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Abstract

 

Heparan sulfate proteoglycans (HSPGs) play diverse roles
in cell recognition, growth, and adhesion. In vitro studies
suggest that cell-surface HSPGs act as coreceptors for hep-
arin-binding mitogenic growth factors. Here we show that
the glycosylphosphatidylinositol- (GPI-) anchored HSPG
glypican-1 is strongly expressed in human pancreatic can-
cer, both by the cancer cells and the adjacent fibroblasts,
whereas expression of glypican-1 is low in the normal pan-
creas and in chronic pancreatitis. Treatment of two pancre-
atic cancer cell lines, which express glypican-1, with the en-
zyme phosphoinositide-specific phospholipase-C (PI-PLC)
abrogated their mitogenic responses to two heparin-binding
growth factors that are commonly overexpressed in pancre-
atic cancer: fibroblast growth factor 2 (FGF2) and heparin-
binding EGF-like growth factor (HB-EGF). PI-PLC did not
alter the response to the non–heparin-binding growth fac-
tors EGF and IGF-1. Stable expression of a form of glypi-
can-1 engineered to possess a transmembrane domain in-
stead of a GPI anchor conferred resistance to the inhibitory
effects of PI-PLC on growth factor responsiveness. Further-
more, transfection of a glypican-1 antisense construct atten-
uated glypican-1 protein levels and the mitogenic response
to FGF2 and HB-EGF. We propose that glypican-1 plays an
essential role in the responses of pancreatic cancer cells to
certain mitogenic stimuli, that it is relatively unique in rela-
tion to other HSPGs, and that its expression by pancreatic
cancer cells may be of importance in the pathobiology of this
disorder. (
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Introduction

 

Membrane-associated heparan sulfate proteoglycans (HSPGs)

 

1

 

are thought to play important roles in many aspects of cell be-

havior, including cell–cell and cell–extracellular matrix adhe-
sion (1, 2) and growth factor signaling (3, 4). Two families of
polypeptides appear to carry the majority of the heparan sul-
fate on mammalian cells: glypicans, which are attached to the
plasma membrane via glycosylphosphatidylinositol (GPI) an-
chors, and syndecans, which are transmembrane proteins (3,
5). Four syndecans and five glypicans, all encoded by separate
genes, have been described to date (5–10). Many of these
polypeptides exhibit tissue-specific patterns of expression, al-
though these patterns often overlap (11–14). In vitro, at least,
it is common for cells to express multiple HSPGs, often from
both the glypican and syndecan families.

The role of HSPGs in growth factor signaling has been best
characterized with respect to fibroblast growth factors (FGFs),
which require the presence of heparan sulfate for high affinity
binding to their tyrosine kinase receptors (15–17). More re-
cently, several other growth factors have been found to exhibit
a strong requirement for an HSPG coreceptor in their signal-
ing; these include heparin-binding EGF-like growth factor
(HB-EGF), hepatocyte growth factor (HGF), and members of
the 

 

Wnt

 

 family of secreted glycoproteins (18–21). Many other
growth factors, including vascular endothelial growth factor
(VEGF), PDGF, TGF-

 

b

 

s, and bone morphogenetic proteins
(BMPs), are known to bind heparin and heparan sulfate, al-
though the physiological consequences of this binding are un-
clear.

Pancreatic cancer is responsible for over 20% of deaths due
to gastrointestinal malignancies, making it the fourth to fifth
most common cause of cancer-related mortality. The progno-
sis of patients with pancreatic cancer is extremely poor, with
5-yr survival rates lower than 5% (22). The reasons for this
biological aggressiveness have not been clearly elucidated.
Nonetheless, previous work has established that these cancers
overexpress many mitogenic growth factors and their recep-
tors (23) including a number of heparin-binding growth factors
such as FGF1, FGF2, FGF5, HB-EGF, and amphiregulin
(24–27). To date, the role of HSPGs in the proliferative re-
sponses of pancreatic cancer cells has not been studied. Here
we report two findings that bear on this question. First, we
show that glypican-1 expression, both mRNA and protein, is
dramatically upregulated in human pancreatic cancers. Sec-
ond, we show that glypican-1 is highly expressed by human
pancreatic carcinoma cell lines in vitro, and that in such cells
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glypicans (and no other classes of HSPGs) are uniquely re-
quired for FGF2– and HB-EGF–induced mitogenesis. To-
gether, these results suggest that glypican-1 may play a crucial
role in the growth factor signaling pathways underlying an ag-
gressive human cancer.

 

Methods

 

Materials.

 

The following materials were purchased: FBS, DMEM,
and RPMI medium, trypsin solution, penicillin-streptomycin solution,
and Geneticin (G418) from Irvine Scientific (Santa Ana, CA); Gene-
screen membranes from New England Nuclear (Boston, MA); re-
striction enzymes, pMH vector, the random primed labeling kit, the
Genius 3 nonradioactive nucleic acid detection kit, and the Genius 4
RNA labeling kit from Boehringer-Mannheim (Indianapolis, IN);
phosphoinositide-specific phospholipase-C (PI-PLC) from Oxford
Glycosciences Inc. (Bedford, MA); Sequenase version 1.0 DNA Se-
quencing from USB Specialty Biochemicals (Cleveland, OH); [

 

a

 

-

 

32

 

P]dCTP, [

 

a

 

-

 

32

 

P]CTP, and [

 

g

 

-

 

35

 

S]dATP from Amersham (Arlington
Heights, IL); DNA molecular weight markers and Lipofectamine
from GIBCO BRL (Gaithersburg, MD); anti–c-myc (9E10), anti–
ERK-1, and horseradish peroxidase–conjugated anti–rabbit antibod-
ies from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); Cy3-con-
jugated anti–rabbit IgG antibodies from Jackson ImmunoResearch
(West Grove, PA); pBluescript-IISK

 

1

 

 from Stratagene (La Jolla,
CA); DEAE-Sephacel from Pharmacia Biotech (Piscataway, NJ); en-
hanced chemiluminescence (ECL) blotting kit from Pierce (Rock-
ford, IL); pCDNA3.1 Myc-His from Invitrogen (Carlsbad, CA); Cen-
triprep Concentrators from Amicon Inc. (Beverly, MA); Lab-Tek
Chamber Slides from Nunc Inc. (Naperville, IL); adult and fetal hu-
man multiple tissue Northern blots from Clontech (Palo Alto, CA);
Heparitinase (Heparinase III) and all other reagents from Sigma
Chemical Co. (St. Louis, MO). PANC-1, MIA-PaCa-2, ASPC-1,
CAPAN-1 human pancreatic cell lines were obtained from American
Type Culture Collection (Rockville, MD). COLO-357 and T3M4 human
pancreatic cell lines were a gift from Dr. R.S. Metzger (Duke Univer-
sity, Durham, NC).

