Journal of Neuropathology und Experimental Neurology
Copyright © 1999 hy the American Associution af Neurapatholagisis

Vol. 58, No. 2
February, 1999
pp. 198-209
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Abstract. Evidence is accumulating implicating a role for integrins in the pathogenesis of cancer, a disease in which
alterations in cellular growth, differcntiation, and adhesive characteristics are defining features. In the present report we studied
a panel of § human astrocytoma cell lines for their expression of integrin subunits by RT-PCR, and of integrin heterodimers
by immunoprecipitation analyses, The functionality of integrin hetercdimers was assessed using cell attachment assays to
plastic or single matrix substrates. Downstream effects of integrin activation were studied by western blot analyses of FAK
expression in human astrocytoma cell lines growing on plastic and on a fibronectin matrix, and in 13 primary human brain
tumeor specimens of varying histopathological grade. Furthermore, we studied tyrosine phosphorylation of FAK in astrocytoma
cells growing on plastic versus fibronectin. Finally, we analyzed the effects of intermediate filament gene transfer on FAK
phosphotylation in SF-126 astrocytoma cells. Qur data show that astrocytoma cell lines express various integrin subunits by
RT-FCR, and heterodimers by immunoprecipitation analyses. The Bl ond av integrin subunits were expressed by all astro-
cytoma cell lines. The al subunit was expressed by all cell lines except SF-188. By immunocprecipitation, the fibronectin
receptor (a5B1 integrin heterodimer) and the vitronectin receptor (avPB3) were identified in several cell lines. Astrocyloma
cell attachment studies to human matrix proteins supgested that these integrin heterodimers were functional. Using confocal
laser microscopy, we showed that FAK was colocalized to actin stress fibers at sites of focal adhesion complexes. By western
blot, FAK was variably but quite ubiguitously expressed in human astrocytoma cell lines, and in several primary human
aswocytoma specimens. When U373 and U887 MG astrocytoma cells bind to a fibronectin matrix, FAK is phosphorylated.
GFAP-transfected SF-126 human astrocytoma cells were shown to overexpress the phosphorylated form of FAK only when
these cells were placed on a fibronectin matrix. This result is of interest because it suggests that manipulations of the
astrocyioma cytoskeleton per se can bring about potential signaling changes that channel through integrins and focal adhesion

sites leading to activation of key kinases such as FAK.
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INTRODUCTION

Astrocytomas are the most common primary human
brain tumors and, in their malignant form, have a very
poor prognasis. These tumors are highly proliferative,
and they infiltrate diffusely into regions of normal brain
rendering tatal surgical extirpation impossible and effec-
tive lacal radiation therapy difficult. Conventional che-
motherapy frequently fails either because most agents ad-
ministered systemically do not cross the blood-brain
barrier, or because of intrinsic tumor cell resistance. Of
the halimark histopathological features of malignant as-
trocytomas, the invasion of normal brain by astrocytoma
cells perhaps explains best why these tumors are fre-
quently recalcitrant to therapy.

The coordination of the steps involved in the invasion
of normal tissue by tumor cells requires the regulation of
a number of complex cytological processes which include
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the binding of specific cell-surface molecules on the plas-
ma membrane to the extracellular matrix (ECM), the
elaboration of targeted proteases to degrade ECM com-
ponents, and the interactions between the ECM, plasma
membrane and the cytoskeleton, all of which may have
profound effects on tumor cell morphology and motility
{1-5). We have already studied the process of astrocy-
toma invasion insofar as the expression of metalloprotei-
nases and tissue inhibitors of metalloproteinases
(TIMPs)(6-9) and the effects of glial fibrillary acidic pro-
tein {GFAF) gene-transfection are concerned (10-12). In
the present report, we focused specifically on the prop-
erties of astrocytoma cell binding to ECM through an
analysis of integrin expression.

The integrins are a family of type I transmembrane
proteins compased of a large extracellular domain, a hy-
drophobic membrane spanning segment, and a short cy-
toplasmic domain (2, 4, 13). Each integrin is composed
of an o and a 8 subunit. At present, there are at least 15
different o and 9 B subunits that can variously combine
to form 21 receptors with distinct ligand specificities
(14). Integrins recognize specific peptide regions within
ECM macromolecules; the best characterized of which is
the arginine-glycine-aspartic (RGD) sequence of fibro-
nectin (2, 13).
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Upon binding to extracellular ligands, integrins cluster
on the plane of the plasma membrane and promote the
assembly of molecular complexes containing both cyto-
skeletal and signaling elements (14). The effects that the
extracellular matrix has on cellular growth and differen-
tiation are likely mediated through various integrin sig-
naling pathways (so called “out:in” signaling) (15). Al-
though the integrin signalling pathways have not been
complelely characterized, many involve tyrosine kinase
phosphorylation of neighbouring protein species and cy-
clin dependent-kinases (16-21). As one example, the
study of ECM-induced aggregation of integrin receptors
at focal adhesion sites led to the identification of a phos-
phorylated 125 kDa protein known as focal adhesion ki-
nase (FAK) (17, 18), FAK has been shown to physically
associate with 2 nonreceptor protein tyrosine kinases,
pp60ste and pp39fyn, via their Src homology 2 (SH2)-
domains (18, 20, 21).

In the present report, we have examined a panel of
astrocytoma cell lines and primary human astrocytoma
specimens for their expression of integrins and FAK. Our
data show that astrocytoma cells express a variety of in-
tegrins that are functionally active in cell attachment as-
says, Furthermore, we show that binding of astrocytoma
cells to ECM leads to aclivation of FAK. Finally, mod-
ulaticn of intermediate filament expression in astrocyto-
ma cells by GEAP-transfection leads to marked changes
in astrocytoma morphology, adhesion, and integrin rep-
ertoire expression. These changes are accompanied by
increases in tyrosine phosphorylation of FAK suggesting
that in addition to the well-recognized “‘out:in" signaling
pathway mediated by ECM-integrin binding, an “in:out™
signalling pathway through integrins may be activated by
specific cytoskeletal manipulations.

