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Upregulation of tissue inhibitor of
metalloproteinases (TIMP)-2 promotes matrix
metalloproteinase (MMP)-2 activation and cell
invasion in a human glioblastoma cell line

Kan V Lu', Kimberly A Jong', Ayyappan K Rajasekaran’, Timothy F Cloughesy*® and

Paul S Mischel*?
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Local invasiveness is a characteristic feature of glioblastoma that makes surgical resection nearly impossible
and accounts in large part for its poor prognosis. To identify mechanisms underlying glioblastoma invasion
and motility, we used Transwell invasion chambers to select for a more potently invasive subpopulation
of U87MG human glioblastoma cells. The stable population of tumor cells (U87-C1) obtained through this
in vitro selection process were three times more invasive than parental U87MG cells and demonstrated faster
monolayer wound healing and enhanced radial motility from cell spheroids. This enhanced invasiveness
was associated with an 80% increase in matrix metalloproteinase 2 (MMP-2) activation. No differences
in expression levels of pro-MMP-2, membrane-type matrix metalloproteinase I (MT1-MMP), or integrin
avp3 (mediators of MMP-2 activation) were detected. However, U87-C1 cells exhibited two-fold elevation
of tissue inhibitor of metalloproteinases (TIMP)-2 mRNA and protein relative to parental cells. Exogenous
addition of comparable levels of purified TIMP-2 to parental U87MG cells increased MMP-2 activation
and invasion. Similarly, U87MG cells engineered to overexpress TIMP-2 at the same levels as U87-C1 cells
also demonstrated increased MMP-2 activation, indicating that an increase in physiological levels of TIMP-2
can promote MMP-2 activation and invasion in glioblastoma cells. However, exogenous administration
or recombinant overexpression of higher amounts of TIMP-2 in U87MG cells resulted in inhibition of MMP-2
activation. These results demonstrate that the complex balance between TIMP-2 and MMP-2 is a
critical determinant of glioblastoma invasion, and indicate that increasing TIMP-2 in glioblastoma
patients may potentially cause adverse effects, particularly in tumors containing high levels of MT1-MMP
and MMP-2.
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Glioblastoma, the most common malignant brain
tumor of adults and among the most lethal of all
cancers, is characterized by aggressive tumor cell
invasion into the surrounding brain, making com-
plete surgical resection nearly impossible. Despite
aggressive surgical excision, radiotherapy, and che-
motherapy, survival is only modestly prolonged and
glioblastoma patients have a median survival of
approximately 12 months from the time of initial
diagnosis. The identification of mechanisms in-
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volved in glioblastoma invasion, particularly those
that can be safely and pharmacologically targeted in
patients, is a high priority.

Similar to tumor invasion and metastasis in other
types of cancer, glioblastoma invasion is believed to
involve a complex series of integrated events
consisting of tumor cell adhesion, extracellular
matrix (ECM) proteolysis, and cell migration within
the surrounding microenvironment." Among the
proteases contributing to ECM turnover, the family
of matrix metalloproteinases (MMPs) plays a sig-
nificant role in tumor invasion and metastasis.>?
Synthesized as either secreted or membrane-bound
latent enzymes, MMPs require proteolytic activation
involving cleavage of a propeptide domain to exhibit
enzymatic activity.*



Considerable evidence implicates MMPs, espe-
cially matrix metalloproteinase-2 (MMP-2), MMP-9,
and membrane type-I metalloproteinase 1 (MT1-
MMP) in glioblastoma invasion.” MMP-2 expression
and activation in particular is upregulated in
glioblastoma and is associated with its rapid
progression to increasing levels of malignancy.®”
Cell-mediated pro-MMP-2 activation involves clea-
vage by MT1-MMP on cell membranes.®? The
activity of these MMPs is regulated by the endogen-
ous specific inhibitor tissue inhibitor of metallo-
proteinases (TIMP)-2, which in excess can bind
cell surface MT1-MMP and both latent and active
MMP-2 in an inhibitory manner.’>'* However,
TIMP-2 is also essential at lower concentrations for
the efficient activation of MMP-2,">' acting as a
bridge between MT1-MMP and MMP-2 on the cell
surface™ to allow a second TIMP-free MT1-MMP
molecule to cleave the propeptide domain of pro-
MMP-2." Owing to the dual nature of TIMP-2 in
regulating MMP-2 activation, in which both a
deficiency and an excess of TIMP-2 can prevent
MMP-2 activation, small shifts in the balance
between TIMP and MMP levels may greatly mod-
ulate the invasive phenotype in tumor cells. Further
elucidation of these MMP regulatory mecha-
nisms and their roles during tumor progression is
critical especially in view of the disappoin-
ting results of recent clinical trials with MMP
inhibitors."®"”

The goal of this study was to identify specific
mechanisms contributing to glioblastoma invasion
by isolating a subpopulation of more invasive cells
from the glioblastoma cell line U87MG and compar-
ing their phenotypes for relevant differences. Here,
we demonstrate that endogenous up-regulation of
TIMP-2 in glioblastoma cells can lead to increased
MMP-2 activation and subsequent invasion.

