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ABSTRACT

We deviseda modelsystem to study the effects of extracellular matrix
proteins on the malignant phenotype of an anaplastic gliomacell line, U
343 MG-A. Well-characterized cultures derived from normal human
leptomeningeswere grown to confluence and maintained for 2 weeks.
The leptomeningealcells were then removed with base and detergent,
leaving behind an extracellular matrix enriched in laminin, fibronectin,
type I and IV collagen, and procollagen III. U 343 MG-Ã‚tumor cells
plantedon top of this normalextracellular matrix wereprofoundlygrowth
inhibitedcomparedwithgliomacells grownon plastic alone.Gliomacells
grownon the extracellular matrix developedmultiple, slender processes
and assumed a more differentiated astrocytic phenotype; immunostains
for guai fibrillar) acidic protein revealed a more extensive intracyto-
plasmic network of intensely staining filaments than in control glioma
cells. When gliomacells grownon the extracellular matrix wereanalyzed
by an enzyme-linked immunosorbent assay for guai fibrillar) acidic
protein, the amount of this intermediate filament per cell was increased
20-foldcompared with glioma cells growingon plastic. The growth and
differentiationof U 343 MG-A gliomacells in flasks coatedwith purified
fibronectinor laminin was not significantly perturbed; however,glioma
cell cultures grown in flasks coated with purified type I or IV collagen
showed decreased cellular proliferation, stellate cell formation, and in
creased levels of glial fibrillar) acidic protein per cell compared with
glioma cells growingon plastic. Gelatin gel analysis showed that U 343
MG-A glioma cells growingon plastic secreted a 65,000-D metallopro-
teinase that wasnot secreted bygliomacells grownon the leptomeningeal
extracellular matrix. We concludethat in this system, the extracellular
matrix of a normal human leptomeningealculture substantially inhibited
the proliferation of and induced differentiation in an anaplastic glioma
cell line. Our analysis of single componentsof the extracellular matrix
suggests that these effects may be mediated in part by type I and IV
collagen. The mechanism by which the leptomeningeal extracellular
matrix inhibits glioma cell proliferation may be by diminishing tumor-
associated protease secretion so that the degradation of extracellular
matrix macromoleculesin the tumor cell microenvironmentis prevented
and tumor cell migration becomesless likely.

INTRODUCTION

Tumor growth is governed not only by intrinsic tumor cell
kinetics, but also by the interaction of tumor cells with normal
and reactive cells in the tumor environment. Tumor invasive-

ness is thought to depend on the ability of tumor cells to degrade
large extracellular macromolecules and to transgress normal
tissue barriers such as basement membranes (1-7). In other
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tissues, proteins of the ECM5 are known to influence cell

kinetics and modulate the expression of normal and tumor cell
phenotypes (8-15). However, it is not known how the ECM
might affect normal and pathological tissues of the human
CNS. In this study, we analyzed the effects of ECM proteins
synthesized by SF-514P, a previously characterized leptomen
ingeal cell culture (16), on the growth and differentiation of U
343 MG-A, an anaplastic glioma cell line.

MATERIALS AND METHODS

Cell Lines. Cell culture SF-5I4P was initiated from the leptomen
inges of normal brain from a patient who had a right temporal lobec-
tomy for a seizure disorder refractory to anticonvulsants. SF-514P has
been characterized as being derived from normal leptomeninges by
karyotype, cell kinetics analyses, and by electron microscopy; the ECM
of SF-514P has been characterized by immunocytochemistry and SDS-
PAGE and contains laminin, fibronectin, type I and IV collagen, and
procollagen III (16). U 343 MG-A is a subclone of U 343 MG, a cell
line derived from a 60-year-old man with an anaplastic glioma, and was
a gift from Dr. Jan Ponten (University of Uppsala, Uppsala, Sweden).
U 343 MG-A has an abnormal karyotype, grows as a continuous
monolayer, and expresses GFAP over serial passages (17). Additional
immunocytochemical characterization of U 343 MG-A has also been
performed (18). Both SF-514P and U 343 MG-A were maintained in
75-onr flasks containing an enriched medium consisting of Eagle's
minimum essential medium, nonessential amino acids, glutamine, gen-
tamicin. and 10% heat-inactivated fetal calf serum. The cultures were
incubated at 37Â°Cand equilibrated in 5% CO? and air. Subculture was

performed weekly;the cellswereharvested with 0.25% trypsin (GIBCO,
Santa Clara, CA) in Hank's balanced salt solution that was free of Ca2+
and Mg2+.

