implicated in
the initiation of HS biosynthesis. Thus, further studies
are needed to reveal the biological function of EXTL2.
It is also reported that EXTL3 may work as a biologically
active molecule with a different function, a cell surface
receptor for the pancreatic -cell regeneration factor Reg
(RegR) (25). Notably, it has been shown that RegR ™/~
(EXTL3™") mice die by embryonic Day 10.5 (26), while
EXT1 or EXT2 knockout mice die by embryonic Day 8.5
(27, 28). These results also support that mammalian
EXTL3 may not be involved in the initiation of HS biosyn-
thesis. In addition, it was recently reported that gene
silencing of EXTL3 resulted in the synthesis of longer HS
chains (29). Moreover, our recent study suggests that the
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chain length of HS is controlled by EXTL3 gene expression
(unpublished data). Taken together, these findings indi-
cate that EXT1 and EXT2 are cooperatively responsible for
the initiation and elongation of HS chains and that EXTL3
may regulate the length of HS chains.

The functional importance of EXT gene family members
in HS biosynthesis has been demonstrated in several
in vivo model animals. In particular, EXT orthologues
have been identified and characterized in Caenorhabditis
elegans and D. melanogaster. These orthologues can be
organized by homology to their mammalian counterparts
based on their sequences (Fig. 2A). In the C. elegans
genome, only two genes, rib-1 and rib-2, homologous to
mammalian EXT genes have been identified (Fig. 2A).
RIB-2 is most homologous to human EXTL3 and exerts
both GlecNAcT-I and GlcNACT-II activities involved in
chain initiation and elongation of HS, and its acceptor
specificity resembles that of human EXTL3, suggesting
that RIB-2is a C. elegans EXTL3 orthologue (Fig. 2B) (30).
rib-2 mutants exhibit developmental delay and egg-laying
defects, which are most likely caused by a reduction in HS.
In contrast, RIB-1 is unique among members of the EXT
family identified to date in that the protein, composed of
382 amino acids, is about half the size of RIB-2 and shows
significant homology only to the amino termini of EXT
family members, especially to EXT1 (Fig. 2A). Although
RIB-1 exhibits neither GlcNAcT-II nor GIcAT-II activities
(Fig. 2B), the RIB-1/RIB-2 complex shows HS polymeriza-
tion activities (Fig. 3) (31). In addition, rib-1-null mutants
show reduced synthesis of HS and embryonic lethality as
well as rib-2-null mutants (31). These findings show that
the mechanism of HS biosynthesis in C. elegans is similar
but distinct from that in mammals (Fig. 3) and that both
RIB-1 and RIB-2 are indispensable for HS biosynthesis
and embryonic development in the nematode (Fig. 3).
In Drosophila, there are three orthologues of mammalian
EXT genes, EXT1 (ttv), EXT2 (sotv) and EXTL3 (botv)
(Fig. 2). These invertebrate EXT genes are involved in Hh,
Wg and Dpp signalling as well as the distribution of these
morphogens, and their defects result in developmental
abnormalities (Fig. 2). Biochemical and immunohisto-
chemical studies on Drosophila have revealed that HS
levels are dramatically reduced or are abolished in the
absence of ttv, sotv or botv (32-34). Although TTV/SOTV
complex can catalyse the HS polymerization reaction
in vitro, the complex exhibits no GlecNAcT-I activity
required for the initiation of HS in contrast to human
EXT1/EXT2 complex (35), indicating that BOTV, corre-
sponding to human EXTL3, which possesses GlcNAcT-I
activity, is indispensable for HS biosynthesis in Drosophila
(Fig. 3) (36). In this regard, Han et al. (34) demonstrated
that botv-null embryos exhibited stronger segment polar-
ity phenotypes than t¢v- or sotv-null embryos and that Wg
signalling is defective only in the botv mutant or ttv-sotv
double mutant but not in the ¢fv or sotv mutant. These
results altogether suggest that BOTV is essential for the
initiation of HS and that all three EXT members, ttv, sotv
and botv, are required for HS biosynthesis in Drosophila.
Thus, the mechanism of HS biosynthesis in Drosophila
is similar but distinct from that in C. elegans or mammals
(Fig. 3). To gain more insight into the physiological signif-
icance of EXT members in mammals, genetically engi-
neered mice were generated (Fig. 2B). Targeted deletion
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of EXT'1 in mice results in early embryonic lethality caused
by failure to form a mesoderm and causes defects in egg
cylinder elongation (27). Mice carrying a hypomorphic
mutation in EXTI were also generated by gene-trap
screening, although differences between these and EXT'1-
deficient mice were observed (37). Mice obtained by the
targeted disruption of EXT'I had undetectable levels of HS
and died by embryonic Day 8.5, whereas mice generated by
the gene-trap method died around embryonic Day 14 (37)
and synthesized shorter HS chains, approximately one-
third in length (38). The difference between these mice
may be due to a small amount of wild-type EXT'I transcript
in animals generated with the gene trap. Furthermore, the
embryonic mouse brain, where EXT1 alleles are condition-
ally disrupted, shows serious fallacy in midline axon
guidance through Slit, Sonic hedgehog and FGF8 signal-
ling (39). On the other hand, the lack of EXT2, similar to
that of EXT1, also leads to a gastrulation defect and
abnormalities in the formation of extra-embryonic struc-
tures. All EXT2 heterozygous mice showed multiple abnor-
malities in cartilage differentiation, and about one-third
of the animals formed one or more ectopic bone growths
(exostoses) (28). In addition, combined EXT1 and EXT2
heterozygotes show a higher frequency of exostoses. These
findings altogether highlight the importance of EXT genes
in HS biosynthesis and the biological significance of HS.