Materials and methods
Reagents and Antibodies

Human collagen type I was from Becton Dickinson
(Bedford, MA, USA). Saponin, FITC-phalloidin, and
concanavalin A were from Sigma (St Louis, MO,
USA). Purified MMP-2 was from Calbiochem (San
Diego, CA, USA). Purified recombinant TIMP-2 was
kindly provided by H Lu (Amgen, Thousand Oaks,
CA, USA). Polyclonal antibodies against the hinge
region of MT1-MMP and monoclonal antibodies
specific for integrin avf3 (clone LM609) were from
Chemicon (Temecula, CA, USA). Monoclonal TIMP-
2 antibodies (clone 67-4H11) were from Oncogene
Research Products (San Diego, CA, USA). f-Tubulin
monoclonal antibodies were from NeoMarkers (Fre-
mont, CA, USA). Horseradish peroxidase-conju-
gated goat anti-mouse or anti-rabbit secondary
antibodies for immunoblots were from New England
Biolabs (Beverly, MA, USA), and FITC-conjugated
goat anti-mouse or anti-rabbit secondary antibodies
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used in flow cytometry were from Pierce (Rockford,
IL, USA).

Cell Culture

The human glioblastoma cell line U87MG was
purchased from the American Tissue Culture Col-
lection and was routinely maintained in modified
Eagle’s medium (MEM) containing 10% fetal bovine
serum (Omega Scientific, Tarzana, CA, USA), 1 x
penicillin-streptomycin—glutamine solution (Gibco-
Invitrogen, Grand Island, NY, USA), 1x non
essential amino acids (Mediatech, Herndon, VA,
USA), 1mM sodium pyruvate, and 0.15% sodium
bicarbonate. For media conditioning experiments,
cells were seeded in the above medium and allowed
to adhere overnight, at which point the medium was
changed to serum-free MEM.

Transwell Invasion Assay and Selection of U87-C1
Cells

Six- or 12-well Transwell polycarbonate membrane
inserts with 8.0-um pores (Costar, Cambridge, MA,
USA) were coated from the bottom with 10 pug/ml
collagen type L. After adding serum-free MEM to the
lower compartments, single-cell suspensions in
serum-free MEM/BSA (5 mg/ml) were then seeded
onto the filters (470000 cells for six-well, 100 000
cells for 12-well) and incubated for 5h at 37°C, 5%
CO,. Filters were then washed, and cells on
the upper surface were removed with cotton swabs.
Cells that had invaded and adhered to the lower
surface were fixed in 4% paraformaldehyde for
10 min and stained with 0.25% crystal violet. Eight
random fields were counted to determine the
number of cells invaded. To generate U87-C1 cells,
the first 5% of invading cells from U87MG
were selected using the same collagen-coated Trans-
well filters under serum-free conditions. The
incubation time required for roughly 5% of cells to
invade was empirically determined to be about 4 h,
and invaded cells attached to the undersides of the
filters were aseptically harvested by brief, gentle
trypsinization and cultured in new dishes. To obtain
U87-Res cells, noninvading cells on the upper
surfaces of the filters were harvested in a similar
fashion and cultured.

Wound Assay

As described previously,’® confluent monolayers
were scratched with a plastic pipet tip to create a
uniform, cell-free wound area that was then in-
spected at regular time intervals. At each time point
eight photographs of each wound were taken
and the distance between the opposing edges
was measured at two points on each photograph.
The distance migrated in micrometers was calcu-
lated as the difference of the scratch width at the
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beginning of the assay and that at each indicated
time point.

Spheroid Assay

Tumor cell spheroids were generated by seeding
single-cell suspensions at low densities over a layer
of 3% agar. Cells were grown for 10-12 days until
spheroids formed, at which point spheroids of
similar diameter (300 um) were selected and placed
in an uncoated or collagen type I (10 ug/ml)-coated
96-well dish containing serum-free media. Photo-
graphs of the spheroids were taken, and after
overnight incubation the radial migration distance
of each sample was examined and compared.

