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Heparan sulphate (HS) is a long, linear polysaccharide, which has a basic backbone of -β1-4GlcA-
α1-4GlcNAc- units. The involvement of HS in many steps of tumourigenesis, including growth and
angiogenesis, makes it an appealing target for cancer therapy. To target the biosynthesis of HS by
interfering with its chain elongation, a 4-deoxy analogue of N-acetyl-D-glucosamine (4-deoxy-
GlcNAc) was synthesized. Using immunocytochemistry and agarose gel electrophoresis it was
shown that incubation with the 4-deoxysugar resulted in a dose dependent reduction of HS
expression of MV3 melanoma cells, 1 mM resulting in an almost nullified HS expression. The
parent sugar GlcNAc had no effect. 4-deoxysugar treated cells were viable and proliferated at the
same rate as control cells. Other glycan structures appeared to be only mildly affected, as staining
by various lectins was generally not or only modestly inhibited. At 1 mM of the 4-deoxysugar, the

capacity of cells to bind the HS-dependent pro-angiogenic growth factors FGF-2 and VEGF was
greatly compromised. Using an in vitro angiogenesis assay, 4-deoxysugar treated endothelial cells
showed a sharp reduction of FGF-2-induced sprout formation. Combined, these data indicate that
an inexpensive, easily synthesized, water-soluble monosaccharide analogue can interfere with HS
expression and pro-angiogenic growth factor binding.

© 2010 Elsevier Inc. All rights reserved.
Keywords:

Glycosaminoglycan
Heparan sulfate
Deoxysugar
N-acetyl-D-glucosamine
Growth Factor Binding

Angiogenesis
Introduction

Glycosaminoglycans (GAGs) are long, linear, and strongly nega-
tively charged polysaccharides, generally bound to a core protein
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(forming proteoglycans) and present at the cell surface and in the
extracellular matrix. Different GAG family members are distin-
guished on the basis of their structural backbone and include
heparin/heparan sulphate (HS), chondroitin/dermatan sulphate
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(CS/DS), keratan sulphate and hyaluronan. HS consists of about a
hundred repeating disaccharides and its backbone structure is
composed of an uronic acid and N-acetyl-D-glucosamine (GlcNAc).
This backbone is extensively modified by a number of biosynthetic
reactions including N-deacetylation and N-sulphation, epimeriza-
tion of glucuronic acid (GlcA) to iduronic acid (IdoA), and various
O-sulphations [1]. Extracellularly, HS can be further edited by
removal of sulphate groups [2]. Specific modifications, especially
the degree and position of sulphation, are involved in the
biological activity of HS. It is becoming increasingly clear that HS
is a regulatory polysaccharide [3], interacting with a variety of
proteins, including growth factors and their receptors [4].

HS is involved in many aspects of tumourigenesis including
growth, invasion, angiogenesis and metastasis [5]. This involve-
ment is in line with its capacity to bind, store and modulate many
effector molecules including pro-angiogenic factors such as
fibroblast growth factor-2 (FGF-2) [6] and vascular endothelial
growth factor (VEGF) [7]. Tumour cells and tissues are generally
associated with altered levels of HS and changed degrees of
sulphation. Metastatic melanoma cells, for example, express high
levels of the HS proteoglycan (HSPG) perlecan [8], and inhibition
of perlecan reduces melanoma formation [9]. Furthermore, the
Fig. 1 – Structure and proposed working mechanism of 4-deoxy-GlcN
analogue 4-deoxy-GlcNAc. Note that the 4-OH group of GlcNAc is repla
the arrow). (B) Proposed working mechanism of 4-deoxy-GlcNAc. Af
incorporated in growing heparan sulphate (HS) chains (step I). If cells
also be incorporated into the growing HS chain (step II). This will res
group (indicated by the arrow) needed for the subsequent attachme
HSPGs syndecan-1 [10,11] and glypican-1 [12] are essential for
tumourigenesis in mice. In addition to the quantitative aspect,
qualitative aspects play an important role in tumourigenesis,
especially the degree and position of sulphation. For example,
extracellular sulphatases, which remove 6-O-sulphation from HS,
have been reported to be negative [13,14] as well as positive [15]
regulators of tumourigenesis. We previously showed upregulation
of specific sulphated GAG domains in melanoma [16] and ovarian
cancer [17]. Also downregulation of specific domains was noted in
metastatic melanoma [18].