MATERIALS AND METHODS

Astrocytoma Specimens and Call Lines,
Cell Cultures, and Culture Conditions

Human malignant astrocytoma cell lines SF126, SF188,
SF539 have been previously described (22, 23). U87 MG, U138
MG, U251 MG, and U373 MG were obtained from the Amer-
ican Type Culture Collection (Rockville, MD). U343-MG-A
and XF498 were obtained from Dolores Dougherty (Brain Tu-
mor Research Center, University of California at San Francis-
ca). Two astrocytoma cell lines in which glial filament expres-
sion was modulated by GFAP gene transfection were also used.
In the first, the GFAP-negative SF-126 astrocytoma cell line
was transfected with an expression vector carryving the GFAP
gene in the sense orienfation creating GFAP-positive astrocy-
toma cells (10); in the second, an anti-sense GFAP construct
was used to render GFAP-positive U251 MG astrocytoma cells
GFAP-negative (11). These 2 cell lines and their respective con-
trols were also utilized in the experiments described below. Cell
lines were maintained in alpha minimal essential media
(eMEM) (Gibco BRL, Gaithersburg, MD) supplemented with
10% fetal bovine serum and 100 U/mL penicillin, 100 pg/mL

streptomycin and 25 pg/mL amphotericin B (Gibco BRL).
XF498 was maintained in RPMI media (Gibco BRL) with iden-
tical serum and antibiotic concentrations. Early passage cultures
of normal human fibroblasts and human cerebral endothelial
cells {24) were vsed as contrels, and were maintained in kMEM
as above,

Brain tumor specimens were obtained at the time of crani-
otomy. These tumors were either low-grade astrocytomas taken
from a pediatric population (WHO classification, grade I, or
high-grade astrocytomas (WHO grade 1V). Specimens of hu-
man brain were also obtained during the course of routine cra-
niotomy for arteriovenous malformation, trauma, or epilepsy.
Permission to utilize this tissue was given by the Research Eth-
ics Board, The Hospital for Sick Children. Specimens were
snap frozen and stored in liquid nitrogen until further use.

Reverse Transcription-PCR Analysis of Integrins

Total RNA was isolated from monolayer cultures according
to the methods of Chomezynski using RMNAzol™ (25). Five pg
of total RNA, 200 pmol of 3’ f-actin primer and 200 pmol of
3' integrin subunit primer were ethanol precipitated and redis-
solved in 12.5 wl of DEPC-treated H20. The samples were heat-
ed at 65°C for 10 minutes (min) and left at room temperature
for 2 min. Reverse transeription (RT) synthesis of complemen-
tary DNA (cDNA) was performed according ta the manufac-
turer's recommendations {Invitrogen, San Diego, CA). Primer
pairs for each of the integrin subunits utilized were derived
from previously published material, and are listed below (26—
28):

Integrin 81% 5' AAT GGG AAC AAC GAG GTC ATG GTT 3’
5' TTG TGG GAT TTG CAC GGG CAG TAC 3’

Integrin B3* 5 TGC TCA TTG GCC TTG CCG CCC TGC 3
5' TGA TCT GAG GAT GAC TGC TTA TCA 3’

Integrin a2 5' TGG GGT GCA AAL AGA CAA GG 3/
5' GTA GGT CTG CTG GTT CAG C 3'

Integrin a3 5' TGG GCA GAT GGA TGT GGA TGA GAA ¥
5' GAT GAT GAT GGG GCG GAG TTT GTC 3’

Integrin a5 §' GCG CTC CAC TGT ACA GCT G ¥
5' CAG CAA GTC ATC CAG CCC G ¥

5" GAG CAG CRA GGA CTT TGG G 3/
5" GGG TAC ACT TCA AGA CCA GC ¥’

Integrin o>

For amplification of DNA, 5 pl of the RT product was added
10 31.5 ul H,0, 5 ! 10X PCR buffer, 0.5 pl of 100 mM dNTPs,
and 2 pl of each 5' primer (B-actin and integrin subunit primer),
and 1.5 pl of each 3' primer. Then, 1 pl of Tag polymetase
was added immediately prior to use, bringing the total volume
of the reaction to 50 pl. Samples were covered with mineral
oil and placed in a thermal cycler (Perkin-Elmer, Celus). Ther-
mal cycling was initiated with a 2 min *hot start™ at 95°C. The
denaturation step was set for 1 min at 95°C, annealing for |
min at varied temperatures (see below), and extension for 1 min
al 75°C. To reduce nonspecific primer annealing, a *‘touch-
down” protocol was employed by setting the initial primer an-
nealing temperature above normal, Thus, the annealing tem-
perature was set for 68°C for the first 5 cycles, followed by 5
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TABLE 1
Integrin Subunit Expression of mRNA in Human Astrocytoma Cell Lines
Integrin/
actin ratio* UB7 MG SF-126 SF-188 U-251 U343 XF-498 SF-53¢9 Fibroblasts

B1factin +ok + +++ ++ ++ + ++ +
B3/actin +++ 0 + + 0 0 + +
a2lactin ++ + 0 + 0 0 0 Q0
w3/actin +++ ++ 0 ++ +++ + ++ o
aS/actin + + + + o 0 + o
av/actin + + + + + + ++ ++

* + = ratio of integrin subunit/actin between 0.25-0.33 by RT-PCR. ++ = ratio between (.5-0.67. +++ = ratio between

—0.75-1.0. 0 = no integrin band visualized.

TABLE 2
Integrin Subunit Expression of mRNA in Antisense-
GFAP Transfected U251 MG Astrocytoma Cells

Integrinfactin asGFAP
ratio asGFAP** control~ Parental U251
1/actin ++4+* + +-+
B3/actin +++ + +
a3/actin 4+ + -+ +
ad/actin + + +
av/actin + + +

* + = ratio of integrin subunit/actin between 0.25-0.33 by
RT-PCR. +4+ = ratio between 0.5-0.07. +++ = ratio between
—0.75-1.0. ¢ = no integrin band visualized.

** Stable U251 clone #6 transfected with expression vector
containing antisense GFAP cDNA.,

~ Stable U251 clone transfected with expression vector mi-
nus antisense GFAP cDNA,

cycles at 66°C, 10 cycles at 64°C, and 10 cycles at 60°C. Sam-
ples of 10 pl were taken at 20, 25, and 30 cycles, and run in
1.6% agarose gels. The gels were stained with ethidium bro-
mide and photographed. Densitometry was performed on the
film negative. Integrin expression was calculated as the ratio
between the integrin and the B-actin bands.

Astrocytoma Cell Attachment Assay

Nontissue culture microtiter wells were coated with 5-10 pa/
mi concentrations of human fibronectin, type IV cellagen, lam-
inin, and vitronectin (Telios Pharmaceuticals, San Diego, CA).
Before the addition of 3 X 10* astrocytoma ceils or human
cerebral capillary endothelial cells, unbound sites were blocked
with 1% BSA (Sigma) in DMEM for 1 hour (h) at 37°C. The
cells were plated in triplicate wells in 1% BSA-containing
DMEM. The attached cells were incubated for 30 min (a1t 37°C,
5% CO,) washed in PBS to remove floating cells, and fixed in
3.7% paraformaldehyde and stained with 0.5% toluidine blue.
For blocking experiments, astrocytoma cells were incubaled
with neutralizing anti-integrin antibodies or mouse [2G (50 g/
ml) for 30 min before aliquots were placed into the wells. Cell
attachment was quantitated by measuring absorbance in each
well at 570 nm in a microtiter plate reader as described previ-
ously (29). The results of all experiments were expressed as a
percentage of cell altachment on substrate referable to astro-
cytoma cells attaching to plastic alone. Each artachment assay
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was repeated twice. The resulis represent the mean artachment
of cells to substrate based on 2 repeats of triplicate well data
points.