Actin Immunofluorescence

Cells were grown to ~75% confluence on uncoated
or collagen type I coated (10 ug/ml)-glass coverslips
in a 12-well plate. Coverslips were fixed with 2%
paraformaldehyde, quenched with 50mM ammo-
nium chloride, permeabilized with 0.075% saponin,
and finally stained with FITC-conjugated phalloidin
(Sigma). Images were acquired with an AxioCam
digital camera (Zeiss, Germany) mounted on an
Axioskop 2 plus microscope (Zeiss) and analyzed
using AxioVision software.

Zymography

Gelatinolytic activity of conditioned media was
detected by gelatin zymography. Serum-free media
conditioned for 48h (10 ul) were subjected to SDS-
PAGE using 8% acrylamide gels containing 0.1%
gelatin. The gels were then incubated for 30 min at
room temperature in 2.5% Triton X-100 twice,
before being transferred to activation buffer (50 mM
Tris-Cl pH 8.0, 10mM CaCl,) for overnight incuba-
tion at 37°C. Gels were then stained with Coomassie
Brilliant Blue R-250 and briefly destained in 10%
acetic acid and 40% methanol. Gelatinolytic activity
was detected as transparent bands on a blue back-
ground. Purified human MMP-2 was run alongside
conditioned media to confirm the identity of MMP-2
(not shown). Reverse zymography was performed
the same way, except that samples of media (30 ul)
were run in 15% acrylamide gels containing 0.225%
gelatin and 50 ng/ml purified MMP-2. TIMP activity
was detected as positive staining bands over a clear
background.

Immunoblotting

Confluent cells were homogenized in ice-cold lysis
buffer (50 mM HEPES, pH 7.0, 150 mM NaCl, 10 mM
EDTA, 1.5 mM MgCl,, 1% Triton X-100, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 1mM phenyl-
methylsulfonyl fluoride, 5 ug/ml aprotinin, 5 pg/ml
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leupeptin, and 1 mM sodium orthovanadate), passed
through an 18 gauge needle five times each, and
then centrifuged at 14 000 rpm in a microfuge at 4°C
for 15min to pellet cell debris. Protein concentra-
tions of the resulting supernatants were determined
using a BCA protein assay (Pierce). Equal amounts
of protein (20ug) in Laemmli sample buffer were
loaded on 10% polyacrylamide gels and SDS-PAGE
was performed. After transfer to nitrocellulose
membranes (Hybond, Amersham Pharmacia, Piscat-
away, NJ, USA), samples were blocked in TBST with
5% nonfat dried milk and incubated with primary
antibodies at 4°C overnight. After washing, blots
were incubated with the appropriate HRP-conju-
gated secondary antibodies at a dilution of
1:5000 for 1h at room temperature. After washing,
bands were visualized by incubating with ECL
(Amersham Pharmacia), followed by exposure to
Kodak BioMax film (Eastman Kodak). All densito-
metric analysis was carried out using AlphaEase
software version 5.04 (Alpha Innotech, San Leandro,
CA, USA).

Semiquantitative RT-PCR

Total RNA was isolated using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). A measure of 2 ug
of total RNA was reverse transcribed using the
SuperScript First-Strand Synthesis System (Invitro-
gen), after which 2ul of first-strand cDNA was
amplified in a 50 ul PCR reaction volume using the
PCRx Enhancer System (Invitrogen) with the TIMP-
2 specific primers 5’-GCC CCC GCC CGC CCA GCC
CCC C-3" and 5’-CGA GAC CCC ACA CAC TGC CGA
GGA-3' (332bp product). Alternatively, primers for
glyceraldehyde-3-phosphate (GAPDH) were used to
normalize amplification between samples (5'-GTG
AAG GTC GGA GTC AAC GG-3’ and 5-TGA TGA
CAA GCT TCC CGT TCT C-3', 198 bp product). PCR
reactions were initially denatured at 95°C for 2 min,
followed by 20, 25, 30, or 35 amplification cycles
with denaturation at 95°C for 30s, annealing at
60°C for 30 sec, and extension at 72°C for 30s. A
5ul volume of each reaction was then loaded
onto 1.5% agarose gels, stained with ethidium
bromide, and the band intensities were analyzed
by densitometry.

