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Signaling by fibroblast growth factor 2 (FGF-2), an au-
tocrine stimulator of glioma growth, is regulated by
heparan sulfate proteoglycans (HSPGs) via a ternary
complex with FGF-2 and the FGF receptor (FGFR). To
characterize glioma growth signaling, we examined
whether altered HSPGs contribute to loss of growth
control in gliomas. In a screen of five human glioma cell
lines, U118 and U251 cell HSPGs activated FGF-2 signal-
ing via FGFR1c. The direct comparison of U251 glioma
cells with normal astrocyte HSPGs demonstrated that
the glioma HSPGs had a significantly elevated ability to
promote FGF-2-dependent mitogenic signaling via
FGFR1c. This enhanced activity correlated with a higher
level of overall sulfation, specifically the abundance of
2S- and 6S-containing disaccharides. Glioma cell ex-
pression of the cell-surface HSPG glypican-1 closely
mirrored the FGF-2 coactivator activity. Furthermore,
forced expression of glypican-1 in (glypican-1-defi-
cient) U87 glioma cells enhanced their FGF-2 response.
Immunohistochemical analysis revealed a highly signif-
icant overexpression of glypican-1 in human astro-
cytoma and oligodendroglioma samples compared
with non-neoplastic gliosis. In summary, these
observations suggest that altered HSPGs contribute to
enhanced signaling of FGF-2 via FGFR1c in gliomas with
glypican-1 playing a significant role in this mitogenic
pathway. (4m J Pathol 2006, 168:2014-2026; DOI:
10.2353/ajpath.2006.050800)

High-grade gliomas remain among the most deadly can-
cers. Mechanisms responsible for loss of growth control
in this tumor type include growth factor-mediated signal-
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ing loops. A considerable amount of evidence implicates
the fibroblast growth factor 2 (FGF-2)/FGF receptor 1
(FGFR1) axis in autonomous glioma cell growth and ma-
lignant progression.”? Glioma cells express FGF-2 at
elevated levels and respond to FGF-2 with increased
proliferation.®* A switch in FGF receptor expression has
also been reported during glioma progression: FGFR2
expression is abundant in normal astrocytes and low-
grade astrocytomas but absent in malignant astrocyto-
mas. Conversely, FGFR1 is barely detectable in normal
white matter but is highly expressed in malignant
astrocytomas.®

In addition to FGF-2 and FGF receptors, heparan sul-
fate proteoglycans (HSPGs) play a critical role in FGF-2
signaling. HSPGs represent a diverse group of molecules
that are composed of a core protein and covalently at-
tached heparan sulfate glycosaminoglycan (HSGAG)
chains. HSGAGs modulate FGF-2 signaling by participat-
ing in a high-affinity ternary complex with FGF-2 and
FGFR.® Mounting evidence indicates that specific struc-
tural motifs within HSGAGSs regulate FGF signaling.”®
Thus, qualitative or quantitative changes in HSPGs may
have profound consequences on FGF-2-induced cell
proliferation.

Alterations of HSPGs have been observed in human
cancers compared with normal cells or tissues.'®'2
These alterations affect both core protein expression and
heparan sulfate chain composition. Evidence also exists
that HSPGs are functionally important for cancer growth.
For example, suppression of perlecan expression by an-
tisense technology reduces malignant melanoma cell
proliferation in response to FGF-2 and decreases migra-
tory and invasive properties.'® Moreover, HSGAGs have
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been found to play an important role in tumorigenesis,
tumor progression, and metastasis.'’

Our understanding of expression levels and function of
HSPGs in glioma is incomplete. Steck et al'* reported
that high-grade glioma-derived cells express significantly
increased amounts of hyaluronic acid and heparan sul-
fate compared with normal glial cells, and the immuno-
fluorescence staining pattern of HSPGs changes from a
distinctive punctate staining in normal brain or low-grade
astrocytomas to an intense diffuse cell-surface staining.
However, it is unclear what effect these HSPG alterations
have on FGF-2 signaling.

Here, we report that HSPGs isolated from U251 glioma
cells have a greater ability to assemble the FGF-2/
FGFR1c signaling complex and promote FGF-2-induced
proliferation than HSPGs isolated from normal human
astrocytes. We also find that the cell-surface HSPG glypi-
can-1 (Gpc-1) is increased in human U251 glioma cells
and in the vast majority of human gliomas in vivo. The fact
that overexpression of Gpc-1 in glioma cells, significantly
increases their FGF-2 response suggests a specific role
for Gpe-1 in glioma cell growth.

Materials and Methods

Heparitinase, chondroitinase ABC, standard heparan sul-
fate disaccharides, and anti-heparan sulfate (3G10) an-
tibody were purchased from Seikagaku America (Asso-
ciates of Cape Cod, Falmouth, MA). Yeast-derived
human recombinant FGF-2 was provided by Dr. Brad
Olwin (University of Colorado, Boulder). Heparin from
porcine intestinal mucosa was from Sigma (St. Louis,
MO). EZ-Link Sulfo-NHS-Biotin was purchased from
Pierce (Rockford, IL). Neutralizing anti-FGF-2 antibody
was purchased from R&D Systems (Minneapolis, MN).

Cell Culture

Normal human astrocytes (NHA cells) were purchased
from BioWhittaker (East Rutherford, NJ). U87 and U118
human glioma cells were from the American Type Culture
Collection (Rockville, MD). U251, U373 human glioma,
and rat glioma C6 cells were provided by Dr. Behnam
Badie (University of Wisconsin, Madison). U105 human
glioma cells were provided by Dr. Peter Steck (University
of Texas, M.D. Anderson Cancer Center). Cells were
cultured in complete Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10% fetal bovine serum.
FR1c11 cells, which are BaF3 lymphoid cells transfected
with FGFR1c, were provided by Dr. David Ornitz (Wash-
ington University, St. Louis, MO). FR1c11 cells were
grown in RPMI 1640 containing 10% FBS and 10%
WEHI-3 cell conditioned medium as source of interleu-
kin-3 (IL-3). Rat primary astrocytes were kindly provided
by Dr. Dandan Sun (University of Wisconsin, Madison).