The involvement of HS at different steps in tumour formation
makes HS an appealing target for cancer therapy [19]. Generally,
HS in tumours has been targeted by degradation using specific
enzymes (e.g. bacterial heparinases [20]) or by using HS
mimetics such as PI-88 [21] and suramin [22]. In this study, we
do not focus on interference with existing HS chains, but rather
focus on the inhibition of the formation of new HS chains. For this,
we used the principle of deoxysugars, as probed by us [23] and by
others [24–28]. A 4-deoxy analogue of GlcNAc, 4-deoxy-GlcNAc
(Fig. 1A), was synthesized in order to target the biosynthesis of HS.
Incorporation of the monosaccharide analogue may result in HS
chain truncation (acting as a chain stopper), since the 4-OH group
Ac. (A) Structure of N-acetyl-D-glucosamine (GlcNAc) and its
ced by a hydrogen group in case of 4-deoxy-GlcNAc (indicated by
ter UDP-activation, glucuronic acid (GlcA) and GlcNAc are
are cultured in the presence of 4-deoxy-GlcNAc this analogue can
ult in chain termination, since the 4-deoxysugar lacks the 4-OH
nt of GlcA (step III).
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is required for subsequent attachment of GlcA to continue chain
elongation (Fig. 1B). Here, we show that 4-deoxy-GlcNAc dose
dependently inhibits HS expression in melanoma cells, prevents
growth factor binding, and inhibits sprouting of endothelial cells.
Materials and methods

Antibodies, lectins, enzymes and monosaccharides

N-acetyl-D-glucosamine (A3286), chondroitinase ABC from Proteus
vulgaris (C3667), papain from Papaya latex (P3125), the rabbit
polyclonal anti-FGF-2 antibody (F3393; reactive with rat, human
and bovine FGF-2) were purchased from Sigma-Aldrich (St Louis,
MO, USA). The biotinylated lectins, AAL (Aleuria aurantia), ConA
(Canavalia ensiformis), DSA (Datura stramonium), GNA (Galanthus
nivalis), LCA (Lens culinaris), PNA (Arachis hypogaea), RCA-I
(Ricinus communis), SBA (Glycine max), VVA (Vicia villosa) and
WGA (Triticum vulgaris) were from Vector Laboratories (Burlin-
game, CA, USA). Heparinase III from Flavobacterium heparinumwas
purchased from IBEX Pharmaceuticals Inc. (Montreal, Quebec,
Canada), goat anti-rat VEGF164 (AF564; IgG fraction) from R&D
systems (Minneapolis, MN, USA) and mouse mAb anti-HS stub
(3G10; IgG2b) from Seikagaku corporation (Tokyo, Japan).

Synthesis of 4-deoxy-GlcNAc

Synthesis of the 4-deoxy analogue of N-acetyl-D-glucosamine was
achieved in a straightforward route from inexpensive N-acetyl-D-
glucosamine bymodification of a knownprocedure [24] (Scheme1).
For an overview of the reagents and conditions used, see legend of
Scheme 1. First, Fischer glycosidation in benzyl alcohol gave, after
crystallization from diethylether, the anomerically pure α-benzyl
glycoside 1 [29] (42% yield). Dual esterification of both the 3-OH and
6-OH with a sterically bulky pivaloyl group led to compound 2 in
excellent yield (91%), leaving the 4-OH selectively free for
deoxygenation. The latter transformation was effected according to
the two-step Barton-McCombie protocol [24,30], involving alcohol-
Scheme 1 – Synthesis of 4-deoxy-GlcNAc (compound 5).
Synthesis according to Berkin et al. [24] with minor changes.
Reagents and conditions used: i: BnOH, AcCl, 4 h, 75 °C;
ii: DCM/pyridine (4:3), 2.5 equiv. PivCl, 2 h, 0 °C; iii: a) DCE, 2
equiv. TCDI, 18 h, reflux, b) toluene, 2.5 equiv. Bu3SnH, 1.0
equiv. DMAP, cat. AIBN, 18 h, reflux; iv: MeOH, NaOt-Bu (0.5 M),
3 h, 60 °C; v: MeOH, cat. 10% Pd-C, 3 atm., 3 days, rt, (α/β=1:1).
For further information see text. Atm.: atmosphere, cat.:
catalytic, equiv.: equivalent, rt: room temperature.
to-thionocarbamate conversion, followed by radical treatment in the
presence of Bu3SnH (86% yield for the 2 steps). Subsequent
deprotection of esters under Zemplén conditions (3→4, 68% yield)
and debenzylation by hydrogenolysis with 5% Pd-C (100% yield)
gave the desired 4-deoxy derivative of GlcNAc 5 (2-acetamido-2,4-
dideoxy-D-xylo-hexopyranose). A stock solution of 0.5 M in milli-Q
of compound 5, referred to as 4-deoxy-GlcNAc,wasmade and stored
at−80 °C.