 

Tissue samples.

 

Normal human pancreatic tissue samples (7
male, 5 female donors; median age: 41.8 yr; range: 14–68 yr), chronic
pancreatitis tissues (13 male donors, 1 female donor; median age: 42.1
yr; range: 30–56 yr), and pancreatic cancer tissues (10 male, 6 female
donors; median age: 62.6 yr; range: 53–83 yr) were obtained through
an organ donor program and from surgical specimens obtained from
patients with severe symptomatic chronic pancreatitis or from pan-
creatic cancer patients. According to the TNM classification of the
Union Internationale Contre le Cancer (UICC), six tumors were
stage 1, one was stage 2, and nine were stage 3 ductal cell adenocarci-
noma. Freshly removed tissue samples were fixed in 10% formalde-
hyde solution for 12–24 h and paraffin embedded for histological
analysis. In addition, tissue samples were frozen in liquid nitrogen im-
mediately upon surgical removal and maintained in 

 

2

 

80

 

8

 

C until used
for RNA extraction. All studies were approved by the Ethics Com-
mittee of the University of Bern and by the Human Subjects Commit-
tee at the University of California, Irvine.

 

Construction of vectors.

 

A 599-bp human glypican cDNA probe
(nucleotides [nt] 920–1518) was isolated as described previously (28)
and subcloned into Bluescript-IISK

 

1

 

 vector. For in situ hybridiza-
tion, a 210-bp cDNA fragment (nt 1280–1489) of human glypican was
subcloned into Bluescript-IISK

 

1

 

 vector. Authenticity was confirmed
by sequencing. Glypican-2 and -5 constructs were prepared as de-
scribed previously (7, 10). A 239-bp human glypican-3 cDNA frag-
ment, corresponding to nt 927–1165 of the human glypican-3 cDNA
sequence (EMBL/Genbank/DDBJ HSU50410), and a 273-bp human
glypican-4 cDNA fragment, corresponding to nt 12–284 of a human
glypican-4 EST sequence (EMBL/Genbank/DDBJ AA046130) were
generated by reverse transcription PCR from human placenta RNA.
The primers used for the glypican-3/-4 preparation contained an

EcoRI and BamHI site, respectively, attached to the 5

 

9

 

 end and pre-
ceded by a 3-bp overhang. Glypican-3 sense: 5

 

9

 

-AGT-

 

GGATCC

 

-
CTGCTCTTACTGCCAGGGAC; antisense: 5

 

9

 

-GTA-

 

GAATTC-

 

GC-
TTTCCTGCATTCTTCTGG. Glypican-4 sense: 5

 

9

 

-AGT-

 

GGATCC

 

-
GTTGACACCAGCAAACCAGA; antisense: 5

 

9

 

-GTA-

 

GAATTC

 

-
AGTGAGGAGGTAGGCCTGTG. Authenticity was confirmed by
sequencing. An eukaryotic expression vector that directs expression
of a transmembrane version of glypican-1 was constructed by fusing
the membrane domain of the vesicular stomatitis virus glycoprotein
(VSVG; reference 29) with the extracellular domain of glypican-1. In
brief, an 80-bp fragment encoding the transmembrane domain of
VSVG (VSVGTMR) was amplified using the primers sense: 5

 

9

 

-GCC-
ACGTGTCCATTGCCTCTTTTTC and antisense: 5

 

9

 

-GCTCTA-
GACTAAAGCTTGAGAACCAA, digested with EcoRI and XbaI,
and subcloned into the pCDNA3.1-Myc-His expression vector. Next,
a BamHI-PmlI 1.7 kb fragment, corresponding to the extracellular
domain of the rat glypican-1 was inserted into the pCDNA3.1 myc-
His (VSVGTMR) expression vector by directional cloning. The con-
struct was termed glyp1-VSVGTMR. Authenticity was confirmed by
sequencing. The final result contained amino acids 1–539 of rat glypi-
can-1 followed by HVSIASFFFIIGLIIGLFVVLKLSRGPFEQKLI-
SEEDLNMHTGHHHHHH. A glypican-1 antisense construct was
prepared by PCR amplification of human placenta cDNA. The 1751-
bp fragment (nt 123–1873), which covered from 100 bp downstream
of the start codon to 25 bp downstream of the end of the coding re-
gion, was subcloned in the antisense orientation into the pMH expres-
sion vector. The primers used for the glypican-1 preparation contained a
EcoRI and HindIII site, respectively, attached to the 5

 

9

 

 end and
preceded by a 3 bp overhang. Sense: 5

 

9

 

-GTA-

 

GAATTC

 

-GGACCT-
TGGCTCTGCCCTTC, antisense: 5

 

9

 

-AGT-

 

AAGCTT

 

-GTAAGG-
GCCAGGAAGAGGAG. The construct was termed G1-AS-1751.
Authenticity was confirmed by sequencing.

 

RNA extraction and Northern blot analysis.

 

Total RNA was ex-
tracted by the single step-acid guanidinium thiocyanate phenol chlo-
roform method. RNA was size fractionated on 1.2% agarose/1.8 M
formaldehyde gels, electrotransferred onto nylon membranes, and
cross-linked by UV irradiation. Blots were prehybridized and hybrid-
ized with cDNA probes or riboprobes and washed under high strin-
gency conditions as previously reported (30). Blots were then ex-
posed at 

 

2

 

80

 

8

 

C to XAR-5 films (Eastman Kodak, Rochester, NY)
and the resulting autoradiographs were scanned to quantify the inten-
sity of the radiographic bands. A BamHI 190-bp fragment of mouse
7S cDNA that hybridizes with human cytoplasmatic RNA was used
to confirm equal RNA loading and transfer (30).

 

Immunohistochemistry.

 

An affinity-purified rabbit anti–rat glypi-
can-1 antibody (12) that also recognizes human glypican-1 was used
for immunohistochemistry. Paraffin-embedded sections (4 

 

m

 

m) from
pancreatic cancer, chronic pancreatitis, and normal pancreatic tissues
were subjected to immunostaining using the streptavidin–peroxidase
technique. Endogenous peroxidase activity was blocked by incuba-
tion for 30 min with 0.3% hydrogen peroxide in methanol. Tissue sec-
tions were incubated for 15 min (room temperature) with 10% nor-
mal goat serum and then incubated for 16 h at 4

 

8

 

C with glypican
antibody (2.5 

 

m

 

g/ml) in PBS containing 1% BSA. Bound antibodies
were detected with biotinylated goat anti–rabbit IgG secondary anti-
bodies and streptavidin–peroxidase complex, using diaminobenzidine
tetrahydrochloride as the substrate. Sections were counterstained
with Mayer’s hematoxylin. Sections incubated with nonimmune rab-
bit IgG or without primary antibodies did not yield positive immu-
noreactivity. Furthermore, preabsorption of the anti–glypican-1 anti-
body with the glypican-1 peptide to which the antibody had been
raised completely abolished immunoreactivity.

