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Abstract

Glioblastoma multiforme, the most malignant astroglial-de-
rived tumor, grows as an adherent mass and locally invades
normal brain. An examination of adult cerebral glioblastoma
biopsy material for the expression of adhesive proteins that
might potentiate adhesion and invasion demonstrated tumor
cell-associated vitronectin (5/5). In contrast, vitronectin was

not detected associated with glial cells in low grade astroglial
tumors (0/4), reactive astrogliosis (0/4), or in normal adult
cortex and cerebral white matter (0/5). Also, a wide variety of
other adhesive ligands were absent from the glioblastoma tu-
mor parenchyma. The av#3 integrin was the only vitronectin
receptor identified in glioblastoma tumors in situ, and was also
not expressed on low grade astroglial-derived tumors, reactive
astrogliosis, or on glia or neurons in normal adult cortex and
cerebral white matter. In a cell attachment assay, cultured
glioblastoma cells attached to the parenchyma of glioblastoma
tumor cryostat sections at the sites of vitronectin expression,
but failed to attach to normal brain. This adhesion was inhib-
ited by antibodies directed against vitronectin, the av,63 inte-
grin, and with an Arg-Gly-Asp-containing peptide. These data
provide evidence for a cell adhesion mechanism in glioblastoma
tumors that might potentiate glioblastoma cell invasion of nor-

mal brain. (J. Clin. Invest. 1991. 88:1924-1932.) Key words:
glioblastoma * invasion * vitronectin * av#3 integrin

Introduction

Tumor invasion is thought to involve adhesive interactions
between tumor cells and the host extracellular matrix (1, 2).
Thus, one approach to understanding tumor cell invasion is to
identify the matrix proteins and their receptors within the tu-
mor parenchyma. Glioblastoma multiforme (GBM),' the high-
est grade astroglial-derived tumor, grows in an adhesive man-

ner in culture (3), suggesting the presence of cell adhesion re-

ceptors. However, little is known about the extracellular
adhesive ligands or cell adhesion receptors present in situ
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within these tumors. GBMtumors are derived from glial cells,
and in normal adult brain these cells and the surrounding ex-
tracellular matrix (neuropil) are devoid of most, if not all, previ-
ously characterized extracellular matrix adhesive pro-
teins (4-8).

In an effort to understand the adhesive interactions within
GBMtumors, we examined GBMcryostat sections for the ex-
pression of a variety of extracellular matrix adhesive proteins.
Among the proteins examined, within the parenchyma of
GBMtumors, only vitronectin was detected. Vitronectin is an
adhesive protein normally found in plasma, and has been
shown to promote the adhesion of a wide variety of cell types in
vitro (9-13). Vitronectin has been identified in the embryonic
chick retina, where it serves to promote neurite extension (14);
however, in the adult mammalno adhesive function for vitro-
nectin in situ has been identified. Vitronectin has several other
functional domains, such as the collagen- and heparin-binding
domains (13), that are likely involved in the in situ localization
of vitronectin to reactive connective tissue ( 15-20). In this lo-
cation, vitronectin is thought to be derived from serum.

In this study we examined the adhesive interactions within
GBMtumors and found the functional expression of vitronec-
tin and the vitronectin receptor integrin avB3 associated with
the GBMtumor cell surface. Cultured GBMtumor cells specifi-
cally attached to cryostat sections of GBMtumors at sites con-
taining vitronectin, and this adhesion event was inhibited by
antibodies directed to vitronectin or the integrin avi33. These
data provide evidence for a cell adhesion mechanism in GBM
tumors that may facilitate glioblastoma cell invasion of normal
brain.

Methods
Reagents. BSA, glucose, Tris base, NaCl, KCI, monovalent and diva-
lent sodium phosphate, and methylene blue were purchased from
Sigma Chemical Co. (St. Louis, MO). SDSand glycine were purchased
from Bio-Rad Laboratories (Richmond, CA). Hepes and EDTAwere
purchased from Boehringer Mannheim (Indianapolis, IN). Divalent
cations, MnCl2, MgCl2, and CaCl2, were purchased from Mal-
linckrodt, Inc. (Pairs, KY). All reagents were of the highest grade.

Tissues. Surgical biopsy material was frozen in liquid nitrogen and
stored at -700C. The astroglial-derived tumors, all diffuse, were graded
according to the four-tier Kernohan and Sayre grading system (21). All
tumor biopsies were from adult (> 30 yr) cerebral white matter before
therapy, except for one residual radiated GBMtumor. Biopsies demon-
strating reactive (nontumorous or benign astrocytic proliferation) as-

trogliosis were from patients (> 25 yr) with encephalitis, seizures, or
radiation changes adjacent to a radiated GBMtumor. In all of the
tumors, the cryostat sections used for immunohistochemistry were rep-
resentative of the most malignant area of the tumor biopsy.