Cell culture

The highly metastatic human MV3 melanoma cell line [31] was
generously provided by Dr. G. van Muijen (Radboud University
Nijmegen Medical Centre (RUNMC), Nijmegen, The Netherlands).
MV3 cells were cultured in DMEM medium containing glutamax
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% foetal
bovine serum (PAA, Pasching, Austria). Cultures were passaged
twice a week and incubated at 37 °C in the presence of 5% CO2. For
immunofluorescence analysis, MV3 cells were seeded on 10-well
7 mm microscope slides (1.5×103 cells/well; Thermo Scientific,
Waltham,MA,USA). For GAG isolation, approximately 0.5×106MV3
cells were seeded in a T175 tissue culture flask. After 24 h (cell
confluency around30%),mediumwas supplementedwithGlcNAcor
4-deoxy-GlcNAc at various concentrations ranging from 0.13 to
10 mM. After 3 days, cells were fixed with cold methanol and air-
dried (immunofluorescence) or washed with PBS for GAG isolation.

Immunofluorescence assays

For detection of HS, cells were incubatedwith the VSV-tag containing,
single chain variable fragment (ScFv) anti-HS antibodies AO4B08 [32],
HS4C3 [33] and RB4EA12 [32]. Next, cells were incubatedwithmouse
anti-VSV IgG, followed by Alexa488 fluorochrome conjugated anti-
mouse IgG antibody (1:200; Invitrogen). For staining of other glycans,
biotinylated lectins were used. Cells were first incubated with avidin-
biotin blocking solution (Vector Laboratories), followed by lectins
(1:200 - 1:1000), and Alexa488 fluorochrome conjugated streptavidin
(1:1000; Invitrogen). To establish FGF-2/VEGF binding capacity, cells
were incubated with 5 µg recombinant rat (rr) FGF-2/ml or 10 µg
rrVEGF164/ml [34]. Bound FGF-2/VEGF was detected by anti-FGF-2
(1:250)/anti-VEGF164 (1:25) antibodies and Alexa488 fluorochrome
conjugated anti-rabbit/anti-goat IgG antibodies (1:200; Invitrogen),
respectively. Finally, cellswere dehydratedwith ethanol andmounted
inmowiol. As a control, primaryantibodieswereomitted. Imageswere
captured using a Leica-CTR6000 microscope.

Glycosaminoglycan isolation

After washing with PBS, cells were detached by 2.5 U papain/ml
digestion buffer (50 mM sodium phosphate, 2 mM cysteine, 2 mM
EDTA, pH 6.5) for 30 min at 37 °C and further digested for 16 hours
at 65 °C. To precipitate proteins, trichloroacetic acid (TCA) was
added to a final concentration of 15% (v/v) and samples were put
on ice for 30 min. To remove the precipitated proteins, samples
were centrifuged at 10,000g for 30 min at 4 °C. The supernatant
containing the GAGs was diluted five times to reduce the
concentration of salt and subjected to diethylaminoethyl (DEAE)
sepharose (GE Healthcare, Chalfont St. Giles) columns. GAGs were
eluted with 2 M NaCl in 10 mM Tris (pH 6.8) and precipitated by
addition of five volumes methanol (incubation overnight -20 °C).
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GAGswere pelleted by centrifugation at 10,000g for 30 min at 4 °C,
air-dried, dissolved in milli-Q and stored at 4 °C.

Agarose gel electrophoresis

Agarose gel electrophoresis was basically performed as described
earlier [35]. In short, isolated GAGswere separated using 1% agarose
(w/v) in 50 mM Ba(Ac)2 buffer (pH 5.0). After electrophoresis
(30 mA/gel, 50 min), gels were fixed and stained with 0.1% (w/v)
cationic dye azure A, destained with 10 mM NaAc buffer (pH 5.5)
and washed in milli-Q. GAGs were visualized by silver staining.

