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Abstract

A member of the vascular endothelial growth factor (VEGF) family, VEGF165, regulates vascular endothelial cell functions in autocrine and
paracrine fashions in microvessels. Proteoglycans are highly glycosylated poly-anionic macromolecules that influence cellular behaviors such as
proliferation and migration by interacting with cytokines/growth factors. In the present study, we investigated the regulation of proteoglycan
synthesis by VEGF165 in cultured human brain microvascular endothelial cells. The cells were exposed to recombinant human VEGF165, and the
proteoglycans were then characterized using biochemical techniques. VEGF165 treatment increased the accumulation of proteoglycans 1.4- and
1.6-fold in the cell layer and conditioned medium, respectively. This effect resulted from the activation of VEGFR-2, and was mimicked by
vammin, a VEGFR-2 ligand from snake venom but not placenta growth factor, which binds specifically to VEGFR-1. VEGF165 stimulated the
production and secretion of perlecan, substituted with shorter heparan sulfate side chains, but with unaltered sulfated disaccharide composition.
The perlecan secreted by VEGF165-stimulated endothelial cells may be involved in the regulation of cellular behavior during angiogenesis, in
diseases of the brain microvessels, and in the maintenance of the endothelial cell monolayer.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Proteoglycans (PGs) are macromolecules that consist of a
core protein and one or more glycosaminoglycan side chains.
PGs not only contribute to the formation of the extracellular
matrix but also influence cellular proliferation and migration by
interacting with growth factors and other ligands. For example,
it has been shown that heparan sulfate PGs (HSPGs) bind
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heparin-binding growth factors such as fibroblast growth
factor-2 (FGF-2) via their heparan sulfate chains and promote
the binding of FGF-2 to the FGF-2 receptor (FGFR) [1] by the
formation of an FGF-2/HSPG/FGFR ternary complex [2].
During the ternary complex formation, HSPG induces FGF-2
oligomerization that augments FGFR dimerization and signal
transduction [3]. In addition, FGF-2 is protected from
proteolytic degradation when complexed with the heparan
sulfate chains, [4] and it retains its capacity for the long-term
stimulation of endothelial cell functions such as proliferation,
migration, and plasminogen activator activity [5]. The HSPG
that regulates FGF-2 activity by the above mechanisms is the
large extracellular matrix HSPG perlecan [6], which is one of
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the major HSPG produced in cultured human brain micro-
vascular endothelial cells [7].

Vascular endothelial growth factors (VEGFs) are highly
specific mitogens for vascular endothelial cells [8,9]. There are
four alternative splicing isoforms of the single VEGF gene;
these are designated as VEGF121, VEGF165, VEGF189, and
VEGF206, and they have 121, 165, 189, and 206 amino acids,
respectively. VEGF189 and VEGF206 are cell associated and
act as vascular permeability factors, whereas VEGF121 and
VEGF165 are secreted and induce mitogenesis [10,11]. It has
been shown that VEGF165, in particular, plays a critical role in
proliferation, migration, and tube formation [12]. VEGF165
mediated signal transduction occurs via receptor tyrosine
kinases fms-like tyrosine kinase-1 (Flt-1) [13,14] and/or kinase
insert domain-containing receptor (KDR) [15,16] that are
designated as VEGF receptor 1 (VEGFR-1) and VEGF
receptor-2 (VEGFR-2), respectively. In addition related growth
factors, such as that placenta growth factor (PlGF) or Vammin
and VR-1, snake venom-derived VEGFs, have been shown to
selectively activate VEGFR-1 or VEGFR-2, respectively
[17,18].

It has been reported that VEGF and FGF-2 interact during
angiogenesis and neovascularization. Angiogenesis that is
induced by either VEGF or FGF-2 is inhibited by VEGFR-2
antagonists in vivo and in vitro [19]; VEGF-neutralizing
antibodies markedly reduce FGF-2-induced vascularization in
the mouse cornea [20], and further, VEGFR-1-blocking
antibodies and dominant-negative VEGFR-1 expression reduce
the capillary morphogenesis of endothelial cells [21]. These
results suggest that FGF-2 induces angiogenesis indirectly by
the activation of the VEGF/VEGFR system. In fact, FGF-2
induces an increase in the expression of VEGF [20], VEGFRs,
and FGFRs [22] in endothelial cells. As a result, VEGF and
FGF-2 synergistically induce angiogenesis in vivo [23] and in
vitro [24]. However, the role of VEGF in the activation of the
FGF-2/FGFR system is not completely understood.

