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SUMMARY
Tenascin, an extracellular matrix protein, is expressed in
human gliomas in vitro and in vivo. The distribution of
tenascin at the invasive edge of these tumors, even surrounding solitary invading cells, suggests a role for this
protein as a regulator of glioma cell migration. We tested
whether purified tenascin, passively deposited on surfaces,
influenced the adhesion or migration of a human gliomaderived cell line, SF-767. Adhesion of glioma cells to
tenascin increased in a dose-dependent fashion up to a
coating concentration of 10 µg/ml. Higher coating concentrations resulted in progressively fewer cells attaching. Cell
adhesion could be blocked to basal levels using anti-β1
integrin antibodies. In contrast, when anti-αv antibodies
were added to the medium of cells on tenascin, cell adhesion

was enhanced slightly. Using a microliter scale migration
assay, we found that cell motility on tenascin was dose
dependently stimulated at coating concentrations of 1 and
3 µg/ml, but migration was inhibited below levels of nonspecific motility when tested at coating concentrations of 30
and 100 µg/ml. Migration on permissive concentrations of
tenascin could be reversibly inhibited with anti-β1, while
treatment with anti-αv antibodies increased migration
rates. We conclude that SF-767 glioma cells express two
separate integrin receptors that mediate contrasting
adhesive and migratory responses to tenascin.

INTRODUCTION

TN is composed of several distinct domains containing
epidermal growth factor-like (EGF) repeats, 6-16 fibronectin
type III repeats (Tnfn) and a segment of great homology with
the β and γ chain of fibrinogen (TNfbg) (Gulcher et al., 1991;
Sriramarao and Bourdon, 1993a). Determined by cell attachment to proteolytic fragments and fusion proteins, TN contains
at least four separate cell-binding sites that mediate contrasting adhesive and counteradhesive effects (Friedlander et al.,
1988; Prieto et al., 1992). A region containing an arginineglycine-aspartic acid (RGD) sequence (TNfn3) in the
fibronectin type III repeats II-VI mediates cell attachment and
spreading and is recognized by the αvβ3 integrin. Another
adhesive region in the fibrinogen domain mediates attachment
in the absence of cell spreading. The EGF-like repeats and the
fibronectin repeats VII-VIII show counteradhesive properties
(Aukhil et al., 1993; Prieto et al., 1992).
The intact TN molecule promotes attachment of several cell
types, but cell spreading usually is retarded. Attachment to
other adhesive proteins of the extracellullar matrix (ECM),
such as fibronectin, can be inhibited with soluble and insoluble
TN probably via a nonspecific, stearic covering of binding sites
on the other ECM proteins (Lightner and Erickson, 1990). Sriramarao et al. (1993b) showed that attachment of endothelial
cells to intact TN could be blocked up to 80% using either antiα2 or anti-β1 antibodies; all attachment was abrogated by

The tenascin (TN) family, which includes at least three
members, TN-C, -X, and -R, is composed of multifunctional
extracellular matrix glycoproteins expressed in a variety of
tissues (Erickson, 1993; Koukoulis et al., 1991). In the developing and adult central nervous system (CNS), this protein
appears in a spatiotemporally regulated manner and its
presence is linked to processes such as cell adhesion (Bourdon
and Ruoslahti, 1989), migration (Riou et al., 1990), neuronal
outgrowth (Lochter et al., 1991), proliferation (End et al.,
1992), differentiation and cell death, as well as wound healing
and angiogenesis (Erickson and Bourdon, 1989). The distribution of TN in the developing nervous system implicates this
protein as a regulator of neural crest cell migration (BronnerFraser, 1988). For example, colonization waves of neural crest
cells in the developing cornea correlate with the expression and
disappearance of TN in the route of migrating cells (Kaplony
et al., 1991). However, Saga et al. (1992) showed that knockout mice, completely lacking TN-C expression, developed
normally with no significant histological changes in various
tissues including the nervous system (Saga et al., 1992). It
remains unclear whether paralogue proteins like TN-R and TNX duplicate the function of TN-C or whether the role of this
protein in development is, in fact, minor.
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combining anti-β1 and αvβ3 antibodies (Sriramarao et al.,
1993b). The binding site on TN for the α2β1 integrin remains
undefined. FG human pancreatic carcinoma cells, which do not
express αvβ3 integrins, utilize two other αv-containing
receptors, αvβ5 and αvβ6, as cell adhesion receptors to TN
(Prieto et al., 1993). It appears that αvβ6 binds to the same
RGD site as αvβ3. Recently, a newly described integrin
receptor, α9β1, which has been identified in a number of cell
types outside the CNS, has been shown to bind to the third
fibronectin type III repeat of intact chicken TN. However, the
binding site seems to be distinct from the RGD site recognized
by integrin αvβ3 (Forsberg et al., 1994; Yokosaki et al., 1994).
Cellular chondroitin sulfate proteoglycans such as neurocan,
glypican, phosphocan, and phosphocan KS also show highaffinity binding to a single site on TN in vitro, possibly Tnfbg
(Aukhil et al., 1993), and may act as cellular receptors (Grumet
et al., 1994; Vaughan et al., 1994). Additionally, receptor type
tyrosine phosphatase β (RPTPβ) binds specifically to TN
(Barnea et al., 1994). F11/contactin, a member of the Ig superfamily cell surface adhesion molecules, also binds to TN; this
receptor is highly expressed on neurons (Zisch et al., 1992).
Recently, annexin II, an intracellular and membrane-associated
35 kDa receptor, has been shown to bind to a spliced isoform
of a TN fibronectin type III repeat (TnfnAD); its functional significance as a TN receptor is still unknown (Chung and
Erickson, 1994). This complexity of cellular receptors able to
recognize distinct binding sites on TN may explain the
diversity of biological functions mediated by this ECM
molecule including adhesive and counteradhesive cell interactions.
Significant amounts of TN are deposited in the matrix of
human tumors, including gliomas in vivo and in vitro (Higuchi
et al., 1993; Ventimiglia et al., 1992). Zagzag et al. (1995)
recently showed that cellular and interstitial deposition of TN
is enhanced in higher grade astrocytomas, and it is detected at
the invasive edge of these tumors surrounding infiltrating
tumor cells. Tenascin was also strongly associated with hyperplastic blood vessels suggesting a role for it in the neovascularization of these tumors (Zagzag et al., 1995). Glioma cells
show high rates of specific migration on surfaces coated with
TN in vitro (Giese et al., 1995). The role of this ECM protein
in brain invasion by glioma cells remains unknown.
Whereas other investigators have studied the different
possible cell binding ligands present on the tenascin molecule
by the use of recombinant proteins or selective proteolytic
digestion of the native protein, this study focuses on the
relative biological consequences of cells responding to these
different ligands on intact tenascin. Our results demonstrate
that astrocytoma cells, by the constitutive expression of at least
two separate integrins that bind ligands on tenascin, integrate
the cell’s response to the protein based on the density of the
different ligands. At low density of tenascin the pro-adhesion
and pro-migration responses dominate; when the density of this
same multi-ligand protein increases, anti-adhesive and antimigratory responses are manifest by the cells.
MATERIALS AND METHODS
Antibodies and ECM proteins
Anti-β1 integrin antibody (AIIB2) is biologically active in blocking

