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ABSTRACT

Metalloproteinases have been implicated as important factors mediat
ing the tissue migration of a variety of normal and transformed cells. The
conditioned medium (CM) of fetal human astrocytes and five glioma cell
lines did not degrade azocoll in suspension, but several proteolytic activ
ities, inhibitable by 1,10-phenanthroline, were detected on sodium dodecyl
sulfate-polyacrylamide gels containing gelatin. Both cell types secreted
three major proteolytic species (M, 65,000, 57,000, and 52,000). Two of
the glioma lines secreted an additional proteinase (M, 92,000). After
treatment with ^-CMetradecanoylphorbol-lS-acetate, the secretion of
the M, 92,000, 57,000, and 52,000 proteinases was induced or enhanced
in all of the cells. The U, 92,000 and 65,000 proteinases bound specifi
cally to a gelatin affinity column. When purified by preparative gel
electrophoresis, the M, 65,000 proteinase was found to degrade type IV
procollagen. The M, 57,000 and 52,000 species were precipitated by anti-
collagenase IgG. Tissue inhibitor of metalloproteinases was detected in
the CM of all of the cells by substrate gel analysis and immunoprecipi-
tation of |"S|methionine-labeled proteins with anti-tissue inhibitor of

metalloproteinases IgG. The glioma lines also secreted various amounts
of two smaller inhibitors of metalloproteinases (IMPs), also seen in
rabbit brain capillary endothelial cell CM (IMI'-1 at M, 22,000 and
IMP-2 at M, 19,000), and an inhibitor not previously identified (IMP-3
at M, 16,500). 12-0-Tetradecanoylphorbol-13-acetate stimulated the
secretion of tissue inhibitor of metalloproteinases in all of the cells and
induced IMPs in some of the glioma lines. When gel filtration chroma-
tography of concentrated CM was used to resolve inhibitors from pro
teinases, the isolated proteinases had activity against azocoll and the
glycoprotein and collagen components of an In vitro model of the extra
cellular matrix. The secretion of a battery of metalloproteinases by
astrocytes may be important in facilitating astrocytic migration during
development and in pathological conditions such as inflammation or local
invasion of astrocytic neoplasms.

INTRODUCTION

Metalloproteinases are important in the remodeling of the
ECM4 during development, growth, and tissue repair (1, 2).

Uncontrolled degradation of the ECM has been implicated in
the pathogenesis of many diseases and in tumor invasion and
metastasis (3, 4). In many connective tissue cells, metallopro-
teinase activity can be modulated by a variety of stimuli, includ-
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ing hormones (1), monokines (5, 6), endocytosis (7), phorbol
esters (8-11), and agents that also affect cell shape (12, 13).
The effects of these agents on proteinase activity could be the
result of an increase or decrease in any of the following: levels
of transcription of proteinase genes; mRNA stability and trans-
latability; protein secretion; synthesis of enzymes required to
activate latent proteolytic activity; and synthesis of endogenous
inhibitors.

Several inhibitors of metalloproteinases have been described.
Â«2-Macroglobulin is a general proteinase inhibitor found in
serum and it will inhibit metalloproteinases (14); however, its
large size (M, 780,000) probably precludes it from entering
tissue spaces. Serum also contains TIMP (M, 28,000) (15, 16),
which has also been isolated from cell and tissue CM, amniotic
fluid, vitreous humor, and cartilage extracts (17-19). It has
inhibitory activity against many metalloproteinases, including
the interstitial collagenases (17). TIMP-2, an inhibitor that
shares amino acid homology with TIMP, has recently been
purified from human melanoma CM (20). It has a reduced
molecular weight of 21,000 and inhibits type IV collagenase
with a 1:1 stoichiometry. Finally, two low-molecular-weight
IMPs have been detected by SDS-substrate gel analysis in the
CM of RBCE. These inhibitors have approximate molecular
weights of 22,000 (IMP-1) and 19,000 (IMP-2).

Gliomas (astrocytic neoplasms) are locally invasive tumors
that would require metalloproteinases to breach connective
tissue barriers in the brain. Likewise these enzymes would be
important in our understanding of how fetal astrocytes, also
invasive cells, are able to migrate in the developing central
nervous system. Recently, we identified a major proteolytic
species with a molecular weight of 65,000 in the CM of U 343
MG-A, a human glioma cell line (21). It is a metalloproteinase,
active at pH 8.0, that is capable of degrading gelatin but not
casein on substrate gels. Interestingly, U 343 MG-A CM was
unable to degrade azocoll, a nonspecific gelatin substrate co-
valently coupled to an azo dye. Because azocoll is a general
substrate for several proteinases, including metalloproteinases,
and similar to the gelatin used in the substrate gel analysis, we
hypothesized that U 343 MG-A cells may be secreting endog
enous inhibitors that mask azocollytic activity in its CM. We
undertook the present study to further characterize the protein
ase and putative inhibitor activities in the CM of U 343 MG-A
and to extend our analysis to other malignant glioma cell lines
and cultures of human fetal astrocytes.

MATERIALS AND METHODS

Cell Lines. U 343 MG-A ( a gift of Dr. Jan Ponten, University of
Uppsala, Uppsala, Sweden) is a well-characterized malignant glioma
cell line that is positive for glial fibrillary acidic protein over serial
passages (22). The other glioma cell lines were established at the UCSF
Brain Tumor Research Center: SF-126, SF-188, and SF-210 were
derived from brain tumor biopsy specimens from patients with glio-
blastotna multiforme (23); SF-539 was derived from a human gliosar-
coma (24). These lines are highly aneuploid and grow anchorage
independently in soft agar. Astrocytes were derived from the fetal brain
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tissue of second trimester abortion material (25). They were used in
primary culture and in early passage number (passages 1-3), when the
vast majority of the cells are positive for glial fibrillary acidic protein.
Cells were cultured in DME (obtained from the UCSF Cell Culture
Facility), nonessential amino acids, glutamine. gentamicin. and 10%
heat-inactivated fetal bovine serum (UCSF Cell Culture Facility). The
cultures were incubated at 37Â°Cand equilibrated in 5% CO2 and air.