Flow Cytometry

U87MG and U87-C1 cells were incubated in serum-
free media and, where indicated, U87MG cells were
treated with 350 or 500ng/ml exogenous purified
TIMP-2, or 30 pug/ml of concanavalin A. The next
day, cells were harvested with PBS containing 2 mM
EDTA (without Ca** and Mg?"), pelleted, and
rinsed. Cells were resuspended in PBS with 1%
BSA, 0.02% sodium azide and incubated with
primary antibodies for 1h on ice. Following wash-
ing, cells were incubated for 30min with the



appropriate FITC-conjugated secondary antibodies
at 4°C in the dark, washed, and finally resuspended
in the same buffer supplemented with 3 ug/ml of
propidium iodide. Cells were sampled with a
FACScan flow cytometer (Becton Dickinson, Moun-
tain View, CA, USA) using Cell Quest acquisition
software (Becton Dickinson) and FCS Express Ver-
sion 2 analysis software (De Novo Software). Data
are presented as mean+s.e.m. of log fluorescence
intensity determined in three independent experi-
ments. Significance of difference was determined
using the independent t-test.

TIMP-2 Plasmid Construct and Transfection

The complete human TIMP-2 ¢cDNA was generated
from U87MG total RNA (500ng) by RT-PCR as
described above, except that PCR was performed
using Platinum Taq High Fidelity (Invitrogen) with
the full-length TIMP-2 specific primers 5'-GCC CCC
GCG CGC CCA GCC CCC C-3' and 5'-AGG CCT GCT
TAT GGG TCC TCG ATG-3'. The amplified cDNA
was cloned into pCR2.1-TOPO using the TOPO TA
cloning kit (Invitrogen), and the EcoRI excised
TIMP-2 fragment was subsequently subcloned into
the pcDNA3.1 expression vector (Invitrogen). Or-
ientation and sequence of the TIMP-2 construct
were verified by DNA sequencing. Stable transfec-
tions of U87MG cells with the pcDNA3.1-TIMP-2
plasmid were carried out using FuGENE 6 (Roche,
Indianapolis, IN, USA) as recommended by the
manufacturer. Individual colonies of cells resistant
to 0.5 mg/ml G418 sulfate (Mediatech) after 2 weeks
of selection were isolated with cloning rings and
expanded. The TIMP-2 expression level of each
clone was determined by reverse zymography of
conditioned media. U87MG cells transfected with
empty pcDNA3.1 vector and selected in parallel
served as controls.

Results

Selection of U87-C1, a More Invasive Subpopulation of
U87MG Glioblastoma Cells

To establish a subpopulation of more invasive
glioblastoma cells from the U87MG cell line,
parental U87MG cells were seeded onto Transwell
filters coated with collagen type I and incubated
for 4h, the empirically determined time allowing
approximately 5% of the total number of cells to
invade. We chose to use collagen type I as a matrix
barrier because it has been shown to be ectopically
upregulated in glioblastoma tissue." Cells selected
on other ECM proteins such as vitronectin and
collagen type IV demonstrated similar phenotypes
and were not studied further. The selection process
was performed under serum-free conditions in
the absence of chemoattractants so that only differ-
ences in cell behavior inherent to the tumor

TIMP-2 promotes MMP-2 activation in glioblastoma
KV Lu et al

e

cells would be isolated, and not those due to
external cues. Because cells that had invaded
through the Transwell membrane adhered to the
underside of the filters and did not progress
to attach to the wells of the lower chamber
compartments, the invasive cells were harvested
by brief and gentle trypsinization from the bottoms
of the filters and cultured in new dishes. The
selected cells were subsequently expanded and
designated as U87-C1. Residual cells that had not
invaded and remained on the upper surface of the
filters were harvested for comparison and desig-
nated as U87-Res. The cellular and molecular
phenotypes of the selected cells, described below,
were stable at least up to 15 passages in our
experiments. There were no clearly discernable
differences in cell morphology between the parental
U87MG cells, U87MG-Res, and U87-C1 cells under
phase-contrast microscopy.

