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ABSTRACT
Basic fibroblast growth factor (FGF-2) activates its high-affinity
receptors (FGFRs) but also acts through interaction with hepa-
ran sulfate proteoglycans (HSPG). Exogenous polysaccharides
also modulate the angiogenic activity of FGF-2. We investi-
gated the effect and mechanism of action of a low molecular
weight fucoidan derivative (LMWF) on tube formation by human
endothelial cells. LMWF has a better arterial antithrombotic
potential in animals than low molecular weight heparin (LMWH).
After stimulation of human umbilical vein endothelial cells
(HUVEC) by FGF-2 and LMWF (or LMWH), we observed 1)
using flow cytometry, an increase in the amount of the �6
integrin subunit; 2) using quantitative reverse transcription-
polymerase chain reaction, an increase in �6 mRNA (higher
with LMWF than with LMWH); and 3) using a Matrigel model, an
increase in vascular tube formation (also higher with LMWF

than with LMWH). A direct link between �6 overexpression and
vascular tube formation was confirmed by use of an anti-�6
antibody: in its presence, there was no capillary network for-
mation on Matrigel. Unexpectedly, an anti-FGFR blocking an-
tibody had no effect on �6 over-expression, whereas stripping
off the heparan sulfate with heparitinases abolished overex-
pression. Overall, our data suggest that FGF-2 stimulates �6
over-expression in HUVEC, through HSPG but independently
from FGFR, and that LMWF (or LMWH) modulates this interac-
tion. Expression of heparan sulfate proteoglycan increases af-
ter ischemic injury. Given its antithrombotic properties and its
ability to potentiate tube formation of endothelial cells, LMWF
may have to be considered for revascularization of ischemic
areas.

Development of appropriate strategies to induce neovascu-
larization after vessel wall injury (ischemia, angioplasty) is
at the forefront of biomedical research. Models that mimic
angiogenesis, however, are still needed to identify mecha-
nisms and to provide tools allowing assessment of the efficacy
of interfering compounds.

Basic fibroblast growth factor (FGF-2) is a member of the
heparin-binding growth-factors family. It is involved in the
control of cell growth, survival, and differentiation. Physio-
logical processes using FGF-2 include tissue wound repair
and neovascularization. In vivo models support the idea that
FGF-2 induces neovascularization (Ribatti et al., 1995) and
growth of new blood vessels after vascular injury (Yanagi-
sawa-Miwa et al., 1992). In vitro models confirm that FGF-2
induces endothelial cell proliferation and migration and al-

ters expression and/or activation of integrins (Moscatelli et
al., 1986; Klein et al., 1993). The biological functions of
FGF-2 are mediated through interactions with high- and
low-affinity cell surface receptors. High-affinity FGF-2 recep-
tors (FGFRs) have typical intracellular tyrosine-kinase activ-
ity (Fantl et al., 1993); low-affinity FGF-2 receptors involve
the polysaccharides carried by heparan sulfate proteoglycans
(HSPG) (Rifkin and Moscatelli, 1989; Rosenberg et al., 1997).
Undoubtedly, the angiogenic effect of FGF-2 on vascular
endothelial cells is mediated in part through modulation of
its integrin-dependent adhesion (Diamond and Springer,
1994). Succinctly stated, high levels of �6 subunit are essen-
tial for the FGF-2–induced tubular morphogenesis of human
umbilical vein endothelial cells (HUVEC) (Bauer et al., 1992;
Matou et al., 2002). High levels of �6 subunit also seem to be