Antibodies and Reagents

Polyclonal antibodies to FAK (C-20) and to tyrosine phos-
phorylated proteins for Western blotting (PY20) were pur-
chased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA),
Integrin subunit antibodies B1(30}, B3 (31}, 34 (32) o2 (33),
a3 (33), ad (34), oS (30) and avpS were purchased from Bec-
ton Dickinson (San Jose, CA); antibedies to a6 (35) were from
CLB {(Amsterdam, Netherlands); and antibodies to av (36) were
fromn Calbiochem (San Diego, CA); an «5p1 antibody was pur-
chased from Gibco BRL (Grand Island, NY). Antibodies to
avfp3 were the generous gift of Dr. Shoukat Dedhar, Toronto,
Canada. Protein A-Sepharose was purchased from Pharmacia
Biotechnology Co (Uppsala, Sweden).

Immunoprecipitation of Integrin Heterodimers

Cells were harvested by scraping and washed in buffer con-
taining 50 mM Tris-HC], 150 mM NaCl, 1 mM MgCl, and 1
mM CaCl,. Membrane proteins were biotinylated by incubating
cells in wash buffer containing 50 pg/ml Biotin-NHS-Sulpho
(Pierce Chemical Company, Rockford, IL) for 30 min at 37°C
with gentle rotation. Cells were washed with PBS prior to lysis
in RIPA buffer (1% Triton X-100, 0.1% SDS, and 0.5% sodium
deoxycholate in PBS) containing 10 mM PMSF (Sigma). Pro-
tein conceniration was determined wsing a modified Bradford
Assay (BioRad, Hercules, CA} with BSA standards.

Antibodies to avp3 and o531 integrins were incubated sep-
arately with 100-150 pg of the soluble protein fraction for 1 h
at 4°C with gentle rocking. Protein-antibody complexes were
incubated with Protein-A sepharose beads for 1 h at 4°C with
gentle rocking, Sepharose beads were washed twice in RIPA
buffer containing 0.5M NaCl and twice in RIPA buffer only.
Pellets were resuspended in 2X sample buffer (0.125M Tris, pH
6.8, 4% SDS, 20% glycerol, 0.002% bromophencl blue) and
boiled for 2 min.

Proteins were separated on a 7.5% acrylamide gel along with
biotinylated protein markers (BioRad) and transferred using a
BioRad semidry transfer apparatus onto PVDF membrane (Mil-
lipore, Bedford, MA). The membrane was incubated for 1 h at
room temperaiure in TBST buffer (20mM Tris-HCl, 500mM
NaCl, 0.1% Tween 20) containing L pg/ml horseradish perox-
idase-conjugated streptavidin (Pierce Chemical Company). The
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Astrocytoma cell attachment to ECM substrates. Control represents astrocytoma cell attachment to plastic alone. A)

SF-539 astrocytoma cells show preferential attachment to Jaminin as a substrate. B) U251 MG astrocytoma cells preferentially
attach to type IV collagen. C) SF-188 astrocytoma cells demonsirate multiple ECM ligand affinities including fibrenectin, laminin,
type IV collagen, and vitronectin. D)} SFE-126 astrocytoma cells demonstrate multiple ECM ligand affinities including fibronectin,
laminin, type [V collagen and vitronectin. Error bars represent standard deviations for cell attachment to ECM substrates, * =
Statistically significant differences between cell attachment 10 specific ECM substrate vs aitachment to plastic alone {p < 0.05).

membrane was washed 5-10 times in TBST buffer before in-
cubation for 1 min in ECL chemicals (Amersham Life Science,
Arlington Heighis, IL). The membrane was then exposed o
Kodak XAR film and the film developed.

SDS-PAGE and Western Blot Analysis for FAK

Primary human astrocytoma specimens were homogenized in
lysis buffer containing 20 mM Tris-HCI, 138 mM NaCl, 10%
glycerol, 1% NP40, 1 mM PMSE 10 pg/ ml aprotinin, 10 pg/
ml! leupeptin, 1 mM sodium orthovanadate, 2 mM EDTA, and
10 mM NaFE Astrocytoma cells in culture were incubated in
mediom containing 1% BSA for 30 minutes. Astrocytoma cul-
tures were then incubated on ice for 10 min in lysis buffer,
scraped, and homogenized. The brain tumor specimens and cell
cultures were then centrifuged at 10,000 g for 15 min. Protein
samples were clectrophoresed on 10% SDS gels coniaining
0.8% bis-acrylamide according to Laemmli (37) and transferred
to PVDF membranes (Millipore}. Afier blocking nenspecific
binding, fillers were incubated with the FAK primary antibody

for 1 h at room temperature. The filters were then washed and
placed in horserndish peroxidase-conjugated secondary anti-
body for 1 h at room temperature. Visualization of the immu-
noreactive proteins was accomplished with an enhanced chemi-
luminescence reaction (Amersham Life Science) by exposing
the membranes to Kodak XAR film.

Immunoprecipitation and Western Blo1 Analysis of
Tyrosing Phosphorylated FAK

Analysis of tyrosine phosphorylation of FAK was accom-
plished by immunoprecipitation of FAK followed by Western
blot analysis with the anti-phosphotyrosine antibody PY20.
First, astrocyloma cultures were incubated in 1% BSA-contain-
ing medium for 30 minutes. Cell lysates were then prepared as
described above, quantitated, equalized and incubated with an-
tibodies to FAK {Santa Cruz Biotechnology) far 1 b at 4°C with
gentle rocking. Protein A sepharose beads (Pharmacia) were
added to the lysates containing the protein-antibody complexes
and the mixture was incubated at 4°C for an additional hour.
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The beads were washed in RIPA buffer 3-5 times before an
equal amount of 2X sample buffer containing R-mercaptoeth-
anol was added. The samples were boiled for 2 min and elec-
trophoresed on a 10% acrylamide gel. The proteins were trans-
ferred to an Immobilon P membrane (Millipore) using the
BioRad semidry transfer apparatus. The membrane was blocked
in PBS-T containing 5% skim milk powder for 1 h at room
temperature before the addition of PY20 antibody. The mem-
brane was washed and an appropriate horseradish peroxidase
conjugated secondary antibody was applied. The proteins were
visnalized by exposure to Kodak XAR film following the en-
hanced chemiluminescence reaction.