HS AND BONE DISORDERS

In endochondoral ossification, a cartilaginous template
is formed first, which is subsequently replaced by bone.
Central to this process is the formation of a growth plate,
a highly organized structure that generates all of the
longitudinal growth. Growth-plate chondrocytes are
arranged in three layers: resting chondrocytes, proliferat-
ing chondrocytes and hypertrophic chondrocytes. Differ-
ent signalling pathways regulate the rate of proliferation
and the conversion of proliferating chondrocytes into
hypertrophic chondrocytes in a fine balance. The process
is mainly regulated by the Indian hedgehog (Ihh)/
parathyroid hormone (PTH)-related peptide (PTHrP)
feedback loop and fibroblast growth factor (FGF) signal-
ling pathway. Because HS-PGs required for diffusion
and/or efficient signaling by Ihh in the growth plate
regulate the Thh/PTHrP feedback loop, they are impor-
tant for normal bone formation. It was reported that HS
biosynthetic enzymes, EXT1 and EXT2 mRNA expression
merged with Ihh expression in the pre-hypertrophic
chondrocytes (40). Also, a recent report showed that
regulation of chondrocyte proliferation through Ihh is
controlled by syndecan-3, which is a type of HS-PG
expressed in proliferating chondrocytes (41). Mutations
or targeted deletion of HS biosynthetic enzymes lead to a
skeletal development disorder. Deletion of EXT'I in mice
results in failure to immobilize Thh in the cell matrix
(27). In addition, reduced amounts of HS potentiate
the signalling of IThh and PTHrP in mice carrying a
hypomorphic mutation in EXT1, resulting in delayed
hypertrophic differentiation and increased chondrocyte
proliferation, and HME patients similarly have clusters
of over-proliferating chondrocytes (37). The second
signalling pathway is the FGF pathway, which plays
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a major role in the regulation of chondrocyte prolifera-
tion and differentiation. FGF receptor (FGFR) 1 and
FGFRS3 are both expressed in the growth plate. FGFR3 is
expressed in proliferating chondrocytes, whereas FGFR1
is expressed in pre-hypertrophic and hypertrophic chon-
drocytes. Inactivation of FGFR3 in the mouse results in
overgrowth of the long bones, whereas the expression of
FGFR3 with an activating mutation results in dwarfism,
suggesting that FGFR3 functions as a regulator of
chondrocyte proliferation and/or hypertrophy. HS-PGs
are required for functional binding of FGF to FGFR but
also act as reservoirs of local ligand availability regulat-
ing diffusion, gradient formation and degradation of
FGFs. Taken together, HS-PGs formed by HS biosyn-
thetic enzymes, including EXTSs, are critical mediators of
skeletal development, and altered HS biosynthesis
causes ectopic bone growth characteristic of HME.