ABBREVIATIONS: FGF-2, basic fibroblast growth factor; FGFR, fibroblast growth factor receptor; HSPG, heparan sulfate proteoglycans; HUVEC,
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RT-PCR, reverse transcription-polymerase chain reaction; Ct, cycle threshold.
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associated with tumor cells in prostate cancer as well as
hepatocarcinomas (Rabinovitz et al., 1995; Carloni et al.,
1998). The �6 subunit combines with the �1 subunit to form
the laminin receptor, one of the main constituents of the
basal membrane. Other integrins, such as �v�3, also seem to
play a crucial role in the acquisition of angiogenic properties
by endothelial cells (Yeh et al., 1999). Heparan sulfates, on
the other hand, protect FGF-2 from proteolysis and degrada-
tion (Saksela et al., 1988), thus serving as reservoirs that
release FGF-2 upon proteoglycan degradation. HSPG also
promote FGF-2 binding to FGFR and its subsequent activa-
tion (Yayon et al., 1991). In addition to this FGFR-mediated
pathway, HSPG induce internalization of FGF-2 in Chinese
hamster ovary cells, as reported by Rhogani and Moscatelli
(1992). Thus, the function of FGF-2 on endothelial cells de-
pends in part upon the availability of extracellular glycos-
aminoglycans, suggesting that exogenous polysaccharides
could modulate the angiogenic response. Indeed, unfraction-
ated heparin (Yayon et al., 1991), as well as heparin-mim-
icking compounds such as synthetic sulfonic acid polymers
(Liekens et al., 1999), sulfated dextrin (Thornton et al.,
1999), suramin analogs (Firsching et al., 1995), pentosan
polysulfate (Zugmaier et al., 1992), and sulfated chitin deri-
vates (Murata et al., 1991), inhibit the proangiogenic activity
of FGF-2. Overall, unfractionated heparin and mimicking
compounds seem to act by competition with HSPG for the
binding of FGF-2, thus hampering formation of the HSPG/
FGF-2/FGFR ternary complex.

Fucoidans are high molecular weight sulfated polysaccha-
rides of marine plant origin (brown seaweed Ascophyllum
nodosum). Reduced into low molecular weight fractions, fu-
coidans are suitable for in vivo experiments. In a previous
study (Matou et al., 2002), we reported that, in contrast to
unfractionated heparin, a 16-kDa fucoidan subfraction al-
lows HUVEC to differentiate upon addition of FGF-2. In this
article, we compared the effect of a 4-kDa fucoidan subfrac-
tion (LMWF) with that of a 5-kDa low molecular mass hep-
arin (LMWH) on the FGF-2–induced tube formation of
HUVEC. To this end, we have quantified the influence of
these polysaccharides on the expression of �6 and �1 integrin
subunits. We first demonstrated that LMWF and LMWH
potentiated, through overexpression of the �6 integrin, the
FGF-2–induced tubular morphogenesis. To further identify
the mechanism of LMWF and LMWH modulation, we eval-
uated the contribution of HSPG and FGFR on �6 overexpres-
sion. Over-expression was abolished by heparitinases,
whereas an anti-FGFR blocking antibody was without effect.
Taken together, our data evidenced a novel, cooperative ef-
fect between LMWF (or LMWH) and HSPG in response to
FGF-2.

Experimental Procedures
Materials. LMWF (4 kDa), isolated and fractionated as described

by Nardella et al. (1996), was a gift from Institut Française de
Recherche pour l’Exploitation de la Mer (Nantes, France). Unfrac-
tionated heparin (average molecular mass, 16 kDa) was from Sanofi
Center (Toulouse, France), and LMWH (Dalteparin, 5 kDa) was from
Pharmacia (Guyancourt, France). Human recombinant FGF-2 was
purchased from Valbiotech (Paris, France), and growth factor-re-
duced Matrigel was from BD Biosciences (Le Pont de Claix, France).
Rat anti-human �6 subunit (CD49f) monoclonal antibody conjugated
to phycoerythrin was from BD Biosciences Pharmingen (Le Pont de

Claix, France), and mouse anti-human �1 subunit (CD29) monoclo-
nal antibody conjugated to phycoerythrin was from Caltag (le Peray
en Yvelines, France). Anti-FGF-2, anti-FGFR, and anti-�6 subunit
blocking antibodies, together with the corresponding irrelevant iso-
type matched antibodies, were from Chemicon International
(Souffelweyersheim, France). Heparitinase Flavobacterium hepari-
num I, II, and III were from Calbiochem (Fontenay-ss-Bois, France).