Glioma Cell Proliferation Assay

Cells were seeded on 24-well tissue culture plates at a
density of 10,000 cells per well and allowed to attach
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overnight in complete DMEM. The cells were starved for
24 hours before the addition of FGF-2 (500 pmol/L). After
a 3-day incubation, cells were trypsinized, and the cell
number was determined with a Coulter Counter (Beck-
man, Hayward, CA). The effect of neutralizing anti-FGF-2
antibody (R&D Systems) on U251 cell proliferation was
measured by bromodeoxyuridine (BrdU) incorporation
assay (BrdU colorimetric; Roche Diagnostics, Indianap-
olis, IN) according to the manufacturer’s instructions.

FR1c11 Cell Proliferation Assay

The FR1c11 proliferation assay was a modification of a
method described by Allen et al."® FR1c11 cells were
added to 96-well flat-bottom tissue culture plates at a
density of 2 x 10* cells/well in starvation medium (IL-3-
deficient RPMI 1640 containing 10% calf serum) and
incubated with or without various concentrations of
HSPGs and FGF-2 (10 nmol/L). After a 72-hour incuba-
tion, CellTiter 96 Aqueous One Solution reagent (Pro-
mega, Madison, WI) was added to quantify the cell num-
ber according to the manufacturer’s instructions.

The activity of glioma cell or astrocyte HSPGs to pro-
mote FGF-2 signaling in heterotypic contact with FR1c-11
cells was also examined. For these experiments, 2 X 10*
glioma cells or normal astrocytes were seeded into each
well of a 96-well plate and allowed to attach as confluent
monolayer overnight at 37°C in DMEM with 10% FBS. The
cell monolayers were fixed in 0.5% glutaraldehyde for 1
hour, followed by three washes in HEPES containing 0.2
mol/L glycine and incubated overnight in starvation me-
dium. Some wells were treated with heparitinase (0.002
U/ml) for 3 hours. FR1c11 cells were added to the mono-
layers with or without 10 nmol/L FGF-2 in the starvation
medium. After a 72-hour incubation, the cell growth assay
was performed as described above.

HSPG Extraction

Total glioma cell or normal astrocyte HSPGs were purified
as described previously.'® ' In brief, cells were grown in
DMEM with 10% FBS until confluent. Then, the cells were
placed on ice, washed three times with cold HEPES-
buffered saline, extracted with 4 ml of TUT buffer (10
mmol/L Tris, 8 mol/L urea, 0.1% Triton X-100, 1 mmol/L
Na,SO,, 1 mmol/L phenylmethylsulfonyl fluoride, and 1
mmol/L N-ethylmaleimide, pH 8.0) for 5 minutes, and
scraped into a polypropylene tube. After sonication, di-
ethylaminoethyl (DEAE) beads pre-equilibrated with TUT
were added to the tube. Tubes containing DEAE beads
and extraction solution were rotated overnight at 4°C.
HSPGs were eluted with high-salt HEPES buffer (30
mmol/L HEPES and 1 mol/L NaCl, pH 7.4). Extracted
HSPGs were quantified by alcian blue staining as de-
scribed by Karlsson and Bjornsson.'® Commercially
available HSPGs (Sigma) were used as standards.

Isolation of Glycosaminoglycans

Glycosaminoglycans (GAGs) were isolated as reported
by Lee et al,'® with some minor modifications. Briefly, the
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cells (NHA and U251), which were 80 to 100% confluent,
were extracted with extraction buffer. The proteins and
GAGs were precipitated by addition of 3 volumes of 95%
ethanol containing 1.3% potassium acetate. The precip-
itate was digested exhaustively with proteinase K (Invitro-
gen, Carlsbad, CA) at 65°C for 24 hours. Proteins remain-
ing in the digest were precipitated by 5% trichloroacetic
acid (TCA), and the supernatant was once again precip-
itated by 3 volumes of 95% ethanol containing potassium
acetate. The precipitate was dried and desalted on a
PD-10 column using pyridine acetate buffer, pH 5.0, as
an eluant. The eluted fractions were dried by speedvac
and pooled. Quantitation of sulfated GAGs was per-
formed by the dye binding assay of Chandrasekhar et
al,?® using dimethylmethelene blue (Aldrich, St. Louis,
MO), except that the absorbance was read at 525 nm.

Steady-State Complex Binding Assay

Complex binding was measured to quantitatively analyze
the ability of HSPGs or HSGAGs to promote FGF-2 bind-
ing to FGFR1c. Extracted HSPGs were biotinylated with
EZ-Link Sulfo-NHS-Biotin (Pierce) for 1 hour at room tem-
perature. Biotinylated HSPGs were then bound to DEAE
beads to remove free biotin by washing. HSGAGs were
freshly biotinylated by biotin-LC-hydrazide (50 mmol/L in
dimethylsulfoxide) and 1-ethyl-3-(3-dimethyl-aminopro-
pyl) carbodiimide hydrochloride (0.5 mol/L in 100 mmol/L
MES, pH 5.5) at room temperature overnight after being
exhaustively digested with conventional chondroitinase
ABC to remove CS chains. Excess biotinylating agents
were removed using centricon columns (molecular
weight cutoff 3,000). Biotinylated HSPGs or HSGAGs
were immobilized on streptavidin-coated 96-well plates
(Pierce), using 150 ng of HSPGs or 50 ng of HSGAGs per
well. As the negative control, several wells were treated
with heparitinase before the binding assay. FGF-2 at
varying concentrations and FR1c-AP (5 nmol/L), a solu-
ble fusion protein containing the extracellular domain of
FGFR1c and alkaline phosphatase (AP) as enzyme
tag,’”?" were added. The plates were incubated for 1
hour and then washed twice with 400 mmol/L NaCl in TBS
to reduce nonspecific binding. AP substrate solution (0.4
mol/L diethanolamine, 1 mmol/L MgCl,, 20 mmol/L L-
homoarginine, and 24 mmol/L p-nitrophenylphosphate)
was added to each well to detect bound FRIc-AP. Absor-
bance at 405 nm reflects the amount of ternary complex.
A curve fit was performed using nonlinear saturation fit-
ting in the Prism software package (GraphPad Software,
San Diego, CA). The program also calculates an appar-
ent Ky for the binding interaction. The equation the soft-
ware used is Y = B X XI(Kq + X).

max

Disaccharide Composition Analysis of
HSGAG Chains

One to 2 pg of HSGAGs was digested with 3 mIU of
heparinase Il in the total volume of 10 ul. The digested
products were labeled with 2-aminobenzamide (2-AB;
Aldrich) according to the procedure of Kinoshita et al.??