Isolation and Characterization of the ECM. Cells from SF-514P
cultures were grown to confluence in 25-cm2 flasks and in eight-well
Lab-Tek chambers containing 10% fibronectin-free fetal calf serum.
Fibronectin-free serum was prepared according to the method of
Engvall and Ruoslahti (19). The cells were maintained at confluence
for 7 days. The ECM was isolated by the method of Vlodavskyet al.
(13). Briefly, the leptomeningeal cells were treated with 0.1% Triton
X-100 (Sigma) in PBS for 30 min, and the remaining nuclei and
cytoskeletons were removed by a 1-min exposure to freshly prepared
25-mM ammonium hydroxide (Mallinckrodt, Paris, KY) (20). The
treatment wasmonitored with an inverted-phasemicroscope.The ECM
was then rinsed thoroughly three times with PBS and was immediately
analyzed by indirect immunofluorescence for the presence of laminin,
fibronectin, collagen type IV, procollagen type III, and vimentin, as
described previously (16). A similarly prepared matrix in 25-cm2flasks
was also rinsed thoroughly in PBS before the addition of U 343 MG-
A cells in the cell kinetics and differentiation experiments outlined
below.

Effect of the ECM on the Growth of U 343 MG-A. To determine
how a well-characterized ECM from a leptomeningeal culture might
affect the growth and proliferation of a malignant glioma cell line,
approximately 5 x IO4U 343 MG-A cellswere seeded into three groups
of 25-cm2flasks. The first group of flasks did not contain a leptomen-

5The abbreviations used are: ECM, extracellular matrix; GFAP, glial fibrillary
acidic protein; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis; PBS, phosphate-buffered saline [in g/liter: KH2PO4,0.2; NajHPO4,1.5;
NaCl, 8.0 (pH 7.4)]; ELISA, enzyme-linked immunosorbent assay; APMA, 4-
aminophenylmercuric acetate: CNS, central nervous system.
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ingeal extracellular residue, but were pretreated with 0.1% Triton X-
100 for 30 min and then with 25 HIMammonium hydroxide for 1 min.
The second group of flasks contained the prepared leptomeningeal
ECM. The third group of flasks contained the prepared ECM of SF-
514P, which was incubated with 0.05% trypsin for 15 min at 37Â°Cor

with purified collant-naso (clostridium histolyticum, protease-free; (al
biochem, San Diego, CA), 10 U/ml, for 4 h at 37"C before the addition

of U 343 MG-A cells. Cell counts were performed in all groups on
alternate days; cell viability was determined by trypan blue exclusion.
Growth curves were generated for all groups. The cell morphology of
cultures in all three groups of flasks was studied by phase microscopy
with an Olympus PM-10 microscope and camera at various time points.

Effect of the ECM on the Expression of GFAP Indirect Immunofluo-
rescence. Between 5 x 103and 1 x 104cells from a single-cell suspension
of U 343 MG-A were planted into Lab-Tek eight-well chambers and
allowed to attach for 24 to 48 h. One group of chambers had been
coated with prepared SF-514P ECM before the addition of tumor cells;
the other group (uncoated) served as control. Tris buffer (0.5 M, pH
7.6) diluted 1:10 in PBS was used for all subsequent dilutions and
rinses. The medium was aspirated from each well and the cell layer was
rinsed in Tris-PBS for 5 to 10 min. Nonspecific background staining
was eliminated by incubating the cells for 20 min with a 1:5 dilution of
normal swine serum (Dako, Westbury, NY). Rabbit anti-human anti-
serum to GFAP was diluted 1:100 and applied for 30 min. Anti-GFAP
antiserum was a gift from Dr. L. Eng (Stanford, CA); its specificity for
human GFAP has been determined by Western blot analysis. Normal
rabbit immunoglobulins (Dako) diluted 1:100 were used as a negative
control. The cells were then rinsed for 10 min with five changes of
volume. Rhodamine-conjugated swine anti-rabbit immunoglobulins
(Dako) were diluted 1:32 and applied for 30 min. After a final rinse in
Tris-PBS for 15 min, the Lab-Tek carriage and plastic grid were
removed and the slides were mounted with a coverslip and Aquamount.