Cell Culture and Treatment. HUVEC were isolated from two to
five human umbilical cords according to the method described by
Giraux et al. (1998). At third passage, HUVEC were seeded at 1.5 �
105 cells/ml in culture medium (50% Med 199 and 50% RPMI 1640
medium; Invitrogen, Cergy-Pontoise, France) supplemented with
20% fetal calf serum (FCS) onto plates coated with 0.5% gelatin.
After 24 h, cells were fed with medium supplemented with 5% FCS,
with or without sulfated polysaccharides (0.1 to 10 �g/ml) and/or
FGF-2 (5 ng/ml). Medium was renewed 48 h later, and HUVEC were
detached 24 h later using versene containing 0.01% collagenase.
Cells were centrifuged at 200g for 8 min at 4°C and were washed
twice in cooled Hank’s solution containing 2% FCS. Cells were kept
in this buffer until use in flow cytometry analysis or in vascular tube
formation assays. Part of HUVEC was treated beforehand with he-
paritinase I, II, and III (0.01 U/ml each in phosphate-buffered saline)
for 1 h at 37°C and were retreated along each feeding. Part of
HUVEC was grown in the presence of 10 �g/ml blocking FGFR
antibody (to prevent FGF-2 binding). In control experiments,
HUVEC were cultured in the presence of 10 �g/ml blocking FGF-2
antibody.

Tube Formation. HUVEC were resuspended in culture medium
supplemented with 5% FCS and seeded onto Matrigel (6 � 104

cells/ml). Before inoculation onto Matrigel, part of HUVEC were
resuspended in medium containing 10 �g/ml anti-�6 blocking anti-
body or, in control experiments, in medium containing 10 �g/ml of
the corresponding irrelevant isotype-matched antibody. Matrigel
plates were incubated at 37°C in humidified atmosphere containing
5% CO2 for 18 h. Cells in developed Matrigel were fixed in 1.1%
glutaraldehyde, and analyzed for tube formation by phase-contrast
microscopy.

Flow Cytometry Analysis. HUVEC were incubated for 30 min
with the anti-�6 conjugated antibody, alternatively with the anti-�1
conjugated antibody. The surface labeling of each integrin subunit
was quantified by immunofluorescence on a FACSCalibur flow cy-
tometer (BD Biosciences).

Real-Time RT-PCR. Total RNA was extracted from HUVEC by
standard method using acid-phenol guanidinium (RNAble; Eurobio,
les Ulys, France) and was reverse-transcribed before real-time PCR.
The primers used were 5�-CACATCTCCTCCCTGAGCACAT-3�
(ITGA6-U) and 5�-TATATCTTGCCACCCATCCTTGTT-3� (ITGA6-
L), giving a 104-base pair product representing the ITGA6 gene
expression (i.e., �6 mRNA), and 5�-TGCACAGGAGCCAAGAGT-
GAA-3� (TBP-U) and 5�-CACATCACAGCTCCCCACCA-3� (TBP-L),
giving a 132-base pair product representing the transcript of the
TBP gene coding for the TATA box-binding protein. The latter tran-
script was used as endogenous control to estimate the amount and
integrity of the total RNA in each reaction. PCR was performed using
the SYBR Green PCR Core Reagents kit (Applied Biosystems, Foster
City, CA). The thermal cycling conditions comprised an initial dena-
turation step at 95°C for 10 min followed by 50 cycles comprising a
95°C step for 15 s and a 65°C step for 1 min. Amount of mRNA was
evaluated from the number of cycles (Ct) that was necessary to reach
an increase in fluorescence associated with an exponential growth of
the PCR products. Ct was estimated in duplicate, using an ABI
Prism 7700 Sequence Detection System (Applied Biosystems). Re-
sults are expressed as -fold differences in ITGA6 gene expression
relative to that of TBP using the formula: NITGA6 � 2�Ct, where
NITGA6 is the -fold difference in ITGA6 gene expression, and �Ct is
the difference between the average Ct value for the ITGA6 expres-
sion and the average Ct value for the TBP gene.
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Statistical Analysis. Data are expressed as mean � S.E. Signif-
icant differences were determined using analysis of variance fol-
lowed by a Fisher’s protected least-significant difference test (p �
0.05).