Cells were harvested with 0.25% trypsin (GIBCO, Santa Clara, CA) in
Ca2+-and Mg2*-free Hanks' balanced salt solution and were subcultured

weekly. RSF and RBCE were cultured as described previously (10).
Serum-free medium conditioned by the RBCE, RSF, rabbit skin

fibroblasts, malignant glioma cell lines, and fetal astrocytes served as
the source of proteinases and proteinase inhibitors. RBCE and RSF
were cultured without serum as described previously (10). Rabbit skin
fibroblasts were cultured as expiants from skin snips and cultivated in
serum-free DME at 37'C in 5% CO2 and air. The CM was aspirated

after 48 h and activated with 1 miviARMA (Sigma Chemical Co., St.
Louis, MO), an organomercurial compound used to activate metallo-
proteinases, before use. The proteinase activity in the CM was com
pletely inhibited by 1,10-phenanthroline (Sigma). Approximately 5 x
IO6 glioma cells or astrocytes were seeded in 75-cnr flasks and incu

bated in DME containing 10% fetal bovine serum under the conditions
described previously. When the cell layer reached 70% confluence, the
medium was discarded and the cultures were incubated for two consec
utive 3-h periods with 15 ml of serum-free DME per flask (changed for
each incubation period) to eliminate serum proteins. Cultures were then
incubated at 37Â°Cfor 48 h in serum-free DME supplemented with

0.2% lactalbumin hydrolysate (Sigma); in some experiments 80 nivi
TPA (Sigma) was included with the serum-free DME. The CM was
aspirated and immediately frozen at â€”¿�70Â°Cuntil use. In one series of

experiments, in which a large volume of glioma cell CM was required,
U 343 MG-A cells were grown in 850-cm2 plastic roller bottles (Corn

ing, Corning, NY) at 0.2 rpm under the culture conditions described.
The glioma CM from the roller bottles was then harvested in a manner
identical to that described for the 75-cm2 flasks. CM of TPA-treated

HFF was kindly provided by Dr. E. Howard, University of California,
San Francisco, CA.

Substrate Gel Analysis. General proteinase activity was also assayed
in SDS-polyacrylamide gels copolymerized with substrate (10, 26), in
which proteinases can be detected and molecular weights determined
simultaneously. The resolving gel, 9% polyacrylamide, was polymerized
in the presence of 0.12% (w/v) pig skin, type I gelatin (Sigma), or a-
casein (Sigma). The samples were not boiled or reduced, and the
stacking gel did not contain substrate. The gels (0.75 mm thick) were
prepared in a Hoefer (San Francisco, CA) small slab gel apparatus.
CM, by itself or activated with APMA, or column fractions were diluted
with an equal volume of sample buffer [0.5 M Tris-HCl, pH 6.8-10%
(v/v) glycerol-0.4% (v/v) SDS-0.005% (v/v) bromphenol blue] and 20
n\ were loaded on the gel. After electrophoresis, the gels were washed
in 100 ml of 2.5% (v/v) Triton X-100 (Sigma) for l h to remove the
SDS. The gels were then incubated for 12-24 h at 37Â°Cin the same

buffered solution used in the azocoll assay. In some experiments 10
mM 1,10-phenanthroline or 10 mivi phenylmethylsulfonyl fluoride
(Sigma) was added to the incubation buffer. The gels were stained with
0.1% Coomassie Brilliant Blue R-250 (Bio-Rad, Richmond, CA) in
water:methanol:acetic acid (5:5:1, v/v) for 30 min and then destained
in 45% (v/v) methanol:3% (v/v) acetic acid until the proteolytic bands
could be visualized. Molecular weight standards (Bio-Rad) were myosin
(M, 200,000), /3-galactosidase (M, 116,300). phosphorylase b (M,
92,500), bovine serum albumin (M, 66,200), ovalbumin (M, 45.000).
carbonic anhydrase (M, 31,000), soybean trypsin inhibitor (M, 21,500),
and lysozyme (M, 14.500).

|3SS]Methionine Labeling of Secreted Proteins. Glioma cells and fetal

astrocytes (with or without TPA treatment) were grown to confluence
in serum-free medium, supplemented with 0.2% lactalbumin hydroly
sate, washed three times with methionine-free DME, and labeled with
["S]methionine (25 /iCi/ml; specific activity, 1100 Ci/mmol; Amer-

sham, Arlington Heights, IL) for 4 h. In some experiments involving
the immunoprecipitation of TIMP. the labeling period was extended
to 24 h. The labeled CM was stored at -20Â°Cbefore analysis.

Immunoprecipitation of TIMP and Collagenase. CM (300 nil was

preadsorbed with nonimmune sheep serum for 30 min at 37Â°C,and

nonspecific IgG was removed by the addition of 50 /J of a 10% (w/v)
suspension ot Zysorbin (Zymed Labs, Burlingame, CA). Zysorbin and
bound immune complexes were removed by centrifugation. The super
natant was incubated for 30 min at 37Â°Cwith 15 MBof specific IgG in
Dulbecco's phosphate-buffered saline (UCSF Cell Culture Facility), pH

8.0, with 1% Empigen (Albright and Wilson International Chemicals,
Whitehaven, Cumbria, United Kingdom), 1.0 mivi EDTA (Sigma), O.I
mM dithiothreitol, and 0.02% NaN, (Empigen buffer). Incubation was
continued for 20 min at ambient temperature after the addition of 100
/il of a 10% (w/v) suspension of Zysorbin. The immune complexes
bound to Zysorbin were collected by centrifugation and washed three
times in Empigen buffer. Bound complexes were dissociated from
Zysorbin by electrophoresis on polyacrylamide gels containing gelatin
or, in the case of radiolabeled CM, by boiling in electrophoresis buffer
containing 1% 2-mercaptoethanol (Sigma) before electrophoresis. Pre
cipitated, radiolabeled proteins were analyzed by autoradiography of
SDS-polyacrylamide electrophoretic gels (27). Sheep anti-human
TIMP and sheep anti-rabbit collagenasc were the generous gifts of Dr.
Gillian Murphy, Strangeways Research Laboratory, Cambridge, United
Kingdom.