Antibodies. Rabbit anti-human vitronectin IgG (anti-VN) and rab-
bit anti-human vitronectin receptor (avj33) IgG were produced by us

or were purchased from Telios Pharmaceuticals (La Jolla, CA). Rabbit
anti-human fibronectin receptor serum (a5fll) was purchased from
Telios Pharmaceuticals. MAbanti-human fibronectin (F7387), MAb
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anti-human fibrinogen, MAb anti-microtubule-associated protein
(anti-MAP5), and rabbit anti-human glial fibrillary acidic protein were
purchased from Sigma Chemical Co. Rabbit anti-human laminin and
MAbanti-human collagen type IV were purchased from ICN Biomedi-
cals, Inc. (Costa Mesa, CA). The following antibodies were gifts: MAb
anti-human vitronectin (8E6) from Dr. D. Mosher (University of Wis-
consin, Madison, WI), rabbit anti-human #5 integrin subunit from Dr.
M. Hemler (Dana Farber Cancer Institute, Boston, MA), MAbanti-
human von Willebrand factor (anti-vWf) from Dr. Z. Ruggeri (Scripps
Clinic), rabbit anti-human thrombospondin IgG from Dr. V. Dixit
(University of Michigan, Ann Arbor, MI), MAbanti-human tenascin
IgG (8 1C6) from Dr. M. Bourdon (La Jolla Cancer Research Founda-
tion, La Jolla, CA), and MAbAP3 directed to human #3 integrin sub-
unit from Dr. P. Newman(Southwestern Blood Center, Milwaukee,
WI). The following antibodies were previously described, MAbanti-
human av integrin subunit (LM142) (10), MAbanti-human av#3 in-
tegrin (LM609) (10), MAbanti-human #1 integrin subunit (LM534)
(11, 12), and rabbit anti-human av#3 IgG integrin (10).

Adhesive ligands. Vitronectin was purified according to the method
of Yatohgo et al. (22) and fibronectin was purchased from ICN Biomed-
icals. Synthetic peptides were purchased from Multiple Peptide System
(San Diego, CA).

Immunohistochemistry. Immunohistochemistry (IHC) was per-
formed on air-dried (5 min) cryostat sections, as the antivitronectin
and antivitronectin receptor antibodies used showed a weak or nega-
tive reaction on formalin-fixed and paraffin-embedded tissue. IHC
with anti-#5 serum was performed on both air-dried and acetone-fixed
(5 min, 4°C) cryostat sections. Sections of tumor, free of necrosis and
hemorrhage, were used for IHC. IHC was performed as previously
described (4), with the following modifications. Nonspecific protein-
blocking and diluting buffer for the primary antibody was 5% BSA/
PBS. Primary and horseradish peroxidase-labeled secondary antibody
(1:250) (Bio-Rad Laboratories) were reacted each with the tissue for 1 h
(room temperature). Substrate 3,3-diaminobenzidine (1 mM) (Sigma
Chemical Co.) was reacted with the tissue for 10 min. Tissues were
counterstained in 1%methylene blue. Rabbit serum was used at 1:800,
mouse MAbascites were used between 1:500 and 1:2,000, mouse MAb
spent culture media was used at 1:20, and IgG-purified rabbit and
mouse antibodies were used at 10 gg/ml. Staining was graded as: nega-
tive (0), weak (1+), moderate (2+), and strong (3+ and 4+). All nega-
tive control antibodies gave a completely negative reaction (0) and all
positive control antibodies gave a moderate to strong reaction (2-4+).
All antibodies that failed to react with tissue were graded as nega-
tive (0).

Cell lines. The U251 glioblastoma multiforme cell line was ob-
tained from the American Type Culture Collection and was grown as
previously described (3). Chromosome analysis of this cell line (Univer-
sity of California San Diego Chromosome Laboratory) demonstrated
the same markers as previously described (3). The cell line was free of
mycoplasma bacterial contamination throughout the course of these
studies.

Immunoprecipitation. U251 cells in culture were surface-labeled
with 1251, lysed in detergent, and the lysate was subjected to immuno-
precipitation analysis as previously described (10-12). Immunopreci-
pitated proteins were analyzed by electrophoresis on nonreduced 7.5%
SDS-PAGE, the gels were then stained, dried, and exposed to x-ray film
(Eastman Kodak Co., Rochester, NY), as previously described (10-
12). Nonradiolabeled high molecular weight standards (14,000-
200,000) were purchased from Sigma Chemical Co. and electrophor-
esed with the samples.

Tumor cell adhesion to cryostat sections of GBMtumors. U25 1 cells
were harvested with versene (0.53 mMEDTA, 21 mMHepes, and 150
mMNaCl in PBS, pH 7.4) and washed in buffer consisting of 10 mM
Hepes, 140 mMNaCl, 5.4 mMKCI, 5.56 mMglucose, 1%BSA, 1 mM
CaCl2, 1 mMMgCI2, 100 AMMnCl2, pH 7.4 (adhesion buffer). Cells
were resuspended at 25 x 104/ml. Before adhesion cryostat GBMsec-
tions on 25 X 40-mm glass slides were fixed with 3%buffered parafor-
maldehyde (a gentle fixative compared to formaldehyde and paraffin

embedding), washed in 0.1 Mglycine/PBS followed by PBS, and the
entire slide was blocked with 5% BSA/PBS (2 h, room temperature).
Subsequently, the slide containing a 70-mm2 cryostat serial GBMtu-
mor section was flooded with 50,000 cells (U25 1) in 0.2 ml adhesion
buffer (10 min, room temperature). The slide was flooded with the
tumor cell suspension to ensure the tissue section was uniformly cov-
ered with cells. Sections of GBMtumor free of necrosis and hemor-
rhage, were used in this assay. After attachment, the slides were washed
3 times in agitated PBS (1 min/wash), postfixed in 3% paraformalde-
hyde, washed with 0.1 Mglycine/PBS followed by PBS, dehydrated
with 100% ethanol, and coverslipped. Alternatively, some sections
were stained in 1% methylene blue before dehydration and coverslip-
ping. Adhesion was allowed to take place in the presence of antibodies
or controls as indicated in the figure legends. The time course of adhe-
sion (10 min) was specifically chosen to examine the initial events of
U25 1 cell attachment to GBMtissue. Longer incubation, 15-60 min,
produced significant cell spreading on these cryostat sections. The 10-
min incubation was chosen because the multiple molecular events in-
volved in cell spreading on intact tissues for longer times would be
difficult to interpret. After adhesion, washing, and fixation, the number
of cells attached on each section were counted blindly using an inverted
microscope with phase optics. In a typical experiment, in the absence of
inhibitor (antibody or peptide), 300-350 cells were counted per (70-
mm2) section. The cells attached to regions of the tumor expressing
vitronectin. Based on the number of cells (50,000) per total slide area
(1,000 mm2), and the 70-mm2 area of the tumor section, - 10%of the
cells available to the tissue section attached. This is likely a low esti-
mate, assuming vitronectin is the predominant ligand the U25 1 cells
are adhering to in the tumor section, and 30% of the tumor section
expressed vitronectin.