Fluorescence microscopy was performed with an Olympus BHS
system microscope equipped with an Olympus BH-RFL-W reflected-
light fluorescence attachment and an HBO 100-W/2 high-pressure
mercury lamp. Rhodamine-labeled antibodies were detected with green
emission light (546 nm); the specific filters used were excitation filter
IF-545 + BG36, dichroic mirror DMO-580 + 0-590, and barrier filter
R-610. The intensity of staining was rated as negative (â€”),low (+),

moderate (++), or high (+++), as described previously (16). Negative
controls were examined in each case.

Enzyme-linked Immunosorbent Assay for GFAP. Because there is
some evidence that increased GFAP levels signify a more differentiated
state in glial tumors (21), the amount of GFAP in control and matrix-
treated cultures was determined by ELISA (22). Briefly, duplicate
control (plastic substrata) and ECM-coated 25-cm2 flasks were inocu
lated with 1 x 10* U 343 MG-A cells. One flask in each group was

used to determine the mean number of cells in culture. After 12 days
in culture, cytoskeletons from the U 343 MG-A cells were prepared as
described previously (23, 24). The Triton X-100-insoluble cytoskeletal
pellets, which have been shown to contain at least 95% of the cellular
GFAP (23),6 were dissolved in sample solvent containing 2% SDS
(Biorad, Richmond, CA), 2 mM EDTA, 2 HIMphenylmethylsulfonylflu-
oride, and 10% glycerol (all Sigma) and stored at â€”20Â°Cuntil use. Flat-

bottomed 96-well microelisa plates (Immulon 2; Dynatech, Alexandria,
VA) were coated with 150 p\ of porcine anti-GFAP antiserum diluted
1:1000 in 0.2 Mbicarbonate buffer (pH 9.3) and left overnight at room
temperature. Before each of the subsequent procedures, the wells were
washed three times with 0.05 M PBS with 0.2% bovine serum albumin,
pH 8. On the day after coating, GFAP standards purified from multiple-
sclerosis plaques and the SDS solubili/od cytoskeletal sample prepa
rations from control and ECM-treated flasks were diluted in PBS-
bovine serum albumin; 100 >i\were loaded in quadruplicate into the
wells and incubated overnight at room temperature. After the wells
were rinsed with PBS-bovine serum albumin, 100 n\ of rabbit anti-
human GFAP antiserum diluted 1:1000 were added to the wells and
incubated for 2 h at room temperature. The wells were rinsed as before
and 100 n\ of 0-galactosidase-conjugated F(ab')2 goat anti-rabbit IgG

(Zymed Laboratories, South San Francisco, CA) were diluted 1:500

' J. R. Rutka. unpublished data.

and added to the wells and left for 2 h at room temperature. After a
final rinse, 10 Â¡Aof 0-nitrophenyl-/3-galactopyranoside, diluted 1:50 in
10 mM Tris-HCl buffer containing MgCl2, 10 mM NaCI, and 10 mM ÃŸ-
mercaptoethanol (pH 7.5) were added. The optical density of the yellow
reaction product at 45 min was measured at 405 nm with a Titertek
multiscan 96-well colorimeter. The purified human GFAP, porcine
anti-GFAP antiserum, and rabbit anti-GFAP antiserum were gifts from
Dr. L. Eng.

Effects of Individual ECM Components on the Growth of U 343 MG-
A. To determine which component of the ECM was responsible for the
observed growth inhibition of U 343 MG-A, 25-cm2 flasks were coated
with individual ECM proteins and inoculated with U 343 MG-A tumor
cells in a series of proliferation assays. After serial cell counts were
performed, the numbers of U 343 MG-A tumor cells grown on plastic
alone and those grown on the single components of the ECM were
compared. Purified fibronectin (Collaborative Research, Lexington,
MA) was used at 5 Â¿ig/cm2;purified laminin (Collaborative Research)
was used at 1 Mg/cm2. The purified fibronectin and laminin solutions

were incubated for 45 min at room temperature before the excess
solution was aspirated and the U 343 MG-A tumor cells were seeded.
Vitrogen 100 (Collagen Corporation, Palo Alto, CA) served as a source
of purified type I collagen. A thin layer of Vitrogen 100 (approximately
1 ml/25 cm2) was placed inside the flasks and allowed to dry in a stream
of sterile air at 20Â°C.The flasks were then rinsed with sterile buffered