Preparative Gel Electrophoresis. CM (25 ml) from U 343 MG-A
cells cultured in serum-free medium was concentrated and dialyzed
against water to a final volume of 0.5 ml in a Pro-di-con apparatus
(Pierce Chemical Co., Rockford, IL). The CM was mixed with an equal
volume of nonreducing sample buffer, and electrophoresis was per
formed according to the method of Laemmli and Favre (27), in a 10%
polyacrylamide gel cast in a 15- x 15-cm Hoeffer vertical slab gel
apparatus. After electrophoresis the gel was incubated for 1 h in 2.5%
(v/v) Triton-X 100 and the gel sliced into 3-mm sections. Each section
was chopped into small fragments and placed in 5 ml of water; the
proteinases were allowed to diffuse out of the gel sections overnight at
4Â°C.The samples were stored at â€”¿�20Â°Cuntil assayed for proteolytic

activity.
Azocoll Assay. CM from cells grown in serum-free medium was

activated with either 10 Mg/ml L-l-tosylamide-2-phenylethylchloro-
methylketone-treated trypsin (Worthington, Freehold, NJ) for 30 min
at ambient temperature, followed by the addition of 50 /ig/ml soybean
trypsin inhibitor (Sigma), or with 1 mM APMA at 37"C for 4 h. The

CM (100-500 /il, with or without activation) or column fractions (100
/Â¿I)were incubated with 5 mg of azocoll in a 100 mM Tris-HCl (pH
8.0)-5 mM CaCl2 buffer for 18-72 h at 37Â°C.The final reaction volume

was 1 ml. The samples were centrifuged for 5 min in a Beckman
microfuge. Degradation of azocoll was measured by determining the
Aâ„¢of the supernatant in a Gilson spectrophotometer.

Degradation of Type I, III, and IV Collagen. Twenty-five /ig of type I
(Vitrogen; Collagen Corporation. Palo Alto, CA). type III (from human
placenta; a gift of Dr. Robert Stern, UCSF), or type IV (Collaborative
Research, Lexington, MA) collagen were incubated with 100 /il of the
APMA-activated sample, eluted from the preparative gel, that had
proteolytic activity. The reaction volume (200 /il) was brought up to a
final concentration of 100 mM Tris-HCl (pH 8.0)-150 mM NaCl-5 mM
CaCl2 and incubated at 34Â°Cfor 18 h. The proteins in the reaction

were precipitated with quinine sulfate (10). and Laemmli sample buffer
containing 50 mM dithiothreitol (Sigma) was added. The proteins were
resolved by SDS-polyacrylamide gel electrophoresis on a 4% polyacryl
amide stacking/10% polyacrylamide separating gel and stained with
silver.

Gelatin Affinity Chromatograph). Gelatin affinity chromatography
was performed as described by Hibbs et al. (28). TPA-treated U 343
MG-A CM was concentrated 50-fold in a Pro-di-con device and applied
to an li-mi Dispo-column (Bio-Rad) packed with 3 ml of Affi-Gel
gelatin agarose (Bio-Rad) equilibrated with 50 mM Tris-HCl (pH 7.6)-
500 mM NaCl-5 mM CaCI2-0.05% (v/v) Brij-35 (Pierce)-0.02% (w/v)
NaNj. Gelatinases were allowed to interact with the column for 30 min
before 3-ml fractions were collected at a flow rate of 45 ml/h. After
fraction 29 the buffer was changed to an elution buffer of 50 mM Tris-
HCl (pH 7.6)-l M NaCl-5 mM CaCl2-0.05% (v/v) Brij-35-0.02% (w/v)
NaNj-5.0% (v/v) DMSO. The concentration of DMSO in the elution
buffer was increased to 10% (v/v) following fraction 40. All procedures
were carried out at 4"C.
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Visualization of Inhibitors on SDS-Substrate Gels. To visualize me
talloproteinase inhibitors, CM was subjected to electrophoresis on
substrate gels as described, except that after the incubation in Triton
X-100 the gels were incubated for 1.5 h at 37Â°Cin the APMA-activated

CM of RSF cultured in serum-free medium containing 80 n\i TPA
(29). After this treatment, the gel was placed in a 100 HIMTris-HCl
(pH 8.0)-5 HIMCaCl2 buffer, incubated overnight at 37Â°C,and then

stained and destained as described for the substrate gel analysis.
SuperÃ³se 12 Chromatograph). The CM from U 343 MG-A cells

grown in serum-free medium was placed in dialysis tubing (6,000-8,000
molecular weight cutoff; Spectrapor 1, Los Angeles, CA) and concen
trated 25-fold by covering the tubing with polyethylene glycol (M,
20,000; Sigma). Brij-35 [0.05% (v/v)] was added to the concentrated
CM, and 0.5-ml samples were loaded onto a fast protein liquid chro-
matography SuperÃ³se-12 column HR 10/30 (Pharmacia, Piscataway,
NJ) equilibrated with 50 miviTris-HCl buffer, pH 7.5, containing 150
miviNaCl, 10 m\i CaCl2, 0.05% (v/v) Brij-35, and 0.02% (w/v) NaN3.
The proteins wereelutedat a flow rate of 0.3 ml/min,and 1-ml fractions
were collected. The fractions were stored at 4Â°Cuntil assayed for

proteinase and inhibitory activities.
Assay of Proteinase Inhibitory Activity. Aliquots (100 M')of column

fractions were mixed with 50 M'of rabbit skin fibroblast CM. Proteinase
activity was quantified in the azocoll assay. Any proteinase activity
already present in the column fractions that were being tested for
inhibitory activity was subtracted from these values. Results were
expressed as percentage of inhibition of the /452o-solubilized material
released from a control incubation of azocoll with 50 n\ of rabbit skin
fibroblast CM alone.