Results
Linkage between Tubular Morphogenesis and �6 Ex-

pression in FGF-2–Stimulated HUVEC. HUVEC seeded
on a standard in vitro Matrigel system mimics both endothe-
lial cell migration and differentiation and thus constitutes a
suitable model to explore tubular morphogenesis. Indeed,
18 h after seeding on Matrigel, HUVEC pretreated with 5
ng/ml FGF-2 differentiated in a partially organized capillary
network, whereas untreated cells were unable to form vas-
cular tubes (Fig. 1A). Cell migration and differentiation de-
pend on specific interactions between integrin(s) of endothe-
lial cells and component(s) of the extracellular matrix. The
most abundant component of Matrigel is laminin, which
binds its receptor on HUVEC constituted by the association
of �6 and �1 subunits. We first investigated whether FGF-2

modulated �6 and/or �1 expression. Flow cytometry con-
firmed that, compared with untreated cells, FGF-2–stimu-
lated HUVEC exhibited a 3-fold increase (p � 0.01) of the �6
cell-surface labeling, whereas no increase could be evidenced
with respect to �1 labeling (Fig. 1B). To further explore the
increase in �6 expression, we quantified its mRNA by real-
time RT-PCR. After FGF-2 stimulation, the �6 integrin
mRNA represented 3-fold more than that of untreated cells
(p � 0.05) (Fig. 1C). We then investigated whether vascular
tube formation could be linked to �6 overexpression by add-
ing a blocking anti-�6 antibody to FGF-2–stimulated
HUVEC. Tubular morphogenesis on Matrigel was totally
blocked in the presence of the antibody, whereas enhanced
vascular tube formation still occurred when using an irrele-
vant isotype-matched antibody (Fig. 2A).

LMWF and LMWH Enhance FGF-2–Induced Tubular
Morphogenesis and �6 Expression. Polysaccharides rich
in sulfate and carboxylic groups bind FGF-2 and modulate its
activity. We thus speculated that LMWF and/or LMWH
might control the morphogenic potential of FGF-2 that we
detected using Matrigel. HUVEC incubated simultaneously
with LMWF (10 �g/ml) and FGF-2 (5 ng/ml) branched and
formed capillary-like tubes that organized in closed areas,
denoting intense differentiation. HUVEC stimulated with
FGF-2 and LMWH (instead of LMWF) also formed capillary
tubes with closed structures, albeit to a lower extent (Fig.
2A). Because the �6-mediated interaction of HUVEC with
Matrigel played a crucial role in their ability to form vascular
tubes, we reasoned that the enhanced FGF-2 effect observed
with LMWF and LMWH could originate from a modulation of
�6 and/or �1 expression. Flow cytometry revealed that incu-
bation of HUVEC with FGF-2 and LMWF or LMWH resulted
in a 2-fold increase of the �6 integrin cell-surface labeling,
compared with cells stimulated by FGF-2 alone (p � 0.001 or
p � 0.05, respectively; Fig. 2B). Quantitative RT-PCR indi-
cated that incubation of HUVEC with FGF-2 and LMWF
resulted in a 4-fold (p � 0.001) increase of the �6 mRNA
amount, still compared with cells stimulated by FGF-2 only
(Fig. 2C), whereas incubation of HUVEC with FGF-2 and
LMWH resulted in a 2-fold (p � 0.05) increase of the �6
mRNA amount. With respect to the �1 integrin, flow cytom-
etry uncovered only a small, yet detectable, enhancement
after FGF-2 and LMWF (or LMWH) stimulation, again com-
pared with the labeling obtained for cells stimulated by
FGF-2 only (Fig. 2B). Consistent with the hypothesis that
vascular tube formation was related to �6 overexpression,
stimulating HUVEC with FGF-2 and LMWF (or LMWH) in
the presence of a blocking anti-�6 antibody totally blocked
tubular morphogenesis on Matrigel (Fig. 2A), whereas en-
hanced vascular formation still occurred when using the
corresponding irrelevant isotype-matched antibody (Fig. 2A).
Taken together, these observations suggested that LMWF
and LMWH potentiated the FGF-2-induced �6 over-expres-
sion.