saline to neutralize acid, and the coated surfaces were rehydrated with
growth medium containing U 343 MG-A tumor cells. Purified native
collagen type IV was isolated from SF-514P cultures using the method
of Glanville et al. (25) as modified by McArdle et al. (26). Briefly, the
unretarded fraction from the cultures applied to DEAE-cellulose (5 x
25 cm; 0.03 M Tris-HCl buffer, pH 8.6, in 2 M urea) was dialyzed
against a 0.04 M sodium acetate buffer, pH 4.8, containing 2 M urea
before application to a second ionic-exchange column of carboxy-
methyl-cellulose (5 x 25 cm). The type IV collagen was eluted by a
linear gradient of NaCI, 0-0.2 M, dialyzed free of salt against 0.05 M
acetic acid, lyophilized, and stored at â€”70Â°C.The flasks were coated

with purified native collagen type IV, 200 Mgdissolved in 1 ml of PBS,
and seeded with the U 343 MG-A tumor cells. The amount of GFAP
in glioma cells grown on individual ECM components was then deter
mined by ELISA, as described above.

Protease Assay. To determine whether U 343 MG-A tumors cells
possessed the ability to degrade large proteins by elaboration of pro
teases, confluent cultures of U 343 MG-A tumor cells grown on plastic
alone or on the leptomeningeal ECM in 75-cm2 flasks were incubated
at 37Â°Cin serum-free medium. After 48 h, the medium was aspirated,

concentrated and dialyzed against water to a final volume of 0.5 ml in
a Pro-di-con apparatus (Pierce, Rockford, IL), and immediately frozen
at -20Â°Cuntil use. Conditioned medium was also activated with either

L-l-tosylamide-2-phenylethyl chloromethyl ketone-treated trypsin
(Worthington, Freehold, NJ), 10 Â¿ig/ml,for 30 min at room tempera
ture, followed by the addition of soybean trypsin inhibitor, 50 //g/ml,
or with 1 mM APMA (Sigma) at 37Â°Cfor 4 h (27). Proteolytic activity

was initially assayed using azocoll (Sigma). Briefly, 5 mg of azocoll was
incubated with 50 n\ of concentrated conditioned medium in 100 mM
bis-Tris-HCl (pH 7.0) with or without 3 mM CaCl2 or Tris-HCl (pH
8.0) and 1 mM CaCl2 (1 ml reaction volume) for 24 h at 37Â°C.The

samples were centrifugea for 5 min in a Beckman microfuge. Degra
dation of azocoll was measured as A520of the supernatant and was
expressed as a fraction of the total colored reaction product produced
by incubation with clostridial collagenase.

Elastase activity was assayed with [3H]elastin (60 mesh; Elastin

Product Corp., St. Louis, MO) as described by McKerrow et al. (28).
The amount of radioactivity was measured by incubating 50 n\ of
concentrated conditioned medium at 37Â°Cwith 200 /Â¿gof [3H]elastin

in 100 mM Tris-HCl and l mM CaCl2 (pH 8). The final reaction volume
was 300 i/l. Working solutions of | 'Hit-lastin (2 mg/ml in assay buffer
concentrated 3-fold) were stored at 4Â°C.After incubation, the assay

tubes were centrifuged for 5 min in a Beckman microfuge. The radio
activity remaining in 100 n\ of supernatant was measured by liquid
scintillation spectrometry. One unit of elastase activity was defined as
the solubilization of l Â¿igof elastin/h at 37'C. Elastase activity was
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calculated by using an equal volume of water or buffer as a control and
pancreatic elastase to determine the total available radioactivity.

General protease activity was also assayed in SDS-polyacrylamide
gels copoiymerized with gelatin (28, 29), which detect proteinases and
determine molecular weights simultaneously. The resolving gel (9%)
was polymerized in the presence of 0.12% pig skin type I gelatin
(Sigma). Boiling and reducing agents were not used, and the stacking
gel (4%) did not contain gelatin. The gels were prepared in a Hoeffer
small-slab-gel apparatus (0.75 mm thick). A Tris-glycine running buffer
(pH 8.8) was used. U 343 MG-A conditioned medium from cells grown
on plastic alone or on the leptomeningeal ECM, or conditioned medium
activated with APMA, was diluted 1:1 with sample buffer [0.5 MTris-
HC1, pH 6.8, 10% (v/v) glycerol, 0.4% (v/v) SDS, and 0.005% (v/v)
bromophenol blue], and 20 Â¿ilwas loaded on the gel. The gels were
electrophoresed for approximately l h at 12 mA/gel. After electropho-
resis, the gels were washed once in 100 ml of 2.5% (v/v) Triton X-100
for l h to remove the SDS. The gels were then incubated for 12 to 24
h at 37'C in the same buffered solutions used for the azocoll assay. In