Degradation of Radiolabeled Extracellular Matrix. Radiolabeled R-
22 cell ECM was prepared and analyzed for degradation of its glyco-
protein, elastin, and collagen components (30). Conditioned medium
(100 n\) or column fractions (100 p\) were mixed with 400 ÃŸ\of buffer
to a final concentration of 100 mM Tris-HCl (pH 8.0)-5 mM CaCl2.
placed on the matrix, and incubated at 37Â°Cfor 1-2 days before the

matrix was assayed for ECM degradation. All experiments were per
formed in triplicate.

RESULTS

Metalloproteinases Secreted by Glioma Cells and Fetal Astro-
cytes Can Be Detected by SDS-Substrate Gel Analysis. Protein
ase activity was detected when the CM of the glioma cells and
fetal astrocytes was electrophoresed on SDS-substrate gels con
taining gelatin (Fig. \A). Cell lines SF-126, SF-188, and U 343
MG-A shared the same proteinase pattern (represented by U
343 MG-A in Fig. I A). SF-210 and SF-539 also had identical
patterns (represented by SF-539 in Fig. \A). All of the glioma
cells and the fetal astrocytes secreted M, 65,000, 57,000, and
52,000 proteinases, and cell lines SF-539 and SF-210 secreted
an additional M, 92,000 proteinase. In some experiments U
343 MG-A, SF-126, SF-188, and the fetal astrocytes secreted
small but detectable amounts of the Mr 92,000 activity. The M,
92,000 proteinase comigrated with the gelatinase (type V col-
lagenase) expressed by HFF cells (Fig. IB). The M, 65,000
proteinase comigrated with the type IV collagenase of HFF
cells, and the M, 57,000 and 52,000 proteinases migrated to
the same location on the gel as the interstitial collagenase
expressed by HFF cells.

Because a wide variety of cell types express increased levels
of metalloproteinase and serine proteinase activity after stim
ulation with phorbol esters (8-11, 31-33), the glioma cell lines
and fetal astrocytes were treated with 80 n\i TPA. The TPA
treatment induced the secretion of large amounts of proteinases
in U 343 MG-A (Fig. IA), SF-126, and SF-188. In these cell
lines the M, 92,000 proteinase found in SF-210 and SF-539
CM was induced, as were minor proteolytic species of M,
88,000 and 86,000. The levels of the M, 65,000 proteinase were
unaffected by TPA treatment. In SF-539 (Fig. \A) and SF-210,

TPA enhanced the secretion of the M, 92,000 proteinase,
induced the M, 88,000 and 86,000 proteinases, and had no
qualitative effect on the expression of the M, 65,000 proteinase.
In the fetal astrocyte cultures, TPA induced the M, 92,000
proteinase but had no effect on the M, 65,000 activity. In all of
the glioma cell lines and the fetal astrocytes there was an
increase in the amounts of the M, 57,000 and 52,000 activities
detected after TPA treatment. Minor proteolytic species of M,
47,000 and 42,000 were also detected after TPA treatment.

The proteolytic bands disappeared when the substrate gels
containing gelatin were incubated overnight in buffer containing
10 mM 1,10-phenanthroline. There was no inhibition when 10
mM phenylmethylsulfonyl fluoride was included in the incuba
tion buffer. These data indicate that all of the proteinases are
of the metalloproteinase class. When the CM was electropho
resed on SDS-substrate gels containing a-casein, no bands of
proteolysis were detected. However, when TPA-treated CM
was concentrated 50-fold, a major proteinase (M, 53,000),
probably representing stromelysin, was detected on SDS-sub
strate gels containing casein (data not shown).

Metalloproteinases are typically secreted as inactive precur
sors. Treatment of these proenzymes with some proteinases
(e.g., plasmin or trypsin) or organomercurial compounds (e.g.,
APMA) results in the loss of an activation peptide, which
converts the inactive precursor to a lower molecular weight
active enzyme (34). After activation of the proteinases in the
CM of glioma cells with APMA, the gelatinolytic zones were
converted to species of lower molecular size (Fig. 2A). The M,
92,000 species was converted to M, 86,000, and the A/r 65,000
proteinase was converted to M, 60,000. The M, 57,000 and
52,000 proteinases were partially activated by APMA to M,
47,000 and 42,000 species.

To determine if the proteinases that migrated at M, 57,000
and 52,000 represented interstitial collagenase, ["SJmethio-
nine-labeled proteins were immunoprecipitated with sheep anti-
rabbit collagenase IgG. A M, 57,000 and 52,000 doublet was
immunoprecipitated from the CM of all of the gliomas and
astrocytes after the cells were treated with TPA (represented by
U 343 MG-A in Fig. IB). At times the M, 52,000 proteinase
was detected in CM of untreated U 343 MG-A (Fig. 2B). In
addition, the M, 57,000 and 52,000 proteinases were immuno
precipitated from TPA-treated glioma CM and resolved on
SDS-substrate gels containing gelatin (represented by U 343
MG-A in Fig. 2C). Activated collagenase (M, 47,000 and
42,000) was also detected in these immunoprecipitations.

Because the characteristics and molecular weight of the M,
65,000 proteinase were similar to those of a type IV-specific
collagenase purified from metastatic tumor cells (3, 4, 35), the
collagen-degrading specificity of the purified M, 65,000 pro
teinase was determined. Medium conditioned by U 343 MG-A
cells was concentrated 50-fold and subjected to electrophoresis
on a nonreducing preparative gel that did not contain gelatin.
One of the gel sections contained detectable azocollytic activity,
and when analyzed by electrophoresis on an SDS-substrate gel
containing gelatin it contained the M, 65,000 proteinase activity
previously detected in the secretions of all the glioma lines and
fetal astrocytes. Collagenase was not purified by this technique.
The M, 65,000 proteinase degraded the type IV procollagen
chains pro a 1(IV) and pro a 2(1V) in a characteristic three-
quarter/one-quarter pattern but had no activity against types I
or III collagen (Fig. 3).