HS AND TUMOURS

In addition to HME, EXT1 expression is depressed in
human cancer cells such as HL-60 by transcriptional
silencing associated with CpG island promoter hyper-
methylation, and EXTI epigenetic inactivation causes
inhibition of HS biosynthesis (42). In fact, hypermethyla-
tion of EXT1 CpG island is reported to be common in
leukaemia. Re-introduction of EXT1 in HL-60 cells
resumed HS biosynthesis, reduced colony formation
density and tumour growth in nude mouse xenograft
models, demonstrating that EXT1 exhibits tumour-
suppressing activity (42).

Hypoxia is a tumour micro-environmental condition
that plays pivotal roles in tumour progression. Recent
studies show that hypoxia up-regulates enzymes involved
in the synthesis of HS, such as HS-2-O-sulphoransferase
and GlcNAc N-deacetylase/N-sulfotransferases-1 (Ndstl)
and -2, resulting in an increase in FGF2-induced cell
growth (43). Because the binding of FGF2 to its high-
affinity receptors requires the presence of specific HS
chains, it is likely that hypoxia increases responsiveness
to FGF2 by regulating specific HS biosynthetic enzymes,
leading to tumour-induced angiogenesis (44). Recently,
Fuster et al. (45) generated mice bearing an endothelial-
targeted deletion in NdstI. A family of four Ndsts
removes acetyl groups from subsets of GlcNAc residues
of HS and adds sulphate to free amino groups. Binding
of FGF2 and vascular endothelial growth factor (VEGF)
to HS purified from Ndst1-deficient endothelial cells was
dramatically reduced, and pathological angiogenesis in
experimental tumours was altered (45). These results
suggest that changes of HS biosynthesis in endothelial
cells have profound effects on tumour angiogenesis.

HS AND NEURODEGENERATIVE DISORDERS

Alzheimer’s disease (AD) is the most common neurode-
generative disease, and is characterized by cerebral
neuritic plaques of amyloid B-peptide (AB). HS-PGs are
considered to be associated with the pathology of AD
because they play a role in AP plaque pathogenesis, Af
binding, AP plaque and fibril formation and B-amyloid
precursor protein (APP) processing (46). AB peptides are
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co-deposited with HS in tissue lesions in vivo (47). HS-PGs
bind the HHQK (His'?-His'*-Gln'5-Lys'® within Ap) site of
APP (46), and AP plaque-microglia interactions through
the HHQK domain of AP are mediated by membrane-
bound HS-PGs (46, 48). Glypican, known as a glycosylpho-
sphatidylinositol-anchored type HS-PG, is reported to be a
possible receptor for mediating AP neurotoxicity (49). The
presence of HS accelerates the transition of monomeric Af
peptides to the B-sheet, and affects fibril nucleation and
growth (50). Furthermore, Alzheimer B-secretase (BACE1:
B-site amyloid precursor protein-cleaving enzyme 1) is an
aspartic protease that generates the amino terminus of
B-amyloid protein from the APP. BACEL1 is a key target for
Alzheimer drug development, because it is implicated
in the rate-limiting step in the formation of Ap. HS has
been identified as the first naturally occurring inhi-
bitor of BACE1. HS interacts directly with BACE1 and
inhibits in vitro processing of peptide and APP substrates.
Although no genetic association of HS biosynthetic
enzymes or HS-PGs with AD has been reported, it was
recently suggested that an intronic single nucleotide
polymorphism in HSPG2 (perlecan) is associated with
AD patients carrying apolipoprotein epsilon 4 allele (51).
Transgenic over-expression of heparanase rendered mice
resistant to experimental amyloid protein A amyloidosis,
presumably due to the sequestration of amyloid peptide by
related HS oligosaccharides (52). Therefore, exogenous
soluble HS oligosaccharides might be used for the treat-
ment of AD. In addition, glucosamine analogues that
inhibit formation of the HS precursor polysaccharide
are anticipated for the treatment of various amyloid
diseases (53).