the ligand-binding site of β1-containing integrins (kindly provided by
Caroline Damsky, University of California, San Francisco) (Hall et
al., 1990). Anti-αv antibody (Chemicon International, Temecula, CA)
recognizes the αvβ3 and αvβ5 receptors and inhibits the attachment
of platelets to vitronectin (De Vries et al., 1986). Merosin and TN
were obtained from Chemicon International; vitronectin was
purchased from Collaborative Biomedical Products (Bedford, MA).
ECM proteins were reconstituted at 100 µg/ml and stored at 4°C.
Dilutions of stocks were made immediately prior to use. Analysis of
TN by reducing sodium-dodecyl-sulfate-polyacrylamide electrophoresis in our lab showed a single dominant band at 220-230 kDa
(Taylor et al., 1989). ELISA analysis for fibronectin and laminin contaminants in TN was negative (<0.01 µg/ml at TN concentration of
100 µg/ml). Substrates of the ECM proteins were prepared by passive
coating of tissue culture plastic surfaces using concentrations of the
proteins as noted (Aukhil et al., 1993). The culture surfaces were
allowed to stay in contact with the proteins at 37°C for 1 hour,
followed by three rinses with PBS. Subsequent studies conducted
using substrates generated by coating overnight at 4°C (Joshi et al.,
1993) indicated that either method led to similar results. ELISA for
passively coated surfaces (Slack et al., 1991) indicated that a stoichiometric relationship existed between the concentration of TN used
to coat the well and the quantitative binding of monoclonal antibodies
to TN ligands (data not shown).
Cell culture and conditioned media
The SF-767 glioma-derived cell line (Berens et al., 1990) was propagated in monolayer culture using minimum essential medium (MEM;
Gibco, Gaithersburg, MD) supplemented with 10% fetal calf serum
(FCS; HyClone, Logan, UT). This cell line stains positively for glial
fibrillary acidic protein (GFAP). Immunostaining of the extracellular
matrix of this cell line for TN failed to demonstrate its presence
relative to positive control glioma cell lines (not shown). The cell line
was free of mycoplasma contamination as assessed by PCR (Stratagene, LaJolla, CA).
All cell migration assays and growth experiments were performed
using autologous conditioned medium (CM). To prepare CM, cells
were cultured until approximately 70% subconfluent; the medium was
replaced by fresh MEM containing 10% FCS and the cultures were
allowed to condition their medium for an additional 5 days. Supernatants were harvested, aliquoted and stored at −20°C. The effectiveness of the supernatant to support cell proliferation was tested by performing standard six-day growth curve experiments.
Cell adhesion assay
Cells were tested for adhesion using a method modified from that
described by Kramer et al. (1989). Briefly, cells were harvested from
monolayer culture and deposited into microtiter wells (50,000/well)
(Becton Dickinson & Co., Lincoln Park, NJ). The microtiter plates
were incubated for 30 minutes on ice, then at 37°C for 60 minutes to
allow adhesion. The plates were then subjected to vigorous agitation
(350 rpm for 6 minutes on a horizontal rotator), after which nonattached cells were removed by aspiration and rinsing with phosphatebuffered saline (PBS). Attached cells were fixed in 1% glutaraldehyde
and stained using crystal violet (0.1% in H2O). Absorbance of stained
nuclei was quantified using spectrometry at 540 mm (BioTek Plate
Reader, Winooski, VT). Replicates from three wells were averaged.
The number of attached cells is reported as absorption units. In experiments using anti-integrin antibodies, the antibody was added to the
wells before the cells were plated.
Cell migration assay
A recently developed monolayer migration assay (Berens et al., 1994)
was used to quantify locomotion of astrocytoma cells on ECM. Eightchamber LabTek slides (Miles Scientific, Naperville IL) were coated
with different concentrations of TN by passive absorption as
described above. MEM (200 µl) with 10% FCS was added to the slide
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chambers. Sterile custom-produced sedimentation cylinders (G & C
Glass, Gilbert, AZ) with an inner lumen diameter of 1 mm and an
outer diameter of 7 mm were placed into the center of each chamber.
Cells were harvested from monolayer culture and seeded in a volume
of 1 µl MEM (2,000 cells) into the central lumen of the sedimentation cylinder. Slides were placed on ice for 60 minutes and then
incubated for 12 hours at 37°C in a humidified atmosphere with 5%
CO2. Complete attachment of all cells was confirmed under an
inverted microscope and the cylinders were removed. All medium was
gently aspirated and 0.4 ml of fresh MEM with 10% FCS and 25%
CM was added. The slides were maintained at 37°C except when
briefly examined by inverted microscope. The circular area occupied
by attached cells in each well was imaged using a camera (Optronics
Engineering, Goleta, CA) attached to an inverted microscope (×2.5
objective, Axiovert 35, Zeiss, Germany) and digitalized for quantification with an image analysis system (Vidas 2.1, Kontron Elektronic,
Germany). Object sizes were measured as the radius in µm of best fit
circles around the area covered by cells. Serial images were captured
after the cylinders were removed and for as long as 40 hours thereafter. Quantitative migration scores were calculated as the increase of
the radius beyond the initial radius of the object. These measurements
represent net changes in the geographical distribution of the cell population and do not reflect movement of individual cells. All migration
studies included measurements of cells deposited on a nonspecific
protein coating of bovine serum albumin (BSA; Sigma, St Louis,
MO). The rate of migration (slope of the increase in cell population
radius divided by time) was used as a reference for nonspecific
migration. Therefore, specific migration rates (see Figs 4 and 5) are
the difference between the migratory response of cells on different
ECM proteins relative to that on BSA. Positive values of specific
migration indicate motility rates faster than on BSA, while negative
rates represent cell movement that is slower than that seen when cells
are on BSA. Specific migration rates less than zero suggest active
supression of cell motility.
Biotinylation and immunoprecipitation of integrins
Cells in monolayer culture were rinsed in DPBS at 4°C labeled with
Sulfo-NHS-biotin/DMSO (0.5 mg/ml in DPBS) twice for 15
minutes at 25°C (Rosen et al., 1992). The monolayers were rinsed