U87-C1 Cells Exhibit Increased Invasiveness and
Motility

Differences in invasive and motile behaviors asso-
ciated with selected U87-C1 cells compared to
parental cells were characterized using three in-
dependent methods. Interestingly, a single round of
selection at this level of stringency sufficiently
isolated a stable subpopulation of glioblastoma cells
with enhanced invasion. Transwell chambers coated
with collagen type I clearly showed that U87-C1
cells exhibited a marked increase in invasion over
parental cells (Figure 1). The invasive capacity of
the selected cells was consistently increased three-
fold in four independent assays carried out in
triplicate (P<0.0001). The invasion rate of residual
U87-Res cells was nearly identical to that of parental
cells. To confirm this phenotype independently,
differences in motility were assessed using a wound
assay in which cells are grown to confluence in
monolayers, and their ability to migrate into and
across a linear cell-free area of the monolayer is
followed over time. U87-C1 cells readily migrated
into the wound within 2 h (Figure 2a) and were able
to close the wound within 8h, whereas parental
cells migrated much slower in a more uniform, less
diffuse and infiltrative pattern. The migration of
U87-Res cells was diminished by about 30%
compared to parental cells. No differences in cell
proliferation between U87MG and U87-C1 cells
were detected using BrdU incorporation and MTS
assays (data not shown), ruling out the possibility
that the selected cells appeared more motile due to
increased cell division. As an additional indepen-
dent confirmation, differences in motility were also
analyzed using a spheroid radial migration assay.
Tumor cell spheroids grown on nonadherent sur-
faces to approximately 300um in diameter were
individually seeded onto either uncoated or col-
lagen type I-coated wells and allowed to adhere and
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Figure 1 U87-C1 cells were selected from the parental U87MG
cell line as described in ‘Materials and methods.” U87-C1 cells
were subsequently expanded and their invasion through collagen
type I (10ug/ml)-coated Transwell filters was compared to
parental cells. (a) Representative photomicrographs of invaded
cells on collagen-coated filters. Equal numbers of cells were
seeded and incubated for 5h in serum-free media. Cells that had
penetrated onto the lower surface of the filter were fixed in
paraformaldehyde and stained with crystal violet. Bar, 100 ym. (b)
Quantitation of cell invasion. Eight random fields from each
Transwell were photographed and stained cells were visually
counted. Invasion of U87-C1 cells was consistently three-fold
greater than U87MG, while U87MG and U87-Res cells displayed
equivalent levels of invasion. Error bars represent s.e.m. of the
mean of four independent assays done in triplicate. Significance
of difference between U87MG and U87-C1 invasion was esti-
mated using the independent t-test.

migrate overnight. Consistent with the Transwell
and wound-closing assay results, U87-C1 cells
migrated distances two-fold greater than parental
cells away from the initial spheroids in a radial
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pattern (Figure 2b). Selected cells were able to
diffusely migrate out a distance of about 300 um
in each direction, leaving little of the original
spheroid structure discernable. The migration of
cells from parental spheroids was more compact,
the resultant spheroids being slightly smaller
in diameter but their shape clearly intact.
Assays performed on collagen substrates slightly
enhanced the radial motility in both cell lines,
but selected cells still demonstrated markedly more
diffuse migration. These results demonstrate
that selected U87-C1 cells display enhanced inva-
siveness and motility in multiple independent
assays.

U87-C1 Cells Display Cytoskeletal Features of Motility

To determine whether the differences in invasion
and motility correlated with cytoskeletal alterations
associated with tumor cell invasion, we performed
immunofluorescence staining of the actin cytoske-
leton using FITC-phalloidin. U87-C1 cells exhibited
extensive lamellipodia (Figure 3, arrows) in addi-
tion to the presence of well-defined stress fibers
(arrowheads). On the other hand, parental cells
presented fewer stress fibers and lacked the lamelli-
podia indicative of cell motility found in the
selected cells. Plated on collagen-coated surfaces,
both cell types demonstrated a slight increase in
actin-based membrane specializations, but again the
differences between U87MG and U87-C1 cells
remained. These results indicate that U87-C1 cells
feature cytoskeletal rearrangements that correlate
with their enhanced invasiveness.

U87-C1 Cells Exhibit Increased Levels of proMMP-2
Activation

To elucidate the molecular differences underlying
the increased invasiveness and motility of U87-C1
cells, zymographic analysis of conditioned media
was performed to assess whether the more invasive
phenotype correlated with increases in MMP-2 and
MMP-9 expression and/or activation. In all the cell
lines, a 72kDa gelatinase activity corresponding to
proMMP-2 was robustly observed at equivalent
levels. In conditioned media from U87-C1 cells,
however, there was an 80% increase in both 64 kDa
intermediate and 62kDa fully activated MMP-2
processed forms compared to parental and residual
cells, which had comparable levels of MMP-2
activation (Figure 4). This increase in MMP-2
activation in U87-C1 cells was observed whether
the cells were grown in media with or without
serum supplementation (Figure 4a), indicating that
the effect was not a result of differential responsive-
ness to serum-borne factors. Overall pro-MMP-2
expression, as detected by zymography and immu-
noblot, did not differ between parental and selected
cells, indicating a difference specifically in the
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amount of MMP-2 activation in U87-C1 cells. In
contrast, MMP-9 expression and activation were
identical in both parental and selected lines (data
not shown).