 

Immunoblotting.

 

Cells were washed with PBS (4

 

8

 

C) and solubi-
lized in lysis buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1 

 

m

 

g/ml pepstatin A, 1 mM PMSF, and 1% Tri-
ton X-100. Digestion with heparitinase (1 U/ml) was performed in a
volume of 30 

 

m

 

l at 37

 

8

 

C for 6 h and terminated by the addition of 7.5

 

m

 

l 5

 

3

 

 SDS sample buffer and heating at 95

 

8

 

C for 10 min. For prepa-
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ration of membranes, cells or tissue samples were homogenized in 20
mM Hepes, pH 7.4, 1.5 mM MgCl

 

2

 

, 1 mM EGTA, 1 mM PMSF, 2 mM
benzamidine, and centrifuged at 1,500 

 

g

 

 for 10 min. Supernatants
were collected and centrifuged at 25,000 

 

g

 

 for 30 min. Pellets were re-
suspended in 20 mM Hepes, pH 7.4, containing 10 mM leupeptin. For
reduction and alkylation with iodoacetamide, protein lysates were in-
cubated at 95

 

8

 

C for 4 min in the presence of 10 mM DTT. Subse-
quently, iodoacetamide was added to the samples to a final concen-
tration of 50 mM and incubated at 95

 

8

 

C for 2 min. Proteins were
subjected to SDS-PAGE and transferred to Immobilon P mem-
branes. Membranes were incubated for 90 min with a polyclonal rab-
bit anti–rat glypican-1 (250 ng/ml) antibody, washed, and incubated
with a secondary antibody against rabbit IgG for 60 min. After wash-
ing, visualization was performed by ECL.

 

Glypican-1 purification.

 

Glycanated glypican-1 was purified by
anion exchange chromatography on DEAE-Sephacel equilibrated in
buffer A (50 mM Tris-HCl, pH 8.0, 0.15 M NaCl, 0.1% Triton X-100).
Cell lysates in buffer B (50 mM Tris-HCl, pH 8.0, 0.15 M NaCl, 0.1%
Triton X-100, 1 mM EDTA, 1 

 

m

 

g/ml pepstatin A, 1 mM PMSF) were
loaded directly onto columns containing the gel. Column volumes of
0.5 ml of packed gel per milligram protein were used. Columns were
eluted stepwise with buffer A, buffer C (50 mM Tris-HCl, pH 8.0,
0.25 M NaCl, 0.1% Triton X-100), buffer D (50 mM Tris-HCl, pH 8.0,
6 M urea, 0.25 M NaCl, 0.1% Triton X-100), and buffer E (50 mM so-
dium formate, pH 3.5, 6 M urea, 0.2 M NaCl, 0.1% Triton X-100).
Column pH was restored with 50 mM Tris-HCl, pH 8.0, 0.1% Triton
X-100 before elution of glypican-1 with buffer F (50 mM Tris-HCl,
pH 8.0, 0.75 M NaCl, 0.1% Triton X-100). Eluted material was di-
luted fivefold with 50 mM Tris, pH 8.0, 0.1% Triton X-100, and con-
centrated and clarified by 10,000 mol wt cutoff YM membrane filtra-
tion. Samples were resuspended in buffer B and analyzed by
immunoblotting.

 

In situ hybridization.

 

To carry out in situ hybridization, tissue
sections (4-

 

m

 

m thick) were placed on 3-aminopropyl-methoxysilane–
coated slides, deparaffinized, and incubated at room temperature for
20 min with 0.2 N HCl and for 15 min with 20 

 

m

 

g/ml proteinase K at
37

 

8

 

C. The sections were then postfixed for 5 min in PBS containing
4% paraformaldehyde and incubated briefly twice with PBS contain-
ing 2 mg/ml glycine and once in 50% (vol/vol) formamide/2

 

3

 

 SSC for
1 h before initiation of the hybridization reaction by the addition of
100 

 

m

 

l of hybridization buffer. The hybridization buffer contained 0.6 M
NaCl, 1 mM EDTA, 10 mM Tris-HCl (pH 7.5), 0.25% SDS, 200 

 

m

 

g/ml
yeast tRNA, 1

 

3

 

 Denhardt’s solution, 10% dextran sulfate, 40% form-
amide, and 100 ng/ml of the indicated digoxigenin-labeled riboprobe.
Hybridization was performed in a moist chamber for 16 h at 42

 

8

 

C.
The sections were then washed sequentially with 50% formamide/2

 

3

 

SSC for 30 min at 42

 

8

 

C, 2

 

3

 

 SSC for 20 min at 42

 

8

 

C, and 0.2

 

3

 

 SSC for
20 min at 42

 

8

 

C. For immunological detection, the Genius 3 nonradio-
active nucleic acid detection kit was used. The sections were washed
briefly with buffer 1 solution (100 mM Tris-HCl and 150 mM NaCl,
pH 7.5) and incubated with 1% (wt/vol) blocking reagents in buffer 1
solution for 60 min at room temperature. The sections were then in-
cubated for 30 min at room temperature with a 1:2,000 dilution of al-
kaline phosphatase–conjugated polyclonal sheep antidigoxigenin Fab
fragment antibody, washed twice for 15 min at room temperature
with buffer 1 solution containing 0.2% Tween 20, and equilibrated for
2 min with buffer 2 solution (100 mM Tris-HCl, 100 mM NaCl, 50
mM MgCl

 

2

 

, pH 9.5). The sections were then incubated with color so-
lution containing nitroblue tetrazolium and X-phosphate in a dark
box for 2–3 h. After the reaction was stopped with TE buffer (10 mM
Tris-HCl, pH 7.4, 1 mM EDTA, pH 8.0), the sections were mounted
in aqueous mounting medium.

 

Cell culture and growth assay.