Enzymatic glycosaminoglycan digestion

Cells or isolated HS, were digested with 0.04 or 0.02 IU heparinase
III/ml 50 mM NaAc/50 mM Ca(Ac)2 buffer (pH 7.5), respectively,
overnight at 37 °C. Heparinase III digestion on fixed cells was
evaluated with antibody 3G10, which recognizes HS stubs resulting
after heparinase digestion, and anti-HS antibodies. Chondroitin
sulphate and dermatan sulphate were digested overnight at 37 °C
with 1 IU chondroitinase ABC/ml 25 mM Tris/2 mMMg(Ac)2 (pH
8.0). As control, cells or isolatedGAGswere incubatedwith digestion
buffer only.

WST-1 cell proliferation assay

To assess cell proliferation 1.5×103 cells/well were seeded into
96-wells plates. After 24 h, GlcNAc or 4-deoxy-GlcNAc was added
to the medium at a final concentration of 1 mM. WST-1, a
tetrazolium salt, was added according to the protocol provided
by the manufacturer (Roche Diagnostics, Mannheim, Germany).
The absorbance at 450 nm, corresponding to the number of
metabolically active cells, was measured 30 min after WST-1
addition by a microtiter plate reader at 1, 2, 3, 4 or 5 days after the
addition of GlcNAc or 4-deoxy-GlcNAc.

Endothelial cell sprouting assay

Sprouting of endothelial cells was studied with the use of cytodex-3
beads overgrown with endothelial cells in a three-dimensional gel
and performed as described earlier [36]. After gel-formation,
medium containing 20 ng FGF-2/ml with or without 1 mM GlcNAc
or 1 mM 4-deoxy-GlcNAc was applied on top of the gel. After 24 h,
photographs were made.

Statistics

Data are presented as mean with standard deviation. Sprouting
assay data were analyzed using a two-tailed Student's t-test, with
P<0.05 considered as significant. All statistical analyses were
performed in GraphPad Prism 5.0 (GraphPad, San Diego, CA, USA).
Results

4-deoxy-GlcNAc inhibits HS expression

The melanoma cell line MV3 was used to determine the effect of
4-deoxy-GlcNAc on HS expression. MV3 cells were cultured in
the presence of various concentrations of the 4-deoxysugar and
HS expression was analysed by agarose gel electrophoresis
(Fig. 2A). Without addition of the 4-deoxysugar, HS and CS were
the main glycosaminoglycans produced by MV3 melanoma cells.
The HS bandwas sensitive to heparinase III treatment, whereas the
CS band was abolished by chondroitinase ABC treatment, indicat-
ing the HS and CS nature of the respective bands (Fig. 2B). Addition
of the 4-deoxysugar resulted in a dose dependent reduction of HS
expression (Fig. 2A). At a concentration of 1 mM, the HS band was
not detectable anymore. Therefore, this concentrationwas used for
further studies. In addition to HS, CS band intensity was affected by
the 4-deoxysugar, possibly by interference with 4-O-sulphation of
CS (see discussion). Addition of 1 mM of the parent sugar GlcNAc
had no effect on the amount or type of glycosaminoglycans
produced by MV3 melanoma cells.

The reduction of HS by 4-deoxy-GlcNAc was further substan-
tiated by immunocytochemistry using anti-HS antibodies (Fig. 2C).
At a concentration of 1 mM 4-deoxy-GlcNAc no staining was
observed in cultures of MV3melanoma cells, in contrast to clear HS
staining in cultures without 4-deoxy-GlcNAc or with 1 mM
GlcNAc. No major changes in cellular morphology were observed.
Similar results were obtained with Mel57 melanoma cells, SKOV-3
ovarian carcinoma cells and HFL-1 lung fibroblasts (data not
shown).

Effect of 4-deoxy-GlcNAc on cell proliferation

To determine the effect on cell proliferation and viability, cells
were cultured for up to 5 days in the presence of the 4-deoxysugar.
On each day, the amount of metabolically active cells was
established by the WST-1 assay (Fig. 3). Cells incubated with the
4-deoxysugar remained viable and proliferated at the same rate as
untreated or GlcNAc treated cells. Comparable results were found
with Mel57 melanoma cells, SKOV-3 ovarian carcinoma cells and
HFL-1 lung fibroblasts (data not shown).