Immunocytochemistry for FAK

For immunofluorescence microscopy of FAK, cells were
plated on fibronectin-coated chamber slides, washed and per-
meabilized for 2 min in 0.02% Triton X-100 before fixing (4%
paraformaldehyde in phosphate buffer) for 30 min. After exten-
sive washes the celis were blocked in 0.5% BSA for a total of
15 min. The cells were incubated at room temperature with anti-
FAK for 1 h, washed in PBS, and stained wilth rhodamine-
labeled, affinity-purified goat anti-rabbit IgG (H+L} secondary
antibody (Pierce). Cells were viewed and photographad on a
Leica epiflourescent microscope. In some instances, cells on
coverslips were immunostained with FAK followed by a goat
anti-rabbit [gG conjugated to FITC (Molecular Probes, OR).
They were then rinsed thoroughly with PBS/BSA and treated
with Rhodamine-Phalloidin (Molecular Probes). Following a
thorough rinse with PBS, the cells were mountad on slides with
Elvanol and images obtained simultaneously of both FAK and
filamentous actin using a confocal scanning laser microscope
{Leica). Images were viewed as a stacked perspective.

RESULTS

Astrocytoma Cell Lines Demonstrate Variable intagrin
Expression by RT-PCR

Six integrin subunits were examined {$1, B3, a2, a3,
oS5, and av) in all astrocytoma cell lines and human fi-
broblasts by RT-PCR. These results are shown in Table
1, and represent a ratio between integrin subunit and B-
actin band intensities. All cell lines were found to express
the B1 and the cv subunits. There was preferential ex-
pression of the 81 integrin subunit in U§7 MG, and SF-
188 astrocytoma cell lines compared to fibroblasts and
other astrocytoma cell lines. Only the U87 MG astrocy-
toma cell line showed strong expression of the B3 inte-
grin subunit. The o2 integrin was expressed only by U87
MG, SF-126, and U251 MG. The o3 integrin was ex-
pressed by all astrocytoma cell lines with the exception
of SE-188. Of all the astrocytoma cell lines, UR7 MG
had the greatest expression of the largest number of in-
tegrin subunits,

The results of antisense-GFAP transfection on integrin
subunit expression in the GFAP-positive U251 MG as-
trocytoma cell line are shown in Table 2. Elimination of
GFAP expression in U251 MG astrocytoma cells led to
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TABLE 3
Effects of Anti-integrin Antibodies on SF-188 Cell
Adhesion to Single ECM Components

Purified ECM component

Anti-inte- Coflagen

grin Ab  type IV Fibronectin Laminin  Vitronectin
o2 T5 > 6% 98 = 7 27 94 = 7
o3 72 x 80 6 Blté& 97 £ 6
od 94 x5 85*5 91 £ 8 58 £ 7
oS 98 t4 53 +7 95 * 5 92 6
ob 92 *6 92 +9 62 +7 96 + 8
Bl 30+ 8 64 + 5 6l + 8 529
B3 60 = 9 72+ 38 68 + 9 6l 3
B4 97 7 96 *+ 6 597 93 7
oy 635 72 %5 68 6 62 7
ovp5 518 254 6l >+ 8§ 60 > 8

* Numbers indicate percent inhibitien of adhesion to purified
ECM component {* standard deviation)} when measured against
control (attachment to substrate in presence of irrelevant anti-
bady, mouse IgG).

o e
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A o 7 — =
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Fig. 2. Immunoprecipitation analysis of integrin heterodi-

mers from astrocytoma cells. A) The fibronectin receptor a5p1
is recognized in lysates from all astrocytoma cell lines using
anti-a5B1 antibody (Gibco, BRL). B) The vitronectin receptor
avp3 is recognized in lysates from all astrocytoma cell lines
with variable expression in each cell line (anti-av@3 antibody
provided by Dr. Shoukat Dedhar).
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an increase in expression of the Bl and §3 integrins in
the antisense-GFAP transfected astrocytoma cell lines.

Astrocyloma Cell Lines Have Different Affinities for
ECM Substrates

The cell attachment assays revealed that the astrocy-
toma cell lines studied have different affinities for ECM
macromolecules as substrates. Some cell lines such as
SF-539 and U251 MG showed preferential attachment to
single matrix macromolecules, laminin and type IV col-
lagen respectively (Fig. 1A, B). Other astrocytoma cell
lines were quite diverse in their ability to attach to mul-
tiple ECM components. For example, both SF-188 and
8F-126 were capable of attaching readily to vitronectin,
type 1V collagen, laminin and fibronectin (Fig. 1C, D).

The inhibitoty effects of anti-integrin antibodies on the
adhesion of SF-188 astrocytoma cells to all purified ECM
components was strong for B1, B3, av, and avps. In ad-
dition, adhesion to fibronectin was strongly inhibited by
blocking antibodies to «5; adhesion to laminin was
strongly inhibited by antibodies o «6; and adhesion to
vitronectin was strongly inhibited by antibodies to a4
(Table 3).

Identification of integrin Heterodimars in
Astrocytomas by Immunoprecipitation

By immunoprecipitation, we were able to demonstrate
that integrin heterodimers are represented as intact com-
plexes in human astrocytoma cells. Representative blots
are found in Figure 2 for the fibronectin (a5B1) and vit-
roniectin (xvp3) receptors for 4 astrocytoma ceil lines.
The position of the individua! integrin bands identified
by immunoprecipitation analysis was confirmed by west-
ern blot analysis with integrin specific antibodies (data
not shown). The data from our immunoprecipitation ex-
periments, which demonstrated intact integrin heterodi-
mers, were supportive of the cell attachment data for
most astrocytoma cell lines suggesting that these hetero-
dimers are functional in their abilities to recognize matrix
macromolecules as substrates. These data also were sup-
portive of those obtained by RT-PCR for integrin subunit
expression in the different astrocytoma cell lines.

Astrocytoma Cell Lines and Specimens Express FAK

FAK was expressed by western blot analysis by all
human astrocytoma cell lines examined. However, ex-
pression was variable, with SF-188 expressing the least,
and U 373 MG expressing the most compared to human
fibroblasts (Fig. 3). As for the primary human astrocy-
toma specimens examined for FAK expression, the tu-
mors were divided into low-grade and high-grade tumor
types. Two of 6 pediatric low-grade (Grade I) astrocy-
tomas expressed FAK at levels above the basal lavel ex-
pressed in nontumorous brain tissue. However, 6 of 7

high-grade (Grade IV) astrocytomas showed expression
levels greater than that of normal human brain (Fig. 4).