Cell-Surface Heparan Sulfates Are Required for
FGF-2–Induced �6 Overexpression. It is well established
that unfractionated heparin restores the biological effects of
FGF-2 on heparan-sulfate depleted cells. The cellular re-
sponses to FGF-2 stimulation result from the interaction of
FGF-2 with FGFR and/or HSPG. To assess whether cell-
surface heparan sulfates participated in normal �6 expres-
sion, HUVEC were treated with heparitinases (I, II, and III;

Fig. 1. Overexpression of �6 integrin is required for vascular tube for-
mation mediated by FGF-2. HUVEC were grown for 72 h in medium
supplemented with 5% FCS only (left) or containing 5 ng/ml FGF-2
(right). A, effect of FGF-2 on vascular tube formation. Cells were seeded
onto Matrigel and analyzed by phase contrast microscopy 18 h after
seeding. Photographs are representative of a minimum of three experi-
ments. B, effect of FGF-2 on cell surface labeling of �6 and �1 integrin
subunits quantified by flow cytometry. Data are expressed as percentage
of the mean fluorescence compared with untreated cells (mean � S.E. of
seven experiments). C, effect of FGF-2 on the amount of �6 mRNA
transcripts quantified by real time RT-PCR. Data are expressed as a
percentage of the amount of �6 transcript compared with untreated cells
(mean � S.E. of three experiments in duplicate). *, p � 0.05, **, p � 0.01,
significantly different from control.
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10 mU/ml each) before FGF-2 stimulation, and the amount of
�6 integrin was quantified (Fig. 3). Flow cytometry revealed
that when heparan sulfate-depleted HUVEC were incubated
in the presence of 5 ng/ml FGF-2 (Fig. 3B), �6 labeling
remained comparable with that obtained with nonstimulated
cells (Fig. 1B) or with cells cultured in the presence of an
anti-FGF-2 antibody (Fig. 3D). That heparitinases abrogated
the FGF-2 stimulation raised the question as to whether
LMWF and/or LMWH would (as unfractionated heparin)
substitute for cell-surface heparan sulfate. To test this hy-
pothesis, heparan sulfate-depleted HUVEC were simulta-
neously incubated with FGF-2 and LMWF (or LMWH), and
the amount of �6 on cells was quantified. Compared with

FGF-2–stimulated cells bearing heparan sulfates, the
amount of �6 was markedly reduced with heparan sulfate-
depleted HUVEC, whether or not LMWF (or LMWH) was
present (Fig. 3B). However, although greatly reduced, �6
expression remained significantly higher (p � 0.01) in
HUVEC incubated in the presence of LMWF (Fig. 3B). As
above, �6 expression was actually comparable with that ob-
tained with cells grown in the presence of an anti-FGF-2
antibody (Fig. 3D). The same was not true with heparan-
sulfate depleted HUVEC incubated in the presence of
LMWH, even if, in our system too, unfractionated heparin
preserved the FGF-2 stimulation of heparan sulfate depleted
HUVEC (Fig. 3B). Thus, neither LMWF nor LMWH could
substitute for unfractionated heparin to restore the FGF-2
stimulation of heparan sulfate-depleted HUVEC. Although
surprising at first, this observation could be related to the
properties of unfractionated heparin, having rather an inhib-
itory effect, if any, on vascular tube formation. Considering
that cell-surface heparan sulfate promoted binding of FGF-2
to FGFR, we wondered about the precise role of FGFR in this
system. Surprisingly, the anti-FGFR blocking antibody was
devoid of detectable influence on FGF-2-induced �6 expres-
sion, even with simultaneous addition of LMWF or LMWH
(Fig. 3C). Thus, this peculiar mode of action of FGF-2 seemed
independent of FGFR; it apparently relied exclusively upon
the presence of HSPG.