 

Human pancreatic cancer cells were
routinely grown in DMEM (COLO-357, MIA-PaCa-2, PANC-1) or
RPMI (ASPC-1, CAPAN-1, T3M4) supplemented with 10% FBS,
100 U/ml penicillin, and 100 

 

m

 

g/ml streptomycin (complete medium).
To perform growth assays, COLO-357 and PANC-1 cells were plated
overnight at a density of 10,000 cells/well in 96-well plates, washed in

HBSS, and subsequently incubated in serum-free medium (DMEM
containing 0.1% BSA, 5 

 

m

 

g/ml transferrin, 5 ng/ml sodium selenite,
and antibiotics) in the absence or presence of various growth factors.
For experiments with PI-PLC, cells were incubated with the indicated
concentrations of PI-PLC for 1 h. Subsequently, the medium was re-
moved and serum-free medium supplemented with PI-PLC and
growth factors were added. Incubations were continued for the indi-
cated time before adding 3-(4,5-methylthiazol-2-yl)-2,5-diphenyl-tet-
razolium bromide (MTT; 62.5 

 

m

 

g/well) for 4 h (31). Cellular MTT was
solubilized with acidic isopropanol and optical density was measured
at 570 nm with an ELISA plate reader (Molecular Devices, Menlo
Park, CA). In pancreatic cancer cells, the results of the MTT assay
correlate with results obtained by cell counting with a hemocytome-
ter and by monitoring [

 

3

 

H]thymidine incorporation (31, 32).

 

Transient and stable transfections.

 

Transient transfection of the
glypican-1 antisense construct pMH6/G1-AS-1750 was carried out by
the lipofectamine method. 24 h after transfection, cells were plated in
96-well plates for growth assays as described earlier. Stable transfec-
tion of pCDNA3.1/glyp1-VSVGTMR into PANC-1 cells was also
performed using the lipofectamine method. After reaching conflu-
ence, cells were split 1:10 into selection medium (complete medium
supplemented with 1 mg/ml G418) and single clones were isolated af-
ter 2–4 wk. After expansion, cells from each individual clone were
screened for expression of glypican-1 by Northern and Western blot
analysis. Parental PANC-1 cells were also transfected with an empty
expression vector carrying the neomycin-resistance gene as a control.
Positive clones were routinely grown in selection medium.

 

Immunofluorescence.

 

Cells were plated at a density of 100,000
cells/slide on culture chamber slides and incubated for 24 h in com-
plete medium. Subsequently, cells were incubated for 1 h in serum-
free medium in the absence or presence of PI-PLC (0.5 U/ml),
washed, and incubated for 30 min at room temperature in DMEM
containing 5% goat serum, 5% FBS, and 10 mM Hepes, pH 7.5. All
antibody dilutions and washings were carried out at 4

 

8

 

C using this so-
lution. Slides were then incubated for 60 min with the rabbit anti–rat
glypican-1 antibody (2.5 

 

m

 

g/ml), washed, and incubated with a Cy3-
conjugated antibody against rabbit IgG for 60 min. Cells were then
washed, fixed, and prepared for immunofluorescence microscopy.

 

Statistics.

 

Student’s 

 

t

 

 test was used for statistical analysis of the
experiments. 

 

P

 

 

 

,

 

 0.05 was taken as the level of significance. Results
of MTT cell growth assays are expressed as SEM of at least three sep-
arate experiments.

 

Results

 

Glypican-1 expression in human pancreatic tissue.

 

Northern blot
analysis was performed on total RNA isolated from 12 normal
pancreatic tissues, 16 pancreatic cancers, and 14 chronic pan-
creatitis samples. The 3.7-kb glypican-1 mRNA transcript was
of relatively low abundance, but clearly visible in 4 of 12 nor-
mal pancreatic tissue samples (Fig. 1 

 

A

 

) and in 3 of 14 chronic
pancreatitis samples. It was also faintly visible on the original
autoradiographs in 7 normal and 9 chronic pancreatitis sam-
ples (Fig. 1 

 

B

 

). In contrast, 12 of 16 pancreatic cancer samples
exhibited moderate to high levels of glypican-1 mRNA (Fig. 1

 

A

 

). Densitometric analysis of all the autoradiograms indicated
that by comparison with normal pancreatic tissues there was
an eightfold increase (

 

P

 

 

 

,

 

 0.01) in glypican-1 mRNA levels in
the pancreatic cancer samples (Fig. 2). In contrast, glypican-1
mRNA levels were similar in chronic pancreatitis and normal
pancreatic samples.

To determine whether glypican-1 protein levels were also
elevated in pancreatic cancer, immunoblotting was carried out
using a highly specific anti–glypican-1 antibody. Intact HSPGs,
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including glypican-1, generally appear on immunoblots as
broad high–mol wt smears having faint immunostaining, in
part due to poor binding of proteoglycans to blotting mem-
branes (11, 12, 33). However, after digestion with heparitinase,
HSPGs migrate as distinct bands on SDS-PAGE. Therefore,
membrane preparations from normal and cancerous pancre-
atic tissue (30 

 

m

 

g) were incubated in the absence or presence
of heparitinase for 6 h at 37

 

8

 

C and subjected to SDS-PAGE
followed by Western blot analysis. A single 55-kD band corre-

sponding to the glypican-1 core protein was seen in four of six
pancreatic cancer samples after heparitinase digestion, but not
in untreated samples. In contrast, membrane preparations
from four normal pancreatic tissues did not exhibit a glypican-1
band, even after heparitinase treatment. An example of an im-
munoblot experiment with pancreatic cancer tissues is shown
in Fig. 1 

 

C.
Immunohistochemistry and in situ hybridization.

 

To assess
the exact sites of expression of glypican-1, immunohistochem-

Figure 1. Expression of glypican-1 in pancreatic 
tissues. Total RNA (20 mg/lane) from six normal 
pancreatic tissues and eight pancreatic cancers (A) 
and from five normal and seven chronic pancreati-
tis tissues (B) were subjected to Northern blot 
analysis using a 32P-labeled glypican-1 cDNA 
probe (500,000 cpm/ml). A 7S ribosomal cDNA 
probe (50,000 cpm/ml) was used as a loading and 
transfer control. Exposure times were 2 d for gly-
pican-1 and 6 h for 7S. (C) Glypican-1 protein ex-
pression in pancreatic cancers. Membrane prepa-
rations (30 mg/lane) from three pancreatic cancer 
tissue samples were incubated in the absence (2) 
or presence (1) of heparitinase for 6 h at 378C. 
Western blotting was carried out with an affinity-
purified rabbit anti–rat glypican-1 antibody (250 
ng/ml).