To determine if FAK levels would be altered on a fi-
bronectin matrix, a western analysis for FAK was per-
formed on astrocytoma cell lines growing on either plas-
tic or fibronectin (Fig. 5). While there were some changes
in levels of expression of FAK for some cell lines (e.g.
U87 MG grown on fibronectin versus plastic), these
changes were not striking. For this reason, attempts were
made to study the expression of the phosphorylated form
of FAK under similar conditions (see next section), West-
ern blot analyses were performed in all instances for
GAPDH to ensure equivalence of protein loading {(data
not shown).

FAK is Phosphorylated in Astrocytoma Cell Lines and
GFAP-Transfectants

An examination of several astrocytoma cell lines by
immunoprecipitation for FAK followed by Western anal-
ysis using an anti-tyrosine monoclonal antibody revealed
several cell lines in which FAK was phosphorylated
while astrocytoma cells were grown on fibronectin as op-
posed to plastic (Fig. 6A). For the most part, the astro-
cytoma cell lines that showed activation of FAK through
phosphorylations demonstrated an ability to bind to fi-
bronectin in the cell attachment assays described above.

When GFAP-negative SF-126 astrocytoma cells were
grown on plastic and then on fibronectin, there was min-
imal activation of phosphorylation of FAK. However,
when the GFAP-positive SF-126 astrocytoma transfec-
tants were grown on fibronectin, a marked upregulation
of tyrosine phosphorylated FAK was demonstrated sug-
gesting a preferential binding of the fibronectin receptor
to fibronectin and activation of FAK accordingly (Fig.
6B).

Immunocytochemical Localization of FAK to Human
Astrocytoma Cells

FAK was localized to sites of focal adhesions in human
astrocytoma cells grown on fibronectin. Immunereactiv-
ity was identified within the cells as fine punctate stain-
ing, or within the many long processes that developed
from astrocytoma cells. In colocalization experiments
with actin, these punctate structures were associated with
actin stress fibers (Fig. 7A, B).

DISCUSSION

We have shown that astrocytoma cell lines express var-
ious integrin subunits by RT-PCR, and integrin hetero-
dimers by immunoprecipitation analyses. The 1 integrin
subunit was expressed by all astrocytoma cell lines by
RT-PCR. Only 3 cell lines expressed the a2 integrin sub-
unit, and the a3 subunit was expressed by all cell lines

J Mewropathel Exp Newrol, Vol 38, Febriary, 1999
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Fig. 3. Western blot analysis of FAK expression in astrocytoma cell lines. There is varigble expression of the 125 kDa FAK
protein on western analysis. SF-188 and U343 demonstrate the least amount of FAK protein, whereas U373 and U251 the most.

HF = human fibroblasts.

except SF-188. The U87 MG astrocytoma cell line dem-
onstrated the greatest repertoire of integrin subunit ex-
pression by RT-PCR. By immunoprecipitation analysis,
the fibronectin receptor (o531 integrin heterodimer) and
the vitronectin receptor (avB3) were identified in several
cell lines. For the most part, the results from the RT-PCR
analysis correlated with those from immunoprecipitation
in.that-the presence of integrin subunit expression by RT-
PCR was-predictive of those cell lines that would express
detectable heterodimers. Furthermore, the integrin hetero-
dimers we were able to demonstrate were functionally
active when cell attachment to matrix studies were con-
sidered. .

The ability of integrins to modify cell growth, differ-
entiation, and adhesion appears to occur by 2 general
pathways. “QOutside-in™ signaling involves the binding of
an ECM-derived ligand to the integrin receptor (14, 15).
This complex is formed from interlocking cytoskeletal
components, and includes elements involved in intracel-
lular signaling pathways. Qutside-in signaling involves
intracellular signals that alter integrin receptor confor-
mation and affinity for ECM ligands (l4). As one ex-
ample, Zhang et al have shown that expression of the
constitutively active GTP-binding protein, R-Ras, induoc-
es cells in suspension to adhere to ECM by converting
integrins from a low-affinity to a high-affinity state (38).
It is therefore not surprising that evidence is mounting
implicating integrins in the pathogenesis of cancer, a dis-
ease in which alterations in cellular growth, differentia-
tion, and adhesive characteristics are defining features.
Based on these features, it has been postulated that
changes in integrin expression would be found in a wide
variety of human tumors, Indeed, immunohistochemical
studies suggest that many tumors show loss or decreased
expression of those integrins that may be essential for
maintenance of stable adhesion and tissue organization
(39-45), Conversely, integrins involved in migration
through the ECM are increased {39, 46—48).

There have been several reports on the expression of
integrins in human brain and astrocytomas (26, 40, 46,
48-55). Gladson and Cheresh showed that the avp3 in-
tegrin was the only vitronectin receptor identified in glio-
blastoma multiforme in situ (40). Panlus et al used im-
munohistochemical techniques to show that integrin

J Newrapathe!l Exp Neurol, Yol 58, Febriary, 1999

expression in normal astrocytes is dependent npon their
immediate external environment (54). Parenchymal astro-
cytes, which were not in contact with mesenchymal cells,
stained positively for only 2 integrin subunits, a3 and B1.
Perivascular astrocytes surrounding cerebral vascular
structures and subpial astrocytes were positive for a2, a3,
a6, B1 and B4 integrins {54). In anaplastic astrocytomas,
a2, o3, b, and Bl integrins have been reported at levels
comparable to those of normai astrocytes with the excep-
tion of o3 and B1, which are increased (54). In glioblas-
toma multiforme, o2, a3, ob, av, Bl and B3 were de-
tected, with a3, av and g1 being expressed at increased
levels compared to normal astrocytes (54). Interestingly,
the microvasculature of glioblastoma multiforme has
been shown to express the avp3 integrin {56).

Several astrocytoma cell lines have also been examined
for integrin expression. The results from a number of
laboratories have shown that astrocytoma cell lines com-
monly express o3, av, §1, B3 and B4 integrins (45, 46,
50, 51, 53, 54, 57). Giese et al recently showed that SF-
767 astrocytoma cells use different integrins to adhere to
and migrata along tenascin as a substrate (53). Our results
are similar to those published in the literature. We ob-
served Bl and o3 integrin mRINA in virtually all astro-
cytoma cell lines. Levels of a2, a5, and B3 mRNA were
present but low in most astrocytoma cell lines. However,
unlike many of the previous studies in which RT-PCR
was used to examine integrin subunit transcription levels
or blocking antibodies to indirectly determine integrin
subunits critical for cell attachment, we also employed
immunoprecipitation techniques to study the heterodimer
representation of integrins at the cell surface. From these
studies, we were able to determine that the a3p1 fibro-
nectin receptor and the avf3 vitronectin receptor were
present as heterodimers in many of our astrocytoma cell
lines. Malek-Hedayat and Rome showed that the rat C6
glioma cell line expressed multiple integrin heterodimers
by immunoprecipitation including «1pl, aS5@1, a3Bl,
and av@5 (58). However, to our knowledge, there have
been few previous reports of integrin heterodimer ex-
pression in human astrocytoma cell lines. In one report,
11251 MG astrocytoma cells were shown to express the

avB3 integrin heterodimer by immunoprecipitation {40).
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Fig. 4. FAK expression in human brain tumor samples. By western analysis, low-geade astrocytomas (juvenile pilocytic
astrocytomas, grade 1) demonstrated a more faint 125 kD FAK protein band than did the higher grade, glioblastoma muitiforme
(GBM, grade IV) specimens. Interestingly, some low-grade astrocytomas expressed FAK very minimally (e.g. tumor numbers 81
and 61). FAK protein is also expressed in specimens of nontumorous brain tissue (NB).