Among the predominant forms of VEGF, VEGF121 does not
bind to heparan sulfate chains [25], while VEGF165 activity can
be potentiated by HSPGs [26]. On the other hand, HSPGs may
bind to VEGFRs and modulate the binding ability of VEGFRs
to VEGF165 [27,28]. We hypothesized that the regulation of
perlecan synthesis by VEGF165 may contribute to the
activation of both the VEGF/VEGFR and FGF-2/FGFR
systems, resulting in the synergistic effect of VEGF and FGF-
2 on angiogenesis. In the present study, we investigated the
regulation of PG synthesis by VEGF165 in cultured human
brain microvascular endothelial cells.

2. Materials and methods

2.1. Materials

The human brain microvascular endothelial cells and the Western blotting
blocking reagent were purchased from Dainihon Pharmaceutical Co. (Osaka,
Japan). More than 95% of the cells were von Willebrand factor/Factor VIII-
positive and uptake of Dil-acetylated-low density lipoprotein was confirmed by
immunofluorescence. HuMedia EG-2, which is a growth medium for human
endothelial cells, and bovine serum albumin (BSA) fraction V with very low
amounts of endotoxin were purchased from Kurabo (Osaka, Japan) and
Serologicals (Kankakee, IL, USA), respectively. Dulbecco's modified Eagle's
medium (DMEM) and tissue culture dishes and plates were purchased from
Nissui Pharmaceutical Co. Ltd. (Tokyo, Japan) and Iwaki (Chiba, Japan),
respectively. Fetal bovine serum (FBS) was purchased from Equitech-Bio
(Kerrville, TX, USA). [35S]Na2SO4 (carrier-free) and Tran35S-Label Metabolic
Labeling Reagent, which consists of ∼70% L-[35S]methionine, ∼15% L-[35S]
cysteine, and other 35S-labeled compounds, were obtained from MP
Biomedicals (Irvine, CA, USA). Recombinant human VEGF165 was purchased
from Strathman Biotech GmbH (Hannover, Germany). The VEGF-neutralizing
antibody was obtained from Immuno-Biological Laboratories (Fujioka, Japan).
Human recombinant PlGF, DEAE-Sephacel, benzamidine, Tris base, dextran
blue, phenylmethanesulfonyl fluoride, papain (1.7U/mg solid), unsaturated
glucuronic acid-6-O-sulfated N-acetylgalactosamine (GlcA-GalNAc(6S)), and
heparan sulfate disaccharide units were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Protease-free chondroitinase ABC (EC 4.2.2.4, derived from
Proteus vulgaris), chondroitinase ACII (EC 4.2.2.5, derived from Arthrobactor
aurescens), heparinase II (derived from Flavobacterium heparinum), and
heparinase III (EC 4.2.2.8, derived from F. heparinum) were obtained from
Seikagaku (Tokyo, Japan). Enhanced chemiluminescence (ECL) Western
blotting detection reagents, horseradish peroxidase-linked protein A, nitrocel-
lulose membranes (Hybond ECL), Hyperfilm ECL Quick Prep Micro mRNA
purification kit, Sepharose CL-4B, Sepharose CL-6B, and PD-10 columns
(disposable, Sephadex G-25M) were obtained from Amersham Biosciences
(Piscataway, NJ, USA). Proteinase K (fungal) was purchased from Invitrogen
(Carlsbad, CA, USA); urea, phenol red, and sodium dodecyl sulfate (SDS) were
obtained from Wako Pure Chemical Industries (Osaka, Japan). Rabbit
antiserum against the perlecan core protein (EY-9) was kindly provided by
Dr. John Hassell (Shriners Hospital for Children, Tampa, FL, USA). Microcon
YM3 (3000MW cut-off) ultrafiltration devices were obtained from Millipore
(Billerica, MA, USA); 2-aminoacridone hydrochloride was obtained from
Molecular Probes (Eugene, OR, USA). Cetylpyridinium chloride and other
reagents were from Nacalai Tesque (Kyoto, Japan).