some experiments, 10 mM 1,10-phenanthroline (Sigma) was added to
the incubation buffer to inhibit metalloproteinases. The reaction was
stopped by washing the gel for l h in 50% (w/v) trichloroacetic acid
(Sigma) at room temperature. The gel was stained with 0.1 % Coomassie
brilliant blue R 250 (Bio Rad, Richmond, CA) in water, methanol, and
acetic acid (5:5:1, v/v) for 30 min and then destained in 45% (v/v)
methanol and 3% (v/v) acetic acid until the proteolytic bands could be
seen easily. Usually, two cycles of staining and destaining were needed
to obtain optimal results.

RESULTS

Effect of the ECM on the Growth of U 343 MG-A. U 343
MG-A glioma cells on plastic alone grew vigorously as colonies
in monolayer, achieved a terminal cell density of 1.0 x IO7
celIs/25-cm2, and demonstrated marked crowding and piling of

cells (Fig. 1). The cells were cuboidal and had an increased
nucleancytoplastic ratio. By contrast, U 343 MG-A tumor cells
grown on the ECM of SF-514P were profoundly growth inhib
ited, had a terminal cell density of 2.5 x IO5cells/25-cm2, and

did not form colonies in monolayer culture. Individual cells
were much larger than in control cultures, had a decreased
nuclearxytoplasmic ratio, and were frequently stellate, with
multiple slender processes resembling normal astrocytes (Fig.

2). The cells grown in flasks coated with the ECM that had
been subsequently incubated with either trypsin or collagenase
behaved similarly to cells grown on plastic alone, in terms of
both cell morphology and proliferation (Fig. 3). Cell viability
as determined by trypan blue dye exclusion was greater than
95% in all experiments. The growth curves of U 343 MG-A
tumor cells on and off the leptomeningeal ECM are shown in
Fig. 3. When U 343 MG-A glioma cells were trypsinized off of
the leptomeningeal ECM and replanted on plastic alone, they
resumed their malignant growth behavior and reached a ter
minal cell density of 9 x IO6cells/25 cm2.

Effect of the ECM on GFAP Expression in U 343 MG-A.
Immunostaining for GFAP by indirect immunofluorescence
showed that U 343 MG-A tumor cells grown on a leptomen
ingeal ECM had a more extensive network of intensely staining
intracytoplasmic filaments than did tumor cells growing on
plastic alone (Fig. 4). Analysis by ELISA showed that U 343
MG-A tumor cells grown on the ECM contained more GFAP
than tumor cells growing on plastic (60 x 10~2 versus 3 x 10~2

pgGFAP/cell) (Table 1).
Effect of Individual Components of the ECM on the Growth

and Differentiation of U 343 MG-A. Precoating the flasks with
purified fibronectin or laminin had no significant effect on the
growth of U 343 MG-A (Fig. 5) or on the amount of GFAP
per cell. However, coating the flasks with type I or IV collagen
before the addition of the U 343 MG-A tumor cells resulted in
inhibition of growth (Figs. 6 and 7), altered cell morphology
(Fig. 8), and moderately increased levels of GFAP per cell
(Table 1).

Protease Assays. The azocoll and pHJelastin assays of U 343
MG-A-conditioned medium from cells grown on plastic alone

or on the ECM did not detect significant levels of proteolytic
activity, even when the samples were activated with either
APMA or trypsin. However, in substrate gels incubated in Tris
buffer (pH 8) (Fig. 9), a major proteolytic species of molecular
weight 65,000 was detected only in the conditioned medium of
glioma cells grown on plastic alone. Upon treatment with
APMA, the "activated" enzyme has a molecular weight of

approximately 64,000. These protease bands were absent if the
substrate gel was incubated in 10 mM 1,10 phenanthroline, an

Fig. 1. U 343 MG-A tumor cells grown on
plastic alone. Tumor cells are cuboidal and
show signs of crowding and piling at conflu
ence. Phase microscopy, x 250.
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Fig. 2. U 343 MG-A glioma cells grown on
a preformed normal leplomeningeal extracel
lular matrix. There is no colony formation, the
cells have an increased cytoplasmic:nuclear ra
tio, and many cells now have multiple, thin,
cytoplasmic processes (small arrows). These
cells resemble normal astrocytes in culture.
Other cells (large arrows) have an expended,
flattened cytoplasm. Phase microscopy, x 350.