In another study, Haughland et al showed that the GaMG
astrocytoma cell line expressed the a3B1 integrin hetero-
dimer (50). Based on the information from our cell at-
tachment assays, the integrin heterodimers we observed
are likely functional as all cell lines examined demon-
strated increased attachment to both human fibronectin
and vitronectin as substrates compared to plastic alone.
Furthermore, our studies with anti-integrin blocking an-
tibodies showed that astrocytoma cells could be inhibited
from binding to specific ECM components.

While the expression of FAK in the mouse central ner-
vous system has been described (59), there have been no
previously published reports on FAK expression in hu-
man astrocytomas. In the report by Grant et al, FAK was
not restricted to focal adhesion contacts at astroglia, but
was also found on axons and dendrites of neurons (59).
Interestingly, in the same report, FAK was described as
associating with GFAP in double immunchistochemical
stains (59). Recently, Burgaya et al (60) showed that FAK
mRNA derived from rat brain is alternatively spliced
leading to the expression of several splice isoforms. As
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some of these isoforms have increased antophosphory-
lation activity, these authors have supgested that FAK
may have specific properties in neurons. Using immu-
nocytochemistry, we showed that FAK was present in
human astrocytoma cells, and that FAK typically colo-
calized with actin stress fibers. Qur study has shown that
FAK is variably but quite ubiquitously expressed in hu-
man astrocytoma cell lines, and in several primary human
astrocytoma specimens. In contrast to the report by
Owens et al in which it was shown that overexpression
of FAK correlated with tumor invasiveness (61), our
study of FAK expression in low- and high-grade astro-
cytoma specimens revealed only a trend towards in-
creased FAK in the high-grade astrocytic neoplasms.
We have demonstrated that FAK can be phosphorylat-
ed when astrocytoma cells bind to a fibronectin matrix,
suggesting that an ECM : integrin-mediated signaling
pathway is operational through FAK. Two lines of evi-
dence from our study point toward the presence of a cy-
toskeletal-induced signaling pathway through integrins.
In the first, antisense GFAP-transfected U251 human
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Fig. 5. FAK expression in astrocytoma cell lines grown on plastic (P) versus fibronectin (FN). There is variable expression
of FAK among the different cell lines, but little if any difference in FAK expression when cells are grown on plastic (P) vs
fibronectin (FN). The only cell line that showed an increase in FAK expression on FN versus P was U87 MG, SF-539 astrocytoma
cells showed a decrease in FAK expression on FN when compared to plastic.
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U 373 Fibronectin

U 373 Plastic

' 44— pTyr FAK

4+ pTyr FAK

SF126 Plastic

SF126 Fibronectin
SF126##5 Plastic

Fig. 6.

SF126#5 Fibronectin

Phosphorylation of FAK in human astrocytoma cell lines. A) 1J87 MG and U373 MG astrocytoma cell lines grown

on fibrenectin show tyrosine phosphorylation by IP-western analysis. Interestingly, SF-126 astrocytoma cells do not show phos-
phorylation of FAK on fibronectin. B) GFAP-transfected SF-126 astrocytoma cells demonstrate marked upregulation of FAK
phosphorylation when grown on a fibronectin matrix compared to plastic and to nontransfected cells. (P = plastic; FN =
fibranectin; SF126#5 = GFAP-ransfected SF-126 asirocytoma cells, clone #5.) In this study, the antibodies used were polyclonal
antibodies to FAK (C-20) and to tyrosine phosphorylated proteins (PY20) (Santa Cruz Biotechnology, Inc.).

astrocytoma cells were found to increase their (1 integrin
expression by RT-PCR when compared to the controls or
parental cell line. The antisense-GFAP transfectants have
been previously shown to be more invasive than the pa-
rental cell line when Matrigel was used as a barmrier for
invasion (11). Interestingly, Paulus et al have shown that
diffuse brain invasion of glioma cells requires 31 inte-
grins (49). In their report, inducible expression of anti-
sense (1 integrin was achieved using the tetracycline

I Nevropatiol Exp Neurol, Vol 58, February, 1999

repressor system in rat C6 glioma cells (49). Typically,
C6 glioma cells are diffusely infiltrative of normal brain
tissue in nude mice bearing intracranial tumors. When
antisense Bl intsgrin was induced in C6 glioma cells, the
tumor cells remained well delineated from normal brain
and did not show invasive characteristics (49). These data
support our findings in antisense-GFAP transfected U251
MG astrocytoma cells in which B1 integrins are upregu-
lated, and which are mors invasive than the parental cell
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Fig. 7.
human astrocytoma cell line. FAK (green punctate structures) was found predominantly in association with actin stress fibers
(red). B) FAK and actin coloealization in the U251 MG astrocytoma cell line. As with the U343 MG-A astrocytoma cell

line, FAK (green punctate structures) was colocalized with actin stress fibers (red). Picture width in both A) and B) is 200
o,

line. Why (1 and B3 integrins were upregulated in
antisense-GFAP-transfected U251 MG astrocytoma cells
and not av infegrin is an interesting but unresolved ques-
tion at this time.

In the second, GFAP-transfected SF-126 human astro-
cytoma cells were shown to overexpress the phosphory-
lated form of FAK when these cells were placed on a
fibronectin matrix. These results are of interest because
they suggest that manipulations of the astrocytoma cy-
toskeleton can bring about signaling changes that channel
through integrins and focal adhesion sites leading to ac-
tivation of key kinases such as FAK. These data also
support the existence of a separate *inside:out™ signal-
ing pathway in human astrocytoma cells. It is probable
that GFAP-transfection in GFAP-negative astrocytoma
celis leads primarily to a change in cell morphology
brought about by cytoskeletal reorganization, cytoplasmic
process and focal adhesion site formations. Precisely how
the intermediate filament, GFAP, brings about such com-
plex cellular rearrangements and signaling cascades is the
focus of our current investigations.