U87MG

u87-C1

Figure 3 Staining of the actin cytoskeleton with FITC-phalloidin
revealed extensive lamellipodia (arrows) as well as formation of
organized actin stress fibers (arrowhead) in U87-C1 cells.

<

Figure 2 U87-C1 cells are more motile than parental U87MG cells
in wound healing and spheroid radial migration assays. (a)
Migration of cells was routinely monitored after confluent
monolayers were gently scratched with a plastic pipet tip in the
wound assay. U87-C1 cells closed the wound by 8 h. U87-Res cells
were less motile than both U87-C1 and U87MG cells. Error bars in
the chart represent s.e.m. of the mean of 10 independent
experiments. *Significance of difference between U87MG and
U87-C1 migration at different time points was estimated using the
independent t-test and were both P<0.005. Bar, 500 um. (b)
Spheroids approximately 300 yum in diameter were seeded onto
BSA or collagen type I-coated surfaces and allowed to adhere and
migrate overnight. Representative photographs of the spheroids
before and after migration are shown. Bar, 250 ym.

13

Laboratory Investigation (2004) 84, 8—20



TIMP-2 promotes MMP-2 activation in glioblastoma

KV Lu et al
14
a Serum Serum free
UB7MG  U87-C1 U87-Res UB7MG U87-C1 U87-Res
72 kDa —»
64 kDa—»
62 kDa—»
b 25
p=0.0001
2 .

&
=]
o
g
< 1.5
o
o
=
=
2 I
b
12

0.5 1

0 T -
Us7MG us7-C1 U87-Res

Figure 4 U87-C1 cells activate MMP-2 more efficiently than
U87MG and U87-Res. (a) Media conditioned for 48 h under both
serum and serum-free conditions were analyzed for MMP-2
activation by gelatin zymography. (b) Densitometric analysis of
MMP-2 bands from zymography showed an 80% increase in the
amount of 64 kDa intermediate and 62 kDa fully activated MMP-2
species in U87-C1 cells over parental, while MMP-2 activation
was comparable between U87MG and U87-Res cells. Activation
level is presented as the mean densitometric ratio compared to
U87MG over 15 independent samples; error bars represent s.e.m.
of this mean. Significance of difference in MMP-2 activation
between U87MG and U87-C1 was estimated using the indepen-
dent f-test.

Increased MMP-2 Activation in U87-C1 Cells is Not
Associated with Increased MT1-MMP or Integrin avf3
Expression

In the well-characterized model mechanism of cell-
mediated MMP-2 activation, MT1-MMP on the cell
surface forms a complex with TIMP-2, which serves
as a receptor for pro-MMP-2 binding.”® A second
TIMP-free MT1-MMP molecule in close proximity to
this ternary complex then cleaves the propeptide
domain of proMMP-2, forming an activated inter-
mediate that is subsequently processed to the fully
activated form through intermolecular autocleavage.
Furthermore, integrin ovf33 has been shown to bind
active MMP-2, presenting it on the cell surface to
facilitate matrix degradation, as well as to bind
proMMP-2 directly for activation by MT1-MMP.*"*?
To determine whether there were any changes in
expression of these molecules that could account for
increased MMP-2 activation in U87-C1 cells, the
expression levels of MT1-MMP, TIMP-2, and integ-
rin avf3 were individually analyzed.
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Figure 5 U87-C1 cells express equivalent levels of MT1-MMP and
integrin avf3 as parental U87MG cells. (a) Immunoblot analysis of
cell lysates (20 ug) using polyclonal antibodies against the hinge
region of MT1-MMP following SDS-PAGE on 10% acrylamide
gels revealed the same amounts of 63 kDa pro-MT1-MMP, 55 kDa
active MT1-MMP, and 43 kDa inactive MT1-MMP between U87-
C1 and U87MG. f-Tubulin was detected to ensure equal protein
loading. (b and ¢) Cytofluorimetric analyses of MT1-MMP and
integrin «vf3 using specific antibodies show equivalent cell-
surface staining.