The labeled products were analyzed on an amine-bound
silica PAO3 column (4.6 X 250 mm; YMC-Pack PA; Wa-
ters, Milford, MA) using a linear gradient of NaH,PO,
from 16 to 700 mmol/L for a period of 1 hour at a flow rate
of 1 ml/min using fluorescent detection (Excitation: 330;
Emission: 420).

Gel Electrophoresis and Western Blotting

Extracted HSPGs were digested with heparitinase and
chondroitinase ABC (0.002 U/ml) twice for 2 hours each
to remove all glycosaminoglycan chains. Samples and
prestained molecular mass markers (Bio-Rad, Hercules,
CA) were denatured in sample buffer (2% sodium dode-
cyl sulfate [SDS], 10% glycerol, bromophenyl blue, and
2.5% B-mercaptoethanol) and heated to 100°C for 3 min-
utes before gel electrophoresis. Samples were then elec-
trophoretically separated on a 3.5 to 15% Tris-borate
polyacrylamide gradient gel and transferred to a polyvi-
nylidene difluoride (PVDF) membrane. The blots were
probed with anti-A heparan sulfate (3G10) antibody (0.03
wg/ml), which reacts with heparan sulfate “stubs” gener-
ated by heparitinase treatment. A horseradish peroxi-
dase-conjugated secondary IgG (Sigma) was used for
detection. The signal was visualized with SuperSignal
West Femto Maximum Sensitivity Substrate (Pierce).

FGF-2/FGFR1c Complex Precipitation

HSPGs promoting FGF-2 binding to FGFR1c were ana-
lyzed as described by Mundhenke et al.'” Briefly,
FR1c-AP was immobilized on anti-alkaline phosphatase-
conjugated agarose beads (Sigma). Total HSPGs (2 X
10° cell equivalent) were incubated with the FR1c-AP-
carrying agarose beads in the presence or absence of 10
nmol/L FGF-2 overnight at 4°C. The agarose beads were
subsequently washed with 0.5 mol/L NaCl in Tris-buff-
ered saline twice to reduce nonspecific binding and di-
gested with chondroitinase. HSPG core protein was re-
leased into solution from the FGF-2/FGFR/heparan sulfate
complex by heparitinase digestion. The samples were
loaded on a 3.5 to 15% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) gradient gel. HSPG core protein
was detected with 3G10 antibody. To ascertain heparan
sulfate dependence of complex formation, total HSPGs
were digested with heparitinase before the binding reac-
tion in control samples. Omission of FGF-2 from the re-
action mixture served as an additional negative control.

Quantitative Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR)

Quantitative real-time PCR was performed to measure
sulfotransferase, HSPG core protein, and FGFR mRNA
levels. Total RNA was isolated using RNeasy Protect Mini
kit (Qiagen, Valencia, CA). One microgram of total RNA
from NHA or human glioma cells was reverse transcribed
into cDNA using the ThermoScript RT-PCR System (In-
vitrogen). Five percent of the RT product was used in the



quantitative RT-PCR reaction with SYBR Green PCR mas-
ter mix on an iCycler instrument (Bio-Rad). B-Actin mRNA
level was used as internal control for normalizing different
samples.

Cell Transfection

Human Gpc-1 cDNA (kindly provided by Dr. Guido
David, University of Leuven, Belgium) was cloned into the
pcDNAS3 expression vector. U87 glioma cells were stably
transfected with either construct or the respective empty
vector using TransIT-LT1 transfection reagent (Mirus,
Madison, WI). After selection with G418 (400 ng/ml), cell
extracts were subjected to HSPG Western blot analysis
with 3G10 antibody to determine the levels of HSPG core
protein. Proliferation assays were performed as de-
scribed above.

Immunohistochemical Analysis of
Human Tumor Samples

After IRB approval, paraffin blocks from glioma resec-
tions and temporal lobectomy specimens from seizure
patients were selected from the pathology archives.
Cases with insufficient viable tissue were excluded. Tissue
arrays containing duplicate 1-mm cores were constructed
from these samples using the Arrayer | instrument (Beecher
Instruments, Sun Prairie, WI). Immunohistochemical analy-
sis of Gpc-1 was performed on 4-um sections from the
array blocks using monoclonal antibody S1 (kindly provided
by G. David®®) as described previously.'®'” The array
slides were scored independently by two pathologists (S.S.
and A F.) using the method by Allred and colleagues.?* This
technique takes both the proportion of positive cells and the
staining intensity into account and yields a summary score
on a scale from 0 to 8. The agreement between both ob-
servers was excellent (r = 0.9183; P < 0.0001). The aver-
age of both scores was used for further analysis.

Results

FGF-2 Stimulates Proliferation of
Glioma Cells but Not of Normal Astrocytes

FGF-2 has been identified in human glial tumors and in
transformed human glial cell lines."2 Previous studies
suggest that FGF-2 is involved in an autocrine pathway
regulating glioma growth and invasion.* When we
screened a panel of five glioma cell lines, we found that
the majority proliferate in response to FGF-2, whereas
NHA cells fail to do so (Figure 1A). Among these cell
lines, U251 cells had the strongest response to FGF-2. Its
cell number increased by 312.5 + 3.1% when exposed to
FGF-2 at a concentration of 500 pmol/L. U373, U118, and
U87 cells also showed a robust proliferative response to
FGF-2, whereas U105 cells were unresponsive. To ex-
clude the possibility that NHA cells have lost their mito-
genic potential in culture, we also measured their prolif-
eration in response to fetal bovine serum (10%). Growth
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Figure 1. FGF-2-induced glioma cell proliferation. A: FGF-2-induced glioma
cell proliferation. Cells were treated with 500 pmol/L FGF-2 for three days
and then trypsinized. Cells were counted with a Coulter Counter. The data
points indicate the percent increase in cell number in the presence of FGF-2
compared with a no-treatment control. B: FBS-induced glioma cell prolifer-
ation. Cells were treated and counted the same way as shown in A. Data
points indicate the percent increase in cell number with 10% FBS compared
with the no-treatment control. C: The effect of anti-FGF-2 antibody on the
proliferation of U251 cells. Cells were cultured on a 96-well plate with 3,000
cells per well and starved for 24 hours. A polyclonal anti-FGF-2 antibody was
added to the starvation medium. FGF-2 was not added during or after the
serum starvation. Proliferation was measured with the BrdU incorporation
assay according to the manufacturer’s instructions. Data are mean = SEM.
*P < 0.05 versus control.

of NHA cells and all glioma cells in the panel was signif-
icantly stimulated in response to this mitogen (Figure 1B).