LMWF Also Stimulates �6 Integrin Expression Inde-
pendently of FGF-2. Neither the suppression of FGF-2 stim-
ulation by using blocking anti-FGF-2 antibody nor the depletion
of cell-surface heparan sulfates could totally quench the small
(1.5-fold) yet significant (p � 0.001) LMWF-induced expression
of �6 (Fig. 3, B and D). Thus LMWF seemed to enhance �6
integrin expression, independently of FGF-2. To challenge this
pathway, we simply compared �6 expression of HUVEC stim-
ulated with LMWF (without FGF-2) with that of cells cultured
in the absence of stimulating factor (Fig. 4, B and C). After 72-h
stimulation with 10 �g/ml LMWF, flow cytometry revealed that
�6 integrin labeling increased 1.7-fold (p � 0.001) compared
with nonstimulated cells (Fig. 4B). In agreement with a LMWF-
specific, FGF-2-independent stimulation pathway, the amount
of �6 mRNA also increased (2.1-fold; p � 0.05) compared with
nonstimulated cells (Fig. 4C). LMWH could not substitute for
LMWF: no increase in �6 labeling could be found when cells
were incubated in the presence of LMWH. Despite the �6 in-
crease, LMWF alone was unable to trigger tube formation on
Matrigel (Fig. 4A).

Discussion
Finding compounds that interfere with the FGF-2 cellular

responses would open perspectives in the development of new
therapeutic agents. Specifically, numerous biological effects
result from the interaction of FGF-2 with sulfated polysac-
charides.

The present study illustrates that in a standard in vitro
model (Matrigel), LMWF or LMWH enhanced the tubular
morphogenesis induced by FGF-2. Upon stimulation,
HUVEC branched and formed numerous tubes with closed
areas. This is in contrast to stimulation by FGF-2 alone,
triggering formation of a partial network only. Consistent
with our results, a 16-kDa fucoidan fraction potentiates the
FGF-2-induced angiogenesis of HUVEC (Matou et al., 2002).

Fig. 2. LMWF and LMWH enhance the FGF-2–mediated overexpression
of �6 integrin. A, HUVEC were grown for 72 h in medium supplemented
with 5% FCS containing 5 ng/ml FGF-2 (left), FGF-2 and 10 �g/ml LMWF
(middle), or FGF-2 and 10 �g/ml LMWH (right). Cells were seeded onto
Matrigel and analyzed by phase contrast microscopy 18 h after seeding
(top row). Some HUVEC were incubated with 10 �g/ml anti-�6 antibody
(middle row) or the corresponding irrelevant antibody (bottom row). Pho-
tographs are representative of a minimum of three experiments. B, cells
incubated in the presence of variable amounts of polysaccharides (as
indicated) were analyzed by flow cytometry for surface labeling of the �6
and �1 subunits. Data are expressed as a percentage of the mean fluo-
rescence intensity (mean � S.E. of seven experiments) of untreated
HUVEC as a function of the amount of polysaccharides added. C, cells
incubated with or without 10 �g/ml polysaccharides (as indicated) were
analyzed by real time RT-PCR for �6 mRNA transcripts. Data are ex-
pressed as percentage of the amount of �6 transcript compared with
untreated cells (mean � S.E. of three experiments in duplicate). *, p �
0.05, **, p � 0.01, ***, p � 0.001, significantly different from control.
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Soeda et al. (2000) established, however, that a high molec-
ular weight fucoidan has no effect. Discrepancy probably
originates from the molecular weight of the fucoidan used. In
fact, other studies pointed out that high molecular weight
hyaluronans hamper tubular morphogenesis, whereas hya-
luronan oligosaccharides stimulate endothelial cell prolifer-
ation and/or tube formation (Rahmanian et al., 1997). De-
pending upon its size, conflicting results on angiogenesis
modulation are also observed with unfractionated heparin.
For instance, Collen et al. (2000), using human microvascu-
lar endothelial cells on a fibrin-matrix model, observed that
LMWH inhibits the stimulation induced by FGF-2, tumor
necrosis factor-�, or vascular endothelial growth factor,
whereas unfractionated heparin enhances it. In this study,
we observed, using a Matrigel model, that unfractionated
heparin had no effect on tubular morphogenesis, whereas
LMWH enhanced it. Taking into account the major role of
FGF-2 in tube formation, our findings may have implications
in drug design.