A M, 92,000 gelatinase (type V collagenase) has been purified
by Hibbs et al. (28). This enzyme specifically binds to gelatin
and can be eluted from a gelatin affinity column by the addition
of 5% (v/v) DMSO to the loading buffer. To further character-
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Fig. I. Detection of proteinase activity in
the CM of fetal astrocytes and glioma cell lines
by SDS-substrate gel analysis. A, fetal astro
cytes (FA) and glioma cells, U 343 MG-A and
SF-539. were grown in serum-free DME,
either in the absence (C) or the presence (TPA )
of 80 nM TPA. The CM was subjected to
electrophoresis on a 9% SDS-polyacrylamidc
gel containing 0.12% (w/v) gelatin, washed in
2.5% (v/v) Triton X-100. incubated in 100 mM
Tris-HCl (pH 8.0J-5 mM CaCI3 buffer over
night at 37'C. and stained with Coomassie
Brilliant Blue R-250. Zones of clearing repre
sent proteinase activity. Ordinate, molecular
weight markers (x 10~J). B, CM of TPA-

treated HFF was also analyzed by substrate gel
electrophoresis and used as a standard to in
dicate three well-characterized proteinases
present in HFF CM.

200-

FA U 343 MG-A SF-539

C TPA C TPA C TPA

B

HFF

coliagenase

tvp* IV
coliagenase

. interstitial _'coliagenase'

31-

TPA APMA
B

C TPA

200-

116-
93-

66-

45-

31-

Fig. 2. Activation of proteinases and immunoprecipitation of coliagenase in
the CM of U 343 MG-A. In A, the CM of TPA-treated U 343 MG-A cells, before
(TPA) and after (APMA) activation with 1 HIMAPMA, was analyzed by substrate
gel electrophoresis. B, U 343 MG-A cells were grown in serum-free DME in the
absence (C) or presence (TPA) of 80 nv TPA for 48 h before being continuously
labeled with [35S]methionine. The CM was immunoprecipitated with anti-colla-
genase IgG and analyzed by autoradiography of SDS-polyacrylamide gels. In C,
CM of TPA-lreated U 343 MG-A (TPA) was immunoprecipitated with anti-
collagenase IgG (Coll) and analyzed by substrate gel electrophoresis. Ordinate,
molecular weight markers (X 10~3).

ize the M, 92,000 proteinase secreted by the fetal astrocytes
and gliomas, TPA-treated U 343 MG-A CM was concentrated
and applied to a gelatin affinity column (Fig. 4). The flow-
through fractions contained interstitial coliagenase and, to a
lesser extent, the M, 92,000 and 65,000 species. Interstitial
coliagenase was also detected in the peak of azocollytic activity
following the flowthrough fractions. After the addition of 5%
(v/v) DMSO, fractions containing the M, 92,000 and 65,000
proteinases were detected. These same proteolytic activities
were detected when the concentration of DMSO was increased
to 10% (v/v).

Although large amounts of gelatinolytic activity were de
tected on SDS-substrate gels containing gelatin, little azocol
lytic activity was detected in column fractions containing the
purified M, 92,000 and 65,000 proteinases. In addition, the

Â£ starting material, which contained large amounts of gelatino-
TPA Coll 'vt'c act'v'ty on substrate gels (see Fig. 4, Lane /), had no

significant azocollytic activity. Activation of this concentrated
CM with APMA did not result in azocollytic activity. The CM
of the other glioma cell lines and fetal astrocytes, grown in
serum-free medium, was also assayed in an azocoll assay. These
CM contained no significant azocollytic activity, even after the
cells were treated with TPA. To activate any latent metallopro-
teinases, the CM was treated with either APMA or trypsin.
Again, no significant azocollytic activity was detected after a 3-
day incubation period.

One of four explanations could account for the inability of
the proteinases detected on substrate gels to degrade azocoll:
(a) azocoll is a poor substrate for the enzymes; (b) the assay
conditions were inappropriate for the degradation of azocoll;
(c) the levels of proteolytic activity in CM were too low to be
detected in the azocoll assay; (d) the cell lines produced endog
enous inhibitors that masked the proteolytic activity in the CM.

The first two possibilities seem unlikely because both sub
strates are denatured type I collagen products, and similar
conditions were used for substrate gels and for azocoll assays.
Also, following preparative gel electrophoresis, one of the gel
sections contained detectable azocollytic activity. The third
possibility also seems unlikely because 50-fold concentrated U
343 MG-A CM had no activity in the azocoll assay, whereas
on substrate gels large bands of lysis were produced by the
concentrated CM.

Demonstration of Metalloproteinase Inhibitors in the CM of
Glioma Cells and Fetal Astrocytes by SDS-Substrate Gel Analy
sis. The results of the azocoll assays and the data from the
preparative gels suggested that the CM of the glioma and
astrocyte cells may contain proteinase inhibitors. To test this
possibility, the CM of the glioma cells and fetal astrocytes was
analyzed by electrophoresis on substrate gels containing gelatin
that were developed for the detection of inhibitors (29). In this
assay, proteinases in CM are resolved from inhibitors by SDS-
substrate gel electrophoresis. Presumably the complex of pro
teinase and inhibitor is either disassociated in the presence of
detergent or its formation is inhibited. Alternatively, the pro
teinases present in CM may be in their precursoral form;
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Fig. 3. Degradation of type IV collagen by
the M, 65,000 protcinase in CM of U 343 MG-
A. Type I, III. or IV collagen (25 ^g) with (+)
or without (-) the APMA-activated M, 65,000
proteinase eluted from the preparative gel was
incubated at 34Â°Cfor 18 h in a 100 rn.MTris-

HCl buffer, pH 8.0, containing 150 mM NaCl
and 5 mM CaClÂ¡.The samples were precipi
tated with quinine sulfate and analyzed by
electrophoresis on a 10% polyacrylamide gel.
The locations of the collagen chains are indi
cated at the side of each collagen type; arrows,
degradation products of type IV collagen; left
ordinate, molecular weight markers (x 10~3).