Effect of 4-deoxy-GlcNAc on lectin-positive glycans

To assess the effect of 4-deoxy-GlcNAc on other glycan structures,
cells were stained with various lectins (Fig. 4 and Table 1). For most
of the lectins (6outof 10), staining remained largely unaffected. Four
lectins showed a moderate reduction of staining, and they included
the polyLacNAc recognizing lectin DSA and the O-glycan associated
lectins PNA, SBA and VVA. Out of these four, staining by DSA seemed
most affected. Staining for the latter three was quite similar andwas
found predominantly intracellular, presumably in the Golgi appara-
tus. Staining of WGA and the N-glycan associated lectins ConA, GNA
and RCA-I appeared not affected by 4-deoxysugar treatment, or
seemed slightly elevated in case of LCA and AAL.

4-deoxy-GlcNAc inhibits growth factor binding

HS is able to bind several growth factors, including FGF-2 [6] and
VEGF [7]. Therefore, it was tested whether the binding of FGF-2
and VEGF to HS was impaired in 4-deoxysugar treated cells. As
endogenously bound FGF-2 and VEGF could not be detected, cells
were incubated with FGF-2 or VEGF and subsequently stained for
bound growth factors using anti-FGF-2 or anti-VEGF antibodies
(Fig. 5). 4-deoxysugar treated cells showed a pronounced decrease
in bound FGF-2 and VEGF, compared to control and GlcNAc treated
cells. Furthermore, the importance of HS for growth factor binding



Fig. 2 – 4-deoxy-GlcNAc strongly reduces HS expression. MV3 melanoma cells were cultured for 3 days with or without 0.13–1 mM
(A)/1 mM (B and C) 4-deoxy-GlcNAc or with 1 mM GlcNAc. Hereafter, cells were (A and B) analyzed for GAGs using agarose gel
electrophoresis and a combined azure A-silver staining procedure; (C) stained for HS using antibody AO4B08 (scale bar=100 µm);
same results were observed for the antibodies HS4C3 and RB4EA12, which recognize different HS epitopes (data not shown). HepIII:
heparinase III, Ch.ABC: Chondroitinase ABC, HS: heparan sulphate, CS: chondroitin sulphate, DS: dermatan sulphate.
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was confirmed as binding of FGF-2 and VEGF to heparinase III
digested control cells was strongly reduced (Fig. 5).

4-deoxy-GlcNAc inhibits endothelial cell sprouting

FGF-2 is an important player in the cascade of angiogenesis [37].
SinceHS can bind this growth factor and can regulate its signalling, it
Fig. 3 – The effect of 4-deoxy-GlcNAc on cell proliferation.
MV3 melanoma cells were cultured for several days with or
without 1 mM GlcNAc or 1 mM 4-deoxy-GlcNAc, and the
amount of metabolically active cells was measured on each day
by the WST-1 cell proliferation assay. The absorbance of
formazan (the cleavage-product of WST-1), which increases
proportionally to the number of viable cells, was measured
30 min after addition ofWST-1 at 450 nm. Data are expressed as
mean±SD (n=5).
was testedwhether the 4-deoxysugar has the ability to inhibit FGF-2
dependent sprouting of endothelial cells in an in vitro angiogenesis
assay (Fig. 6). Endothelial cells were cultured on the surface of beads
and embedded in a three-dimensional collagen gel and sprouting
was induced by FGF-2. In the presence of 4-deoxy-GlcNAc sprouting
of endothelial cells was strongly inhibited as compared to control
and GlcNAc treated cells (Fig. 6A). Quantification of these results
showed that the 4-deoxysugar significantly inhibited sprouting by
75%as compared to the control (Fig. 6B). SproutingofGlcNAc treated
cells did not significantly differ from control.
Discussion

It is becoming increasingly clear that the amount and the fine
structure of glycosaminoglycans are important determinants in
tumourigenesis. Especially HS is a key player by regulating tumour
cell proliferation, angiogenesis, invasion and metastasis [5]. A
central aspect is the function of HS chains as co-receptors for
growth factors, including FGF-2 and VEGF [6,7]. By this involve-
ment, HS serves as a good target for cancer therapy. Most
strategies to reduce/eliminate HS in tumours are based on either
digestion of the HS by enzymatic treatment, or by interference of
the activity of HS by administration of HS mimetics. Some agents
interfering with HS function have already entered clinical trials,
e.g. PI-88 [38].