1000

Time (days)
Fig. 3. Growth curves for U 343 MG-A tumor cells grown on plastic alone

(O) and on the normal leptomeningeal extracellular matrix (ECM) (â€¢).The
malignant glioma cells growing on the ECM show marked growth delay compared
to tumor cells growing on plastic at day 15. The difference in cell numbers
between the two curves is almost 2 log. Treatment of the ECM with trypsin
before adding the glioma cells resulted in a growth curve (â€¢)similar to that of
glioma cells grown on plastic alone. Error bars, Â±SD of four separate cell counts.
Vertical axis, mean number of cells/25-cm2 flask.

inhibitor of the metalloproteinases. No proteolysis was detected
in gels incubated in buffers that had a pH of 7.0. Glioma cells
grown on the leptomeningeal ECM did not produce any pro-
teolytic enzymes that could be detected by any of the assays
described above.

DISCUSSION

Although the nature of many of the proteins that constitute
the extracellular space between intrinsic neuronal and glial cell
populations has not been fully delineated, an ECM exists in the
CNS in the form of a true basement membrane between astro-
cytic foot processes and endothelial cells at the capillary base
ment membrane, and between astrocytic processes and lepto
meningeal cells at the glial limitans externa (30-32). As a
delimiting basement membrane, the glial limitans externa in
vests the entire brain and forms an interface between cellular
CNS elements derived embryologically from neuroepithelium
and leptomeningeal elements presumably derived from the

neural crest. This interface may be analogous to basement
membranes that are found between epithelial and mesenchymal
cells in other tissues and that have proven to be of prime
importance in cellular differentiation within an organ (33, 34).
It has not yet been fully determined which type or types of cells
produce the glial limitans externa in the CNS; however, there
is evidence that both astrocytes (35, 36) and leptomeningeal
cells (16) can synthesize components of the basement mem
brane.

In the peripheral nervous system, macromolecules of the
ECM have been shown to influence normal cellular migration
and differentiation (37). However, the effects of these macro-
molecules on the growth and differentiation of cells within the
CNS have not been adequately studied. In our study, we used
well-characterized normal leptomeningeal cells in culture and
a malignant glioma cell line (U 343 MG-A) to test the effects
of leptomeningeal ECM proteins on the phenotype of the
malignant glioma cell. Although the ECM of SF-514P has not
been fully characterized, its use in this model system is appro
priate because leptomeningeal cultures have been shown to
synthesize and deposit laminin, fibronectin, type IV collagen,
and procollagen HI in vitro (lÃ²); and all of these glycoproteins
have been immunolocalized to the glial limitans externa in vivo
(31, 38-40). In culture, U 343 MG-A tumor cells seeded onto
such an ECM were profoundly growth inhibited, had morpho
logical features such as stellate cell induction that were sugges
tive of normal astrocytes, and had increased expression of
GFAP, an astrocytic marker of differentiation.

The growth-inhibiting effects of the leptomeningeal ECM
on U 343 MG-A glioma cells could be prevented by incuba
tion of the ECM with either collagenase or trypsin before seed
ing the glioma cells. This effect suggests that a protein or
protein complex within the leptomeningeal ECM may be re
sponsible for the decreased proliferation of tumor cells. Fur
thermore, when growth-inhibited U 343 MG-A glioma cells
growing on an ECM were trypsinized and replanted into new
flasks without a preformed matrix, the cells reverted back to
their original cell kinetics and malignant phenotype. This sug
gests that direct and continuous contact with the leptomenin
geal ECM is necessary for full expression of the growth-inhib-
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Fig. 4. A, U 343 MG-A tumor cells grown
on top of the leptomeningeal extracellular ma
trix. Phase microscopy, x 500; B, the long
cellular process emanating from one glioma
cell is intensely stained for glial fibrillary acidic
protein. Indirect immunofluorescence micros
copy, x 500.