Next, we examined whether an autocrine growth-pro-
moting loop involving FGF-2 contributes to the high base-
line growth of U251 cells. Treatment with goat anti-FGF-2
neutralizing antibody significantly decreased U251 cell
baseline proliferation in starvation medium (Figure 1C).
U251 cell growth was not inhibited by a goat serum
control at the same concentration. This result suggests
the existence of an FGF-2-mediated autocrine loop,
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Table 1. Quantitation of FGFR mRNA Level in NHA and Human Glioma Cells
mRNA copy number per 10° copies of B-actin mRNA

FGFR1c FGFR1b FGFR2c FGFR2b FGFR3c FGFR3b FGFR4
NHA 11,815 = 202 234 =10 4,347 = 24 126 125 £ 30 66 =8 250 = 21
us7 35,722 £ 916 1,864 = 291 10,512 = 1234 0 11 2=*+1 136 £ 2
U105 11,399 = 268 373+ 6 3,211 = 45 2x2 124 24 £9 164 =1
U118 26,227 = 1,682 2,886 = 159 7,300 = 518 3+3 3x2 9+9 144 £ 8
U251 35,971 £ 985 0 827 = 87 27 £2 1,203 = 164 4+3 202
U373 1,848 = 86 129 = 16 2,105 = 48 34 4 262 = 59 162 = 21 184

Total RNA isolation and quantitative RT-PCR was performed as described in Materials and Methods. Individual standard ranges were used for
different genes to ascertain that samples were within the range. All of the copy numbers were normalized to 10° copies of B-actin mRNA. Data are

representative of three experiments.

which is further augmented by the addition of exogenous
FGF-2.

One explanation for the differences in FGF-2 signaling
between glioma cells and normal astrocytes would be
variances in their FGFR expression profiles. A meaningful
analysis of FGFR expression must take splice variation
into account, because alternative splicing greatly affects
ligand-binding specificity.?® Because isoform-specific
antibodies are not available, we measured FGFR expres-
sion at the mRNA level by quantitative real-time PCR.
FGFR1c was the most predominant FGFR expressed
among NHA and human glioma cell lines (Table 1). The
mRNA level of FGFR1c in U87, U118, and U251 cells was
significantly higher than in NHA cells (Table 1). This is
consistent with the previous finding that FGFR1 expres-
sion is elevated in malignant astrocytomas.® However,
the diversity of FGFR1c levels clearly does not fully ex-
plain the differences in FGF-2 response. This prompted
us to examine the role of HSPGs as FGF-2 co-stimulators
in gliomas and astrocytes.

Glioma Cell Heparan Sulfate Proteoglycans
Promote FGF-2 Signaling via FGFR1c to a
Greater Degree Than Normal Astrocyte HSPGs

Previous studies have shown that HSPG expression and
distribution in human glioma are altered compared with
normal glial cells.'2® However, it has been unclear
whether such changes affect FGF-2 signaling in gliomas.
To test the activity of HSPGs from different cellular
sources in a standardized experimental system, we used
an assay based on HSPG-deficient BaF3 reporter cells.
This cell type has been used extensively to analyze
growth factor signaling events.?® Parental BaF3 cells are
negative for both HSPGs and FGFR expression and re-
quire IL-3 for survival. However, BaF3 cells expressing
FGFR bypass the IL-3 requirement if a compatible FGF
and suitable heparan sulfate are provided.?’ In this
study, we chose FR1c11 cells, which express functional
FGFR1c—the receptor isoform most prevalent on glioma
cells.™?

As a first screening test, we examined FR1c11 cell
proliferation on fixed monolayers of either glioma cells or
normal astrocytes. In this modification of an assay de-
scribed by Richard et al,?” HSPGs on the adherent glu-
taraldehyde-fixed cells participate in heterotypic signal-

ing complexes with exogenous FGF-2 and FGFR1c on
FR1c11 cells. Heparitinase-sensitive (ie, heparan sulfate-
mediated) growth stimulation of FR1c11 cells was ob-
served on monolayers of U251 and U118 glioma cells but
not NHA cells or U87, U105, or U373 glioma cells (Figure
2A). This result suggests that HSPGs of U251 and U118
cells have a greater capability to induce FGF-2 signaling
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Figure 2.FR1cll cell proliferation on fixed-cell monolayers. Fixed-cell
monolayers (A, human cells; B, rat cells) were either treated with hepariti-
nase or without the enzyme as indicated. FR1c11 (20,000 cells/well) cells
were added on top of the fixed-cell monolayers in the presence or absence
of 10 nmol/L FGF-2. Cell growth was determined after 72 hours using a
tetrazolium compound-based (Cell Titer 96 Aqueous) assay. Data points
indicate percent increase in absorbance in the presence of 10 nmol/L FGF-2
compared with the no-treatment control. Data indicate mean * SEM. *P <
0.05 versus NHAs or PAs without heparitinase treatment, “P < 0.05 versus
with heparitinase treatment.



than those of NHA and other glioma cells. To test whether
this observation is valid across species, we compared rat
glioma C6 cells and primary rat cultured astrocytes
(PAs). The proliferation of FR1c11 cells on fixed C6
monolayers was significantly higher than on fixed primary
rat astrocytes (119 = 10.01 versus 79.52 *= 8.936%, P <
0.05) in a heparitinase-sensitive manner (Figure 2B). In
summary, these results suggest that in a subset of glioma
cells, HSPGs quantitatively or qualitatively differ from nor-
mal astrocyte HSPGs and promote FGF-2 signaling via
the FGFR1c. The observed heterogeneity among the gli-
oma cell lines with respect to signaling pathways con-
firms prior findings by others.?®2° Our result is also in
keeping with the presence of distinct glycosaminoglycan
profiles identified in these cell lines by another
group.26'30

To further study the ability of glioma HSPGs to promote
FGF-2 signaling in a more quantitative fashion, we con-
ducted experiments with isolated HSPG preparations.
Based on our screening experiments with fixed monolay-
ers, we focused in subsequent studies on a comparison
between U251 glioma cells and NHA cells. For an anal-
ysis across species, we also compared C6 glioma cells
and PA cells. The activity of purified HSPGs was tested
directly on FR1c11 reporter cells. Consistent with the
result from the monolayer study, extracted U251 and C6
glioma HSPGs displayed a significantly higher activity in
promoting FGF-2-induced FR1c11 cell growth than nor-
mal astrocyte HSPGs at the concentrations of 0.1 and 1
ng/ml (Figure 3, A and B). At the highest concentration
(10 ng/ml), the difference disappeared. This difference in
dose response suggests a qualitative difference between
HSPGs from normal astrocytes and glioma cells, which
can be compensated for by adding higher concentra-
tions of the “activity-deficient” NHA HSPGs.