twice in DPBS and then lysed at 4°C in extraction buffer (1% Triton
X-100 in 50 mM Tris, 150 mM NaCl, 10 mM EDTA containing 10
µg/ml pepstatin, leupeptin, and aprotinin). The lysate was centrifuged for 20 minutes at 10,000 rpm and the supernatant precleared
with Protein G Sepharose 4B (Sigma). A 250 µl fraction of the
supernatant was incubated at 4°C with 10 µl of anti-integrin
antibody and 50 µl of Protein G Sepharose 4B for 60 minutes. The
immunoprecipitate was washed in extraction buffer three times for
10 minutes. Samples were prepared in reducing and nonreducing
SDS buffer (95°C, 5 minutes), separated by 7.5% PAGE, then
blotted onto nitrocellulose (PhastSystem, Pharmacia, Piscataway,
NJ) for immunostaining (FastBlot, Pierce, Rockford, IL). Biotinylated proteins were identified using avidin-conjugated alkaline phosphatase and chromogenic development with 5-bromo-4-chloro-3′indolyphosphate p-toluidine salt (BCIP)/nitro blue tetrazolium
chloride (NBT) (Pierce).
RT-PCR of integrin mRNA
Reverse transcriptase (RT) synthesis of cDNA from 5 µg of total RNA
was done using a First Strand Synthesis Kit (Stratagene, La Jolla, CA)
according to the manufacturer’s recommendations. cDNA aliquots (5
µl) were used for polymerase chain reaction (PCR). Primer pairs for
each integrin subunits (Table 1) were derived from literature references or were designed based on published integrin cDNA sequences
with the assistance of Oligo 4.0a primer analysis software (National
BioScience, Inc., Plymouth, MN). Amplification of PCR products (5
µl of RT product, 2.5 µl of each primer, 0.5 µl of Taq polymerase
(Promega, Madison, WI), and 2 µl of nucleotides (Perkin Elmer,
Norwalk, CT) in 10 µl of 10× buffer, total volume of 100 µl) was
allowed to run for 20 to 40 cycles (1 minute at 94°C, 1 minute at
60°C, and 2 minutes at 72°C) (MJ Research, Inc., Watertown, MA);
aliquots (8 µl) were collected every two cycles, run in 2% agarose
gels, and stained with ethidium bromide. The absorbance values of
the product bands captured on Polaroid 665 film were determined by
scanning with visible light (Beckman DU-70) and by calculation of
peak area using PeakFit (Jandel Scientific, San Rafael, CA). The
quantitative measurements are reported as the interpolated number of
cycles needed to generate a product of peak area equal to 10
absorbance unit.mm.

Table 1. Primer sequences for PCR analysis of integrin subunit expression
Gene

Oligonucleotide

Annealing
temperature

Size of
fragment (bp)

Reference

Integrin
β1

5′ AAT GGG AAC AAC GAG GTC ATG GTT 3′
5′ TTG TGG GAT TTG CAC GGG CAG TAC 3′

60°C

300

Bates et al., 1991

Integrin
β3

5′ TGC TCA TTG GCC TTG CCG CCC TGC 3′
5′ TGA TCT GAG GAT GAC TGC TTA TCA 3′

60°C

200

Bates et al., 1991

Integrin
β5

5′ CAC TCT GGG AAA CCT GA 3′
5′ TTG TTG AAG GTG AAG TCC A 3′

55°C

425

Oligo 4.0a from sequence in Argraves
et al., 1987*

Integrin
β6

5′ TTC TCA AAG GAT GGT TCT G 3′
5′ GCA ATC TGT GGA AAG GTC TA 3′

55°C

378

Oligo 4.0a from sequence in Sheppard
et al., 1990

Integrin
β8

5′ CAG GTG ATA CTA CAA TGG 3′
5′ CAG CAG CTA TGT GAG TCA 3′

55°C

372

Oligo 4.0a from sequence in Moyle
et al., 1991*

Integrin
α2

5′ TGG GGT GCA AAC AGA CAA GG 3′
5′ GTA GGT CTG CTG GTT CAG C 3′

60°C

541

Milam et al., 1991

Integrin
α5

5′ GCG CTC CAC TGT ACA GCT G 3′
5′ CAG CAA GTC ATC CAG CCC G 3′

60°C

564

Milam et al., 1991

Integrin
α9

5′ GCC TAC AAT GCC CAC TTT 3′
5′ CAT GAA GGC TCC AAC AGT 3′

54°C

275

Oligo 4.0a from sequence in Palmer
et al., 1993*

Integrin
αv

5′ GAG CAG CAA GGA CTT TGG G 3′
5′ GGG TAC ACT TCA AGA CCA GC 3′

60°C

619

Milam et al., 1991

*Product verified by sequence analysis.
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Fig. 1. Cell spreading of human
glioma cells, SF767, on TN.
Cells were harvested from
monolayer culture and seeded on
surfaces coated with (A) BSA
and TN solutions (B) 0.1 µg/ml,
(C) 1.0 µg/ml, and (D) 10 µg/ml.
These images show cell
attachment and spreading only
on TN at 10 µg/ml after 15
minutes. Bar 10 µm.