Results

To determine what matrix proteins were expressed on GBM
tumors, serial cryostat sections were allowed to react with anti-
bodies directed to vitronectin, fibrinogen, thrombospondin, fi-
bronectin, von Willebrand factor, tenascin, laminin, and colla-
gen type IV. Reactivity of these antibodies was detected by
indirect immunoperoxidase staining, as described in Methods.
As shown in Table I and Fig. 1 (A and C), among these proteins
only vitronectin could be detected in association with the GBM
tumor cells. Within the tumor mass, 25-40% of the tumor cells
demonstrated vitronectin staining. The specificity of this reac-
tion was demonstrated as the nontumorous adjacent white
matter failed to react with anti-VN (Fig. 1 A, above arrow-
heads). Moreover, cryostat sections of normal adult cortex and
cerebral white matter approximately age-matched (same de-
cade) to the GBMpatients failed to react with anti-VN (5/5)
(Table I and Fig. 2 D). Adult glial-derived tumors arise predom-
inantly in the cerebral white matter (21). To confirm the vi-
tronectin reactivity, the anti-VN antibody was preincubated
with purified soluble vitronectin or fibronectin and then
reacted with serial GBMcryostat sections. As shown in Fig. 1
(B and D), the staining with anti-VN was completely blocked
by purified vitronectin; however, fibronectin failed to effect
anti-VN staining (Fig. 1, A and C). As previously described in
untreated GBMtumors, fibronectin (4-6), laminin (6, 7), col-
lagen types I, III, IV, V, and VI (5, 6), and von Willebrand
factor (8) were specifically localized to the endothelial cell base-
ment membrane and or pial/glial basement membrane, and
were not found to be tumor cell associated. In this study, tena-
scin was restricted to the endothelial and pial/glial basement
membranes; however, other studies (23) have found tenascin to
be tumor cell associated in some GBMtumors. Taken together
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Table L Adhesive Ligands in Glioblastoma and Normal Adult Brain

VN FG TSP vWF FN TN LM COLIV MAP5 GFAP

Glioblastoma
Tumor cells +* - - - - - - - -

Normal cerebrum
Glia - - - - - - - - _ +
Neurons - - - - - - - - +
Neuropil - - - - - - - - +

Cryostat sections of normal adult cortex and cerebral white matter were reacted with antibodies to the following antigens by the immunoperox-
idase technique, as described in Methods. Abbreviations for antigens are as follows: VN, vitronectin; FG, fibrinogen; TSP, thrombospondin;
vWF, von Willebrand factor; FN, fibronectin; TN, tenascin; LM, laminin; COL-IV, collagen type IV; MAP-5, microtubule associated protein;
GFAP, glial fibrillary acidic protein. * Intense cell membrane and cytoplasmic reactivity restricted to discrete areas of tumor. * Tumor cell
associated expression reported (5). § Reactivity of 10% of tumor cells. 11 Scattered astrocyte in molecular layer.

these results indicate that among a wide variety of potential
matrix components, vitronectin appears to be a major adhesive
ligand in GBMtumor parenchyma (5/5).

Vitronectin staining of GBMtissue was associated with the
tumor cell membrane and/or cytoplasm (Fig. 2 A, arrows),
while the adjacent vessels were predominantly nonreactive, as
detected by the anti-VN MAb8E6 (Fig. 2 A, arrowheads). This
suggested that the GBMtumor cell membrane vitronectin was
not derived from capillary leakage. In contrast, fibronectin
staining was restricted to the blood vessels as observed in a
serial section of this tumor (Fig. 2 B), or those found in the
normal brain (Fig. 2 E). These results suggest that the vitronec-
tin present in these tissues is tumor cell derived.

Weexamined earlier-stage astroglial tumors to determine
whether vitronectin expression was related to progression of
disease. To this end, vitronectin was only detected in malignant
astroglial-derived tumors, i.e., GBMtumors (grade IV) (5/5
positive) and anaplastic astrocytomas (grade III) (2/5 positive),
while lower grade astrocytomas failed to react with anti-VN
(grades I and II) (0/4). Moreover, we could not detect vitronec-
tin associated with glial or neuronal cells in normal adult cortex
or cerebral white matter (0/5) (Fig. 2 D), or in reactive (nontu-
morous or benign astrocytic proliferation) astrogliosis (0/4). In
addition, vitronectin was not detected in an adult cerebral
white matter well-differentiated oligodendroglioma (0/1), a
glial-derived tumor with a longer survival (21). This tumor was
not included in the total numbers (Table II), since all other
gliomas demonstrated clear predominant astrocytic differen-
tiation. Vitronectin was focally detected in the endothelial cell
extracellular matrix or basement membrane of low grade astro-
cytomas, as well as higher grade astroglial tumors, and in reac-
tive astrogliosis, consistent with alteration of the blood brain
barrier leading to leakage from serum. These results suggest
that vitronectin may be a marker of the malignant astroglial
cell and its expression correlates with tumor progression. In
contrast, both the tumor, normal brain, and reactive astroglial
cells reacted with anti-GFAP, a specific marker of glial inter-
mediate filaments (4). In addition, normal brain neuropil or
neuronal cell processes reacted with anti-MAP5, while normal
rabbit serum (NRS) or NRSIgG failed to react with the tumors
or normal adult cortex and cerebral white matter.