The precise mechanism of action of polysaccharides on the
cellular response to growth factors remains to be explored.
Nevertheless, expression and/or activity of integrins seem to
contribute to tubular morphogenesis of primary endothelial
cells. Using flow cytometry, we unveiled overexpression of �6
in HUVEC cultivated in the presence of FGF-2 and LMWF
(or LMWH). That �6 overexpression contributed to tubular
morphogenesis and was not consecutive (or unrelated) to
FGF-2-stimulation is supported by our observation that an-
ti-�6 antibody abrogated tube formation. In contrast, we
were unable to detect variation in the expression of the �1
subunit of the laminin receptor, even if, as for the anti-�6
antibody, the anti-�1antibody recognized the laminin recep-
tor as well as the subunit by itself. Thus when HUVEC were
treated with FGF-2, and LMWF (or LMWH), �6 expression
increased, not that of �1: there was an imbalance in the ratio
of the subunits on cell surface. Vascular tube formation re-
sults from a finely tuned balance between proliferation, mi-
gration and differentiation. In our study, LMWF and LMWH
had no detectable effect (within 72 h) on HUVEC prolifera-

tion (data not shown). This observation is consistent with the
study of Kroon et al. (1999) suggesting that tubular forma-
tion of endothelial cells is rather independent from their
proliferation. Thus our data would be best understood by
considering that �6 overexpression triggered differentiation
of HUVEC but prevented proliferation. Such a picture is
analogous to that anticipated by Sastry et al. (1999), using
quail myoblasts, in which the �6 subunit regulates differen-
tiation, whereas the �1 subunit triggers proliferation. More
precisely, as long as the �6/�1 ratio remains less than unity,
proliferation would occur; if the ratio increases, quail myo-
blasts no longer proliferate and start to initiate terminal
differentiation. According to flow cytometry analysis, LMWF
and LMWH enhanced FGF-2–induced �6 overexpression to a
similar degree, yet only LMWF induced intense vascular
tube formation. RT-PCR revealed that after LMWF stimula-
tion, higher amounts of �6 mRNA were produced. Overall,
our data suggest that �6 overexpression resulted from an
up-regulation of transcription and that synthesis directly
affected vascular tube formation. It is conceivable that higher
levels of mRNA ultimately resulted in a higher amount of �6
subunit on HUVEC surface, when cells formed tubes on
Matrigel (during the 18 h after seeding).

The importance of cell-surface heparan sulfate in the acti-
vation of signaling receptors by growth factors is attested to
by studies providing evidence that their loss impedes binding
of FGF-2 to FGFRs (Yayon et al., 1991). Binding of FGF-2 to
FGFR seems to require heparan sulfate. To some extent,
unfractionated heparin can substitute for the missing hepa-
ran sulfates in HSPG-deficient cells. The mechanism would
involve a dimerization of FGF-2 that facilitates its interac-
tion with FGFRs (Spivak-Kroizman et al., 1994). The same
rationale would explain that, on the contrary, unfractionated
heparin inhibits the binding of FGF-2 to FGFR on lymphoid
cells bearing HSPG (Ornitz et al., 1992), simply because
unfractionated heparin would compete with HSPG for the
presentation of FGF-2 to FGFR. Consistent with this model,
stripping off heparan sulfate from HUVEC with hepariti-
nases resulted in loss of the FGF-2–induced �6 overexpres-