Cell adhesion to TN
SF-767 glioma cells spread rapidly on surfaces coated with
solutions of TN. Attachment and spreading occurred after 15
minutes on surfaces coated with 10 µg/ml TN solution (Fig.
1), while longer intervals were required before spreading was
evident with lower and higher coating concentrations.
However, after 90 minutes SF-767 cells had fully spread on all
concentrations; this included the elaboration of cell processes.
Quantitative adhesion of SF-767 cells to TN at different concentrations was analyzed using a method described by Kramer
et al. (1989). After 60 minutes of incubation, unadhered cells
were vigorously removed and adhered cells were stained.
Analogous to cell spreading, the cells adhered strongest to concentrations of 10 µg/ml TN-coating solution while lower and
higher concentrations were less effective (Fig. 2). TN coatings
of 100 µg/ml resulted in 50% fewer cells adhering than at 10
µg/ml. This outcome is considered a counteradhesive concentration of the substrate. A similar biphasic adhesion profile was
observed with three other glioma cell lines (data not shown).
Coincubation of cells in the presence of anti-β1 antibodies
(AIIB2) on surfaces coated with 10 µg/ml TN resulted in dosedependent inhibition of adhesion (Fig. 3A). Dilutions of the
antiserum at 1:80 completely blocked adhesion, and 1:640
dilutions were still effective. When tested on a higher (less
adhesive) concentration of TN (33 µg/ml), adhesion was
enhanced in a dose-dependent fashion by treatment of the cells
with anti-αv antibody (Fig. 3B). At the highest anti-αv
treatment (1:20), cell adhesion was equal to that seen when
using the optimal adhesive TN-coating concentration (10
µg/ml).
Cell migration on TN
We have previously reported that five glioma cell lines showed
specific migration on surfaces coated with TN (Giese et al.,
1995). For three of those cell lines, TN was the most permissive purified ECM substrate among a panel that included
merosin, fibronectin, collagen, and vitronectin. In this study the
migration rates of SF-767 glioma cells were analyzed on
surfaces coated with TN, merosin or vitronectin at concentrations that ranged from 1 to 100 µg/ml (Fig. 4). The migration
rates on each ECM protein were normalized to the motility on
BSA; normalized values are referred to as ‘specific migration’.
The glioma cells responded to increasing concentrations of

merosin with increasing migration rates reaching a maximum
specific rate of 510 µm/day at concentrations higher than 33
µg/ml coating solution. On TN, SF-767 cells showed
maximum migration rates near 400 µm/day using 3.3 µg/ml
coating solution. Contrastingly, migration on a coating concentration of 10 µg/ml TN was much less than on lower concentrations. Concentrations of TN higher than 10 µg/ml
inhibited migration relative to the motility on BSA. Vitronectin
only marginally supported cell motility.
To investigate the role of specific integrin subunits in
migration on TN, anti-β1 or anti-αv antibodies were added to
migrating cells during migration, then fresh medium was
returned to the cells (Fig. 5). On TN surfaces prepared using
3.3 µg/ml (Fig. 5A and B), anti-β1 antibodies at a dilution of
1:160 almost completely arrested cell migration; migration
resumed to pretreatment rates when the antibody was removed
(Fig. 5A). Treatment of cells migrating on BSA, with anti-β1
antibodies did not alter the cell motility rate (insert of Fig. 5A),
demonstrating that antibody treatment affects the specific
integrin-mediated migration. Washing out the antibody
restored migration to pretreatment rates. The migration arrest
on TN caused by blocking the integrin 1 subunit was dose
0.5
Cell Number (Absorbance)

RESULTS

0.4
0.3

0.2
0.1
0.0

BSA 0.1

1 0.33 3.3 10

33 100

Tenascin (µg/ml)

Fig. 2. Effect of increasing coating concentrations of TN on adhesion
of human glioma cells. Microtiter plate wells were coated passively
with 0.1, 0.33, 1.0, 3.3, 10.0, 33.0 and 100.0 µg/ml TN solutions.
Cells were deposited and incubated for 60 minutes to allow specific
cell adhesion. Nonadherent cells were removed by shaking and
rinsing. Cell number was determined by crystal violet absorbance
spectroscopy of stained nuclei. Bars, mean of triplicate
determination; error bars, s.d.; BSA, bovine serum albumin.