HSPGs regulate the interaction between FGF-2 and
FGFR by forming a ternary signaling complex that in-
cludes two FGF-2, two FGFR, and heparan sulfate.®®’
The observed elevated activity of U251 and C6 HSPGs in
activating the FGF-2-FGFR1c signaling complex may be
due to increased affinity and/or binding capacity in the
complex. To distinguish between these two possibilities,
we examined steady-state binding of FGF-2 to FGFR1c in
the presence of HSPGs. In this assay, increasing con-
centrations of FGF-2 and a fixed amount of FR1c-AP,
which is a fusion protein consisting of the extracellular
portion of FGFR1c linked to placental AP,?" are added to
wells coated with a purified preparation of HSPGs. By
measuring the AP activity bound on the plate, we quan-
titatively tested the ability of HSPGs to promote FGF/
FGFR assembly under steady-state conditions. We found
that the apparent complex dissociation constant (K4) on
a U251 HSPG-coated plate and a NHA HSPG-coated
plate did not differ significantly (6.09 = 0.973 versus
3.611 = 1.5 nmol/L; Figure 4A). In contrast, the saturation
binding capacity for the FGF-2/HSPG/FGFR1c complex
was dramatically higher on U251 HSPG-coated plates
(0.288 = 0.016) compared with NHA HSPG-coated
plates (0.032 = 0.0036, P < 0.05; Figure 4A). This result
suggests that the number of heparan sulfate domains
capable of mediating a high-affinity interaction between
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Figure 3. FGF-2-induced FR1c11 proliferation with extracted total HSPGs.
Extracted total HSPGs (A, human cell HSPGs; B, rat cell HSPGs) were
quantified. HSPGs (0, 0.1, 1, and 10 ug/ml) were added to FR1c11 cells in the
presence or absence of 10 nmol/L FGF-2. Cell proliferation was determined
after 72 hours using a tetrazolium compound-based assay. Data represent
mean * SEM. *P < 0.05 versus NHAs (A) or PAs (B).

FGF-2 and FGFR1c is increased in glioma cell HSPGs
compared with normal astrocyte HSPGs. To confirm this
finding and to eliminate potential core protein interfer-
ence, we performed the steady-state binding assay on
HSGAG chains isolated from U251 and NHA cells. Con-
sistent with the HSPG binding results, U251 HSGAG had
a significantly higher saturation binding capacity
(0.267 = 0.0097) for the FGF-2/heparan sulfate/FGFR1c
complex than NHA heparan sulfate chains (0.136 =
0.0038, P < 0.05; Figure 4B), although U251 heparan
sulfate chains displayed a higher K4 than NHA heparan
sulfate chains (8.186 = 0.79 versus 4.205 = 0.393 nmol/
L). The binding observed was specifically mediated
through the heparan sulfate chains because heparitinse
digestion completely abolished the binding (Figure 4B).

NHA and U251 Cells Express Different HSGAG
Sulfotransferases

Specific sulfation patterns, and thus protein binding do-
mains, within HSGAG are generated by the concerted
action of numerous sulfotransferase enzymes. Many of
these enzymes, including isoforms, have only recently
been discovered, and antibodies are not available. Re-
cently, a correlation between HSGAG sulfotransferase
mMRNA levels and HSGAG function during murine brain
development has been described.®? We tested by quan-
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Figure 4. FGF-2/FRIc-AP complex assembly on immobilized total HSPGs
and HSGAGs. Biotinylated total HSPGs (A) or HSGAGs (B) were quantified
and immobilized on streptavidin-coated 96-well plates at 150 ng HSPGs/well
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coating with HSGAGs, several wells were treated with heparitinase as the
negative control for the binding assay. Data represent mean = SEM. The
curves were generated by nonlinear saturation binding curve fit using Prism
program (GraphPad Software).
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titative real-time PCR whether the mRNA expression pro-
file of these enzymes was changed in U251 compared
with NHA cells (Figure 5). Both NHA and U251 cells
expressed a wide spectrum of HSGAG sulfotransfer-
ases, including multiple isoforms of 3-o-sulfotransferase
(3-OST) and 6-OST. The expression profiles were dis-
tinctly different in NHA versus U251 cells, with NDST-1
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Figure 5. Comparison of sulfotransferase mRNA levels in U251 glioma and
NHA cells. Total RNA isolation and quantitative RT-PCR was performed as
described in Materials and Methods. Data are present as mRNA level relative
to B-actin (A, NHAs; B, U251). Values were calculated as 1000 X 2 to the
power of (cycle thresholdg i, — cycle threshold,ouansterase)-

being the most abundant enzyme in NHA cells and
3-OST predominating in U251 cells.