2.2. Incorporation of [35S]sulfate into glycosaminoglycans (GAGs)

Human brain microvascular endothelial cells were cultured in HuMedia
EG-2 in 100-mm dishes in a humid atmosphere of 5% CO2 in air until
confluent. They were transferred into 24-well culture plates at a density of
1×104 cells/cm2 and cultured until confluent. After washing the cells with
DMEM supplemented with 10% FBS, the medium was replaced with fresh
DMEM supplemented with 10% FBS, and the cells were subsequently
incubated at 37 °C for 8, 24, or 48 h with VEGF165 (25, 50, 100, 150,
or 200 ng/ml) and/or VEGF-neutralizing antibody in the presence of [35S]
sulfate (1MBq/ml). In another experiment, the cells were treated with PlGF
(100 ng/ml) or vammin (5, 10, 25, or 50 ng/ml) for 48 h. After incubation, the
conditioned medium was harvested, and solid urea was added up to a
concentration of 8 M. The cell layer was washed twice with ice-cold Ca2+- and
Mg2+-free phosphate-buffered saline and harvested by scraping with a rubber
policeman after extraction with an 8 M urea solution containing 0.1M 6-
aminohexanoic acid, 5 mM benzamidine, 10 mM N-ethylmaleimide, 2 mM
EDTA, 0.1M phenylmethanesulfonyl fluoride, 0.1 M NaCl, 50 mM Tris base,
and 2% Triton X-100 (pH 7.5) at 4 °C for 15 min. The medium and cell extracts
were used to determine the incorporation of [35S]sulfate into the GAGs by the
cetylpyridinium chloride precipitation method [29], as follows. Portions of the
extracts were spotted on filter papers and washed five times for 1h in 1%
cetylpyridinium chloride with 0.05 M NaCl. The radioactivity of the PGs
precipitated on the dried filter paper was measured by liquid scintillation
counting.

2.3. Characterization of PGs

Human brain microvascular endothelial cells cultured in 100-mm dishes
were treated with VEGF165 (100 ng/ml) for 48 h in DMEM supplemented with
10% FBS in the presence of [35S]sulfate (3 MBq/ml). After treatment, the cell
extracts were prepared as described above and chromatographed on PD-10
columns equilibrated in 8 M urea buffer (pH 7.5) containing 2mM EDTA, 1M
NaCl, 0.5% Triton X-100, and 50 mM Tris base to obtain high molecular mass
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(>3 kDa) macromolecules. For the separation of the PGs based on their charge
density differences, the macromolecules were chromatographed on a DEAE-
Sephacel (5 ml of resin) column in 8 M urea buffer (pH 7.5) containing 2 mM
EDTA, 0.1M NaCl, 0.5% Triton X-100, and 50 mM Tris base. Any unbound
radioactivity was removed from the column by washing with 30 ml of the
buffer. The bound radioactivity was eluted from the column with a linear
gradient of 0.25–0.7 M NaCl in urea buffer (total volume of 50 ml). The peaks
in the conditioned medium containing PGs that had increased by VEGF165
treatment were pooled and concentrated by the application of the diluted
samples to 0.3-ml DEAE-Sephacel minicolumns and eluting the bound
radioactivity with sequential washes of 8 M urea buffer containing 3 M
NaCl. The concentrated PGs were separated based on their hydrodynamic sizes
by using a Sepharose CL-4B column (0.9×80 cm) in 8 M urea buffer
containing 0.25 M NaCl. The void volume and the total volume were estimated
by the elution positions of dextran blue and phenol red, respectively. The peaks
from the conditioned medium that were eluted at a Kav of 0.19 were pooled
because they contained PGs that had increased by VEGF165 treatment (see
“Results”). These peaks, which had sufficient radioactivity for analysis, were
precipitated with 3.5 volumes of 1.3% potassium acetate in 95% ethanol and
80 μg/ml carrier chondroitin sulfate for 2 h at −20 °C; this was repeated three
times. The precipitated PGs were digested either with 1.7 U/ml chondroitinase
ABC in 50 mM Tris–HCl buffer (pH 8.0) containing 0.1 mg/ml BSA and 3 mM
sodium acetate at 37 °C for 4 h, with both heparinase II and heparinase III
(0.03 U/ml each) in 0.2 M Tris–HCl buffer (pH 7.0) containing 10 mM calcium
acetate, or with 10 μg of papain in 0.1 M acetate buffer (pH 7.0) containing
5 mM EDTA and 5 mM cysteine at 65 °C for 4 h. The digested samples were
chromatographed on a Sepharose CL-6B column (0.9×80 cm) in Tris–HCl
buffer (pH 7.0) with 0.2 M NaCl. The void volume and total volume were
estimated by the elution positions of dextran blue and phenol red, respectively.
The GAG chain sizes were estimated by comparing the experimentally
determined Sepharose CL-6B elution Kav with a previously published curve of
log Mr versus Kav in Sepharose CL-6B for chondroitin sulfate chains of various
known Mr values [30].