Cell Adhesion (absorbance units)

A
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Identification of integrins
The levels of integrin subunit mRNA expressed by SF-767
cells were analyzed using semiquantitative RT-PCR (Fig. 6).
The values represent the number of PCR cycles needed to
generate a reaction product showing an area of 10 absorbance
unit.mm in the densitometric scan of gels. Among the β
subunits, β1 was predominant, but lower mRNA levels also
were detected for β5 and β6. PCR product for β3 and β8 was
detected only after more than 40 cycles of amplification. All α
subunits implicated as dimer components of TN receptors, with
the exception of α9, were detected by RT-PCR; α2 and αv
were the most abundantly expressed messages.
Immunoprecipitation using anti-β1 or anti-αv antibodies
showed the presence of a bands at 130 kDa or 165 kDa (respectively) as anticipated, but αv did not co-precipitate with β1,
nor did β1 co-precipitate with αv (data not shown). These data
indicate that these two subunits are not dimerized as a single
integrin receptor.
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1:320

1:1200

BSA

1:1200
1:640
1:320
1:160
1:80
1:40
1:20
1:10

anti- αv Dilution
on 33 µg/ml Tenascin

anti-β1 Dilution
on 10µg/ml Tenascin

the same protein. For example, TN is recognized by at least
seven different integrin heterodimers. Selective expression of
different integrins may account for the ability of neurons to
extend processes on TN while glial cell migration is retarded
on this substrate (Wehrle-Haller and Chiquet, 1993).
Tumors of glial lineage are described as containing TN in
their extracellular matrix, (Higuchi et al., 1993; Ventimiglia et
al., 1992) and its distribution is colocalized with invading
glioma cells (Zagzag et al., 1995). In vitro, TN supports the
migration of different glioma cell lines (Giese et al., 1995). Our
present results indicate that TN promotes both cell adhesion
and migration, but this response is biphasic over a concentration range of 0.1 to 100 µg/ml. Previous studies using laminin,
collagen type IV, fibronectin and vitronectin demonstrated that
adhesion and migration of glioma cells follow dose-dependent
relationships, eventually reaching plateaus (Berens et al., 1994;

600
500
specific migration (µm/d)

dependent on the blocking antibody (Fig. 5B). Increasing
amounts of AIIB2 antibody from 1:640 to 1:160 increasingly
arrested cell migration on TN.
Cells migrating on surfaces coated with 10 µg/ml TN
increased their migration rate approximately twofold following
treatment with anti-αv antibodies at a dilution of 1:10 (Fig.
5C). Migration of SF-767 cells on 10 µg/ml TN substrate could
be accelerated in a concentration-dependent manner by
increasing titer of the anti-αv antibody (Fig. 5D).

none

0.0

0.0

none

Fig. 3. Effect of anti-integrin antibodies on glioma cell
adhesion to TN. (A) Microtiter wells were coated with
the most adhesive concentration of TN (10 µg/ml) and
anti-β1 antibodies were added to the wells before the
cells. (B) Microtiter wells were coated with a less
adhesive concentration of TN (33 µg/ml) and anti-αv
antibodies were added to the wells. Bars, mean of
triplicate determination; error bars, s.d.

Cell Adhesion (absorbance units)
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400
300
200
100
migration on BSA
0
-100

DISCUSSION
The adhesive, migratory, proliferative and survival behaviors
of cells are highly responsive to ECM proteins (Meredith et al.,
1993). Cell-matrix interactions also are responsible for pathological behaviors such as tumor invasion and metastasis (Liotta
and Stetler-Stevenson, 1991). Biological ECMs are a complex
composition of different proteins and glycosaminoglycans that
are recognized by specific cell-membrane receptors (Hay,
1991). The relative levels of the different ECM proteins
introduce the prospect that both qualitative and quantitative
variables are involved in a cell’s response to the matrix.
The diversity of receptors for specific ECM proteins may
lead to variable or contrasting responses of different cells to

-200
1

3.3
33
10
100
protein concentration (µg/ml)

Fig. 4. Effect of increasing coating concentrations of TN, merosin
and vitronectin on migration of human glioma cells. Wells of 8
chamber slides were coated with protein solutions as indicated and
cells were allowed to migrate for 48 hours. The specific migration
response to a protein substrate was calculated as the difference
between the migratory rate of the cells on the ECM protein and of
cells on BSA. Positive values arise when cells move faster on an
ECM protein than on BSA; negative values indicate that the cells
moved more slowly on the ECM than on BSA. Migration on
increasing concentrations of TN, d; merosin, u; and vitronectin, ,.
Points, mean of triplicate determination; error bars, s.d.
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Giese et al., 1994). The biphasic effect of TN may therefore
be a unique characteristic of this ECM protein. Both theoretical and empiric arguments for cell migration showing a
biphasic response to ECM protein ligand density have been
forwarded (DiMilla et al., 1991, 1993; Spring et al., 1989; Wu
et al., 1994). These arguments focus on the characteristics of
a single receptor/ligand interaction coupled with the dynamics
of motile forces. In contrast, we report novel data on the integrated response of astrocytoma cells to one ECM protein
perceived by two separate receptors.
The antibody-blocking studies reported here indicate that
glioma cell adhesion and migration on TN are mediated by β1containing integrins. The degree of inhibition by anti-integrin
β1 antibody treatment was more substantial than reported by
others (Sriramarao et al., 1993b). Previously, we have correlated the relative rates of cell motility on different substrates
positively with the relative degree of cell adhesion to those
substrates (Giese et al., 1994). This finding indicates that
motility depends on the binding of specific receptors to their
ligands on the substrate (Stein and Bronner, 1989). As an
extension of this observation, we report that treatment of
glioma cells with antibodies directed at the extracellular region
of the αv subunit leads to an increased cell adhesion at
otherwise less adhesive (higher) concentrations of TN.
Treatment with anti-αv antibodies also enhances the migratory
response. This finding adds an additional consideration to the
biphasic response of migration due to increasing ligand density
proposed by DiMilla et al. (1991, 1993) wherein heightened
attachment to the substrate accounts for lost motility. Our
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30
hours in culture

no Ab 1:100

40

1:50

1:25

results show that signals from different integrins are integrated
by the cells to manifest as a composite effect.
These results indicate that the cell recognizes the substrate
via at least two separate integrins and that these two receptors
signal contrasting biological responses by the cell. The glioma
cells’ migratory behavior on TN is a summation of the signals
from the two different receptors, one a β1- and the other an
32

34

PCR cycles

population migration (µm)