To determine whether vitronectin could be localized to
other tumor cells in situ, we examined a variety of other tumors

for expression of this adhesive protein. Vitronectin was specifi-
cally detected as tumor cell associated in metastatic melanoma
(2/2), a primary leptomeningeal melanoma, and a seminoma
with embryonal cell carcinoma. However, we were unable to
detect vitronectin in association with tumor cells in renal cell
carcinoma or late-stage (invasive) breast, lung, and colon ade-
nocarcinomas. It was present, however, in the perivascular
connective tissue in these tumors, as previously described for
breast and colon adenocarcinomas (24). Taken together, these
data indicate that vitronectin expression is associated with ma-
lignant cells of neuroectodermal (glioblastoma and melanoma)
and germ cell line derivation.

To assess whether GBMtumors express a receptor capable
of recognizing vitronectin within the tumor parenchyma, we
investigated whether these tumors expressed one or both of the
two known nonplatelet vitronectin receptors (VNR), integrin
av#3 or av35 (9-12). Serial GBMcryostat sections were al-
lowed to react with antibodies directed to integrin av, (33, and
(35 subunits. As shown in Fig. 2 C, a MAbdirected against av
(10) reacted throughout the tumor, primarily with the tumor
cell membrane. Similar but focal staining was observed with
MAbAP3, directed to the integrin (33 subunit (25), consistent
with the presence of the av(33 VNRin these tumors. In four
GBMtumors examined with serial sections, the MAbAP3 and
antivitronectin staining colocalized. In contrast, a polyclonal
antibody directed to the (35 subunit (26) failed to react with the
GBMcryostat sections, suggesting that av(33 may be the pre-
dominant vitronectin-binding integrin in this tumor tissue.
The integrin av(33 was detected on 30% of glioma cells in
anaplastic astrocytoma (grade III) (4/5), but it was not detected
on low grade astrocytomas (grades I and II) (0/4). Glia and
neurons in normal adult cortex and cerebral white matter (5/
5), and glial cells in reactive astrogliosis (0/4) also failed to
express av(33 (Table II). Therefore, av(33, like vitronectin, may
be a marker of malignant astroglial tumors. Endothelial cells in
the GBMtumor (Fig. 2 C) and in normal white matter (Fig. 2
F) expressed the integrin avf33, consistent with the identifica-
tion of this receptor on endothelial cells in culture (27).

To determine whether cultured glioblastoma cells express
the integrin av(33, U251 glioblastoma cells (3) were surface
labeled with '25I and subjected to immunoprecipitation (IP)
with antibodies directed to av(33, av, (3, and (31 integrin sub-
units, as previously described (10-12). As shown in Fig. 3, two
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Figure 1. Vitronectin is expressed in glioblastoma tumor parenchyma. HumanGBMtumor biopsy material (6-Mum cryostat serial sections) was

stained by the immunoperoxidase technique as described in Methods. The primary antibody used in A-D was rabbit anti-VN IgG (10 Mtg/ml).
Before staining, anti-VN was allowed to react with purified fibronectin (A and C) or vitronectin (B and D), at final concentrations of 100 jig/ml,
I h. Tumor cell staining was graded as 2+ positive (scale from 1-4+) (A and C) and negative (0) (B and D). In A and B arrowheads depict the
borders between tumorous (below) and nontumorous white matter (above). Photomicrographs were taken with a Zeiss microscope (Carl Zeiss,
Inc., Thornwood, NY). (A and B) Magnification, 250; (C and D) magnification, 400.
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Table II. Histologic Expression of Vitronectin and the a/v 3
Integrin on Malignant Glial Cells

VITRONECTIN av#3

Normal adult* cerebral glia 0/5 0/5
Reactive astrogliosis 0/4 0/4
Grade I-II astrocytoma 0/4 0/4
Grade III astrocytoma

(anaplastic) 2/5* 4/5
Grade IV astrocytoma

GBM 5/5 5/5

On all tissues expressing vitronectin, 25-40% of tumor cells were
positive. Immunohistochemistry was performed on cryostat sections
as described in Methods. * Normal adult cortex and cerebral white
matter from individuals approximately age-matched to the GBMpa-
tients. * Two positives per five tumors examined.

bands of Mr 150 and 95 were detected with a polyclonal anti-
av#3 antibody, and MAbs directed to av#33, av, and (33, lanes
A, B, C, and D, respectively. This is consistent with the Mr of
the av(33 integrin previously described on melanoma and endo-
thelial cells (10, 27). Therefore, glioblastoma cells in situ and in
culture express av(33. Consistent with a previous study (28),
these cells express (31 integrins (Fig. 3, lane E).