Figure 2. Relative expression of glypican-1 
mRNA. Autoradiographs of Northern blots for 
glypican-1 and 7S RNA from 12 normal (s), 14 
chronic pancreatitis (u), and 16 cancerous (n) 
pancreatic tissue samples were analyzed by densi-
tometry and the level of glypican-1 expression was 
calculated as the ratio of glypican-1 and 7S RNA. 
Data are expressed as median glypican-1 scores 
(d) 6SD. The median glypican-1 score of the can-
cer samples was significantly greater than the me-
dians from normal and chronic pancreatitis tissues 
(P , 0.01).
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istry and in situ hybridization were carried out. In the normal
pancreas and in the pancreas from individuals with chronic
pancreatitis, faint to moderate glypican-1 immunoreactivity
was present in a few fibroblasts (data not shown). In the pan-
creatic cancer samples, strong glypican-1 immunoreactivity
was present in many fibroblasts that were immediately adja-
cent to the cancer cells (Fig. 3, 

 

A

 

 and 

 

D

 

). Faint glypican-1 im-
munoreactivity was also evident in some cancer cells (Fig. 3 

 

F

 

).
In contrast, by in situ hybridization, glypican-1 mRNA was
strongly expressed in both the cancer cells and the adjacent fi-
broblasts (Fig. 3, 

 

B

 

 and 

 

E

 

). Fibroblasts distant from the cancer
cells did not exhibit increased glypican-1 mRNA expression
(Fig. 3 

 

B

 

). In situ hybridization with sense probes did not pro-
duce any specific signal (Fig. 3 

 

C).
Expression of members of the glypican family in human

pancreatic cancer cell lines and tissues. To determine whether
cultured pancreatic cancer cells express multiple glypicans, to-
tal RNA was isolated from six pancreatic cancer cell lines.
Northern blot analysis revealed high levels of glypican-1
mRNA in T3M4 and COLO-357 cells, moderate to high levels
in ASPC-1 cells, and moderate to low levels in human placenta
and in CAPAN-1, MIA-PaCa-2, and PANC-1 pancreatic can-

cer cells (Fig. 4 A). In contrast, the glypican-4 mRNA tran-
scripts were barely detectable in the cancer cell lines, whereas
glypican-2, -3, and -5 were below level of detection by North-
ern blot analysis in all the cancer cell lines (Fig. 4, B and C, and
data not shown). Glypican-3 and -4 were expressed at moder-
ate to high levels in human placenta (Fig. 4, B and C), whereas
glypican-2 and -5 were also below level of detection in placenta
RNA (data not shown). In view of the absence of glypican-2/-5
signals in both the pancreatic cancer cell lines and in human
placenta, hybridization of human multiple tissue Northern
blots was carried out with the glypican-2/-5–specific probes. As
expected, the glypican-2 transcript (z 4.0 kb; Fig. 4 D) was ev-
ident in human fetal brain tissue (7) and the glypican-5 tran-
script (z 3.7 kb, Fig. 4 E) was readily apparent in human adult
brain tissue (10).

Immunoblotting with the anti–glypican-1 antibody re-
vealed a 55-kD band in all six cell lines. In general agreement
with the Northern blot data, the highest levels of glypican-1
protein were observed in COLO-357 and T3M4 cells (Fig. 5
A). Because heparitinase treatment was not required for dem-
onstrating the 55-kD protein, we next sought to confirm its
identity as glypican-1 by examining the characteristics of this

Figure 3. Immunohisto-
chemistry and in situ hy-
bridization analysis of 
glypican-1 expression in 
human pancreatic can-
cer. Strong glypican-1 
immunoreactivity was 
present in the fibroblasts 
surrounding the cancer 
cells (A and D), but not in 
the fibroblasts that were 
more distant from the tu-
mor (A, arrowheads). 
Strong glypican-1 mRNA 
in situ hybridization sig-
nals were present in both 
the cancer cells and in the 
fibroblasts immediately 
adjacent to the cancer 
cells (B and E). In con-
trast, glypican-1 mRNA 
expression was not evi-
dent in the fibroblasts dis-
tant from the tumor (B, 
arrowheads). In situ hy-
bridization with a glypi-
can-1 sense probe did not 
reveal any specific signal 
(C). F provides a high-
power magnification, re-
vealing faint glypican-1 
immunoreactivity in the 
ductal like cancer cells. 
Bars: (A–E) 50 mm; (F) 
25 mm.
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protein in PANC-1 cells. First, membrane preparations (30
mg) and total cell lysates (30 mg) from PANC-1 cells were di-
gested with heparitinase and subjected to SDS-PAGE fol-
lowed by immunoblotting. The 55-kD band was observed in
the total protein lysate sample as well as in the membrane
preparation sample (Fig. 5 B). Second, total cell lysates (30 mg)
from PANC-1 cells were subjected to heparitinase digestion
and analyzed by SDS-PAGE under reducing and nonreducing
conditions. The 55-kD band that was observed under reducing
conditions migrated as a band of z 48 kD under nonreduc-
ing conditions (Fig. 5 C). This degree of shift is characteristic
of the core proteins of the glypican family, which have many
disulfide bonds and migrate more rapidly under nonreducing
conditions then under reducing conditions (34). Third, we iso-
lated intact HSPGs from total cell lysates (2.5 mg) of PANC-1
cells, using anion exchange chromatography (35). When this

Figure 4. Expression of glypicans in cultured human pancreatic can-
cer cells and human placenta. Northern blots of total RNA (20 mg/
lane) isolated from the indicated cell lines and placenta (A–C) or 
polyA1 RNA (2 mg/lane) isolated from fetal (D) and adult (E) brain 
tissue were hybridized with 32P-labeled glypican-1, -2, -3, -4, and -5 
cDNA probes (500,000 cpm/ml) and with a 7S cDNA probe (50,000 
cpm/ml). (A) Expression of glypican-1; (B) expression of glypican-3; 
(C) expression of glypican-4; (D) positive control for glypican-2 (hu-
man fetal brain tissue); (E) positive control for glypican-5 (human 
adult brain tissue). Arrows, the 28S and18S rRNA marker (A–C) and 
RNA size markers (D and E).

material was digested with heparitinase, immunoblotting re-
vealed the presence of the 55-kD band, whereas in the absence
of heparitinase this band was not detectable (Fig. 5 D). These
results confirm that at least part of the total glypican-1 in
PANC-1 cells bears heparan sulfate and is therefore glycanated.

To determine whether glypican-1 is released into the cul-
ture medium by pancreatic cancer cells, conditioned serum-
free medium from PANC-1 and COLO-357 cells was collected
during a 48-h incubation, and subjected to anion exchange
chromatography to isolate HSPGs. The eluted fractions were
incubated in the presence or absence of heparitinase. Immuno-
blot analysis revealed the presence of the 55-kD band, repre-
senting the glypican-1 core protein, in the heparitinase-digested
sample of PANC-1 (Fig. 5 E) and COLO-357 cells (data not
shown), indicating that both cells release glycanated glypican-1
into the culture medium.