ACKNOWLEDGMENTS

We thank Dr. Shoukat Dedhar for assistance with the integrin im-
munoprecipitation assays. This work was supported in part by funds
from the Medical Research Council of Canada, the National Cancer
Instinne of Canada, Brainchild, The Michael Payne Family Fund, and

Immunocytochemical localization of FAK and actin. A) Confocal image of FAK and actin in the U343 MG-A

the Rescarch Institute, The Hospital for Sick Children. Dr. Dirks was
supporied as a fellow of the Medical Research Council of Canada.

REFERENCES

l. Liotta LA, Stetler Stevenson WG, Steep PS. Cancer invasion and
metastasis: Positive and negative regulatory elements. Cancer In-
vest 1991:9:543-51

2. Ruoslahti E. Integrins. J Clin Invest 1591:87:1-5

3, Green KJ. Interaction of intermediate flaments with the cell sur-
face. In: Goldman RD, Steinert PM, eds. Cellular and molecular
biology of the intermedinte filaments. New York: Plenum Press,
1990:147-65

4, Rupslahti E, Obrink B. Common principles in cell edhesion. Exp
Cell Research 1996:227:1-11

5. Ruoslahti E. Integrin signaling and matrix assembly. Tumour Bi-
ology 1996;17:117-24

6. Apodaca G, Rutka JT, Bouhana K, et al. Expression of metallopro-
leinases and metalloproteinase inhibitors by fetal astrocytes and gli-
oma cells. Cancer Research 1990;50:58%3-5502

7. Rutka JT, Mnisuzawa K, Hubbard SL, et al. Expression of TIMP-1,
TIMP-2, 72- and 92-kDa type IV collagenase transcripts in human
astroeytoma cell lines: Correlation with astrocytoma invasiveness.
Int I Oncol 1995:6:877-84

8. Maitsuzawa K, Fukuyama K, Dirks PB, et ol. Expression of stro-
melysin 1 in human astrocytoma cell lines, J Neuro-Oncology 19%6;
30:181-88

9. Matsuzawa K, Fukuyama K, Hubbard SL, Dirks PB, Rutkn JT.
Transfection of an invasive human astrocytoma cell line with a
TIMP-1 ¢DNA: Modulation of astrocytoma invasive potential. J
Neuropath Exp Neurol 1996:53:88-%6

J Newropatiiol Exp Newrol, Vol 58 February, 1999

20z Iidy 01 uo 3senb Aq 0£/6092/86 1./2/85/010 e /UBU/W00"dno"olWepeoe)/:SAjY WO, PEPEO|UMOQ



208

10.

12

15.

16.

17.

18.

19.

20.

21.

22,

23,

24,

25

26,

27.

Z8.

29.

3a.

31

Rutka JT, Smith SL. Transfection of human astrecytoma cells with
glial fibrillary acidic protein complementary DNA: Analysis of ex-
pression, proliferation, and tumorigenicity. Cancer Res. 1993;533:
3624-31

Rutka IT, Hubbard SL, Fukuyama K, Matsuzawa K, Dirks PB,
Becker LE. Effects of antisense glial fibrillary acidic protein com-
plementary DNA on the growth, invasion, and adhesion of human
astrocytoma cells. Cancer Res, 1994:54:3267-72

Murakami M, Fukuyama K, Hubbard S1., Matsuzawa K, Dirks PR,
Rutka JT. Inducible expression of GFAP in HT-1080 human fibro-
sarcoma cells. Cell Growth and Differentiation 1996:7:1697-1703

. Ruoslahti E. RGD and other recognition sequences for integrins.

Annual Review of Cell and Developmenial Biology 1996;12:697-715

. Giancotti FG, Mainiero F Integrin-mediated adhesion and sig-

naling in tumorigenesis. Biochimica et Biophysical Acta 1994,
1198:47-64

Dedhar 5, Hannigan GE. Integrin cytoplasmic interactions and bi-
directionnl transmembrane signalling. Curr Opin Cell Biol 1996;8:
6557-69

Birge RB, Fajardo E, Reichman C, Identification and characteriza-
tion of a high affinity interaction between v-crk aad tyrosine-phos-
phorylated paxillin in CT10-transformed fibroblasts. Mol Cell Biol
1993;13:4648-56

Hanks SK, Calalb MB, Harper MC, Patel SK. Focal adhesion pro-
wein-tyrosine kinase phosphorylaied in response 1o cell artachment
to fibronectin. Proc Natl Acad Sci {USA) 1992;89:8487-91
Schaller MD, Borgman CA, Cobb BS. ppl25FAK, a structurally
distinctive protein tyrosine kinase associated with focal adhesions.
Proc Natl Acad Sci {(USA) 1992;89:5192-98

Symington BE. Fibronectin receplor modulates cyclin-dependent
kinase activity. I Biol Chem 1992:267:25744-47

Hanks SK, Polte TR. Signaling through focal adhesion kinasc.
BioEssays 1997;19:137-45

Clark EA, Brugge IS. Integrins and signal transduction pathways:
The road taken. Science 1995;268:233-39

Rutka JT, Giblin JR, Dougherty DV, et al. Rosenblum ML. Estab-
lishment and characterization of five cell lines derived from human
malignant gliomas, Acta Neuropathol. 1987;75:92-103

Rutka JT, Giblin IR, Hoifodt HK, et al, Establishment and char-
acterization of a cell line from a human glicsarcoma. Cancer Re-
search 1986;46;5803-5902

Serrano M, Hannon G, Beach D. A new regulatory motif in cell
cycle control causing specific inhibition of eyclin D/CDEKA, Mature
1993;366:704-47

Chomezynski B, Sacchi N. Single step method of RNA isolation by
acid guanidinium thiocyanide-phenol-chloroform extraction, Anal
Biochem 1987:162:156-59

Giese A, Berens ME. Determinants of astrocytoma migration. Can-
cer Research 1994

Milam SB, Magnuson VL, Steffensen B, Chen D, Klebe RJ. [L-1B
and prostaglandins regulate integrin mRNA exprassion. § Cell Phy-
sial 1991:149:173-83

Bates RC, Rankin LM, Lucas CM, Scott JL, Driassansen GW,
Burns GF Individual embryonic fibroblasts express muliiple
chains in association with the av integrin subunit, J Biol Chem
19921,266:18593-99

Dedhar §, Saulnier R. Alterations in integrin receptor expression in
chemically transformed human cells. I Cell Biol 1390;110:481-89
Akiyama SK, Yamada 58, Chen WT, Yamada KM. Analysis of
fibronectin reczpror function with monoclonal antibodies; rales in
cell adhesion, migration, matrix assembly, and cytoskeletal orga-
nization. J. Cell Biol 1989:109:863-75

Metzelaar MJ, Korteweg J, Sixma JI. Nieuwenhuis HK. Biochem-
ical characterization of PECAM-1 (CD31 Antigen) on human plate-
lets. Thromb, Haemostasis 1991:66:700-707

J Nenroparhal Exp Newrol, Vol 58. February, 1599

32

33

34,

35,

36.