To determine whether vitronectin might serve an adhesive
role in glioblastoma tumors in situ, we examined the ability of
U25 1 GBMcells to attach to cryostat sections of GBMtumor
tissue. Cryostat sections were chosen to colocalize the GBM
vitronectin expression with the U25 1 cell adhesion, as antivi-
tronectin antibodies react weakly or fail to react with formalin-
fixed tissue. U25 1 glioblastoma cells readily attached to GBM
cryostat sections, and 95% of this attachment was in regions
expressing vitronectin. This U251 cell attachment to GBM
cryostat sections was quantitated in a GBMtumor where 30%
of the tumor cells expressed vitronectin, as determined by serial
section immunoreactivity with the anti-VN MAb8E6 (Fig. 4,
A and B). Of the attached U251 cells, 95% localized to the
glioblastoma tumor parenchyma where vitronectin was ex-
pressed and 5%localized to the blood vessels. In a typical adhe-
sion experiment 300-350 U25 1 cells attached/70 mm2cryostat
section and, as stated in Methods, - 10% of available cells
attached to the cryostat section. U25 1 cells failed to attach to
normal adult neocortex or cerebral white matter. These results
suggest that vitronectin expressed in GBMtumors may serve as
a relevant adhesive ligand.

To test this hypothesis, U25 1 cells were allowed to attach to
GBMcryostat sections that were preincubated with anti-VN.
As shown in Fig. 5, rabbit anti-VN sera blocked this adhesion
by - 50%. These results suggest vitronectin is among the rele-
vant adhesive ligands present in GBMtumors in situ. In addi-
tion, U25 1 cell adhesion to these tissues could be inhibited by
60% with a soluble RGD-containing peptide (GRGDSP) as

(Mr x 1 0-3) Figure 3. Cultured
-200 GBMcells express the

av(33 integrin. U251
cells were surface la-

_6 ^beled with 1251, Iysed,
subjected to immuno-
precipitation (IP) with

-116 antibodies directed to
the av,3 integrin and,

^-9g2 analyzed by SDS-PAGE
" 'I.. under nonreducing con-

ditions on 7.5% gels,
which were subjected to- 67 autoradiography as de-

A B C D E F G scribed in Methods.
Two bands were de-

tected at Mr 150 and 95 with anti-VNR IgG (anti-av(33) (lane A),
MAbanti-avjl3 (LM609) (lane B), MAbanti-av (LM 142) (lane C)
and MAbanti-,B3 (AP3) (lane D), consistent with the M, of the av
and (33 chains, respectively, previously described on melanoma cells
(10). Controls consisted of MAbanti-# l (LM534) (lane E), NRSIgG
(lane F), and anti-mouse Sepharose (lane G).

compared to a random peptide (GDRGSP) (Fig. 5), consistent
with the possibility of this being an RGD-dependent integrin-
mediated adhesion event.

To determine whether integrin av(33 expressed on U251
cells was involved in this adhesion event, U251 cells were
preincubated with rabbit anti-avB3 IgG or MAb anti-av(3
(LM609), and then allowed to attach to the GBMcryostat sec-
tions. As shown in Fig. 5, these antibodies inhibited U25 1 cell
attachment to GBMcryostat sections by 70%. A similar
inhibition (70-90%) was observed with these antibodies when
U251 cells were allowed to attach to microtiter wells coated
with purified vitronectin (not shown). In contrast, rabbit anti-
aS(3l, NRS, and NRSIgG failed to inhibit U25 1 cell adhesion
to GBMtumor tissue (Fig. 5), while anti-aS(l blocked attach-
ment of these cells to purified fibronectin (not shown). These
results provide evidence that the vitronectin expressed in GBM
tumors may serve an adhesive role in the malignant phenotype
of astroglial-derived cells, and that integrin avB3 expressed on
the tumor cell surface potentiates this interaction.

Discussion

Adhesive interactions are involved in a diverse array of biologi-
cal processes, including embryogenesis, thrombosis, wound
healing, and tumor cell invasion (1, 2). Many of these adhesive
events are mediated by members of the integrin family of cell
adhesion receptors that recognize ligands present in the extra-
cellular matrix or on opposing cells (1, 2). In fact, tumor cells
typically synthesize their own matrix components (29), and
show altered integrin expression (1, 2, 30, 31) as compared to

Figure 2. Vitronectin expression in a GBMtumor is restricted to the tumor parenchyma. GBMtumor tissue from a second patient (A-C, 6-gm
cryostat sections) or normal adult cerebral white matter from surgical biopsy (D-F, 9-gm cryostat sections) were stained as in Fig. 1. Primary
antibodies were anti-human VNMAb8E6 (1:20 spent culture fluid) (A and D); MAbanti-human fibronectin (1:500 ascites) (B and E); or
anti-av MAbLM1 42 (1 0) (1: 1000 ascites) (C and F). Arrowheads depict blood vessels and arrows depict glioblastoma tumor cells. Staining was
graded as 4+ positive in A, 3+ positive in B, 2+ positive (tumor cells) and 3+ positive (endothelial cells) in C, negative (0) in D, 3+ positive
(endothelial cells) in E, and 2+ positive (endothelial cells) in F. (A-F) Magnification, 100.
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Figure 4. U25 1 cultured glioblastoma cells adhere to
cryostat sections of a GBMtumor. In A, a GBM
tumor section was stained with anti-VN, MAb8E6,
as in Fig. 2. Short arrows depict a blood vessel. In
B, U25 1 cells were allowed to attach to a serial
cryostat section, as described in Methods. Short
arrows depict a blood vessel and long arrows depict
adherent U25 1 glioblastoma cells. The tumor nuclei
in the GBMtumor section (A and B) are irregular
in shape and blue. (B) is a representative field ac-
counting for - 1% (0.5 mm2) of a 70-mm2 cryostat
section. (A and B) Magnification, 100.

their normal cell counterparts. These observations suggest that
tumor cells can remodel their surrounding extracellular matrix
to facilitate their invasive phenotype.