U251 Cell HSGAGs Have a Higher Level of
Overall and 6-0 Sulfation Than NHA Cells

Sulfotransferase mMRNA levels do not allow a direct pre-
diction of HSGAG structure or function. Therefore, we
proceeded with a disaccharide analysis of NHA and
U251 HSGAGs. High performance liquid chromatogra-
phy (HPLC) analysis after digestion with a heparinase
mixture and 2-AB labeling revealed that HSGAGs
from NHA and U251 cells were differentially sulfated
(Figure B). The disaccharide peaks obtained were iden-
tified based on the retention times of the au-thentic
standard disaccharides and by co-chromatog-raphy.
The HSGAGs from U251 cells had a higher degree of
sulfated disaccharides especially with respect to AHexA-
GIcNAc(6-0S0O;) (2.2 versus 1.4 mol %) and AHexA(2-
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Figure 6. Disaccharide composition analysis of heparan sulfate chains.
GAGs from NHA (A) and U251 (B) cells were digested with heparinase and
labeled with 2-AB and analyzed by anion-exchange HPLC on a PA-03 column
using a gradient from 16 to 700 mmol/L NaH,PO, over a period of 1 hour and
monitored by fluorescence detection as detailed in Materials and Methods.
Based on the elution positions of the standard heparan sulfate disaccharides
and comigration, the peaks were identified as follows: 1, 2AB-AHexA-
GIcNAGc; 2, 2AB-AHexA-GIeNAc(6-OSO3); 3, 2AB-AHexA-GIcNSOy; 4, 2AB-
AHexA(2-0803)-GIeNSO5; and 5, 2AB-AHexA(2-0805)-GleNSO5(6-0505).
The peaks marked by an asterisk are derived from 2-AB reagent. C: Heparan
sulfate (HS) disaccharides (mole %) in U251 and NHA cells. D: The sulfate-
to-disaccharide ratio of heparan sulfate. The experiment was performed
twice with very similar results. Data from one representative experiment are
shown.

08S0,)-GIcNSO4 (13.4 versus 5.5 mol %) compared with
NHA cells (Figure 6C). Additionally, HSGAG chains from
NHA cells had higher proportions of unsulfated disaccha-
rides consequently resulting in a lower sulfate-to-disac-
charide ratio compared with U251 cells (0.56 versus
0.77; Figure 6D). There was no recognizable correlation
between sulfotransferase mMRNA levels and the HSGAG
sulfation patterns.

Gpc-1 Expression Is Elevated in U251 Glioma
Cells Compared with NHA Cells

HSPGs can be divided into the general categories of
cell-associated forms, which include the syndecans and
glypicans, and secreted extracellular matrix forms, such
as perlecan. Previous studies indicate that a change in
expression of specific HSPG core proteins may result in
enhanced mitogenic response of tumor cells to FGF-2.

Glioma Glypican-1 and FGF Signaling 2021
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For example, Gpc-1 is overexpressed in human pancre-
atic cancer and regulates FGF-2 action in the cells.’® We
have recently described a specific role for Gpc-1 in pro-
moting FGF-2 signaling in glioma endothelial cells.’® To
examine whether expression of specific HSPGs is asso-
ciated with activity in FGF-2 signaling, we determined
HSPG core protein profiles in glioma cells and normal
astrocytes. Purified HSPGs were analyzed by gradient
SDS-PAGE gel electrophoresis. The blots were probed
with an antibody (3G10) that recognizes the heparan
sulfate stubs remaining after heparitinase digestion and
thus reacts with all HSPGs independent of the identity of
the core protein.®® We found that both normal astrocytes
and glioma cells expressed a broad spectrum of HSPG
core proteins (Figure 7A). Syndecan-2 and -4 were abun-
dant in normal astrocytes (NHAs and PAs) and all of the
glioma cell lines tested. Interestingly, the Gpc-1 protein
expression level was higher in U251 and in U118 cells
compared with the other glioma cells and NHAs, mirror-
ing their HSPG activity in FGF-2 signaling. Also, C6 gli-
oma had an increased Gpc-1 expression compared with
PA. The migration pattern of HSPGs had previously been
established with core protein-specific antibodies.'® The
conditioned medium contained predominantly high mo-
lecular weight (presumably extracellular matrix) HSPGs
and some Gpc-1 (not shown).

We next performed quantitative RT-PCR to examine
HSPG core expression at the mRNA level (Table 2).
mRNA and protein levels of NHA and glioma cells were in
general agreement with the exception of syndecan-3,
which showed a poor correlation. Gpc-1 was the most
dominant HSPG in U251 cells with mRNA copy numbers
exceeding those of NHA cells by a factor of approxi-
mately 30.

To study whether Gpc-1 directly participates in the
FGF-2 signaling complex, we analyzed the composition
of HSPG core proteins found in FGF-2/FGFR1c com-
plexes formed in the presence of U251 cell HSPGs in
vitro. Gpc-1 and other U251 glioma cell HSPGs co-immu-
noprecipitated with FGFR1c in the presence of FGF-2
(Figure 7B). Complex formation was FGF-2 and heparan
sulfate dependent, because it was completely abolished
by omitting FGF-2 from the reaction or degrading hepa-
ran sulfate with heparitinase before binding. This result
indicates that all glioma cell HSPG core proteins are
decorated with heparan sulfate chains similarly capable
of promoting stable binding of FGF-2 to FGFR1c, albeit
subtle differences between HSPG types cannot be ex-
cluded with this qualitative assay.

Gpc-1 Overexpression Increases the FGF-2
Response of U87 Glioma Cells

To further confirm an important role of Gpc-1 in FGF-2
signaling, we examined whether expression of this HSPG
core protein in a glioma cell line deficient in Gpc-1 would
increase the FGF-2 response. Stable transfection of U87
cells with human Gpc-1 cDNA leads to elevated Gpc-1
protein levels (Figure 8, A and B). Compared with the
mock-transfected cells, Gpc-1-transfected cells showed
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Figure 7. HSPG core protein expression and FGF-2/FGFR complex precip-
itation. A: Core protein expression in normal astrocytes and glioma cells.
HSPGs (200,000 cell equivalents) were digested with heparitinase and chon-
droitinase to degrade GAG chains and then analyzed by SDS-PAGE using a
3.5 to 15% gradient gel and transferred to a PVDF membrane as described in
Materials and Methods. Cell equivalents (2 X 10°) of each type of cell were
loaded onto the gel. The blot was probed with 3G10 antibody. B: Fraction-
ation of HSPGs from U251 cells according to their ability to promote the
FGF-2/FGFR complex. HSPGs isolated from U251 cells (2 X 10° cell equiv-
alents) were incubated with FGFR1c-alkaline phosphatase (FRIc-AP) fusion
protein immobilized on agarose beads in the presence of 10 nmol/L FGF-2.
After washing and digestion with heparitinase and chondroitinase, HSPGs
complexed to the beads were analyzed by SDS-PAGE. The membrane was
probed with 3G10 antibody. A total HSPG loading control was included.
Negative controls included digestion of the total HSPGs with heparitinase
before complex formation and omission of FGF-2 from the binding reaction.

The asterisks indicate the bands generated by interaction of the secondary
detection antibody with heavy and light chain of the anti-AP antibody.