200-

116â€”
93-

66â€”

45-

31-

III
- +

IV

a 1(1)
a 2(1) -al(III)

1.2-

1.0-

0.8-

0.6-

0.4-

0.2-

o.o â€¢¿�*

r 0.7

-0.6

0.5

-0.4

-0.3

-0.1

0.0

Â«s
V)

O 10 20 30 40 50

Fig. 4. Gelatin affinity column of U 343 MG-A CM. TPA-treated U 343 MG-
A CM was concentrated and applied to a column of gelatin agarose equilibrated
with 50 mM Tris-HCI (pH 7.6)-500 m\i NaCl-5 mM CaCl2-0.05% (v/v) Brij-35-
0.02% (w/v) NaNj. Gelatinases were allowed to interact with the column for 30
min before 3-ml fractions were collected at a flow rate of 45 ml/h. Following
fraction 29 the specifically bound gelatinases were eluted with 50 mM Tris-HCI
(pH 7.6)- 1 M NaCl-5 mM CaCI2-0.059i (v/v) Brij-35-0.02% (w/v) NaNj-5.0% (v/
v) DMSO. The concentration of DMSO was increased to 10% (v/v) following
fraction 40. Fractions were assayed for azocollytic activity (â€¢)and absorption at
280 nm (O). Arrows, fractions analyzed by SDS-substrate gel analysis. Inset.
proteinases detected on SDS-substrate gels containing gelatin. Lane I, concen
trated CM; Lane 2, fraction 1; Lane 3, fraction 4; Lane 4, fraction 29; Lane 5,
fraction 31; Lane 6, fraction 42. Right ordinate, molecular weight markers (x
10-').

enzymes in this state may not bind the inhibitors or may not
bind them as strongly as when they are in their activated state.
Following electrophoresis the gel is washed in Triton X-100 to
neutralize the SDS, and then incubated in RSF CM. This CM
is rich in metalloproteinase activity and degrades the gelatin
background of the substrate gel in a uniform fashion, except
where inhibitors are present. In these zones of inhibition a
Coomassie-stainable area is detected. CM from all of the cells
contained a major inhibitor at Mr 30,000, and the glioma cell
lines contained additional IMPs (Fig. 5A; SF-126 and SF-188
are represented by U 343 MG-A, and SF-210 is represented by
SF-539). The M, 30,000 inhibitor, IMP-1 (M, 22,000), and
IMP-2 (A/r 19,000) migrated to the same locations as the
inhibitors of CM from TPA-treated RBCE (29). An additional
inhibitor, IMP-3 (M, 16,500), was identified in SF-188 and SF-
210. In Table 1 the metalloproteinase inhibitor activities found

in the CM of the glioma cell lines and fetal astrocytes are listed.
The pattern of IMPs varied in the glioma cell lines, but IMP-2
was always present. In some experiments SF-188 did not pro
duce IMP-3.

The major inhibitor at M, 30,000 migrated to the same
location as the TIMP found in the CM of RBCE (Fig. 5/Ã•).To
determine if TIMP was being produced by the glioma cell lines
and fetal astrocytes, the secreted proteins were labeled with
[-"Sjmethionine and immunoprecipitated with an anti-human
TIMP antibody. As in U 343 MG-A (Fig. 5Ã„),a M, 30,000
protein was immunoprecipitated from the CM of all the glioma
cell lines and fetal astrocytes tested, suggesting that the M,
30,000 inhibitor on gelatin gels was, in fact, TIMP.

As with the proteinases, TPA had an effect on the types and
amounts of proteinase inhibitors present in CM of the glioma
cell lines and fetal astrocytes. In all of the glioma cell lines and
fetal astrocytes, TPA stimulated the secretion of TIMP (Fig.
5-4). In cell line U 343 MG-A, TPA also induced IMP-1 and
IMP-3 (Fig. 5A; Table 1). In SF-539, IMP-3 was induced (Fig.
5/4) and in SF-188 IMP-1 was induced (Table 1). In the other
glioma cell lines no new inhibitors were induced (Table 1), but
in some experiments the levels of IMPs in SF-539 were in
creased or decreased (see levels of IMP-1 and IMP-2 in Fig.
5/4, before and after TPA treatment). In fetal astrocytes TIMP
levels increased but no IMPs were induced. The stimulation of
proteinase secretion by TPA was mirrored by an increase in the
secretion of metalloproteinase inhibitors.

Fractionation of U 343 MG-A CM by Gel Filtration Chro-
matography. In another attempt to separate the metalloprotei-
nases from the metalloproteinase inhibitors in these cells, CM
from U 343 MG-A was concentrated and passed over a gel
filtration column in the presence of detergent. Although the
starting material had no azocollytic activity, the fractionated
CM contained two peaks of proteolytic activity (Fig. 6). Peak I
contained the M, 92,000 and 65,000 proteinases and interstitial
collagenase, whereas peak II contained only the interstitial
collagenase. As previously mentioned, U 343 MG-A sometimes
secreted the M, 92,000 proteinase in small quantities. Peak I
also contained two additional bands at M, 86,000 and 60,000,
which are the molecular weights at which the APMA-activated
M, 92,000 and 65,000 proteinases migrated. It has been shown
previously that concentrating CM that contains zymogens of
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Fig. 5. Secretion of metalloproteinase in
hibitors by fetal astrocytes and glioma cell
lines. In A, the CM from fetal astrocytes (FA)
or glioma cell lines. U 343 MG-A and SF-539,
before (C) or after (TPA) treatment with 80
nvi TPA was subjected to electrophoresis on
10% substrate gels containing gelatin and in
cubated in CM containing activated mctallo-
proteinases, as described in "Materials and
Methods." CM of TPA-treated RBCE was

used as a standard to indicate three previously
described inhibitors. Right ordinate, inhibitors;
left ordinate, molecular weight markers (x
IO"3). In B, U 343 MG-A cells were grown in
serum-free DME in the absence (C) or pres
ence (TPA) of 80 nM TPA for 48 h before
being continuously labeled with ("S]methio-
nine. TIMP was immunoprecipitated with
anti-TIMP IgG and analyzed by autoradiog-
raphy of SDS-polyacrylamide gels. The im
munoprecipitated TIMP is marked at the left.