In this report, we demonstrate that the adhesive protein
vitronectin is found within the parenchyma of late-stage as-
troglial-derived tumor tissue. Vitronectin may be one of the
primary adhesive ligands in these tissues due to the fact that we
were unable to detect, as tumor cell associated, a wide variety of
other extracellular matrix components including, collagen, fi-
bronectin, fibrinogen, thrombospondin, von Willebrand fac-
tor, tenascin, and laminin. In addition, the expression of vi-
tronectin in these tumors may be related to the progression of
disease because it could not be detected on low grade astroglial-
derived tumors, reactive astrogliosis, or on glial cells in the
normal adult brain. The vitronectin detected in GBMtumors

localizes to the tumor cell cytoplasm and plasma membrane.
Thus, unlike fibronectin and other plasma proteins, its expres-
sion is independent of blood vessels. These results suggest that
the vitronectin present in these tissues is derived from the tu-
mor cells. However, long term cultured cell lines failed to syn-
thesize detectable levels of vitronectin suggesting that, upon
culture, cells may lose this property. This may not be surprising
because most GBMcell lines (80%) also fail to express GFAP,
an intermediate filament and a characteristic marker of glial-
derived cells and their tumors in situ (3, 4).

The expression of vitronectin is not restricted to GBMtu-
mors because it was also shown to be tumor cell associated in
melanoma and embryonal cell carcinoma. However, vitronec-
tin was not expressed in carcinoma of the breast, colon, lung,
and kidney. It is important to point out that, consistent with

1930 C. L. Gladson and D. A. Cheresh



g 350-T

'O250-

O200-
0~~~~~

150-
IV 100-T

LO 500'u _Jl
Ant-VN Anti-FNR kit--VNR 50ji/mlJ 200pg/Om Random GRGOSPK

Rabbit Ab MAb LM609 Peptide
(anUav3)

Figure 5. Effect of antivitronectin, antiintegrin antibodies, or an RGD
peptide on U251 cell adhesion to GBMcryostat sections. U25 1 cells
were allowed to adhere to 70-mm2 GBMcryostat sections as in Fig.
4 B. However, adhesion was allowed to take place in the presence of
rabbit anti-VN (1:50), rabbit anti-FNR (anti-a5fil) (1:50), anti-VNR
IgG (anti-av#3) (250 ,ug/ml), MAbanti-av#3 (LM609) at 50 or 200
gg/ml, random peptide GDRGSP(200 ug/ml) and GRGDSP(200
ug/ml). Results are expressed as the actual number of adherent cells.
NRS(1:50) and NRSIgG (250 ,g/ml) had no effect on adhesion
when preincubated with the GBMcryostat sections or with the U25 1
cells. In a typical experiment 300-350 cells attached in the absence
of inhibitor. Based on the 70-mm2 tissue section, - 10% of the total
U25 1 cells available to the tissue section attached. Cell attachment
was primarily restricted to 30% of the cryostat section, localizing to
regions of vitronectin expression as in Fig. 4. Each bar represents the
mean±the standard error of 3-4 replicates.

previous reports (24), vitronectin, as well as other adhesive li-
gands, were localized to the perivascular connective tissue in
these tumors. These results suggest that vitronectin may be a
marker of neuroectodermally-derived tumors.

We examined whether the vitronectin expressed within
GBMtumors might serve as a relevant adhesive ligand in this
tissue. To this end, cultured GBMtumor cells were examined
for their ability to specifically attach to cryostat sections of
GBMtumor tissue. This adhesion was primarily restricted to
regions of the tissue that expressed vitronectin. In addition,
pretreatment of this tissue with an antibody to vitronectin sig-
nificantly inhibited the attachment of GBMcells to this tissue,
suggesting that vitronectin is among the relevant adhesive li-
gands in these tumors. In support of this contention, the adhe-
sion of GBMcells to this tissue was also inhibited with an
RGD-containing peptide and a monoclonal antibody to the
vitronectin-binding integrin av#3. That integrin av#3 was de-
tectable in GBMtumor tissue and colocalized with vitronectin
in four GBMtumors suggests it may promote adhesion of
GBMtumor cells to vitronectin in situ. It is of interest to point
out that the normal brain adjacent to these tumors is essentially
devoid of vitronectin. As previously described, and we verified,
fibronectin (4-6), collagen (5, 6), laminin (6, 7), and von Wille-
brand factor (8) were restricted to the endothelial and pial/glial
basement membranes in normal brain. Therefore, it is conceiv-
able that the vitronectin present in GBMtumors and integrin
av,63 may play a role in the ability of these cells to invade
normal brain. At present we cannot rule out the presence of
other vitronectin receptors in these tumors. However, we were
not able to identify the ,B5 subunit in these tumor sections,

which suggests that the VNRintegrin av,35 is probably not
playing a significant role in this adhesive interaction.