A B Cc
S = g
R V\O c,»:\ & 8 >
xR $> T ®©
e
32
- 2<
Gpe-1 Gpe-1 &3
L E o4
- ©32 012 3 4 5 6
e Treatment Time (day)
D E
E 0.06 = Gpc-1
_ £ o0 —~Opc1 3 £ 005 ©° Mock
B il Mock 0
8 @ 100 e
@ g0 { 2
T ®© =
g9 60 8
324 g
£ 2 =
@O
Ve O T eI 5363 3
égchxmfb‘b%v g,
P2 Log([FGF-2] pM) 0 5 10 15 20 25 30
FGF-2 (nM)

Figure 8. The effect of Gpc-1 overexpression on U87 FGF-2 response. A: The
Gpe-1 protein level was significantly increased in U87 cells stably transfected
with Gpe-1 ¢DNA. Total HSPGs (500,000 cell equivalents) were extracted
from both mock-transfected and Gpc-1-transfected cells. After digestion with
heparitinase and chondroitinase, HSPG extracts were analyzed by SDS-PAGE
using a 3.5 to 15% gradient gel and transferred to a PVDF membrane as
described in Materials and Methods. The blot was probed with 3G10 anti-
body. B: The blot shown in A was re-probed with anti-human Gpc-1 anti-
body. C: Time course of FGF-2 response of Gpc-1-transfected U87 and
mock-transfected U87 cells. After 24 hours of starvation, cells were treated
with FGF-2 (500 pmol/L). Cells were trypsinized and counted with a Coulter
Counter at the days indicated. Data points indicate cell number increase of
FGF-2-treated cells compared with the no-treatment control. *P < 0.05.
D: The FGF-2 dose response of Gpe-1-transfected U87 and mock-transfected
U87 cells. Cells were treated with 0, 10, 100, 500, 1000, and 5000 pmol/L
FGF-2 for 3 days and then counted. *P < 0.05 versus mock-transfected cells.
E: FGF-2/FR1-AP complex assembly on immobilized HSPGs from Gpc-1-
transfected or mock-transfected U87 cells. Binding was performed according
to the description of Figure 4. Data represent mean = SEM. The curves were
generated by nonlinear saturation binding curve fit using Prism program
(GraphPad Software).

an enhanced response to FGF-2. After 2 days of treat-
ment with 500 pmol/L FGF-2, Gpc-1-transfected cells
already reached their maximum response, whereas con-
trol cell proliferation peaked after 5 days of treatment with
FGF-2 (Figure 8C). Gpc-1 overexpressing cells also
showed a greater response to FGF-2 than control cells in
a dose-response experiment (Figure 8D). In the FGF-2/
HSGAG/FGFR steady-state complex binding analysis,
the apparent complex dissociation constant (Ky) was
similar for HSPGs from Gpc-1-transfected cells and

Table 2. Quantitation of HSPG mRNA Level in NHA and Human Glioma Cells

mRNA copy number per 10° copies of B-actin mRNA

Glypican-1 Perlecan Syndecan-1 Syndecan-2 Syndecan-3 Syndecan-4
NHA 9,728 + 2,197 10,306 * 282 17,056 = 797 9,611 = 361 138,889 + 5,300 10,944 * 681
us7 4,882 + 788 2,286 + 166 5,963 = 425 7,501 =7 2,654 + 311 21,765 = 1,219
U105 6,683 = 1,704 4,598 + 277 7,716 = 210 8,733 + 371 34,711 = 2,649 8,460 * 260
U118 7,667 = 2,430 3,056 * 662 1,745 = 87 16,275 = 748 521 + 58 12,843 = 276
U251 318,596 * 28,176 36 + 11 5+2 19,663 = 730 143 1,926 = 131
U373 17,596 = 2,872 521 £ 42 6,542 = 410 12,724 = 210 124,038 = 4,441 4,054 =120

Total RNA isolation and quantitative RT-PCR was performed as described in Materials and Methods. Individual standard ranges were used for
different genes to ascertain that samples were within the range. All of the copy numbers were normalized to 10° copies of g-actin mRNA. Data

indicate mean = SEM.



mock-transfected cells (Figure 8E; 1.418 = 0.386 versus
1.07 = 0.488 nmol/L). However, the maximal binding
capacity of HSPG from Gpc-1-transfected cells was sig-
nificantly increased compared with HSPGs from control
cells (0.049 = 0.0027 versus 0.024 = 0.002; P < 0.05).

Gliomas Overexpress Gpc-1

The correlation between Gpc-1 overexpression and
HSPG activity in the cell lines prompted us to examine
Gpc-1 levels in human glioma samples. A tissue array
was assembled, containing duplicate samples from 49
astrocytomas (4 grade |, 2 grade I, 5 grade Ill, and 39
grade IV tumors), 7 oligodendrogliomas, and 10 temporal
lobe gliosis cases as controls. Gpc-1 was either unde-
tectable or weakly expressed by astrocytes in the non-
neoplastic samples (mean score, 0.85 = 0.97; Figure 9,
A, C, and E). In contrast, astrocytomas and oligodendro-
gliomas expressed Gpc-1 at elevated levels (mean
scores, 6.3 = 1.5 and 5.75 = 0.54, respectively; Figure 9,
B, D, and E). Eleven astrocytomas (22%) showed strong
expression diffusely throughout the tumor (Figure 9D).
The difference in immunohistochemistry scores between
the astrocytomas and the non-neoplastic controls was
highly significant (P < 0.0001; Figure 9E). Only two as-
trocytomas overlapped with the expression range seen in
non-neoplastic gliosis. There was no significant correla-
tion between Gpc-1 expression and tumor grade, albeit
the number of lower grade tumors was low. Gpc-1 ex-
pression in tumor vessel endothelial cells was seen in 20
astrocytomas (41%), which is in keeping with our previ-
ous observations.'® In summary, Gpc-1 overexpression
is an almost universal feature of gliomas.

Discussion

Previous studies by other investigators have shown that
FGF-2 signaling in glioma cells is altered compared with
normal astrocytes, because gliomas contain elevated
levels of FGF-2, switch their FGFR repertoire to optimally
respond to FGF-2, and are stimulated in growth by an
FGF-2-mediated autocrine loop.®>® We now show that
HSPG coreceptors are also altered in glioma cells, con-
tributing to increased FGF-2 responsiveness. In contrast,
normal astrocyte HSPG is ill suited to support an FGF-2-
mediated mitogenic signal. Alterations in glioma cell
HSPGs appear to be quantitative in nature at the level of
core protein expression and qualitative at the level of
heparan sulfate structure and function.