Fig. 5. Effect of anti-integrin antibodies on migration of
human glioma cells on TN. (A) Cells were allowed to
migrate on a permissive coating concentration of TN
(3.3 µg/ml). Anti-β1 antibody at a dilution of 1:160 was
added to the cultures after 10 hours of incubation. The
cultures were rinsed and antibody-free medium was
added after an additional 12 hours. Removal of
antibody led to the return of the migration rate to
pretreatment level. Anti-β1 treated population, d;
mock-treated control, u. Horizontal bar, presence of
Ab. Inset: migration on BSA-coated surfaces.
(B) Concentration dependence of migration inhibition
by anti-β1 antibodies. Migration rates (µm/day) were
calculated before (open bars) and after (solid bars)
addition of the antibody at the dilutions indicated. Data
points, mean of triplicate determination; error bars, s.d.
(C) Cells were allowed to migrate on a higher coating
concentration (10 µ/ml) of TN that was less permissive
for cell movement. Anti-αv antibody at a dilution of
1:25 was added to the cultures after 10 hours of
incubation. The cultures were rinsed and antibody-free
medium was added after an additional 20 hours. Antiαv treated population, d; mock-treated control, u.
Horizontal bar, presence of Ab. Data points, mean of
triplicate determination; bars, s.d. (D) Concentration
dependent stimulation of cell motility by increasing
titer of anti-αv antibody. Open bars show migration
rate of cells during mock antibody treatment (fresh
medium), solid bars are the rates in the presence of Ab.
Values are the mean of five replicates; bars, s.d.
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Fig. 6. Semiquantitative profile of integrin subunits expressed by SF767 cells determined by RT-PCR. Interpolated PCR cycle numbers
needed for a primer pair to generate a product of 10 absorbance
unit.mm peak area. Profiles are the result of triplicate amplifications.
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αv-containing heterodimer. In addition to abrogating all
adhesion to TN, blocking the β1-containing integrin leads to a
lower migration rate than that associated with BSA. We
conclude that blocking the receptor that mediates adhesion to
TN establishes a setting for the counteradhesive epitope(s) of
TN to dominate the net response (Spring et al., 1989). That the
migration rate of cells whose β1 receptor has been blocked is
below the nonspecific cell motility on BSA (Fig. 5A) suggests
that there is an active suppression of cell migration mediated
by the αv-containing integrin receptor.
In unmanipulated glioma cells, suppressed adhesion and
migration on TN are manifest only at the higher coating concentrations. Integrins are reported to be activated based on
ligand density or they may show differing affinities for their
ligands (Hynes, 1992); consequently, this separation of
adhesive and counteradhesive effects of TN likely reflects the
physical or biophysical characteristics of the two different
receptors. Furthermore, signal transduction by integrins,
mediated by focal adhesion kinase (Luna and Hitt, 1992; Clark
and Brugge, 1995) or other signaling pathways such as
mitogen activated protein (MAP) kinase (Chen et al., 1994;
Crews and Erikson, 1993; Egan and Weinberg, 1993) raises
the prospect that antimigratory behavior is a specific response
determined by the activation of certain integrins. The binding
of the cell to different ECM ligands also influences the degree
of localization or dispersion of the integrins as focal versus
point contacts, with commensurate consequences on cell
spreading and migration (Tawil et al., 1993). When merosin (a
migration-permissive ECM protein) is mixed with a nonpermissive protein such as vitronectin, glioma cell motility shows
a disproportionate large arrest (unpublished data). Interestingly
(in the context of the data reported in this manuscript), vitronectin receptors are comprised of αv-containing integrins.
We suggest that different integrins bind with different affinities to their ligands and thereby lead to contrasting cell
responses (Williams et al., 1994; Diamond and Springer,
1994).
Of the described TN-binding integrins, our results (from
PCR and immunoprecipitation experiments) suggest that
glioma cell adhesion is most likely mediated through α2β1
integrins, and that αvβ5 and/or αvβ6 mediate the counteradhesive and anti-migratory effects on this ECM protein.
Biphasic phenomena regarding cell motility are well
described in chemotactic responses of cells, indicating that a
ligand gradient is essential for directed response to compounds.
At high concentrations of soluble ligand, the receptors are
saturated and the cells fail to discriminate the gradient,
rendering them unable to establish a leading edge. We report
for the first time that substrates of TN are both permissive and
nonpermissive (biphasic) for human glioma cell adhesion and
migration, dependent on the coating concentration. This
response (in contrast to the nonspecific receptor saturation of
chemotaxis) is specific, driven by separate integrins that are
activated at different ligand densities. Selective activation of
integrins mediating the antimotility response of glioma cells
may be a means to influence the in situ behavior of these
invasive cells.
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Phi Beta Psi Sorority, and the Deutsche Forschungsgemeinschaft Gi
218/1-2 (AG).