Effects of cleavage of GPI anchors on growth factor action
in COLO-357 and PANC-1 cells. We next sought to deter-
mine whether glypican-1 regulates growth factor action in two
pancreatic cancer cell lines. COLO-357 and PANC-1 cells
were incubated in the presence or absence of PI-PLC, which
cleaves glypican-1 and other proteins that associate with mem-
branes via a covalent GPI lipid linkage. In both COLO-357
(Fig. 6 A) and PANC-1 (Fig. 6 B) cells, FGF2 and HB-EGF
exerted a dose-dependent increase in cell proliferation. Prein-
cubation of either cell line with PI-PLC (0.5 U/ml) and subse-
quent incubation with the same concentrations of FGF2 or
HB-EGF in the presence of PI-PLC (0.1 U/ml) completely
blocked the stimulatory effect of these heparin-binding growth
factors (Fig. 6, A and B). In contrast, in both cell lines PI-PLC
had no significant effect on the growth stimulatory actions of
EGF and IGF-I, which are non–heparin-binding growth fac-
tors (Fig. 6, A and B).

In addition to removing glypican-1, PI-PLC removes other
GPI-anchored proteins from the cell membrane. Therefore,
we next sought to determine whether restoring glypican-1 ex-
pression could block the loss of responsiveness to heparin-
binding growth factors that occurs after PI-PLC treatment. To
this end, PANC-1 cells were stable transfected with a glypican-1
construct that encodes the extracellular domain of glypican-1
fused to the transmembrane domain of the VSVG, and which
is therefore resistant to the actions of PI-PLC. This construct
was also tagged at its COOH terminus with a c-myc epitope.
Clones transfected with the pCDNA3.1/glyp1-VSVGTMR
construct exhibited a 2.5-kb transcript by Northern blot analy-
sis (Fig. 7 A). Expression of the fusion protein was confirmed
by immunoblotting with an anti–c-myc antibody (Fig. 7 B). In
addition, immunofluorescence was carried out in untreated
control and pCDNA3.1/glyp1-VSVGTMR–transfected PANC-1
cells and in the respective cells after PI-PLC treatment. Rela-
tively low intensity signals corresponding to endogenous glypi-
can-1 were present in parental PANC-1 cells, and these signals
were further decreased by PI-PLC treatment (Fig. 8, A–D). In
contrast, glyp1-VSVGTMR–transfected PANC-1 cells exhib-
ited strong glypican-1 immunofluorescence signals, which were
not attenuated by PI-PLC treatment (Fig. 8, E–G).

Parental PANC-1 cells, PANC-1 cells transfected with the
empty vector alone (control), and three clones expressing the
glyp1-VSVGTMR construct were next incubated with growth
factors in the presence or absence of PI-PLC. In both parental
and control PANC-1 cells, FGF2 and HB-EGF enhanced pro-
liferation in a dose-dependent manner, and this effect was com-
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Figure 5. Glypican-1 protein 
expression in pancreatic can-
cer cell lines. (A) 30 mg of to-
tal cell lysates prepared from 
the indicated cell lines were 
incubated in the absence (2) 
or presence (1) of hepariti-
nase. (B) 30 mg of total cell 
lysates and 30 mg of mem-
brane proteins prepared 
from PANC-1 cells were di-
gested with heparitinase. (C) 
30 mg of total cell lysates pre-
pared from PANC-1 cells 
were subjected to hepariti-
nase digestion and analyzed 
by SDS-PAGE under nonre-
ducing and reducing condi-
tions as described in Meth-
ods. (D) 2.5 mg of total cell 
lysates prepared from 
PANC-1 cells were sub-
jected to anion exchange 
chromatography and incu-
bated in the absence (2) or 
presence (1) of hepariti-
nase. (E) PANC-1 cells were 
incubated for 48 h in serum-
free medium. The condi-
tioned serum-free medium 

(100 ml) was subjected to anion exchange chromatography and the eluted fractions were incubated in the presence (1) or absence (2) of hep-
aritinase. Immunoblot analysis was carried out with an affinity purified rabbit anti–rat glypican-1 antibody (250 ng/ml) that also recognizes hu-
man glypican-1 (A–E).

Figure 6. Effects of cleavage of GPI anchors on growth factor action in pancreatic cancer cells. PANC-1 (A) and COLO-357 (B) cells were incu-
bated with the indicated concentrations of EGF, HB-EGF, IGF-1, and FGF2 in the absence (d) or presence (n) of PI-PLC as described in Meth-
ods. Data are expressed as percent increase or decrease of the respective untreated controls and are means6SEM of eight determinations per 
experiment from three separate experiments.
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pletely blocked by PI-PLC treatment (Fig. 9). In contrast, in the
three glyp1-VSVGTMR–expressing clones, PI-PLC did not sig-
nificantly alter the growth stimulatory actions of FGF2 and HB-
EGF (Fig. 9). Since the glyp1-VSVGTMR construct prevented
PI-PLC from blocking heparin-binding growth factor respon-

siveness, the effects of PI-PLC in parental PANC-1 cells were
most likely due to its ability to cleave endogenous glypican-1.

Effects of reduced glypican-1 protein levels on growth factor
responsiveness in PANC-1 cells. To determine whether it is
possible to modulate responsiveness to heparin-binding growth
factors by altering endogenous glypican-1 protein levels, we
next transiently transfected PANC-1 cells with a glypican-1 an-
tisense construct (G1-AS-1751). After transient transfection,
there was a time- and dose-dependent appearance of glypican-1
antisense mRNA, as determined by Northern blot analysis
with a specific glypican-1 sense riboprobe (Fig. 10 A). After
transfection with 10 mg plasmid DNA/4 3 106 cells, expression
of the glypican-1 antisense mRNA was evident within 24 h.
Peak expression occurred after 48 h, and was sustained for at
least 96 h (Fig. 10 A). Immunoblot analysis with the highly spe-
cific glypican-1 antibody indicated that there was a parallel de-
crease in glypican-1 protein levels (Fig. 10 B). A slight de-
crease was evident after 24 h, whereas maximal reduction of
glypican-1 protein levels occurred at 48–96 h (Fig. 10 B). Next,
the effects of growth factors on cell growth were determined
during the 48–96 h interval after transfection, when glypican-1
protein levels were maximally reduced. The growth stimula-
tory actions of EGF and IGF-1 were not significantly different
from control, sham-transfected, and G1-AS-1751–transfected
PANC-1 cells (Fig. 11). In contrast, the growth stimulatory ef-
fects of FGF2 and HB-EGF were completely blocked in the
G1-AS-1751–transfected PANC-1 cells (Fig. 11), whereas both
growth factors enhanced cell proliferation in a dose-dependent
manner in control and sham-transfected PANC-1 cells (Fig. 11).