2.4. Analysis of PG core proteins

Human brain microvascular endothelial cells were incubated at 37 °C for
48 h in 6 ml of fresh DMEM supplemented with 10% FBS in the presence of
VEGF165 (100 ng/ml) and Tran35S-Label Reagent (3 MBq/ml) in 100-mm
dishes. After incubation, the radiolabeled PGs, which accumulated in the cell
layer and conditioned medium, were extracted under dissociative conditions in
the presence of 8 M urea. The extract was concentrated on 0.3-ml DEAE-
Sephacel minicolumns and precipitated with 1.3% potassium acetate in 95%
ethanol. The precipitated PGs were digested with a mixture of heparinase II and
heparinase III, and SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed on a 4%–12% acrylamide gradient slab gel with a 3% stacking gel
according to the procedure of Laemmli [31]. The radiolabeled PG core proteins
were visualized by autoradiography of the dried gel exposed to a Kodak XAR-2
film at −70 °C. For Western blot analysis, the SDS-polyacrylamide gel was
equilibrated in 25 mM Tris transfer buffer (pH 9.5) with 20% methanol and
transferred to a nitrocellulose membrane for 90 min by using a semidry transfer
apparatus (Atoo, AE-6677). The membrane was blocked and exposed overnight
to a primary antibody against perlecan (EY-9; dilution, 1:1,000) at 4 °C. After
incubation of the blot with horseradish peroxidase-linked protein A, the bands
to which the primary antibody had bound were visualized on Hyperfilm ECL
by using an enzyme-linked chemiluminescence procedure. In another
experiment, poly(A)+ RNA was isolated from the cells before and after the
VEGF165 (100 ng/ml) treatment for 4, 8, or 24 h; mRNA for the perlecan core
protein was analyzed by semiquantitative reverse transcription-polymerase
chain reaction (RT-PCR), as described previously [32]. The PCR was
conducted under semiquantitative conditions, which were determined by
plotting signal intensities as a function of the template amount and cycle
number. Oligonucleotide primers were designed on the basis of human cDNA.
The sequences of the upstream and downstream primers for perlecan core
cDNA were 5′-ATGAGTACATGCTGGCTGAC-3′ and 5′-CTGATACCCAG-
GACTGGCTC-3′, respectively. The size of the PCR products was 559 bp.
After completion of the RT-PCR, an aliquot of the reaction mixture was
electrophoresed on a 2% agarose gel containing 0.1 μg/ml ethidium bromide.
2.5. Analysis of disaccharide composition of heparan sulfate chains
[33]

The PGs that had accumulated in the cell layer and conditioned medium of
the cultured human brain microvascular endothelial cells exposed to VEGF165
(100 ng/ml) for 24 h were extracted under dissociative conditions in the presence
of 8 M urea. The extract was concentrated on 0.3-ml DEAE-Sephacel
minicolumns and precipitated with 3.5 volumes of 1.3% potassium acetate in
95% ethanol; the precipitation was repeated four times. The dried precipitate was
digested overnight with proteinase K (800 μg/ml) in 0.1 M sodium acetate buffer
(pH 7.2) at 60 °C. After inactivation of the proteinase at 100 °C for 10 min, the
buffer salt and protein digests were removed by centrifuging the digests in
Microcon YM3. The GAGs on the filter were recovered in 0.1 M ammonium
acetate (pH 7.3) and digested at 37 °C for 18 h with a mixture of chondroitinase
ABC (0.2 U/ml) and chondroitinase ACII (1 U/ml). The undigested materials
(heparan sulfate chains) on the Microcon YM3 filter were recovered in 0.1 M
ammonium acetate (pH 7.0) containing 0.01% BSA and digested at 37 °C for 8 h
with a mixture of heparinase II and heparinase III (0.03 U/ml each). The heparan
sulfate hydrolysis products were recovered using Microcon YM3 ultrafiltration
devices, and they were then dried. The dried heparan sulfate samples were
fluorotagged with 2-aminoacridone hydrochloride (0.1 M). The fluorotagged
heparan sulfate hydrolase products were separated on separating gels (19.5%
acrylamide, 0.52% N,N′-methylenbisacrylamide, 2.5% glycerol, 0.1 M Tris
base, 90 mM boric acid, 0.05% ammonium persulfate, 0.6% agarose, and 0.1%
TEMED) with a stacking gel (7.5% acrylamide, 0.2% N,N′-methylenbisacry-
lamide, 2.5% glycerol, 0.1 M Tris base, 90 mM boric acid, 0.05% ammonium
persulfate, 0.6% agarose, and 0.1% TEMED). The electrophoresis was carried
out in the running buffer (0.1 M Tris–borate, pH 8.3) at 4 °C. The fluorescent
images were displayed on a gel documentation system (Atto, AE-6914), and the
bands of heparan sulfate unsaturated disaccharides were quantitatively analyzed
by NIH Image Analyses Software using the bands of unsaturated GlcA-GalNAc
(6S) as standards.