Immunoblot analysis on cell lysates revealed no
detectable changes in MT1-MMP levels (Figure 5a).
In both cell lines, a 63 kDa band corresponding to
latent MT1-MMP and a 55kDa band representing
activated MT1-MMP were present at equivalent



levels. A faint 43 kDa band presumably representing
the processed inactive form of MT1-MMP was also
observed equally in both types of cells. Levels of
MT1-MMP cell-surface expression under normal
culture conditions were also determined after stain-
ing cells with MT1-MMP-specific antibodies fol-
lowed by FACs analysis. The amounts of MT1-MMP
expressed on the cell surface corresponded with the
immunoblot data, with identical staining patterns
and intensities for both cell lines (Figure 5b).

Similarly, cell-surface expression of «vff3 in U87-
C1 cells coincided with that of the parental cells as
determined by flow cytometry using a monoclonal
antibody against the heterodimer (Figure 5c), sug-
gesting that there was no increase in interaction
between the integrin and MMP-2 that might facil-
itate protease activation and activity.

Increased MMP-2 Activation in U87-C1 Cells is
Accompanied by Increased TIMP-2 Expression

We next studied expression of soluble TIMP-2 in the
conditioned media of the cells by immunoblotting
and reverse zymography. Reverse zymography of
conditioned media revealed that the level of soluble
TIMP-2 protein from U87-C1 cells was increased
two-fold over that of parental and U87-Res cells
(Figure 6a), as quantitated by densitometry. Like-
wise, immunoblots on 10x concentrated condi-
tioned media using a monoclonal antibody against
TIMP-2 indicated two-fold higher levels of secreted
TIMP-2. Gelatin zymography of the same condi-
tioned media samples confirmed that MMP-2 acti-
vation in U87-C1 cells was increased in the presence
of higher levels of secreted TIMP-2. Semiquantita-
tive RT-PCR was also performed using total RNA to
assess whether the increase in TIMP-2 secretion in
U87-C1 cells was a result of higher TIMP-2 mRNA
levels. Following reverse transcription with oli-
go(dT) primers, a 332 bp PCR product corresponding
to the 5’ end of the TIMP-2 transcript was amplified
from both cell lines (Figure 6b). However, after 30
PCR cycles the amount of product generated was
75% greater in U87-C1, suggesting that the differ-
ence in TIMP-2 levels occurred at the level of
transcriptional regulation.

Exogenous TIMP-2 Increases MMP-2 Activation and
Cellular Invasion

To determine whether an increase in local TIMP-2
concentration could promote proMMP-2 activation
in U87MG cells, purified TIMP-2 was exogenously
added to the culture medium of cells at varying
concentrations. In U87MG cells, the addition of
TIMP-2 stimulated MMP-2 activation in a dose-
dependent manner at concentrations ranging be-
tween 50 and 700ng/ml, as seen by zymography
(Figure 7a). At concentrations in excess of 900 ng/ml,
exogenously added TIMP-2 was inhibitory to
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Figure 6 Selected U87-C1 cells express and secrete increased
amounts of TIMP-2 into conditioned media. (a) Media from U87-
C1 cells with increased MMP-2 activation showed two-fold higher
levels of TIMP-2 by reverse zymography and immunoblot.
TIMP-2 expression was the same in both parental U87MG and
residual U87-Res cells. Conditioned media were concentrated
10-fold using Centricon YM-10 centrifugal filter columns
(Millipore, Bedford, MA, USA) for immunoblots. (b) Semiquanti-
tative RT-PCR was performed on total RNA using primers that
amplify a 332bp 5’ fragment of the TIMP-2 transcript. PCR
reactions were amplified for 20, 25, 30, or 35 cycles, and
5 ul aliquots were run on ethidiumbromide-stained 1.5% agarose
gels. RT-PCR reactions for U87-C1 demonstrated a 76% increase
in amplified TIMP-2 product over parental cells after 30 PCR
cycles. Primers specific for GAPDH were also used as a normal-

ization control. Densitometric ratios of band intensities are
indicated.