Parkinson’s disease is another common neurodegenera-
tive disease, and is characterized by a loss of dopami-
nergic neurons (54). Analyses of patients with familial
Parkinson’s disease have revealed three genes respon-
sible for the disease, encoding a-synuclein, Parkin and
ubiquitin carboxy-terminal esterase L1. a-Synuclein is a
critical molecular determinant in familial and sporadic
Parkinson’s disease, with the formation of a-synuclein
aggregates called Lewy bodies, characteristics of
Parkinson’s disease. One HS-PG, agrin, binds to
a-synuclein in an HS-dependent manner, induces con-
formational changes and enhances the insolubility of
a-synuclein (55).

HS AND METABOLISM DISORDERS

Hyperlipoproteinaemia is reported to be linked to the
defective clearance of both post-prandial- and hepatic-
derived particles by the liver (6). Although hepatic
clearance of triglyceride-rich lipoprotein (TRL) remnants
is found to be mediated by low-density lipoprotein receptor
(LDLR) and LDL-related protein (LRP) scavenger recep-
tors, inactivation of LRP1 alone does not result in TRL
remnant particle accumulation under normal physiologi-
cal conditions (56), and combining LRP1 with LDLR muta-
tions results in only a modest accumulation of TLRs (56).
Therefore, it has been suggested that another receptor
participates in the clearance of TRLs in addition to LRP
and LDLR. Recent studies showed that liver HS-PGs
mediate the clearance of TRLs independently of LDLR
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family members and represent long-sought-after receptors
for TRL remnants in vivo (6). Inactivation of the HS
biosynthetic enzyme gene Ndst1 in hepatocytes could alter
the liver HS fine structure, leading to the accumulation of
TRL particles (6). These findings suggest that patients
predisposed to hyperlipoproteinaemia should be screened
for changes in HS structure and polymorphisms in the
genes responsible for HS biosynthetic enzymes.

PERSPECTIVES

HS is involved in a variety of pathophysiological
processes as described above, and disorder of HS—protein
interactions by the alteration of HS biosynthesis is
suggested to form the basis of several diseases. So far,
all of the genes encoding the glycosyltransferases and
sulphotransferases needed for the biosynthesis of HS
have been cloned, and gene manipulation in various
model animals has been carried out. The accumulating
evidence obtained through genetically modified model
animals provides insights into the molecular mechanism
underlying HS-related diseases. A better understanding
of the connection between HS biosynthesis and molecular
pathogenesis of HS-associated diseases will enable a
breakthrough in the development of marker genes for
diagnosis and therapeutic agents.

REFERENCES

1. Kreuger, J., Spillmann, D., Li, J.P., and Lindahl, U. (2006)
Interactions between heparan sulfate and proteins: the
concept of specificity. J. Cell Biol. 174, 323-327

2. Gorsi, B. and Stringer, S.E. (2007) Tinkering with heparan
sulfate sulfation to steer development. Trends Cell Biol. 117,
173-177

3. Bishop, J.R., Schuksz, M., and Esko, J.D. (2007) Heparan
sulphate proteoglycans fine-tune mammalian physiology.
Nature 446, 1030-1037

4. Pan, Y., Woodbury, A., Esko, J.D., Grobe, K., and Zhang, X.
(2006) Heparan sulfate biosynthetic gene Ndst1 is required
for FGF signaling in early lens development. Development
133, 4933-4944

5. Perrimon, N. and Bernfield, M. (2000) Specificities of
heparan sulphate proteoglycans in developmental processes.
Nature 404, 725-728

6. MacArthur, J.M., Bishop, J.R., Stanford, K.I., Wang, L.,
Bensadoun, A., Witztum, J.L., and Esko, J.D. (2007) Liver
heparan sulfate proteoglycans mediate clearance of
triglyceride-rich lipoproteins independently of LDL receptor
family members. J. Clin. Invest. 117, 153—-164