37

38

39,

40,

4],

42,

43.

44,

45.

460.

47,

48.

49.

50.

5L

32.

s3.

54,

33,

56.

RUTKA ET AL

Tones JCR, Kurpakus MA, Cooper HM, Quaranta V., A function for
the integrin «6f@4 in the hemidesmasome. Cell Regul 1991;2:427-38
Canter WG, Wayner EA, Bouchard TS, Kaur P. The role of integrins
«2f1l and «3B1 in cell-cell and cell-substrate adhesion of human
epidermal cells. J Cell biol 1990;110:1387-1404

Clayberger C, Krensky AM, McIntyre BW, Identification and char-
acterization of two novel lymphocyte function-associated antigens,
L24 and L25. ] Immunol 1987;138:1510-14

Sonnenberg A. Janssen H. Hogervorst E Calafat J, Hilgers J. A
complex of platelet glycoproteins Ic and 1la identified by a rat
monoclonal antibody. J Biol Chem 1987.262:10375-83

Hayman EG, Pierschbacher MD, Ohgren Y, Ruoslahti E. Serum
spreading factor (vitronectin) is present at the cell surface and in
tissues. Proc Matl Acad Sci (USA) 1983:80:4003-7

Laemmli UK. Cleavage and structural proteins during the assembly
of the head of bacteriophage T4. Nature 1979;227:680-85

Zhang Z, Yuori K, Wang M, Reed JC, Rucslohii E. Integrin acti-
vation by R-ras, Cell 1996;85:61-69

Albeda SM. Role of integrins and other cell adhesicn molecules in
tumor progression and metastasis. Lab Investigaiion 1993:68:4-17
Gladson CL, Cheresh DA. Glioblastoma expression of vitranectin
and the alpha v beta 3 inteprin: Adhesion mechanism for wans-
formed glial cells. J Clin Invaest 1991;88:1924-32

Plantefaber LC, Hynes RO. Changes in integrin receptors on on-
cogenically transformed cells. Cell 1989:56:281-90

Akiyama SK, Larjava H, Yamada KM. Differences in the biosyn-
thesis and localization of the fibronectin receptor in normal and
transformed cultured human cells. Cancer Research 1990,50:1601-7
Knox JD, Cress AE, Clark V, et al. Differential expression of ex-
tracellular matrix molecules and the a6-integring in the normal and
neaplastic prostate. Am I Pathol 1994;145:167-74

Falcioni R, Cimino L, Gentileschi MP Expression of g1, p3. p4
and B5 integrins by human lung carcinoma cells of different his-
totypes. Exp Cell Research 1994;210:113-22

Albeda SM, Melte SA, Elder DE, ct al. Inlegrin distribution in
malignant melanoma; Association of the B3 subunit with tumor
progression. Cancer Research 1958;50:6757-64

Paulus W, Tonn JC. Basement membrane invasion of glioma cells
mediated by integrin receprors, J Neurosurg 1994:8(0:515-19
Chao C, Lotz MM, Clarke AC, Mercurio AM. A function of the
integrin «6B4 in the invasive properties of colorectal carcinoma
czils. Cancer Rescarch 1996:56:4811-19

Deryugina EI, Bourdon MA. Tenascin mediates human glioma cell
migration and modulates cell migration on fibronectin, J Cell Sci
1996:109:643-52

Faulus W, Baur [, Beutler AS, Reeves SA. Diffuse brain invasion
of glioma cells requires Bl integrins. Lab [nvest 1596:75:819-26
Haughland HK, Tysnes BB, Tysnes O-B. Adhesion and migration
of human glioma cells are differently dependent on extracellular
matrix molecules. Anticancer Research 1997:17:1035-43
Umezawa K, Asakura S, Jim Y-M, Matsuda M, Localization of
vitroneetin and fibronectin-receptors on cultured human glioma
cells. Brain Research 1994:;659:23-32

Paulus W, Tonn JC. Interactions of glioma cells and extracellular
matrix. J Neuro-Oncology 1995;24:87-91

Giese A, Loo MA, Norman SA, Treasurywala S, Berens ME. Con-
trasting migratory response of astrocytoma cells to tenascin medi-
ated by different integrins. J Cell Sci 1996;109:2161-68

Paulus W, Baur 1, Schuppan D, et al. Characterizatton of integrin
receptots in normal and neoplastic human brain. Am J Pathal 1593;
143:154-83

Xiong Y, Zhang H, Beach D. Subunit rearrangement of the cyclin-
dependent kinases is associated with cellular iransformation. Genes
and Develap 1993:7:1572-83

Hannon GJ, Beach D. pl5 is a potential effector of cell cycle arrest
mediated by TGF beta. Nature 1994;371:257-61

20z Iidy 01 uo 3senb Aq 0£/6092/86 1./2/85/010 e /UBU/W00"dno"olWepeoe)/:SAjY WO, PEPEO|UMOQ



57.

58,

59.

ASTROCYTOMA ADHESION TO EXTRACELLULAR MATRIX

Yee AS, Raychaudhuri B, Jakoi L, Nevins JR. The adenovirus-in-
ducible factor E2F stimulates transcription after specific DNA bind-
ing. Mol Cell Biol 1989;9:57885

Malek-Hedayat 5, Rome LH. Expression of muliiple integrins and
extracellular matrix components by Cé glioma cells. J Neurosci Res
1952:31:470-78

Grant SGN, Karl KA, Kiebler MA, Kandzl ER. Focal adhesion
kinase in the brain: Novel subcellular localization and specific reg-
ulation by Fyn tyrosine kinase in mutant mice. Genes and devel-
opment 1995:9:1909-21

60.

6l.

209

Burgaya F Touwant M, Swidler IM, et al. Alternatively spliced focal
adhesion kinase in rat brain with increased autophosphorylation
activity. J Biol Chem 1997:272:28720-25

Owens LY, Xu LH, Craven RI. Overexpression of the focal adhe-
sion kinase (pl125FAK) in invasive human tumors, Cancer Rescarch
1995;55:2752-55

Received August 3, 1998
Revision received October 20, 1998
Accepted November 17, 1993

t Newropathol Exp Neural, Vol 38, February, 1993

20z Iidy 01 uo 3senb Aq 0£/6092/86 1./2/85/010 e /UBU/W00"dno"olWepeoe)/:SAjY WO, PEPEO|UMOQ