2.6. Statistical analysis

Data were analyzed for statistical significance by analysis of variance and
Bonferroni's multiple t-test, when possible. P values of less than 0.05 were
considered to indicate statistically significant differences.
3. Results

3.1. VEGF165 promotes the synthesis of PGs via VEGFR-2

Fig. 1 shows the accumulation of [35S]sulfate-labeled PGs in
the cell layer and conditioned medium of human brain micro-
vascular endothelial cells after exposure to VEGF165. The
growth factor, at 25 ng/ml and higher, significantly and dose-
dependently increased the accumulation after a 24-h incubation
period (Fig. 1A). The increase occurred after 8 and 24 h in the
cell layer and conditioned medium, respectively, and longer
when the cells were exposed to VEGF165 at 100 ng/ml (Fig.
1B); after 48-h incubation, the concentration of PGs increased
1.4- and 1.6-fold in the cell layer and conditioned medium, res-
pectively. The cell number did not increase significantly by
VEGF165 treatment (control, 4.22±0.08×105 cells/cm2;
100 ng/ml VEGF165 for 48h, 4.81±0.12×105 cells/cm2, n=4
each), suggesting that VEGF165 only promotes the synthesis of
PGs on a per cell basis in this cell culture system. Thus, the
concentration of PGs would increase in both the cell layer and
conditioned medium. Although VEGF165 is a mitogen of endo-
thelial cells, it might not stimulate the cell growth after reaching
confluence.



Fig. 2. [35S]Sulfate incorporation into the GAGs accumulated in the cell layer
and conditioned medium of human brain microvascular endothelial cells after
treatment with VEGF165 and/or VEGF-neutralizing antibody or with PlGF.
Confluent cultures of the cells were incubated at 37 °C for 24 h with VEGF165
(100 ng/ml) and/or VEGF-neutralizing antibody or with PlGF (100 ng/ml) in the
presence of [35S]sulfate. Values are means±S.E. of four samples. ⁎⁎Signifi-
cantly different from the corresponding control, P<0.01.

Fig. 1. (A) [35S]Sulfate incorporation into the GAGs accumulated in the cell
layer and conditioned medium of human brain microvascular endothelial cells
after exposure to VEGF165. Confluent cultures of the cells were incubated with
VEGF165 (25, 50, 100, 150, or 200 ng/ml) at 37 °C for 24 h in the presence of
[35S]sulfate. (B) Time course of the [35S]sulfate incorporation into the GAGs
accumulated in the cell layer and conditioned medium of human brain
microvascular endothelial cells after exposure to VEGF165. Confluent cultures
of the cells were incubated at 37 °C for 8, 24, or 48 h with VEGF165 (100 ng/ml)
in the presence of [35S]sulfate. Values are means±S.E. of four samples.
Significantly different from the corresponding control, ⁎P<0.05; ⁎⁎P<0.01.

Fig. 3. [35S]Sulfate incorporation into the GAGs accumulated in the cell layer
and conditioned medium of human brain microvascular endothelial cells after
treatment with vammin. Confluent cultures of the cells were incubated at 37 °C
for 24 h with vammin (1, 5, 10, 25, or 50 ng/ml) in the presence of [35S]sulfate.
Values are means±S.E. of four samples. ⁎⁎Significantly different from the
corresponding control, P<0.01.
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In order to confirm that the increase in endothelial PG
synthesis was directly dependent on VEGF165, the cells were
treated with the growth factor in the presence or absence of the
VEGF-neutralizing antibody (Fig. 2). The VEGF165-induced
increase in the accumulation of [35S]sulfate-labeled PGs in the
cell layer and conditioned medium of human brain micro-
vascular endothelial cells was abrogated in the presence of the
antibody, indicating that the promotion of endothelial PG
synthesis requires VEGF165.

Among the VEGF-related factors that were tested, PlGF,
which selectively activates VEGFR-1, failed to increase [35S]
sulfate-labeled PG accumulation (Fig. 2), whereas vammin,
which selectively activates VEGFR-2, significantly increased
the accumulation in a dose-dependent manner (Fig. 3). This
suggests that the promotion of endothelial PG synthesis by
VEGF165 is mediated by VEGFR-2.