7. Solomon, L. (1964) Hereditary Multiple Exostosis. Am. J.
Hum. Genet. 16, 351-363

8. Schmale, G.A., Conrad, E.U.3rd, and Raskind, W.H. (1994)
The natural history of hereditary multiple exostoses. .
Bone Joint Surg. Am. 76, 986-992

9. Hecht, J.T., Hogue, D., Strong, L.C., Hansen, M.F.,
Blanton, S.H., and Wagner, M. (1995) Hereditary multiple
exostosis and chondrosarcoma: linkage to chromosome II
and loss of heterozygosity for EXT-linked markers on
chromosomes II and 8. Am. J. Hum. Genet. 56, 1125-1131

10. Saito, T., Seki, N., Yamauchi, M., Tsuji, S., Hayashi, A.,
Kozuma, S., and Hori, T. (1998) Structure, chromosomal
location, and expression profile of EXTRI and EXTR2, new
members of the multiple exostoses gene family. Biochem.
Biophys. Res. Commun. 243, 61-66

11. Van Hul, W., Wuyts, W., Hendrickx, J., Speleman, F.,
Wauters, J., De Boulle, K., Van Roy, N., Bossuyt, P., and

J. Biochem.

2T0Z ‘8z Joquieides uoeuly) Jo ABojouyas | pue aousids Jo AlisieAlun e /Blo'sfeulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Diseases Developed by Altered HS Biosynthesis

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Willems, P.J. (1998) Identification of a third EXT-like gene
(EXTL3) belonging to the EXT gene family. Genomics 47,
230-237

Wise, C.A., Clines, G.A., Massa, H., Trask, B.J., and
Lovett, M. (1997) Identification and localization of the
gene for EXTL, a third member of the multiple exostoses
gene family. Genome Res. 7, 10-16

Wuyts, W., Van Hul, W., Hendrickx, J., Speleman, F.,
Wauters, J., De Boulle, K., Van Roy, N., Van Agtmael, T.,
Bossuyt, P., and Willems, P.J. (1997) Identification and
characterization of a novel member of the EXT gene family,
EXTL2. Eur. J. Hum. Genet. 5, 382-389

Mizumoto, S., Uyama, T., Mikami, T., Kitagawa, H., and
Sugahara, K. (2005) Biosynthetic pathways for differ-
ential expression of functional chondroitin sulfate and
heparan sulfate. Handbook of Carbohydrate Engineering
(Yarema, K.J., ed.) pp. 289-324, CRC Press (Taylor &
Francis Group), Boca Raton, FL.

Sugahara, K. and Kitagawa, H. (2000) Recent advances in
the study of the biosynthesis and functions of sulfated
glycosaminoglycans. Curr. Opin. Struct. Biol. 10, 518-527
McCormick, C., Leduc, Y., Martindale, D., Mattison, K.,
Esford, L.E., Dyer, A.P., and Tufaro, F. (1998) The putative
tumour suppressor EXT1 alters the expression of cell-
surface heparan sulfate. Nat. Genet. 19, 158-161

Lind, T., Tufaro, F., McCormick, C., Lindahl, U., and
Lidholt, K. (1998) The putative tumor suppressors EXT1
and EXT2 are glycosyltransferases required for the bio-
synthesis of heparan sulfate. J. Biol. Chem. 273,
26265-26268

Senay, C., Lind, T., Muguruma, K., Tone, Y., Kitagawa, H.,
Sugahara, K., Lidholt, K., Lindahl, U., and Kusche-
Gullberg, M. (2000) The EXT1/EXT2 tumor suppressors:
catalytic activities and role in heparan sulfate biosynthesis.
EMBO Rep. 1, 282-286

McCormick, C., Duncan, G., Goutsos, K.T., and Tufaro, F.
(2000) The putative tumor suppressors EXT1 and EXT2
form a stable complex that accumulates in the Golgi
apparatus and catalyzes the synthesis of heparan sulfate.
Proc. Natl. Acad. Sci. USA 97, 668-673