Discussion

HSPGs are thought to play an important role in growth factor
signaling, a role that has been particularly well documented for

Figure 7. (A) Expression of the modified glypican-1, glyp1-VSVGTMR, 
in PANC-1 cells. RNA isolated from wild-type PANC-1 cells, sham-
transfected PANC-1 cells, and three pCDNA3.1/glyp1-VSVGTMR 
clones (20 mg) were subjected to Northern blot analysis using a 32P-
labeled glypican-1 cDNA probe (500,000 cpm/ml). Exposure time 
was 12 h. Low levels of the endogenous glypican-1 transcript (3.5 kb) 
are seen in all cells. High levels of the glyp1-VSVGTMR transcript 
(2.5 kb) are seen only in the transfected clones. (B) Immunoblot anal-
ysis using an anti–c-myc antibody recognizing the c-myc epitope of 
the glyp1-VSVGTMR construct confirmed protein expression of 
glyp1-VSVGTMR in the transfected clones.

Figure 8. Effects of PI-PLC 
treatment on glypican-1 immu-
nofluorescence in cultured cells. 
Sham-transfected (A–D) and 
glyp1-VSVGTMR–transfected 
PANC-1 cells (E–H) were incu-
bated for 1 h in the absence (A, 
B, E, and F) or presence (C, D, 
G, and H) of PI-PLC (0.5 U/ml), 
and stained with an affinity-puri-
fied rabbit anti–rat glypican-1 an-
tibody followed by addition of 
Cy3-conjugated anti–rabbit anti-
body. Immunofluorescence (A, 
C, E, and G) and the correspond-
ing phase-contrast images (B, D, 
F, and H) are shown. Bar: 30 mm.
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FGFs (15–17). HSPGs are essential for the interactions of
FGFs with their high affinity receptors in a number of cell
types, including Chinese hamster ovary (CHO) cells (16), 3T3
fibroblasts (15), lymphoid cells (36), myeloblasts (37), chon-
drocytes (38), and MCF-7 breast cancer cells (39). HSPGs may
act by increasing the affinity of FGFs for their receptors (4,
40), facilitating receptor dimerization and subsequent signal-
ing (41–43), and/or stabilizing FGFs by protecting them from
proteolysis or thermal denaturation (44, 45). HSPGs have also
been shown to be essential for mitogenic signaling of HB-EGF
in rat vascular smooth muscle cells (18) and rat gastric mucosal

cells (46), and may serve as coreceptors for a variety of other
secreted growth factors including vascular endothelial growth
factor, hepatocyte growth factor, and members of the Wnt,
TGF-b, and hedgehog families (19–21, 47). Furthermore,
HSPGs of the glypican family, glypican-3 and Drosophila
dally, have been implicated in the control of cellular growth.
Mutations in dally produce morphological defects in certain fly
tissues by affecting patterned cell divisions (48), and glypican-3
mutations cause the Simpson-Golabi-Behmel overgrowth syn-
drome in humans (49, 50).

In this study we determined that human pancreatic cancers

Figure 9. Effects of glyp1-VSVGTMR on PI-PLC–mediated inhibition of heparin-binding growth factor action. Wild-type PANC-1 cells, sham-
transfected PANC-1 cells, and three pCDNA3.1/glyp1-VSVGTMR–transfected PANC-1 clones were incubated with the indicated concentra-
tions of HB-EGF (A), and FGF2 (B) in the absence (d) or presence (n) of PI-PLC as described in Methods. Data are expressed as percent in-
crease or decrease of unstimulated controls and are means6SEM of eight determinations per experiment from three separate experiments.

Figure 10. Expression of glypican-1 
antisense (G1-AS-1751) mRNA and 
glypican-1 protein in PANC-1 cells. 
Total RNA (20 mg/lane) and total 
cell lysates (30 mg/lane) were iso-
lated from PANC-1 cells at the indi-
cated times after transfection with 
the indicated amounts of pMH6/G1-
AS-1751 plasmid DNA (the total 
amount of transfected DNA was 
equal in all samples). (A) Northern 
blots were hybridized with a 32P-
labeled glypican-1 sense riboprobe 
(500,000 cpm/ml). Exposure time 
was 6 h. Equal loading was deter-
mined by ethidium bromide stain-
ing. (B) Immunoblot analysis was 

carried using the affinity purified rabbit anti–rat glypican-1 antibody (250 ng/ml) that also recognizes human glypican-1. To confirm equal load-
ing, the membrane was stripped and reprobed with an anti–ERK-1 antibody that crossreacts with ERK-2. The positions of ERK-1 (p44) and 
ERK-2 (p42) are indicated on the right.
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overexpress glypican-1 at both the mRNA and protein levels.
By Northern blot analysis, there was an eightfold increase in
glypican-1 mRNA levels in the cancer tissues. None of the can-
cer samples exhibited an abnormal-sized glypican-1 transcript.
Western blot analysis revealed the anticipated 55-kD core pro-
tein in four of six cancer samples, but in none of the tested nor-
mal samples. The 55-kD glypican-1 core protein was evident
only after heparitinase treatment, which is in agreement with
the observation in other tissues that intact glypican-1 migrates
as a broad high mol wt smear on SDS-PAGE (12, 28, 35).
These findings indicate that the majority of glypican-1 in pan-
creatic cancer tissues is glycosylated with heparan sulfate.

Only faint glypican-1 immunoreactivity was evident in the
pancreatic cancer cells within the tumor mass. In contrast, the
fibroblasts immediately adjacent to the cancer cells exhibited
intense glypican-1 immunoreactivity. However, by in situ hy-
bridization, glypican-1 was expressed at high levels in both the
cancer cells and the adjoining fibroblasts. Inasmuch as glypi-
can-1 is known to exist on the surface of cells as both a lipid-
anchored form and as a peripheral membrane proteoglycan
(51) most likely derived by shedding (39), these observations
suggest that some of the glypican-1 that is associated with fi-
broblasts surrounding pancreatic cancer cells in vivo is derived
from the cancer cells. This conclusion is supported by the ob-
servation that all six pancreatic cancer cell lines expressed
abundant amounts of glypican-1 mRNA and protein, and that
glypican-1 was present in the conditioned medium of both
tested cell lines, PANC-1 and COLO-357.