Table 1 Effects of different substrata on the growth and differentiation of U 343 MG-A malignant glioma cells

Substratum

Effect Plastic
SF-514P

ECM
Fibronectin
(5 Kg/cm2)

Laminin
(1 Mg/cm2)

Collagen I
(1 ml/25 cm2)

Collagen IV
(8 xg/cm2)

Stellate morphology
Growth inhibition
GFAP (pg/cell x IO"2) 60 20 18

' -, no effect.
* +++, maximum effect.
' ++, moderate effect.
d +, minimal effect.

Â¡tingand differentiating effects. To determine whether a single
component of the leptomeningeal ECM was responsible for the
inhibition of malignant glioma cell growth in our system, we
studied the effects of purified fibronectin, laminiti, type IV
collagen, and type I collagen as individual substrata onto which
U 343 MG-A cells were seeded in a series of proliferation

assays. Of these glycoproteins, only type I and IV collagen
inhibited glioma cell proliferation and induced the formation
of stellate cells, but to a lesser degree than was seen with the
entire leptomeningeal ECM. Recent observations in other sys
tems suggest that the macromolecules of the ECM must operate
in concert to exert their maximal effects on cellular proliferation
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1000

100

Time (days)

Fig. 5. Growth curves for U 343 MG-A tumor cells grown on plastic alone
(A), and on fibronectin (O) and laminin (O) substrata. Precoating the flasks with
either purified laminin or fibronectin did not alter proliferation of glioma cells
compared with tumor cells grown on plastic alone.

1000

100-

10
6 8 10 12 14

Time (days)

Fig. 6. Growth curve depicting a small but significant effect on proliferation
of glioma cells grown on flasks coated with purified type IV collagen (D) compared
with glioma cells grown on plastic alone (O). Error bars, Â±SD of four separate
cell counts. Vertical axis, mean number of cells/25-cm2 flask.

1000-1

100-

Time (days)

Fig. 7. Growth curve showing the effect of purified type I collagen substratum
on the proliferation of glioma cells (O) compared with glioma cells grown on
plastic alone (D). Glioma cell growth is inhibited to a greater degree than it was
with a type IV collagen substratum (Fig. 6) but not to the same extent as when
the cells were grown on the entire leptomeningeal extracellular matrix (Fig. 3).
Error bars, Â±SDoffour separate cell counts. Vertical axis, mean number of cells/
25-cm2 flask.

and differentiation (7, 12, 13).
Evidence that the leptomeningeal ECM induced differentia

tion of U 343 MG-A tumors cells in this study includes not
only the formation of stellate cells, but also the increased
quantity of GFAP/cell demonstrated by ELISA in the tumor
cells grown on ECM-coated flasks compared with cells grown
on plastic alone. First isolated from white-matter plaques of
patients with long-standing multiple sclerosis (41), GFAP is a

50,000-D intracytoplasmic filamentous protein that is structur
ally homologous with the other intermediate filaments (42).
The function of GFAP and other intermediate filaments is
unknown, but there appears to be a direct correlation between
astrocytic maturation and expression of GFAP (21, 43-45).
Therefore, for normal astrocytes, GFAP appears to be a reliable
marker of differentiation that is eventually lost with increasing
anaplasia in tumors of astrocytic lineage. The GFAP-enhancing
effects of the leptomeningeal ECM on U 343 MG-A cells as
detected by ELISA was corroborated in this study by indirect
immunofluorescence, which demonstrated more intensely stain
ing networks of filaments within the glioma cells grown on
ECM-coated flasks than in controls.

The mechanism by which the normal leptomeningeal ECM
exerts its effects on the growth and differentiation of malignant
glioma cell line U 343 MG-A has not yet been determined. One
possibility is that the active moiety of the leptomeningeal ECM
binds to a specific ECM receptor within the plasma membrane
of U 343 MG-A cells. In support of this concept is the recent
identification and characterization of the 67.000 I) laminin
receptor (46), which has been localized immunohistochemically
to a variety of normal and carcinomatous human tissues (46,
47). There is increasing evidence that specific cell receptors also
exist for fibronectin and the collagen types (48). How cellular
proliferation and differentiation are mediated through the in
teraction between ECM macromolecules and their specific re
ceptors is speculative. An ECM receptor has been described in
one report as a transmembrane protein that interacts with
cytoplasmic filaments such as actin and that alters cell mor
phology (49). In another report, addition of fibronectin to
transformed cells increased cell:substratum adhesion and cell
size and resulted in a more orderly arrangement of filaments in
the cytoskeleton (8).