It is also conceivable that other adhesive mechanisms are
involved in this adhesion event. For example, N-CAMand/or
cadherin-type homotypic cell-cell interactions might result in
the adherence of U25 1 cells to tumor cells within the cryostat
sections. The experimental condition chosen for this assay (10
mnincubation) was designed to measure the initial events of
adhesive interactions occurring between the tumor cell surface
and GBMtumor tissue. More importantly, by designing the
experiment in this way we minimized the tendency of GBM
cells to spread, which would significantly enhance the strength
and complexity of this adhesive event. Cell spreading on intact
tissues would be difficult to interpret because of multiple molec-
ular events that occur with time.

In addition to serving as an adhesive ligand in GBMtu-
mors, vitronectin may be involved in other biological mecha-
nisms that might contribute to the malignant behavior of these
tumors. For example, vitronectin helps to regulate fibrinolytic
mechanisms through an interaction with the type 1 plasmino-
gen activator inhibitor (32, 33). Vitronectin is also known to
bind the C5-9 membrane attack complex of complement, and
thus may prevent complement-mediated cytolysis by host im-
mune cells (19, 20). Recently, vitronectin was shown to inter-
act with fi-endorphin (34), and the latter was independently
demonstrated to bind to the surface of glioblastoma cells (35),
suggesting that vitronectin associated with these tumors may
serve to enhance the binding of ,-endorphin.

In summary, this report provides the first evidence that
vitronectin is specifically localized to tumor cells in situ. Its
expression appears to correlate with the late stages or the most
malignant astroglial-derived tumors. Although vitronectin has
a number of biological properties, it is capable of serving an
adhesive role when expressed in the parenchyma of GBMtu-
mors. The conspicuous absence of other adhesive ligands in
normal brain tissue, excluding blood vessels, suggests that the
vitronectin present in GBMtumors may facilitate their malig-
nant behavior.

Acknowledgments

Wethank Dr. Thomas Waltz (Department of Neurosurgery, Scripps
Clinic and Research Foundation) and Drs. David Barba, Jefferson
Chen, and George Prioleau (Department of Neurosurgery, University
of California San Diego) for assistance in obtaining biopsy material,
and Dr. Ralph Reisfeld (The Research Institute of Scripps Clinic) for
reading the manuscript.

Candece L. Gladson was supported by PSA#5 K12 AG00353 from
the National Institute of Aging, Bethesda, MD, and David A. Cheresh
was supported by CA45726 and CA50286 from the National Cancer
Institute.

References
1. Hynes, R. 0. 1987. Integrins: a family of cell surface receptors. Cell.

48:549-554.
2. Ruoslahti, E. 1991. Integrins. J. Clin. Invest. 87:1-5.
3. Bigner, D. D., S. H. Bigner, J. Ponten, B. Westermark, M. S. Mahaley, E.

Ruoslahti, H. Herschman, L. F. Eng, and C. J. Wikstrand. 1981. Heterogeneity of
genotypic and phenotypic characteristics of fifteen permanent cell lines derived
from human gliomas. J. Neuropathol. Exp. Neurol. 40:201-229.

4. Jones, T. R., E. Ruoslahti, S. C. Schold, and D. D. Bigner. 1982. Fibronec-
tin and glial fibrillary acidic protein expression in normal human brain and
anaplastic human gliomas. Cancer Res. 42:168-177.

5. McComb, R. D., J. M. Moul, and D. D. Bigner. 1987. Distribution of type
VI collagen in human gliomas: comparison with fibronectin and glioma-mesen-
chymal matrix glycoprotein. J. NeuropathoL Exp. Neurol. 46:623-633.

Vitronectin and the avj33 Integrin in Malignant Glial Tumors 1931



6. Bellon, G., T. Caulet, Y. Cam, M. Pluot, G. Poulin, M. Pvtlinska, and
M. H. Bernard. 1985. Immunohistochemical localisation of macromolecules of
the basement membrane and extracellular matrix of human gliomas and menin-
giomas. Acta Neuropathol. 66:245-252.

7. McComb, R. D., and D. D. Bigner. 1985. Immunolocalization of laminin
in neoplasms of the central and peripheral nervous system. J. Neuropathol. Exp.
Neurol. 44:242-253.

8. McComb, R. D., T. R. Jones, S. V. Pizzo, and D. D. Bigner. 1982. Immuno-
histochemical detection of factor VIII/von Willebrand factor in hyperplastic en-
dothelial cells in glioblastoma multiforme and mixed glioma-sarcoma. J. Neuro-
pathol. Exp. Neurol. 41:479-489.

9. Pytela, R., M. D. Pierschbacher, and E. A. Ruoslahti. 1985. 125/115 kDcell
surface receptor specific for vitronectin interacts with the arginine-glycine-aspar-
tic acid adhesion sequence derived from fibronectin. Proc. Natl. Acad. Sci. USA.
82:5766-5770.

10. Cheresh, D. A., and R. C. Spiro. 1987. Biosynthetic and functional proper-
ties of an Arg-Gly-Asp-directed receptor involved in human melanoma cell at-
tachment to vitronectin, fibrinogen, and von Willebrand factor. J. Biol. Chem.
262:17703-17711.

11. Cheresh, D. A., J. W. Smith, H. M. Cooper, and V. Quaranta. 1989. A
novel vitronectin receptor integrin (alpha v beta x) is responsible for distinct
adhesive properties of carcinoma cells. Cell. 57:59-69.

12. Smith, J. W., D. J. Vestal, S. V. Irwin, T. A. Burke, and D. A. Cheresh.
1990. Purification and functional characterization of integrin alpha v beta 5. An
adhesion receptor for vitronectin. J. Biol. Chem. 265:11008-11013.