HSPGs conducive to FGF-2 signaling were found in
two of five human glioma cell lines and in C6 rat glioma
cells. FGFR1c, the principal FGF-2 signaling receptor,
was co-expressed at high levels, setting the stage for an
autocrine and/or paracrine mitogenic pathway. These re-
sults illustrate that a functional FGF-2 signaling pathway
exists in a considerable proportion of, but not all, glioma
cell lines. The heterogeneity displayed by human glioma
cell lines with respect to FGF-2 signaling could be due to
variances in the spectrum of HSPGs and FGFRs. During
glioma cell progression, the requirement for HSPG core-
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ceptors may be bypassed by the activation of alternative
signaling pathways. The HSPG-independent EGF signal-
ing axis is turned on in U87 and U373 cells, which
may dominate over FGF-2 signaling events.?®2° Mito-
genic loops involving PDGF and TGF have also been
reported.3*~2° Glioma growth regulation can also be per-
turbed downstream of growth factor receptors. The tumor
suppressor phosphatase and tensin homolog (PTEN),
located on chromosome 10, is frequently lost in gliomas,
leading to constitutive phosphorylation of AKT and auton-
omous growth.*®

In this study, we describe a striking overexpression of
Gpc-1 in the majority of human gliomas compared with
non-neoplastic astrocytes. In glioma cell lines, a correla-
tion between Gpc-1 expression and FGF-2 co-stimulator
activity was identified. Glypicans have been found to play
a crucial role in FGF-2 signaling, '®373® Wnt signaling,3°®
and mammalian development.“® The observations on gli-
oma cells reported here fit into the emerging picture of a
special role for Gpc-1 in malignancy. Gpc-1 is overex-
pressed in pancreatic cancers, and enzymatic removal
of glycosylphosphotidylinositol-anchored cell-surface mol-
ecules or silencing of Gpc-1 expression with antisense
RNA inhibits pancreatic carcinoma cell growth.'® Simi-
larly, in breast carcinomas, Gpc-1 was required for the
activity of “heparin binding” growth factors heregulin and
hepatocyte growth factor/scatter factor.*’ We have
recently shown that Gpc-1 overexpression in glioma ves-
sel endothelial cells contributes to FGF-2 responsiveness
and tumor angiogenesis.'®

Gpc-1 is clearly equipped with heparan sulfate chains
capable of promoting FGF-2 binding to FGFR1c, but
other cell-surface HSPGs may also be involved (Figure
7B). In intact cells, Gpc-1 may have a special role in
FGF-2 signaling by virtue of its GPIl anchor, which serves
as a constitutive cell membrane lipid raft localization
signal. FGFR substrate 2, an obligatory FGFR adaptor
molecule, is also exclusively found in lipid rafts, and thus
the two molecules form a “signaling scaffold” in these
membrane microdomains. However, we find that Gpc-1-
rich glioma cell HSPGs promote FGF-2 signaling even
when they are removed from the cell surface as purified
preparations. This observation could be explained by a
recent finding by Chen and Lander*? that the Gpc-1
globular domain steers GAG synthesis toward a higher
content of heparan sulfate versus chondroitin sulfate.
Interestingly, this effect was not limited to GAG on the
Gpc-1 core protein but applied to the other core proteins
in a “trans” effect.

Our in vitro assays with FR1c-11 cells demonstrate that
U251 glioma HSGAGs are qualitatively superior to NHA
HSGAGs in promoting FGF-2 signaling via FGFR1c. This
elevated activity can likely be attributed to the higher
degree of sulfation found in the glioma cell HSGAGs and,
specifically, the elevated levels of 6-O sulfate substitution
on N-acetylglucosamine. Several lines of evidence point
toward a crucial role for this sulfate group in FGF-2 sig-
naling, although other investigators identified a privileged
role for 2-O-sulfate on uronate.*®%* Selective removal of
6-0 sulfate from heparin fragments or HSGAG oligosac-
charides renders these molecules inactive in FGF-2
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Figure 9. Expression levels of Gpc-1 in human tumor samples. Tissue array slides containing samples from both gliomas and non-neoplastic gliosis cases were
stained with hematoxylin-eosin (H&E) and immunolabeled with an antibody to Gpc-1 (mouse monoclonal antibody S1, 5 pg/ml). Original magnification for all
photomicrographs is X400. A: Temporal lobe gliosis; H&E stain. B: Grade IV astrocytoma, H&E stain. C: Temporal lobe gliosis (same case as A) immunolabeled
for Gpe-1. D: Grade IV atrocytoma (same case as B) immunolabeled for Gpe-1. The tumor cells show diffuse and strong staining; tumor vessel (V) endothelial
cells stain weakly in this sample. E: Gpc-1 IHC scores of 49 astrocytomas, 10 gliosis cases, and 7 oligodendrogliomas. The scores were significantly different by
nonparametric Mann Whitney test as indicated. The horizontal lines indicate the means.



signaling.*®® Overexpression of HSulf1 and/or HSulf2,
endosulfatases with substrate specificity toward 6-O
sulfate, diminishes ternary FGF-2/HSGAG/FGFR1c com-
plex binding on the cell surface and suppresses FGF-2-
induced signaling and mitogenesis.*”*® There is mount-
ing evidence that relatively subtle differences in HSGAG
sulfation can have dramatic effects on FGF signaling.**4°

In summary, the results of our study indicate that
HSPGs from a subset of human glioma cells and rat
glioma cells have a greater capability of promoting FGF-2
signaling than HSPGs from normal human or primary rat
astrocytes. The enhanced HSPG activity correlated with
high expression levels of Gpc-1 and structural HSGAG
alterations. These observations indicate the importance
of HSPG coreceptors in autocrine growth stimulation by
FGF-2. The heterogeneity of mitogenic signaling path-
ways in gliomas suggests that it may be futile to search
for a universally active glioma treatment. Improved ther-
apy success for this devastating disease may be
achieved by the characterization of disregulated mito-
genic pathways in individual tumors followed by targeted
and individualized treatment.
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