REFERENCES
Aukhil, I., Joshi, P., Yan, Y. and Erickson, H. P. (1993). Cell- and heparinbinding domains of the hexabrachion arm identified by tenascin expression
proteins. J. Biol. Chem. 268, 2542-2553.
Barnea, G., Grumet, M., Milev, P., Silvennoinen, O., Levy, J. B., Sap, J.
and Schlessinger, J. (1994). Receptor tyrosine phosphatase β is expressed in
the form of proteoglycan and bind to the extracellular matrix protein
tenascin. J. Biol. Chem. 269, 14349-14352.
Berens, M. E., Weisman, A. S., Spencer, D. R., Dougherty, D. V., Elliger, S.
S. and Rosenblum, M. L. (1990). Growth properties and oncogene
expression in 2 newly derived human glioma cell lines: Assessment of
growth determinants. Proc. Am. Assoc. Cancer Res. 31, 46 (abstract).
Berens, M. E., Rief, M. D., Loo, M. A. and Giese, A. (1994). The role of
extracellular matrix in human astrocytoma migration and proliferation
studied in a microliter scale assay. Clin. Exp. Metast. 12, 405-415.
Bourdon, M. A. and Ruoslahti, E. (1989). Tenascin mediates cell attachment
through an RGD-dependent receptor. J. Cell Biol. 108, 1149-1155.
Bronner-Fraser, M. (1988). Distribution and function of tenascin during
cranial neural crest development in the chick. J. Neurosci. Res. 21, 135-147.
Chen, Q., Kinch, M. S., Lin, T. H., Burridge, K. and Juliano, R. L. (1994).
Integrin-mediated cell adhesion activates mitogen-activated protein kinases.
J. Biol. Chem. 269, 26602-26605.
Chung, C. Y. and Erickson, H. P. (1994). Cell surface annexin II is a high
affinity receptor for the alternatively spliced segment of tenascin-C. J. Cell
Biol. 126, 539-548.
Clark, E. A. and Brugge, J. S. (1995). Integrins and signal transduction
pathways: The road taken. Science 268, 233-239.
Crews, C. M. and Erikson, R. L. (1993). Extracellular signals and reversible
protein phosphorylation: What to mek of it all. Cell 74, 215-217.
De Vries, J. E., Keizer, G. D., Te Velde, A. A., Voordouw, A., Ruiter, D.,
Rümke, P., Spits, H. and Figdor, C. G. (1986). Characterization of
melanoma-associated surface antigens involved in the adhesion and motility
of human melanoma cells. Int. J. Cancer 38, 465-473.
Diamond, M. S. and Springer, T. A. (1994). The dynamic regulation of
integrin adhesiveness. Curr. Biol. 4, 506-517.
DiMilla, P. A., Barbee, K. and Lauffenburger, D. A. (1991). Mathematical
model for the effects of adhesion and mechanics on cell migration speed
[published erratum appears in Biophys J. (1991) 60, 983]. Biophys. J. 60, 1537.
DiMilla, P. A., Stone, J. A., Quinn, J. A., Albelda, S. M. and Lauffenburger,
D. A. (1993). Maximal migration of human smooth muscle cells on
fibronectin and Type IV collagen occurs at an intermediate attachment
strength. J. Cell Biol. 122, 729-737.
Egan, S. E. and Weinberg, R. A. (1993). The pathway to signal achievement
[news]. Nature 365, 781-783.
End, P., Panayotou, G., Entwisle, A., Waterfield, M. D. and Chiquet, M.
(1992). Tenascin: a modulator of cell growth. Eur. J. Biochem. 209, 10411051.
Erickson, H. P. and Bourdon, M. A. (1989). Tenascin: An extracellular
matrix protein prominent in specialized embryonic tissues and tumors. Annu.
Rev. Cell Biol. 5, 71-92.
Erickson, H. P. (1993). Tenascin-C, tenascin-R and tenascin-X: A family of
talented proteins in search of functions. Curr. Opin. Cell Biol. 5, 869-876.
Forsberg, E., Ek, B., Engström, Å. and Johansson, S. (1994). Purification
and characterization of integrin α9β1. Exp. Cell Res. 213, 183-190.
Friedlander, D. R., Hoffman, S. and Edelman, G. M. (1988). Functional
mapping of cytotactin: Proteolytic fragments active in cell-substrate
adhesion. J. Cell Biol. 107, 2329-2340.
Giese, A., Rief, M. D., Loo, M. A. and Berens, M. E. (1994). Determinants of
human astrocytoma migration. Cancer Res. 54, 3897-3904.
Giese, A., Loo, M. A., Rief, M. D., Tran, N. and Berens, M. E. (1995).
Substrates for astrocytoma invasion. Neurosurgery 37, 294-309.
Grumet, M., Milev, P., Sakurai, T., Karthikeyan, L., Bourdon, M.,
Margolis, R. K. and Margolis, R. U. (1994). Interactions with tenascin and
differential effects on cell adhesion of neurocan and phosphacan, two major
chondroitin sulfate proteoglycans of nervous tissue. J. Biol. Chem. 269,
12142-12146.
Gulcher, J. R., Nies, D. E., Alexakos, M. J., Ravikant, N. A., Sturgill, M. E.,
Marton, L. S. and Stefansson, K. (1991). Structure of the human
hexabrachion (tenascin) gene. Proc. Nat. Acad. Sci. USA 88, 9438-9442.
Hall, D. E., Reichardt, L. F., Crowley, E., Holley, B., Moezzi, H.,
Sonnenberg, A. and Damsky, C. H. (1990). The α1/β1 and α6/β1 integrin