13. Suzuki, S., A. Oldberg, E. G. Hayman, M. D. Pierschbacher, and E. Ruos-
lahti. 1985. Complete amino acid sequence of human vitronectin deduced from
cDNA. Similarity of cell attachment sites in vitronectin and fibronectin. EMBO
(Eur. Mol. Biol. Organ.) J. 4:2519-2524.

14. Neugebauer, K. M., C. J. Emmett, K. A. Venstrom, and L. F. Reichardt.
1991. Vitronectin and thrombospondin promote retinal neurite outgrowth: devel-
opmental regulation and role of integrins. Neuron. 6:345-358.

15. Hayman, E. G., M. D. Pierschbacher, Y. Ohgren, and E. Ruoslahti. 1983.
Serum spreading factor (vitronectin) is present at the cell surface and in tissues.
Proc. Nat!. Acad. Sci. USA. 80:4003-4007.

16. Reilly, I. T., and J. R. G. Nash. 1988. Vitronectin (serum spreading fac-
tor): its localization in normal and fibrotic tissue. J. Clin. Pathol. (Lond.).
41:1269-1272.

17. Dahlback, K., Lofberg, H., Alumets, J., and B. Dahlback. 1989. Immuno-
histochemical demonstration of age-related deposition of vitronectin (S-protein
of complement) and terminal complement complex on dermal elastic fibers. J.
Invest. Dermatol. 92:727-733.

18. Niculescu, F., H. G. Rus, D. Porutiu, V. Ghiurca, and R. Vlaicu. 1989.
Immunoelectron-microscopic localization ofS-protein/vitronectin in human ath-
erosclerotic wall. Atherosclerosis. 78:197-203.

19. Tomasini, B. R., and D. F. Mosher. 1991. Vitronectin. Prog. Hemostasis
Thromb. 10:269-306.

20. Preissner, K. T. 1989. The role of vitronectin as a multifunctional regula-
tor in the hemostatic and immune systems. Blut. 59:419-431.

21. Kernohan, J. W., and G. P. Sayre. 1952. Tumors of the central nervous
system. Armed Forces Institute of Pathology, Washington, DC. Section X, fasci-
cle 35:17-42.

22. Yatohgo, T., M. Izumi, H. Kashiwagi, and M. Hayashi. 1988. Novel
purification of vitronectin from human plasma by heparin affinity chromatogra-
phy. Cell Struct. Funct. 13:281-292.

23. McComb, R. D., and D. D. Bigner. 1985. Immunolocalization of mono-
clonal antibody-defined extracellular matrix antigens in human brain tumors. J.
Neuro-Oncol. 3:181-186.

24. Loridon-Rosa, B., P. Vielh, C. Cuadrado, and P. Burtin. 1988. Compara-
tive distribution of fibronectin and vitronectin in human breast and colon carci-
noma. Am. J. Clin. Pathol. 90:7-16.

25. Newman, P. J., R. A. Kahn, and A. Hines. 1981. Detection and character-
ization of monoclonal antibodies to platelet membrane proteins. J. Cell Biol.
90:249-253.

26. Ramaswamy, H., and M. E. Hemler. 1990. Cloning, primary structure
and properties of a novel human integrin beta subunit. EMBO(Eur. Mol. Biol.
Organ.) J. 9:1561-1568.

27. Cheresh, D. A. 1987. Humanendothelial cells synthesize and express an
Arg-Gly-Asp-directed adhesion receptor involved in attachment to fibrinogen
and von Willebrand factor. Proc. Natl. Acad. Sci. USA. 884:6471-6475.

28. Vogel, B. E., G. Tarone, F. G. Giancotti, J. Gailit, and E. Ruoslahti. 1990.
A novel fibronectin receptor with an unexpected subunit composition (avo 1). J.
Biol. Chem. 265:5934-5937.

29. Hynes, R. 0. 1990. Fibronectins. Springer-Verlag, New York. 49-83,
301-334.

30. Plantefaber, L. C., and R. 0. Hynes. 1989. Changes in integrin receptors
on oncogenically transformed cells. Cell. 56:281-290.

31. Albelda, S. M., S. A. Mette, D. E. Elder, R. Stewart, L. Damjanovich, M.
Herlyn, and C. A. Buck. 1990. Integrin distribution in malignant melanoma:
association of the beta 3 subunit with tumor progression. Cancer Res. 50:6757-
6764.

32. Mimuro, J., and D. J. Loskutoff. 1989. Purification of a protein from
bovine plasma that binds to type 1 plasminogen activator inhibitor and prevents
its interaction with extracellular matrix. Evidence that the protein is vitronectin.
J. Biol. Chem. 264:936-939.

33. Salonen, E.-M., A. Vaheri, J. Pollanen, R. Stephens, P. Andreasen, M.
Mayer, K. Dano, J. Gailit, and E. Ruoslahti. 1989. Interaction of plasminogen
activator inhibitor (PAI-1) with vitronectin. J. Biol. Chem. 264:6339-6343.

34. Hildebrand, A., K. T. Preissner, G. Muller-Berghaus, and H. Tesche-
macher. 1989. A novel B-endorphin binding protein. Complement S protein
(=vitronectin) exhibits specific non-opiod binding sites for B-endorphin upon
interaction with heparin or surfaces. J. Bio!. Chem. 264:15429-15434.

35. Westphal, M., and C. H. Li. 1984. B-Endorphin: characterization of bind-
ing sites specific for the human hormone in human glioblastoma SF126 cells.
Proc. Natl. Acad. Sci. USA. 81:2921-2923.

1932 C. L. Gladson and D. A. Cheresh