Kim, B.T., Kitagawa, H., Tanaka, J., Tamura, J., and
Sugahara, K. (2003) In vitro heparan sulfate polymerization:
crucial roles of core protein moieties of primer substrates in
addition to the EXT1-EXT2 interaction. J. Biol. Chem. 278,
41618-41623

Kitagawa, H., Shimakawa, H., and Sugahara, K. (1999)
The tumor suppressor EXT-like gene EXTL2 encodes an
alphal,4-N-acetylhexosaminyltransferase that transfers
N-acetylgalactosamine and N-acetylglucosamine to the
common glycosaminoglycan-protein linkage region. The key
enzyme for the chain initiation of heparan sulfate. J. Biol.
Chem. 274, 13933-13937

Kim, B.T., Kitagawa, H., Tamura, J., Saito, T., Kusche-
Gullberg, M., Lindahl, U., and Sugahara, K. (2001) Human
tumor suppressor EXT gene family members EXTL1 and
EXTLS3 encode alpha 1,4- N-acetylglucosaminyltransferases
that likely are involved in heparan sulfate/heparin biosynth-
esis. Proc. Natl. Acad. Sci. USA 98, 7176-7181

Lidholt, K., Weinke, J.L., Kiser, C.S., Lugemwa, F.N.,
Bame, K.J., Cheifetz, S., Massague, J., Lindahl, U., and
Esko, J.D. (1992) A single mutation affects both
N-acetylglucosaminyltransferase and glucuronosyltransfer-
ase activities in a Chinese hamster ovary cell mutant
defective in heparan sulfate biosynthesis. Proc. Natl. Acad.
Sci. USA 89, 2267-2271

Fritz, T.A., Gabb, M.M., Wei, G., and Esko, J.D. (1994) Two
N-acetylglucosaminyltransferases catalyze the biosynthesis
of heparan sulfate. J. Biol. Chem. 269, 28809-28814
Kobayashi, S., Akiyama, T., Nata, K., Abe, M., Tajima, M.,
Shervani, N.J., Unno, M., Matsuno, S., Sasaki, H.,
Takasawa, S., and Okamoto, H. (2000) Identification of

Vol. 144, No. 1, 2008

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

13

a receptor for reg (regenerating gene) protein, a pancreatic

beta-cell regeneration factor. <J. Biol. Chem. 275,
10723-10726
Nata, K., Ikada, T., Takahashi, I., Noguchi, N.,

Yoshikawa, T., Yamauchi, A., Sugihara, K., Asano, M.,
Unno, M., Takasawa, S., and Okamoto, H. (2006) Targeted
disruption of mouse Reg protein receptor gene causes
impaired pancreatic islet cell replication and embryonic
lethality. IUBMB 565

Lin, X., Wei, G., Shi, Z., Dryer, L., Esko, J.D., Wells, D.E.,
and Matzuk, M.M. (2000) Disruption of gastrulation and
heparan sulfate biosynthesis in EXT'I-deficient mice. Dev.
Biol. 224, 299-311

Stickens, D., Zak, B.M., Rougier, N., Esko, J.D., and
Werb, Z. (2005) Mice deficient in Ext2 lack heparan sulfate
and develop exostoses. Development 132, 5055-5068

Busse, M., Feta, A., Presto, J., Wilen, M., Gronning, M.,
Kjellen, L., and Kusche-Gullberg, M. (2007) Contribution of
EXT1, EXT2, and EXTL3 to heparan sulfate chain elonga-
tion. J. Biol. Chem. 282, 32802-32810

Kitagawa, H., Egusa, N., Tamura, J.I., Kusche-Gullberg, M.,
Lindahl, U., and Sugahara, K. (2001) rib-2, a Caenorhabditis
elegans homolog of the human tumor suppressor EXT genes
encodes a novel alphal,4-N-acetylglucosaminyltransferase
involved in the biosynthetic initiation and elongation of
heparan sulfate. J. Biol. Chem. 276, 4834—-4838