Fig. 3. Effect of HSPG, FGFR, and FGF-2 neutralization on the �6 surface labeling of HUVEC. Cells were grown for 72 h in medium supplemented
with 5% FCS containing 5 ng/ml FGF-2 (�), FGF-2 and 10 �g/ml LMWF (f), FGF-2 and 10 �g/ml LMWH (u), or FGF-2 and 10 �g/ml unfractionated
heparin (d). The specific contribution of HSPG was evaluated by a 1-h incubation at 37°C with 10 mU/ml of heparitinase I, II, and III before each
feeding. The specific contribution of FGFR was evaluated by adding a blocking anti-FGFR antibody (10 �g/ml) during the 72-h culture. The specific
contribution of FGF-2 was evaluated by adding a blocking anti-FGF-2 antibody (10 �g/ml) during the 72-h culture. Cell surface labeling of the �6
integrin subunit was quantified by flow cytometry. Data are expressed as percentage of the mean fluorescence intensity of untreated HUVEC (mean �
S.E. of three experiments). **, p � 0.01, ***, p � 0.001, significantly different from control.
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sion. Adding unfractionated heparin partly restored stimu-
lation, but neither LMWF nor LMWH restored stimulation to
a similar extent. Undoubtedly, unfractionated heparin acti-
vated a different mechanism than LMWF (or LMWH). A
simple explanation could be that LMWF and LMWH cannot
present FGF-2 to FGFR (perhaps by lack of dimerization
because of the shorter length of the polysaccharide chains).
Unexpectedly, however, FGFR seemed dispensable for the
FGF-2–induced �6 overexpression. Expression of �6 had an
absolute requirement for heparan sulfates, but the mecha-
nism of action seemed independent of FGFR. Thus, heparan
sulfate would mediate directly the FGF-2–induced differen-
tiation of HUVEC. Besides FGFR, heparan sulfates are
known to mediate FGF-2 internalization in lymphoid cells
(Rhogani and Moscatelli, 1992) and are directly implicated in
FGF-2 signaling in myoblasts (Quarto and Amalric, 1994).

Overall, LMWF and LMWH may act as chaperones to shuttle
FGF-2 to heparan sulfate, as has been suggested for other
heparin-like molecules (Liekens et al., 1999; Thornton et al.,
1999).

LMWF largely consists of fucose sulfate (Chevolot et al.,
2001). In a recent study, we found that a fucosylated chon-
droitin sulfate extracted from sea cucumber potentiates FGF-
2-induced tubular morphogenesis (Tapon-Bretaudière et al.,
2002). Branched sulfated fucoses constitute the key motif in
this activity, as demonstrated by a comparison of native and
chemically modified fucosylated chondroitin sulfate. Thus,
fucose seems critical for HUVEC differentiation induced by
FGF-2. Many antibodies or carbohydrate-binding proteins,
including selectins, bind to fucose-containing carbohydrates
(Steegmaier et al., 1995; Boraston et al., 2003) Even in the
absence of exogenous FGF-2, however, LMWF triggered a
limited �6 overexpression in heparan sulfate-depleted
HUVEC. Thus, another pathway for LMWF, different from
those involving HSPG and/or FGFR, seemed to coexist in
HUVEC. This pathway also triggered �6 expression. Despite
a noticeable increase in �6, HUVEC stimulated with LMWF
alone were unable to form tubes on Matrigel. Perhaps the
amount of �6 remained insufficient to promote tubular mor-
phogenesis. Expression of �6 would need to reach a threshold
before initiating tube formation. Alternatively, in the ab-
sence of FGF-2, �6 subunits would remain in a conformation
unsuitable for tube formation (Diamond and Springer, 1994;
Hughes et al., 1996).

Overall, we demonstrated that LMWF enhanced FGF-2–
induced tubular morphogenesis through �6 overexpression
that was heparan sulfate-dependent. LMWF prevents arte-
rial thrombus growth in animals with less hemorrhagic pro-
pensity than heparin (Millet et al., 1999; Colliec-Jouault et
al., 2003) and inhibits smooth muscle cell proliferation (Loge-
art et al., 1997a,b). After myocardial infarction, endothelial
cells increase expression of heparan sulfate proteoglycans,
specifically at ischemic sites (Li et al., 1997; Kojima et al.,
2001). LMWF, being antithrombotic and potentially proan-
giogenic, could constitute an interesting drug to initiate en-
dothelial cell differentiation in revascularization of ischemic
areas after myocardial infarction.
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