B

FA

TPA

U 343 MG-A

C TPA

SF-539

C TPA

RBÅ’

TPA

< TIMP '

22>

Table 1 Metalloproteinase inhibitors delected in the CM of fetal astrocytes and
glioma cell lines

Cell line

-A
SF-126 SF-188* SF-210 SF-539 FA

Inhibitor"TIMPIMP-IIMP-2IMP-3C+â€”+-TPA++++C+++-TPA+++-C+â€”++TPA++++C++++TPAC TPAC+

+ +++
+ +â€”¿�+
+ +â€”¿�+
- -1- -TPA+â€”â€”-

Â°The CM of fetal astrocytes (FA) or glioma cell lines before (C) or after (TPA)
treatment with TPA was analyzed for the presence (+) or absence (â€”)of metal
loproteinase inhibitors by substrate gel electrophoresis, as described in "Materials
and Methods."

* In some experiments SF-188 did not produce IMP-3.

Fraction Number
Fig. 6. Fractionation of CM of U 343 MG-A by gel filtration chromatography.

The CM of U 343 MG-A cells grown in serum-free DME was concentrated 25-
fold and loaded onto a fast protein liquid chromatography SuperÃ³se 12 column
HR 10/30 equilibrated with 50 mM Tris-HCl buffer. pH 7.5, containing 150 mM
NaCl, 10 mM CaClÂ¡,0.05% (v/v) Brij-35, and 0.02% (w/v) NaN3. The proteins
were eluted at a flow rate of 0.3 ml/min. and 1-ml fractions were collected. The
fractions were assayed for azocollytic (â€¢)and inhibitory (D) activities. The peak
I and peak II fractions are marked. Inset, proteinases and inhibitors detected onsubstrate gels containing gelatin. Ordinate, molecular weight markers (x 10~').

metalloproteinases frequently results in their activation (36).
Metalloproteinase-inhibitory activity was also detected in

several of the Chromatographie fractions (Fig. 6). The peak I
fractions contained TIMP and IMP-2, whereas the fractions at
peak II contained small amounts of TIMP and higher levels of
IMP-2. It appeared that the fractionation of the CM in the
presence of detergent had somehow disrupted the balance of
proteinases and inhibitors, unmasking the proteolytic activity
present in the CM. This disruption could have been due to the
effect of detergent on enzyme-inhibitor association or disasso

ciation. Because all of the column fractions that contained
proteolytic activity also contained inhibitors, it was not possible
to quantify all of the azocollytic activity present in CM from U
343 MG-A.

Degradation of ECM by Proteinases Present in Fractionated
U 343 MG-A CM. To further characterize the proteolytic
activity in U 343 MG-A gel filtration column fractions, an in
vitro model of the ECM was used. The ECM of R22 cells
contains glycoprotein, elastin, and collagen components (37).
Although concentrated CM had no proteolytic activity on the
ECM, peak I fractions degraded 8.1 Â±0.6% (SD) of the total
matrix, and peak II fractions degraded 2.8 Â±0.4% of the matrix.
The peak I fractions degraded 17.4 Â±4.3% of the glycoproteins,
none of the elastin, and 21.6 Â±4.0% of the collagen. The peak
II fractions degraded none of the glycoproteins or elastin but
did degrade 12.7 Â±3.0% of the collagen. Activation of the
fractions by APMA had no significant effect on the proteolysis
of the matrix. None of the unfractionated glioma or fetal
astrocyte CM (with or without APMA activation) degraded the
R-22 matrix, even after the cells were treated with TPA.

DISCUSSION

We have demonstrated that malignant glioma cells and fetal
astrocytes secrete a number of metalloproteinases. Two of the
glioma cell lines (SF-539 and SF-210) constitutively produced
a M, 92,000 proteinase that was activated with APMA and with
a secretion that was enhanced by TPA. After TPA treatment,
the other glioma lines and the fetal astrocytes were induced to
secrete this proteinase. A gelatinase (subunit molecular weight,
M, 92,000) with type V collagenolytic activity has been de
scribed in stimulated neutrophils (28). A gelatinase (M, 92,000)
has also been found in CM of TPA-treated RSF and RBCE
(10), and gelatinases have been reported in CM from rabbit
bone (38), fibroblasts (7), and macrophages (39). These enzymes
may be important in the specific degradation of type IV and V
collagens and are also known to act synergistically with enzymes
that degrade the interstitial collagens (1).

The glioma cell lines and fetal astrocyte cultures secreted a
M, 65,000 proteinase that was activated with APMA to M,
60,000. Its secretion was not stimulated by TPA. This enzyme,
like other gelatinases, binds to a gelatin affinity column. The
M, 65,000 enzyme isolated from U 343 MG-A CM by prepar
ative gel electrophoresis degraded type IV procollagen in a
three-quarter/one-quarter pattern but did not degrade type I
and III collagen. A type IV-specific collagenase has been iden
tified in the CM of metastatic tumor cells and has a reported
molecular weight of either 65,000 (35,40) or 68,000 and 62,000
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tified in the CM of metastatic tumor cells and has a reported
molecular weight of either 65,000 (35,40) or 68,000 and 62,000
(3). It too cleaves type IV collagen and has no activity against
type I, II, and III collagen. However, this enzyme can be
activated with trypsin but not with APMA. Interestingly, a type
IV collagenase that can be activated with APMA has been
described by Murphy et al. (38). The M, 65,000 latent protein-
ase we identified may represent a similar activity. A type IV
collagenase might be important in the invasion of basement
membranes by tumor cells, and there is a correlation between
secretion of this type of enzyme and metastatic potential (35).
This activity might also be important in the normal turnover of
basement membranes (40).

Interstitial collagenase (M, 57,000 and 52,000) was immu-
noprecipitated from the TPA-treated CM of the glioma cell
lines. It was partially activated by APMA to M, 47,000 and
42,000 species. It was also detected by substrate gel analysis in
the untreated CM of both gliomas and fetal astrocytes; however,
it could not be immunoprecipitated. We believe that the sensi
tivity of the substrate gel is such that very small amounts of
enzyme activity are detectable, amounts too small to be immu
noprecipitated. Although the physiological significance of TPA
induction of an interstitial collagenase in these cell lines is not
known, glioma cells have the potential to secrete enzymes with
activity against the interstitial collagens.