3.2. PGs increased by VEGF165 treatment are large HSPG
molecules

Equal aliquots of [35S]sulfate-labeled PGs that were
extracted from the cell layer and conditioned medium of
human brain microvascular endothelial cells before and after
exposure to VEGF165 were separated by DEAE-Sephacel ion-
exchange chromatography based on the differences in their
charge densities (Fig. 4). The PGs accumulated in the
conditioned medium were eluted with 0.45 M (peak I), 0.5 M
(peak II), and 0.55 M (peak III) NaCl; the radioactivity of peak I
was selectively increased by VEGF165 treatment. The cell layer
lacked peak II but contained peak I and peak III; in this case as
well, the radioactivity of peak I was increased by VEGF165
treatment. This indicates that VEGF165 promotes the synthesis
of the PGs bound to peak I in human brain microvascular
endothelial cell cultures.

Since VEGF165 markedly increased the radioactivity of the
peak I PGs accumulated in the conditioned medium, the PGs



Fig. 4. DEAE-Sephacel ion-exchange chromatography of [35S]sulfate-labeled PGs extracted from the cell layer and conditioned medium of human brain microvascular
endothelial cells after exposure to VEGF165 by elution with a linear gradient of 0.25–0.7 M NaCl in 8 M urea buffer. Confluent cultures of the cells were incubated at
37 °C for 24 h with VEGF165 (100 ng/ml) in the presence of [35S]sulfate. The horizontal bars indicate the fractions that were pooled as peak I and chromatographed on
a Sepharose CL-4B column (see Fig. 5).
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were further purified by Sepharose CL-4B chromatography
based on their hydrodynamic sizes (Fig. 5). The peak I PGs
were eluted at Kav values of approximately 0.19 (peak Ia) and
0.62 (peak Ib). VEGF165 specifically increased the radio-
activity of peak Ia without altering the hydrodynamic sizes of
the corresponding PGs.

The GAG composition of peak Ia PGs accumulated in the
conditioned medium was analyzed by Sepharose CL-6B
chromatography, before and after digestion with chondroitinase
ABC that digests both chondroitin and dermatan sulfates,
heparinase II/III, or papain (Fig. 6). The PGs bound to peak Ia
were eluted at the void volume before enzyme digestion. They
were resistant to digestion with chondroitinase ABC but
sensitive to heparinase II/III digestion, indicating that they
contained heparan sulfate chains. The lengths of the heparan
sulfate chains were Mr ∼68,000 and Mr ∼58,000 before and
after exposure to VEGF165, respectively. In three different
experiments, we consistently observed this moderate shortening
(15%–20%) of the heparan sulfate chains bound to peak Ia PGs.
Fig. 5. Sepharose CL-4B molecular sieve chromatography of peak I PGs that were ex
cells after exposure to VEGF165 and separated by DEAE-Sephacel chromatograph
buffer. The horizontal bars indicate the fractions that were pooled as peak Ia and ch
chondroitinase ABC, heparinase II/III, or papain (see Fig. 6).
3.3. VEGF165 induces the synthesis of perlecan core protein

In order to identify the core protein whose synthesis is
induced by VEGF, human brain microvascular endothelial
cells were metabolically labeled with 35S-labeled amino acids,
and the HSPG core proteins that were accumulated in the cell
layer and conditioned medium were separated by SDS-PAGE
(Fig. 7).

It was observed that a large HSPG core protein with a
molecular mass of approximately 400 kDa had accumulated in
the cell layer and conditioned medium, and the amount of
HSPG core protein was increased by VEGF165 treatment. The
core protein was perlecan antibody-positive, and the amount
of immunostained perlecan core protein increased by
VEGF165 treatment. During the treatment, the growth factor
elevated the level of perlecan mRNA in a time-dependent
manner (Fig. 8). These results indicate that VEGF165 induces
the synthesis of perlecan in human brain microvascular endo-
thelial cells.
tracted from the conditioned medium of human brain microvascular endothelial
y. The PGs were chromatographed on a Sepharose CL-4B column in 8 M urea
romatographed on a Sepharose CL-6B column before and after digestion with