Kitagawa, H., Izumikawa, T., Mizuguchi, S., Dejima, K,
Nomura, K.H., Egusa, N., Taniguchi, F., Tamura, J., Gengyo-
Ando, K., Mitani, S., Nomura, K., and Sugahara, K. (2007)
Expression of rib-1, a Caenorhabditis elegans homolog of the
human tumor suppressor EXT genes, is indispensable for
heparan sulfate synthesis and embryonic morphogenesis.
oJ. Biol. Chem. 282, 8533-8544

Bornemann, D.J., Duncan, J.E., Staatz, W., Selleck, S., and
Warrior, R. (2004) Abrogation of heparan sulfate synthesis
in Drosophila disrupts the Wingless, Hedgehog and
Decapentaplegic signaling pathways. Development 131,
1927-1938

Takei, Y., Ozawa, Y., Sato, M., Watanabe, A., and Tabata, T.
(2004) Three Drosophila EXT genes shape morphogen
gradients through synthesis of heparan sulfate proteogly-
cans. Development 131, 73-82

Han, C., Belenkaya, T.Y., Khodoun, M., Tauchi, M., Lin, X.,
and Lin, X. (2004) Distinct and collaborative roles of
Drosophila EXT family proteins in morphogen signalling
and gradient formation. Development 131, 1563-1575
Izumikawa, T., Egusa, N., Taniguchi, F., Sugahara, K., and
Kitagawa, H. (2006) Heparan sulfate polymerization in
Drosophila. J. Biol. Chem. 281, 1929-1934

Kim, B.T., Kitagawa, H., Tamura Ji, J., Kusche-Gullberg, M.,
Lindahl, U., and Sugahara, K. (2002) Demonstration of a novel
gene DEXT3 of Drosophila melanogaster as the essential
N-acetylglucosamine transferase in the heparan sulfate
biosynthesis: chain initiation and elongation. «J. Biol. Chem.
2717, 13659-13665

Koziel, L., Kunath, M., Kelly, O.G., and Vortkamp, A. (2004)
Extl-dependent heparan sulfate regulates the range of Thh
signaling during endochondral ossification. Dev. Cell 6,
801-813

Yamada, S., Busse, M., Ueno, M. Kelly, O.G.,
Skarnes, W.C., Sugahara, K., and Kusche-Gullberg, M.
(2004) Embryonic fibroblasts with a gene trap mutation in
Extl produce short heparan sulfate chains. J. Biol. Chem.
279, 32134-32141

Inatani, M., Irie, F., Plump, A.S., Tessier-Lavigne, M., and
Yamaguchi, Y. (2003) Mammalian brain morphogenesis and
midline axon guidance require heparan sulfate. Science 302,
1044-1046

Stickens, D., Brown, D., and Evans, G.A. (2000) EXT genes
are differentially expressed in bone and cartilage during
mouse embryogenesis. Dev. Dyn. 218, 452-464

2T0Z ‘8z Joquieides uoeuly) Jo ABojouyas | pue aousids Jo AlisieAlun e /Blo'sfeulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

14

41.

42.

43.

44.

45.

46.

47.

48.

Shimo, T., Gentili, C., Iwamoto, M., Wu, C., Koyama, E.,
and Pacifici, M. (2004) Indian hedgehog and syndecans-3
coregulate chondrocyte proliferation and function during
chick limb skeletogenesis. Dev. Dyn. 229, 607-617

Ropero, S., Setien, F., Espada, J., Fraga, M.F., Herranz, M.,
Asp, J., Benassi, M.S., Franchi, A., Patino, A., Ward, L.S.,
Bovee, dJ., Cigudosa, J.C., Wim, W., and Esteller, M. (2004)
Epigenetic loss of the familial tumor-suppressor gene
exostosin-1 (EXT1) disrupts heparan sulfate synthesis in
cancer cells. Hum. Mol. Genet. 13, 2753-2765

Li, J., Shworak, N.W., and Simons, M. (2002) Increased
responsiveness of hypoxic endothelial cells to FGF2 is
mediated by HIF-lalpha-dependent regulation of enzymes
involved in synthesis of heparan sulfate FGF2-binding sites.
J. Cell Sci. 115, 1951-1959