An alternative route to decrease HS is by targeting its
biosynthesis. There are a number of strategies which can be
applied including interference with biosynthetic enzymes such as
EXT1/EXT2 polymerizing enzymes [39,40], and modifying
enzymes, such as N-deacetylase/N-sulphotransferase-1 (NDST-1)
[41], 6-O-sulphotransferase-1 [42] and 6-O-endosulphatase hSulf-1



Fig. 4 – The effect of 4-deoxy-GlcNAc on staining of the lectins DSA and RCA-I (also see Table 1). MV3 melanoma cells were cultured
for 3 days with or without 1 mMGlcNAc or 1 mM 4-deoxy-GlcNAc, fixed and stained with various lectins. Shown here is the staining
by the lectins RCA-I (from Ricinus communis) and DSA (from Datura stramonium). Staining by RCA-I is predominantly found at the
cell surface, whereas staining by DSA is also found intracellular (probably in the Golgi-apparatus). For further information see
Table 1. Scale bar=100 µm.

Table 1 – The effect of 4-deoxy-GlcNAc on staining by lectins
of MV3 melanoma cells.

Lectin Binding specificity a Control GlcNAc 4-deoxy-
GlcNAc

AAL α1-2/3/6 linked Fuc to
Gal/GlcNAc

++ i s ++ ++b

ConA αMan (oligomannose,
hybrid and biantennary
complex N-glycans)

+++ i s +++ +++

DSA (-β1-3Galβ1-4GlcNAc-)n
(PolyLacNac; N- and
O-glycans)

++ i s ++ ↓

GNA Terminal α1-3Man
(oligomannose N-glycans)

+++ i +++ +++

LCA Fucosylated core region of
bi- and triantennary
complex N-glycans

++ i s ++ ++b

PNA Galβ1-3GalNAcα-R (O-
glycans)

+ i + ↓

RCA-I Terminal βGal (N-glycans) +++ s +++ +++
SBA GalNAcα/β-R (O-glycans) + i + ↓
VVA GalNAcα-R (O-glycans) ++ i ++ ↓
WGA GlcNAcβ-R, Neu5Acα-R

(O- and N-glycans)
++ s ++ ++

MV3 melanoma cells were cultured for 3 days with or without 1 mM
4-deoxy-GlcNAc, or with 1 mMGlcNAc, and stainedwith various lectins.
a Binding specificities are from [50,51]. Where possible, it is indicated
whether these structures are found on N- and/or O-linked glycans.
+++ strong; ++ moderate; + weak staining.
b Slight increase; ↓ modest decrease compared to staining of control
and GlcNAc treated cells. Staining found i: intracellular (presumably
Golgi); s: at the cell surface.
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[13]. As an alternative to such approaches, we probed a monosaccha-
ride analogue (4-deoxy-GlcNAc) for its capacity to inhibit HS
expression. The rationale of this strategy is thatwhen cells incorporate
the 4-deoxysugar into HS chains, the formation of a glycosidic bond
between the1-OHgroupofGlcA and the4-OHgroupofGlcNAcwill be
prevented, thereby stopping chain elongation. A similar approach has
been used by us and others [23–28] and the 4-deoxysugar has been
reported to inhibit HS biosynthesis of rat fibroblasts (RFL-6) [23],
hepatocytes [24–26], islets of Langerhans and ß-TC3 cells [27], and
cells of the central nervous system [28]. Kisilevsky et al. [25] have
found that incorporation of the 4-deoxysugar resulted in truncatedHS
chains in vitro and inhibition of amyloidogenesis in vivo, with no
apparent toxicity. In thepresent study,we foundastronglydiminished
HS expression as a result of 4-deoxy-GlcNAc treatment, as shown by
HS immunocytochemistry andagarosegel electrophoresis. In addition,
binding of pro-angiogenic growth factors was inhibited, as was FGF-2
dependent endothelial sprouting.