Fig. 6. Characterization of GAG chains bound to the peak Ia PGs that were isolated from the conditioned medium by DEAE-Sephacel ion-exchange chromatography
and Sepharose CL-4Bmolecular sieve chromatography. The PGs were chromatographed on a Sepharose CL-6B column before and after digestion with chondroitinase
ABC, heparinase II/III, or papain.
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3.4. VEGF165 does not affect the disaccharide composition of
heparan sulfate chains

The disaccharide composition of the heparan sulfate chains
obtained from the PGs in the cell layer and conditioned
medium of human brain microvascular endothelial cells before
and after exposure to VEGF165 was analyzed by fluorophore-
assisted carbohydrate electrophoresis (Fig. 9) because the
growth factor may have changed the microstructure of the
Fig. 7. SDS-PAGE of the HSPG core proteins from the cell layer and conditione
identification of the HSPG core with a molecular mass of approximately 400 kDa b
GAG chains during PG synthesis. The disaccharide units were
detected as unsaturated GlcA/iduronic acid-N-acetylglucosa-
mine (GlcA/IdoA-GlcNAc), GlcA/IdoA-N-sulfated glucosa-
mine (GlcA/IdoA-GlcNS), 2-O-sulfated GlcA/IdoA-GlcNS
(GlcA/IdoA(2S)-GlcNS), GlcA/IdoA-6-O-sulfated GlcNS
(GlcA/IdoA-GlcNS(6S)), and GlcA/IdoA(2S)-GlcNS(6S).
The percentages of these disaccharide units were not
significantly changed by VEGF165 treatment, suggesting that
the growth factor does not alter the microstructure of the
d medium that were metabolically labeled with 35S-labeled amino acids and
y Western blot analysis.



Fig. 8. Semiquantitative RT-PCR of the perlecan core protein mRNA in human
brain microvascular endothelial cells after exposure to VEGF165 (100 ng/ml)
for 4, 8, or 24 h.
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perlecan heparan sulfate chains in human brain microvascular
endothelial cells.

4. Discussion

It has been shown that in the microvessels, both endothelial
cells [34] and pericytes [35] constitutively express VEGF165.
Aortic smooth muscle cells also express VEGF [36], whereas
aortic endothelial cells are deficient in the growth factor [34].
Under hypoxic conditions, the expression of VEGF is
upregulated in both endothelial cells and pericytes [35]; as a
result, endothelial cells in the microvessels are highly exposed
to VEGF and angiogenesis is induced. This suggests that
VEGF165 is substantially more important for microvascular
endothelial cells than macrovascular endothelial cells. Since
PGs are involved in the control of cellular behavior by their
interaction with cytokines/growth factors, the regulation of PG
synthesis in cultured human brain microvascular endothelial
cells was investigated in the present study. It was demonstrated
that in these cells, VEGF165 induces the synthesis of perlecan
Fig. 9. Fluorophore-assisted carbohydrate electrophoresis analysis of the heparan su
human brain microvascular endothelial cells after exposure to VEGF165. Confluent c
(A) A representative gel image. (B) The percentage of the disaccharide units in hep
via VEGFR-2. Although the length of the heparan sulfate chains
in the perlecan was slightly shorter, the growth factor did not
alter their disaccharide composition. It is suggested that in
microvessels, the VEGF165 that is derived from both
endothelial cells and pericytes stimulates the synthesis of
endothelial perlecan molecules in both autocrine and paracrine
fashions not only in response to hypoxia but also constitutively.
We did not determine the intracellular signaling pathway that
mediates perlecan synthesis via VEGF165. In addition, it is
unclear whether other types of VEGFs can regulate PG
synthesis. However, it is likely that ligands for VEGFR-2,
including VEGF-C [37] and VEGF-D [38], generally induce
perlecan synthesis as VEGF165 does.

It has been reported that cytokines/growth factors such as
transforming growth factor-β (TGF-β) [39], connective tissue
growth factor (CTGF) [40], FGF-2 [41], and tumor necrosis
factor-α (TNF-α) [42] regulate PG synthesis in vascular
endothelial cells. However, the effect of VEGF165 on
endothelial PG synthesis is different from that of these
cytokines/growth factors. In particular, TGF-β promotes the
synthesis of both perlecan and biglycan in dense endothelial
cells, CTGF inhibits the synthesis of biglycan and newly
induces that of decorin in sparse endothelial cells, FGF-2
induces endothelial biglycan synthesis during migration, and
TNF-α inhibits the synthesis of both perlecan and biglycan in
dense endothelial cells. Thus, it is suggested that VEGF165 is a
unique growth factor that selectively induces endothelial
perlecan synthesis. At the same time, it is postulated that
cytokines/growth factors such as TGF-β, CTGF, FGF-2, and
TNF-α cannot mediate VEGF165-induced perlecan synthesis,
lfate chains in the PGs extracted from the cell layer and conditioned medium of
ultures of the cells were incubated at 37 °C for 24h with VEGF165 (100 ng/ml).
aran sulfate chains. Values are calculated based on the gel image.
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although VEGF may induce the expression of these cytokines/
growth factors [43,44] in human brain microvascular endothe-
lial cells.