Reiland, J., Kempf, D., Roy, M., Denkins, Y., and
Marchetti, D. (2006) FGF2 binding, signaling, and angio-
genesis are modulated by heparanase in metastatic mela-
noma cells. Neoplasia 8, 596—606

Fuster, M.M., Wang, L., Castagnola, J., Sikora, L., Reddi, K.,
Lee, P.H., Radek, K.A., Schuksz, M., Bishop, J.R., Gallo, R.L.,
Sriramarao, P., and Esko, J.D. (2007) Genetic alteration of
endothelial heparan sulfate selectively inhibits tumor angio-
genesis. oJ. Cell Biol. 177, 539-549

Verdier, Y., Zarandi, M., and Penke, B. (2004) Amyloid beta-
peptide interactions with neuronal and glial cell plasma
membrane: binding sites and implications for Alzheimer’s
disease. J. Pept. Sci. 10, 229-248

van Horssen, J., Wesseling, P., van den Heuvel, L.P., de
Waal, R.M., and Verbeek, M.M. (2003) Heparan sulphate
proteoglycans in Alzheimer’s disease and amyloid-related
disorders. Lancet Neurol. 2, 482492

Giulian, D., Haverkamp, L.J., Yu, J., Karshin, W., Tom, D.,
Li, J., Kazanskaia, A., Kirkpatrick, J., and Roher, A.E.
(1998) The HHQK domain of beta-amyloid provides

49.

50.

51.

52.

53.

54.

55.

56.

S. Nadanaka and H. Kitagawa

a structural basis for the immunopathology of Alzheimer’s
disease. J. Biol. Chem. 273, 29719-29726

Schulz, J.G., Megow, D., Reszka, R., Villringer, A.,
Einhaupl, K.M., and Dirnagl, U. (1998) Evidence that
glypican is a receptor mediating beta-amyloid neurotoxicity
in PC12 cells. Eur. J. Neurosci. 10, 2085-2093

McLaurin, J., Franklin, T., Zhang, X., Deng, J., and
Fraser, P.E. (1999) Interactions of Alzheimer amyloid-beta
peptides with glycosaminoglycans effects on fibril nucleation
and growth. Eur. J. Biochem. 266, 1101-1110

Tivonen, S., Helisalmi, S., Mannermaa, A., Alafuzoff, I.,
Lehtovirta, M., Soininen, H., and Hiltunen, M. (2003)
Heparan sulfate proteoglycan 2 polymorphism in
Alzheimer’s disease and correlation with neuropathology.
Neurosci. Lett. 352, 146-150

Li, J.P., Galvis, M.L., Gong, F., Zhang, X., Zcharia, E.,
Metzger, S., Vlodavsky, 1., Kisilevsky, R., and Lindahl, U.
(2005) In vivo fragmentation of heparan sulfate by hepar-
anase overexpression renders mice resistant to amyloid
protein A amyloidosis. Proc. Natl. Acad. Sci. USA 102,
6473-6477

Kisilevsky, R., Szarek, W.A., Ancsin, J., Bhat, S., Li, Z., and
Marone, S. (2003) Novel glycosaminoglycan precursors
as anti-amyloid agents, part III. J. Mol. Neurosci. 20,
291-297

Kahle, P.J. and Haass, C. (2004) How does parkin ligate
ubiquitin to Parkinson’s disease? EMBO Rep. 5, 681-685
Liu, LH., Uversky, V.N., Munishkina, L.A., Fink, A.L.,
Halfter, W., and Cole, G.J. (2005) Agrin binds alpha-
synuclein and modulates alpha-synuclein fibrillation.
Glycobiology 15, 1320-1331

Rohlmann, A., Gotthardt, M., Hammer, R.E., and Herz, J.
(1998) Inducible inactivation of hepatic LRP gene by cre-
mediated recombination confirms role of LRP in clearance of
chylomicron remnants. J. Clin. Invest. 101, 689-695

J. Biochem.

2T0Z ‘8z Joquieides uoeuly) Jo ABojouyas | pue aousids Jo AlisieAlun e /Blo'sfeulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