As GlcNAc is not only incorporated into HS, it is likely that the
4-deoxysugar may also affect other glycosaminoglycans (e.g.
hyaluronan, keratan sulphate), and/or N- and O-linked glycan
containing glycoproteins. We did observe a reduction in staining
for chondroitin sulphate. Since 4-deoxy-GlcNAc lacks the hydroxyl
group which distinguishes between GlcNAc and N-acetyl-D-galac-
tosamine (GalNAc), it is not unlikely that the 4-deoxysugar also
affects the GalNAc containing CS/DS chains. If the 4-deoxysugar is
incorporated into CS/DS it may result in an inhibition of 4-O
sulphation. Alternatively, it may inhibit epimerase activity required
for the formation of UDP-GalNAc out of UDP-GlcNAc, as previously
suggested for a peracetylated 4-fluoro analogue of GlcNAc [43].
Unexpectedly, staining with lectins was not or only mildly affected,
in sharp contrast to the strong effect on HS. Out of the ten lectins



Fig. 5 – 4-deoxy-GlcNAc strongly reduces binding of FGF-2 and VEGF. MV3 cells treated with or without 1 mM GlcNAc or 1 mM
4-deoxy-GlcNAc were fixed, incubated with and stained for FGF-2 or VEGF164. In the case of 4-deoxy-GlcNAc treated cells, a strongly
reduced staining for both growth factors was observed. Removal of HS by heparinase III (HepIII) also results in strong reduction of
growth factor staining. Scale bar=100 µm.
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tested, staining by DSA appeared to be affected the most, which
might be explained by the fact that N-acetyllactosamine (LacNAc)
units (-β1-3Galβ1-4GlcNAc-), as recognized by DSA, contain
multiple 4-GlcNAc linkages.

Reduction of HS by the 4-deoxysugar was associated with a
reduced capability of cells to bind the HS-dependent growth
factors FGF-2 and VEGF. Sprouting of endothelial cells in response
to FGF-2 was strongly reduced. For efficient signalling, FGF-2 as
well as its cognate receptor have to bind to HS [44,45], and FGF-2
induced sprouting of endothelial cells has been reported to be
strongly decreased by heparinase III treatment [41]. Furthermore,
angiogenic sprouting in response to VEGF is dependent on HS, as
treatment with a combination of heparinase I, II and III markedly
decreased the number of angiogenic sprouts induced by VEGF [46].
It was observed that heparinase I and III inhibited neovascularisa-
tion in an in vivo chicken chorio-allantoic membrane angiogenesis
assay [47]. Combined, these data indicate that reduction of HS
results in an inhibition of angiogenic events.

Next to the effect of quantitative reduction of HS, changes in HS
fine structures may also result in altered growth factor binding.
Although not tested here, the deoxysugar approach allows such a
strategy e.g. by application of deoxysugars lacking a specific



Fig. 6 – 4-deoxy-GlcNAc inhibits the sprouting of endothelial
cells. (A) Sprouting of bovine microvascular endothelial cells
cultured on gelatin-coated beads in a collagen gel was induced
by FGF-2. Sprouting was strongly affected by addition of 1 mM
4-deoxy-GlcNAc. Scale bar=100 µm. (B) Quantification of
sprouting was performed by NIH image software. Data are
expressed as arbitrary units (a.u.) and are shown as mean with
SD (n=3 or 4). Representative data of one of two separate
experiments is shown. *P<0.005 compared to control or
GlcNAc, using the Student's t-test.

2511E X P E R I M E N T A L C E L L R E S E A R C H 3 1 6 ( 2 0 1 0 ) 2 5 0 4 – 2 5 1 2
hydroxyl group involved in O-sulphations. Binding of FGF-2 to HS
is dependent on N-sulphated glucosamine units and one IdoA2S
unit [48]. For interaction with its cognate receptor and down-
stream signalling additional 6-O-sulphation is required [45].
Binding of dimeric VEGF to HS depends on two highly sulphated
domains, in which 6-O-sulphation appears particularly important,
both domains linked by a less sulphated domain [49]. An example of
fine structure alteration resulting in reduced growth factor binding,
is the endothelium specific knock out of NDST-1 in mice [41].
Endothelial cells showed a reduced binding capacity for FGF-2 and
VEGF, whereas endothelial cell sprouting in response to these
growth factors was markedly reduced [41]. The dependency on
sulphation motifs provides options for a more specific inhibition of
growth factor binding. Current research focuses on novel deoxysu-
gars aimed at blocking specific sulphation sites.

In conclusion, we have shown that an inexpensive, easily
synthesized, water-soluble monosaccharide analogue can inter-
fere with HS expression and pro-angiogenic growth factor binding.
Further research will focus on the effect of the 4-deoxysugar on
tumour formation in vivo.
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