It has been shown that in general, vascular endothelial cells
exhibit anticoagulant and fibrinolytic activities. In fact, human
brain microvascular endothelial cells express fibrinolytic
proteins, and their fibrinolytic activity is elevated in response
to thrombin [45]. In addition, the heparan sulfate chains of the
perlecan synthesized by endothelial cells have a heparin-like
anticoagulant activity [46] and contribute to the antithrombo-
genic property of vascular endothelial cells [47]. However, the
amount of thrombomodulin, which is an endothelial antic-
oagulant protein, is considerably low in the brain [48]. It is
likely that the upregulation of endothelial perlecan synthesis by
VEGF165, which is constitutively secreted by both endothelial
cells and pericytes, partly accounts for the anticoagulant activity
of the luminal surface of brain microvessels. On the other hand,
in the event that the microvascular endothelial monolayer is
damaged under hypoxic conditions in the microvessels, cellular
events may occur as follows: (1) FGF-2 is leaked from damaged
endothelial cells, and it stimulates the endothelial cells near the
damaged site to reendothelialize [49]; (2) simultaneously, the
expression of VEGF165 is elevated by hypoxia in both
endothelial cells and pericytes [35]; (3) VEGF165 not only
stimulates endothelial cell proliferation but also induces
endothelial perlecan synthesis, and the newly synthesized
perlecan promotes the binding of FGF-2 to FGFR in endothelial
cells; (4) the FGF-2 that is activated by perlecan upregulates the
expression of VEGF [20], VEGFRs, and FGFRs [22], thereby
inducing a higher response of the endothelial cells to the VEGF/
VEGFR and FGF-2/FGFR systems. Taking these events
together, it is hypothesized that the induction of perlecan
synthesis by VEGF165 may serve as a positive feedback loop to
amplify the activity of both the VEGF/VEGFR and FGF-2/
FGFR systems.

It has been reported that VEGF and FGF-2 synergistically
induce angiogenesis [23,24]. These two growth factors may
exhibit a synergistic effect at several stages of angiogenesis,
including the invasive migration of endothelial cells [50].
VEGF independently induces the synthesis of fibrinolytic
proteins such as urokinase-type plasminogen activator, tissue-
type plasminogen activator, and plasminogen activator inhibitor
type 1 in microvascular endothelial cells [51]; further, FGF-2
and VEGF synergistically induce the synthesis of tissue-type
plasminogen activator [52]. These results suggest that the
synergistic interaction between VEGF and FGF-2 can occur not
only during angiogenesis but also during other cellular events.
Although the mechanism of the synergism between VEGF and
FGF-2 can be explained by the upregulation of VEGF [20],
FGFRs, and VEGFRs by FGF-2 [22] in vascular endothelial
cells, we propose an additional mechanism of the positive
feedback loop composed of the VEGF/VEGFR and FGF-2/
FGFR systems connected by endothelial perlecan synthesis. It
has been reported that HSPGs function as extracellular storage
places [53] and co-receptors [54] for the heparin-binding VEGF
isoforms as well as for FGF-2; these findings support this
hypothesis.
In summary, VEGF165 was found to induce perlecan
synthesis via VEGFR-2 in human brain microvascular endothe-
lial cells without inducing marked changes in the length and
disaccharide composition of the heparan sulfate chains. This
regulation by VEGF165 is unique and different from that
induced by other growth factors/cytokines including TGF-β,
CTGF, FGF-2, and TNF-α. Microvascular endothelial cells and
pericytes constitutively express VEGF, indicating that the
growth factor constantly upregulates endothelial perlecan
synthesis to maintain the anticoagulant property of the luminal
surface of the brain microvessels. On the other hand, when
endothelial cells are damaged under hypoxic conditions, the
newly synthesized perlecan may activate the FGF-2/FGFR
system that can in turn activate the VEGF/VEGFR system,
resulting in a positive feedback loop to amplify the activity of
both systems. This loop may be a component of the mechanism
by which VEGF and FGF-2 exhibit synergistic effects on
microvascular endothelial cells.
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