2168 A. Giese and others
heterodimers mediate cell attachment to distinct sites on laminin. J. Cell Biol.
110, 2175-2184.
Hay, E. D. (1991). Cell Biology of Extracellular Matrix. 2nd edn. Plenum
Press, New York.
Higuchi, M., Ohnishi, T., Arita, N., Hiraga, S. and Hayakawa, T. (1993).
Expression of tenascin in human gliomas: Its relation to histological
malignancy, tumor dedifferentiation and angiogenesis. Acta. Neuropathol.
(Berl). 85, 481-487.
Hynes, R. O. (1992). Integrins: Versatility, modulation, and signaling in cell
adhesion. Cell 69, 11-25.
Joshi, P., Chung, C.-Y., Aukhil, I. and Erickson, H. P. (1993). Endothelial
cells adhere to the RGD domain and the fibrinogen-like terminal knob of
tenascin. J. Cell Sci. 106, 389-400.
Kaplony, A., Zimmermann, D. R., Fischer, R. W., Imhof, B. A., Odermatt,
B. F., Winterhalter, K. H. and Vaughan, L. (1991). Tenascin Mr 220 000
isoform expression correlates with corneal cell migration. Development 112,
605-614.
Koukoulis, G. K., Gould, V. E., Bhattacharyya, A., Gould, J. E., Howeedy,
A. A. and Virtanen, I. (1991). Tenascin in normal, reactive, hyperplastic,
and neoplastic tissues: Biologic and pathologic implications [Review]. Hum.
Pathol. 22, 636-643.
Kramer, R. H., McDonald, K. A., Crowley, E., Ramos, D. M. and Damsky,
C. H. (1989). Melanoma cell adhesion to basement membrane mediated by
integrin-related complexes. Cancer Res. 49, 393-402.
Lightner, V. A. and Erickson, H. P. (1990). Binding of hexabrachion
(tenascin) to the extracellular matrix and substratum and its effect on cell
adhesion. J. Cell Sci. 95, 263-277.
Liotta, L. A. and Stetler-Stevenson, W. G. (1991). Tumor invasion and
metastasis: An imbalance of positive and negative regulation. Cancer Res.
51, 5054-5059.
Lochter, A., Vaughan, L., Kaplony, A., Prochiantz, A., Schachner, M. and
Faissner, A. (1991). J1/tenascin in substrate-bound and soluble form
displays contrary effects on neurite outgrowth. J. Cell Biol. 113, 1159-1171.
Luna, E. J. and Hitt, A. L. (1992). Cytoskeleton-plasma membrane
interactions [Review]. Science 258, 955-964.
Meredith, J. E. Jr, Fazeli, B. and Schwartz, M. A. (1993). The extracellular
matrix as a cell survival factor. Mol. Biol. Cell 4, 953-961.
Prieto, A. L., Andersson-Fisone, C. and Crossin, K. L. (1992).
Characterization of multiple adhesive and counteradhesive domains in the
extracellular matrix protein cytotactin. J. Cell Biol. 119, 663-678.
Prieto, A. L., Edelman, G. M. and Crossin, K. L. (1993). Multiple integrins
mediate cell attachment to cytotactin/tenascin. Proc. Nat. Acad. Sci. USA 90,
10154-10158.
Riou, J., Shi, D., Chiquet, M. and Boucaut, J. (1990). Exogenous tenascin
inhibits mesodermal cell migration during amphibian gastrulation. Dev. Biol.
137, 305-317.
Rosen, C. L., Lisanti, M. P. and Salzer, J. L. (1992). Expression of unique
sets of GPI-linked proteins by different primary neurons in vitro. J. Cell Biol.
117, 617-627.
Saga, Y., Yagi, T., Ikawa, Y., Sakakura, T. and Aizawa, S. (1992). Mice
develop normally without tenascin. Genes Dev. 6, 1821-1831.

Slack, S. M., Posso, S. E. and Horbett, T. A. (1991). Measurement of
fibrinogen adsorption from blood plasma using 125I-fibrinogen and a direct
ELISA technique. J. Biomater. Sci. Polym. Ed. 3, 49-67.
Spring, J., Beck, K. and Chiquet-Ehrismann, R. (1989). Two contrary
functions of tenascin: Dissection of the active sites by recombinant tenascin
fragments. Cell 59, 325-334.
Sriramarao, P. and Bourdon, M. A. (1993a). A novel tenascin type III repeat
is part of a complex of tenascin mRNA alternative splices. Nucl. Acids Res.
21, 163-168.
Sriramarao, P., Mendler, M. and Bourdon, M. A. (1993b). Endothelial cell
attachment and spreading on human tenascin is mediated by α2β1 and αvβ3
integrins. J. Cell Sci. 105, 1001-1012.
Stein, W. D. and Bronner, F. (1989). Cell Shape: Determinants, Regulation,
and Regulatory Role. Academic Press, San Diego.
Tawil, N., Wilson, P. and Carbonetto, S. (1993). Integrins in point contacts
mediate cell spreading: Factors that regulate integrin accumulation in point
contacts vs. focal contacts. J. Cell Biol. 120, 261-271.
Taylor, H. C., Lightner, V. A., Beyer, W. F., McCaslin, D., Briscoe, G. and
Erickson, H. P. (1989). Biochemical and structural studies of
tenascin/hexabrachion proteins. J. Cell. Biochem. 41, 71-90.
Vaughan, L., Zisch, A. H., Weber, P., D’Allesandri, L., Ferber, P., David,
G., Zimmermann, D. R. and Winterhalter, K. H. (1994). Cellular
receptors for tenascin. Contrib. Nephrol. 107, 80-84.
Ventimiglia, J. B., Wikstrand, C. J., Ostrowski, L. E., Bourdon, M. A.,
Lightner, V. A. and Bigner, D. D. (1992). Tenascin expression in human
glioma cell lines and normal tissues. J. Neuroimmunol. 36, 41-55.
Wehrle-Haller, B. and Chiquet, M. (1993). Dual function of tenascin:
Simultaneous promotion of neurite growth and inhibition of glial migration.
J. Cell Sci. 106, 597-610.
Williams, M. J., Hughes, P. E., O’Toole, T. E. and Ginsberg, M. H. (1994).
The inner world of cell adhesion: integrin cytoplasmic domains. Trends Cell
Biol. 4, 109-112.
Wu, P., Hoying, J. B., Williams, S. K., Kozikowski, B. A. and
Lauffenburger, D. A. (1994). Integrin-binding peptide in solutioin inhibits
or enhances endothelial cell migration, predictably from cell adhesion. Ann.
Biomed. Eng. 22, 144-152.
Yokosaki, Y., Palmer, E. L., Prieto, A. L., Crossin, K. L., Bourdon, M. A.,
Pytela, R. and Sheppard, D. (1994). The integrin α9β1 mediates cell
attachment to a non-RGD site in the third fibronectin Type III repeat of
tenascin. J. Biol. Chem. 269, 26691-26696.
Zagzag, D., Friedlander, D. R., Miller, D. C., Dosik, J., Cangiarella, J.,
Kostianovsky, M., Cohen, H., Grumet, M. and Greco, M. A. (1995).
Tenascin expression in astrocytomas correlates for angiogenesis. Cancer
Res. 55, 907-914.
Zisch, A. H., D’Alessandri, L., Ranscht, B., Falchetto, R., Winterhalter, K.
H. and Vaughan, L. (1992). Neuronal cell adhesion molecule contactin/F11
binds to tenascin via its immunoglobulin-like domains. J. Cell Biol. 119,
203-213.
(Received 29 December 1995 - Accepted, in revised form,
2 May 1996)