All the fetal human astrocyte cultures we examined contained
proteinases that were similar to those found in the glioma cells.
Proteinase secretion by fetal astrocytes may facilitate their
migration through the developing central nervous system in a
manner similar to the enhanced migration described for malig
nant cells that secrete tumor-associated proteinases (35, 41).
We would have liked to test whether adult human astrocytes,
which under normal conditions do not migrate, produce any
proteinases. However, at present there is no reliable model for
studying adult human astrocytes in monolayer culture (42).

All of the cell lines we studied produced TIMP constitutively,
and TPA stimulated the secretion of this inhibitor. The glioma
cell lines also secreted a number of smaller metalloproteinase
inhibitors, IMP-1 (A/r 22,000), IMP-2 (M, 19,000), and IMP-
3 (M, 16,500), IMP-2 being produced by all of the glioma cell
lines. Treatment with TPA did not appear to have a major
effect on the quantity of IMPs produced but could induce
additional IMPs in some of the cell lines (see Table 1). Both
IMP-1 and IMP-2 migrated to the same position in the gel as
the IMP-1 and IMP-2 of RBCE (29) and probably represent
the same activities. The smaller inhibitor, IMP-3, has not been
described previously. The IMPs can inhibit gelatin-degrading
proteinases, and under some conditions IMP-2 from RBCE
CM can also inhibit collagenase activity. The IMPs do not
appear to be proteolytic fragments of TIMP because TIMP
antiserum does not cross-react with IMPs, even if the labeling
period before immunoprecipitation is increased to 24 h (data
not shown). TIMP and TIMP-2 have been purified and are

different gene products (20). Because, in response to TPA,
IMP-1 and IMP-3 are expressed differentially from each other
and from TIMP and IMP-2 (see Fig. 5), it is likely that they
are also different gene products. The four inhibitors may con
stitute a family of related metalloproteinase inhibitors. The
biologically significant target metalloproteinase for each of the
IMPs remains to be determined.

The amount of proteinase inhibitor made by different cell
types varies. For example, human lung fibroblasts respond to
TPA and interleukin 1 by simultaneously increasing both col
lagenase and TIMP activities (5). However, the levels of inhib
itor in these cells are not great enough to prevent the direct

assay of proteolytic activity. Welgus et al. (43) have also re
ported that human alveolar macrophage collagenase and TIMP
levels increase in response to TPA and endotoxin. Again,
proteinase activity could be directly assayed. On the other hand,
glioma cells and fetal astrocytes appear to produce enough
inhibitor to prevent the detection of their proteinases by a
general assay of proteolytic activity, degradation of azocoll. The
possibility that inhibitors directly control the expression of
metalloproteinase activity in these cells will have to be more
directly tested. Other cells appear to use inhibitors as one way
of regulating metalloproteinase activity. Proteolytic activity is
detected in the CM of stimulated RBCE (29) and chondrocytes
(44) only after inhibitors are removed by gel filtration or im-
munoadsorption. The regulation of plasminogen activator by
endogenous inhibitors has been reported in fibroblasts (31),
endothelial cells (9), and monocytes-macrophages (45).

The expression of metalloproteinase inhibitors may help to
explain certain histopathological features of the malignant
gliomas. Malignant gliomas are locally invasive, Â¡nfiltrative
tumors that rarely metastasize extracranially (46, 47). The local
invasion could be mediated by the proteolysis of brain extracel
lular matrix. This would occur only if the balance of proteinases
and inhibitors was shifted in favor of proteolysis. Alternatively,
the local invasion could be due to glioma cells replicating in a
local fashion, their invasion actually being nothing other than
the compression of surrounding tissue. Although the local
invasion of brain tissue could be purely mechanical, in about
12% of cases the glioma does spread into cerebrospinal fluid
pathways; in such cases, spread often occurs as a result of
leptomeningeal involvement following the disruption of the
glial limitans externa by the glioma cells. By immunohisto-
chemistry the glial limitans externa has been shown to contain
interstitial collagens, fibronectin, laminin, and type IV collagen
(48), and glioma cells would require proteinases to dissolve this
barrier. Interestingly, little or no collagenase activity was de
tected in organ cultures of intracranial tumors, including
gliomas, assayed in a reconstituted collagen fibril assay (49).
However, all of the tumors produced TIMP. The presence of
this inhibitor may have masked any collagenase activity present
in the tumor CM. The detection of masked proteolytic activity
in organ cultures of gliomas (e.g., by substrate gel analysis),
might suggest that our in vitro results using cell culture may
also be true of organ culture.

Other investigators have shown that metalloproteinase inhib
itors can regulate the invasive potential of a cell. Mignatti et al.
(50) have shown that the inhibition of either collagenase or
plasmin prevents the invasion of human amniotic membranes
by B16/BL6 melanoma cells. Experimentally, the down-regu
lation of TIMP RNA levels by expression of antisense TIMP
RN A in Swiss 3T3 cells, a normally noninvasive cell line, results
in cells that are invasive in an amnion invasion assay and
tumorigenic and metastatic when injected into nude mice (51).

How the balance of proteinases and inhibitors in cells like
gliomas and astrocytes is swayed in favor of proteolysis is not
known. It could be regulated by exogenous stimuli from inflam
matory cells such as macrophages or lymphocytes; from cues
such as expression of a growth factor during development,
growth, or tumorigenesis; or by the temporal or spatial parti
tioning of secretion of proteinases and inhibitors. Although
much is known about stimuli that increase proteinase produc
tion, little is known about how levels of proteinase inhibitors
are modulated. Production of TIMP can be increased by treat
ment of cells with TPA, TPA plus interleukin 1, or corticoster-
oids (1, 5, 29). It is clear, therefore, that the programmed
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degradation of the ECM by cells requires the careful balancing
of proteinases and inhibitors.
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