One of the most lethal properties of malignant cells is their
ability to infiltrate normal tissue and to metastasize to distant
sites (1,3,4-6). This infiltrative property of tumor cells depends
in part on the elaboration of tumor-associated proteases that
degrade and remove ECM macromolecules from the tumor
environment, making tumor cell invasion of local normal tis
sues a likely event (1, 6). Although many transformed cells
produce more proteases than do normal cells (5), our analysis
revealed undetectable levels of azocollytic or elastinolytic activ
ity in U 343 MG-A-conditioned medium. Activation of the
medium with trypsin or APMA did not increase proteolytic
activity over that in control experiments. In contrast, a M,
65,000 proteinase was detected by substrate gel analysis of
conditioned medium of cells grown on plastic alone. APMA
treatment activated the proteinase to a 62,000-64,000-D spe
cies. These activities were found only when gels were incubated
in basic buffers containing calcium and were inhibited by 10
mM 1,10-phenanthroline, which suggests that they are metal-

loproteinases.
The inability of the proteinase detected on substrate gels to

degrade elastin indicates that this macromolecule is probably a
poor substrate for this enzyme. However, azocoll and the gelatin
in substrate gels are both denatured type I collagen. U 343 MG-
A tumor cells may secrete endogenous proteinase inhibitors
that would prevent the detection of proteinases in assays that
used conditioned medium or partially purified material. Halaka
et al. (50) described a large series of primary intracranial brain
tumors which did not secrete collagenase in vitro, but which did
produce significant amounts of a tissue inhibitor metallopro-
teinase. In a study by HerrÃ³n et al. (27) proteolytic activity
could not be detected in conditioned medium from rabbit cap-
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Fig. 8. Morphology of U 343 MG-A
glioma cells grown on purified type I collagen
substratum. Tumor cells show a decreased mi
clearcytoplasmic ratio and an increased num
ber of bipolar cells (small arrows). Only an
occasional glioma cell formed a long. thin,
cytoplasmic process (large arrow). Phase mi
croscopy, x 250.
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Fig. 9. Substrate gel analysis of conditioned medium of U 343 MG-A tumor
cells grown on plastic alone or on the leptomeningeal ECM. A major proteolytic
species at M, 65,000 (Lane c) is identified. Incubation of the sample with APMA
results in an activated enzyme with a molecular weight of about 62,000-64,000
(Lane d). No proteolytic activity was detected in conditioned medium from glioma
cells grown on the leptomeningeal extracellular matrix (Lane e). Incubation of
the substrate gel in 10 HIM 1.10-piÃ¹-naniliroline. an inhibitor of metalloprotei-
nases, resulted in complete inhibition of the proteolytic activity (Lanes fand g).
Molecular weight standards (Lanes a and b) are myosin (M, 200,000), phospho-
rylase b (M, 92,500), bovine serum albumin (M, 66,200), carbonic anhydrase (M,
31,000).

illary endothelial cells when assayed with [I4C]collagen or
[14C]casein. However, proteinases were found when conditioned

medium was run on a substrate gel. When conditioned medium
is electrophoresed on a substrate gel, the inhibitors are sepa
rated from the proteinases and the proteolytic activity is un
masked. The absence of proteolytic activity in the conditioned
medium of U 343 MG-A glioma cells grown on the ECM
suggests that the leptomeningeal ECM decreased the secretion
of a 65,000-D, tumor-associated proteinase. Glioma cells with
out the ability to secrete such a proteinase may not be able to
degrade ECM macromolecules and therefore might be pre
vented from proliferating and migrating. The mechanism by
which the ECM decreases protease secretion remains to be
determined.

In summary, in our model system, the ECM produced by a
normal leptomeningeal culture profoundly inhibited the growth
of and induced differentiation in a malignant glioma cell line.

To our knowledge this is the first study that demonstrates the
suppression of the malignant phenotype by ECM macromole
cules in the CNS. The growth-inhibiting and differentiating
effects of the ECM appeared to be mediated in part by type 1
and IV collagen. Ongoing studies using combinations of puri
fied ECM components may approximate more closely the ef
fects observed with the entire ECM. Work in progress in our
laboratory will also determine the nature of the proteinase
inhibitors in U 343 MG-A-conditioned medium. Increased
knowledge of the production of components of the ECM in the
CNS and their ability to modulate the growth, migration, and
differentiation of malignant glioma cells may lead to the devel
opment of new approaches to therapy to improve the poor
prognosis of patients with primary malignant brain tumors.
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