Immunoblotting with a glypican-1–specific antibody re-
vealed the presence of a 55-kD protein in the pancreatic can-
cer cell lines, even in the absence of heparitinase digestion.
Nonetheless, three lines of evidence suggest that this protein is
glypican-1. First, Western blotting demonstrated the presence
of this protein in membrane preparations. Second, under non-

reducing conditions, the 55-kD protein migrated as a band of
z 48 kD. This is characteristic of glypicans, which are highly
disulfide-bonded and exhibit greater mobility in nonreducing
gels (34). Third, purification of HSPGs from total cell lysates
by anion exchange chromatography demonstrated that at least
some glycanated (heparan sulfate–bearing) glypican-1 is made
by these cells. Together, these observations suggest that some
of the glypican-1 synthesized by cultured pancreatic cancer
cells is not glycanated, as can occur in cells engineered to pro-
duce abnormally high levels of HSPG core proteins (our un-
published observations). Alternatively, it is possible that some
of the heparan sulfate chains on glypican-1 are removed
postsynthetically by the cancer cells. Consistent with the latter
possibility, it is known that cancer cells of many types, espe-
cially those with high metastatic potential, release high levels
of heparanases, enzymes that degrade heparan sulfate (52–55).

Previous work has established that a variety of polypeptide
growth factors and their receptors are overexpressed in human
pancreatic cancer (25), including heparin-binding growth fac-
tors such as FGF2 (24) and HB-EGF (26). These growth fac-
tors enhance the proliferation of cultured human pancreatic
cancer cell lines in vitro and it has been suggested that aber-
rant autocrine and paracrine activation of mitogenic pathways
by these growth factors may contribute to pancreatic cancer
cell growth in vivo. Inasmuch as heparin-dependent growth
factors can be stored in the extracellular matrix to protect
them against proteolytic degradation (43), the abundance of
glypican-1 in the fibroblasts surrounding the tumor suggests
that it may participate in the storage of these growth factors.
As cancer cells invade this stroma, it is possible that these
growth factors are released (e.g., by heparanases) for subse-
quent mitogenic stimulation of the cancer cells. It is conceiv-
able, however, that glypican-1 present on fibroblasts adjacent
to the tumor may also act to dampen the mitogenic response to

Figure 11. Effects of G1-AS-1751 on 
growth factor action in PANC-1 cells. 
PANC-1 cells (d), PANC-1 cells trans-
fected with equivalent amounts of pMH 
DNA (m), and G1-AS-1751–transfected 
PANC-1 cells (h) were incubated for 48 h 
with the indicated concentrations of EGF, 
HB-EGF, IGF-1, and FGF2. Data are ex-
pressed as percent change from unstimu-
lated controls and are means6SEM of 
eight determinations per experiment from 
three separate experiments.
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these growth factors. For example, in keratinocytes, glypican-1
enhances the mitogenic response to FGF1 while inhibiting the
mitogenic response to FGF7 (17). Furthermore, inhibiting pro-
teoglycan sulfation in MDA-MB-231 human breast cancer
cells decreases binding of FGF2 to HSPGs and restores re-
sponsiveness to FGF2 mitogenic signals (39).

Three lines of evidence suggest that glypican-1 plays an im-
portant role in FGF2 and HB-EGF signaling in pancreatic car-
cinoma cell lines. First, treatment of COLO-357 and PANC-1
pancreatic cancer cells with PI-PLC abrogated selectively the
mitogenic effects of FGF2 and HB-EGF in these cell lines, im-
plying that a GPI-anchored molecule plays an essential role in
FGF2– and HB-EGF– (but not IGF-1– or EGF–) mediated
signaling. Second, FGF2 and HB-EGF mitogenesis were unaf-
fected by PI-PLC in PANC-1 cells that have been engineered
to express a transmembrane-anchored form of glypican-1.
Since glypicans are the only known GPI-anchored HSPGs, and
the expression levels of glypicans -2, -3, -4, or -5 are exceed-
ingly low in pancreatic cancer cell lines, we conclude that en-
dogenous glypican-1 (or another GPI-anchored molecule for
which glypican-1 can substitute) is the PI-PLC–sensitive mole-
cule that is normally required for such growth factor signaling.
Third, reduction of glypican-1 protein levels in PANC-1 after
expression of a glypican-1 antisense construct was associated
with a marked attenuation of the mitogenic effects of FGF2
and HB-EGF in these cells, without altering EGF– and IGF-1–
induced mitogenesis.

HB-EGF and EGF signal by activating the same receptors,
which are members of the EGF receptor family (56, 57). How-
ever, only HB-EGF signaling was abrogated by PI-PLC. This
observation suggests that the requirement for glypican-1 is at
or upstream of the level of the receptor, precisely what one
would expect for a molecule that acts by modulating or modi-
fying growth factor–receptor interactions (i.e., a coreceptor).
Apparently, non–GPI-anchored HSPGs (e.g., a syndecan) on
the surface of pancreatic carcinoma cells do not support this
function in the absence of glypican-1, a result that is somewhat
surprising given the fact that transfected syndecans are known
to be able to confer FGF2 sensitivity upon HSPG-deficient
cells (58). It is possible, therefore, that pancreatic carcinoma
cells are lacking in syndecans, or alternatively, that the core-
ceptor functions of glypicans and syndecans are not inter-
changeable.

Because of the potentially widespread roles of cell surface
HSPGs in growth factor signaling, it is tempting to speculate
that upregulation of HSPG expression would be common in
malignancies, yet this is apparently not the case. Instead, a de-
crease in the expression of cell surface HSPGs, the amount
of heparan sulfate, the fraction of total glycosaminoglycan
present as heparan sulfate, and the extent of sulfation of hepa-
ran sulfate, has been reported in association with cancers of
the bladder, prostate, and lung (59–62) and with the oncogenic
activation of cells in vitro (63). Furthermore, in squamous cell
carcinomas, the level of syndecan-1 correlates inversely with
tumor grade, stage and clinical outcome (64). It will be inter-
esting to determine whether the upregulation of glypican-1 in
pancreatic cancer is a unique feature of this neoplasm.

The fact that glypican-1 is not upregulated either in fibro-
blasts distant from the cancer cells, or in fibroblasts in chronic
pancreatitis, even though this condition is associated with in-
creased growth factor expression and the production of exces-
sive stroma (65, 66), points to an important paracrine interac-

tion between pancreatic cancer cells and the adjacent fibroblasts.
Together with the observation that glypican-1 is essential for
mitogenic signaling of FGF2 and HB-EGF in pancreatic can-
cer cells, our findings raise the possibility that glypican-1 plays
a crucial role in neoplastic transformation and tumor progres-
sion in this malignancy.
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