U87-C1:U87MG Ratio

proMMP-2 activation. (Actual TIMP-2 concentra-
tions in the media are in reality higher to account
for endogenously expressed TIMP-2.) Exogenous
addition of TIMP-2 to U87-C1 cells likewise stimu-
lated proMMP-2 activation in a dose-dependent
manner, except that slightly higher levels of the
activated intermediate and fully processed forms
were achieved with lower TIMP-2 doses. A measure
of 200ng/ml of TIMP-2 added to media of U87-C1
cells generated roughly the same maximum amounts
of activated MMP-2 products as 700 ng/ml of TIMP-2
added to parental U87MG cells. A decline in MMP-2
activation began to be observed in U87-C1 cells given
300ng/ml of TIMP-2, whereas the same was seen in
U87MG cells at 800ng/ml of TIMP-2. Exogenous
TIMP-2 at a concentration of 1000ng/ml had an
inhibitory effect on MMP-2 activation in both cell
lines. These data suggest that endogenous levels of
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Figure 7 Addition of exogenous TIMP-2 increased MMP-2
activation and cell invasion in a dose-dependent manner. (a)
Exogenous recombinant human TIMP-2 was added to freshly
seeded cells at various concentrations and incubated for 48h in
serum-free media. Aliquots of conditioned media run on gelatin
zymography showed that the addition of TIMP-2 up to 700 ng/ml
in U87MG cells steadily increased MMP-2 activation, whereas
higher concentrations were inhibitory. U87-C1 cells activated
MMP-2 increasingly with TIMP-2 concentrations up to 200 ng/ml,
while inhibition of protease activation gradually ensued at
300ng/ml. The shift in exogenous TIMP-2 concentrations in
relation to MMP-2 activation indicated that U87-C1 cells secreted
about 500ng/ml more TIMP-2 than parental cells. (b) U87MG
cells were more invasive through collagen-coated Transwells
when they were incubated with exogenous TIMP-2. Invasion was
enhanced by up to 40% in the presence of 300 ng/ml TIMP-2. Data
represent mean +s.e.m. of three independent experiments. Sig-
nificance of difference (P <0.05) was estimated by comparing data
between assays with exogenous TIMP-2 and assays without
TIMP-2.
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TIMP-2 in U87-C1 cells are roughly 500 ng/ml higher
than parental U87MG cells.

The effects of increased MMP-2 activation mediated
by TIMP-2 addition on cell invasion were also
examined in Transwell assays coated with collagen
type I. Exogenous TIMP-2 concentrations of 100 and
300ng/ml increased cell invasion in a dose-depen-
dent manner by about 20 and 40%, respectively, as
seen in Figure 7b. Collectively, these results indicate
that a moderate increase in local TIMP-2 concentra-
tions in U87MG cells can promote proMMP-2 activa-
tion, thus correlating the higher levels of TIMP-2
expression in U87-C1 cells with their increased MMP-
2 activation and cellular invasion.

Since TIMP-2 binding of cell-surface MT1-MMP is
essential for subsequent MMP-2 binding and activa-
tion, we next assessed whether TIMP-2 levels on the
cell surface of U87-C1 cells or on U87MG cells
preincubated with exogenous TIMP-2 were in-
creased in accordance with their higher local
TIMP-2 concentrations and increased MMP-2 acti-
vation. Surface staining of cells with a TIMP-2
specific antibody followed by FACs analysis re-
vealed that surface-bound TIMP-2 was increased by
over 30% on U87-C1 cells compared to parental
U87MG (Figure 8). Similarly, incubation of U87MG
cells with exogenous TIMP-2 resulted in a dose-
dependent increase of cell-bound TIMP-2. An
amount of 350ng/ml of TIMP-2 that was added to
the media of U87MG cells increased cell-bound
TIMP-2 to a level slightly higher than that observed
in U87-C1 cells, whereas 500ng/ml of exogenous
TIMP-2 increased TIMP-2 surface binding nearly
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Figure 8 Increased expression and exogenous addition of TIMP-2
results in higher levels of cell-surface-bound TIMP-2 as deter-
mined by FACS. U87-C1 cells showed over a 30% increase in cell-
surface TIMP-2 compared to U87MG. The addition of exogenous
TIMP-2 to U87MG increased surface-bound TIMP-2 in a dose-
dependent manner, suggesting that cell-surface MT1-MMP bind-
ing sites were not fully saturated at these TIMP-2 concentrations.
UB7MG cells treated with concanavalin A to stimulate MMP-2
activation served as a positive control. Data are presented as
mean+s.e.m. of log fluorescent intensity. Significance of differ-
ence between U87MG and U87-C1 was estimated in the
independent t-test for P<0.05.



two-fold. As a control, U87MG cells treated with the
lectin concanavalin A, a potent inducer of MMP-2
activation, also exhibited a dramatic increase in cell-
bound TIMP-2. These results suggest that the higher
expression of TIMP-2 in U87-C1 cells led to an
increase in TIMP-2 binding to cell-surface MT1-
MMP and ensuing MMP-2 activation.

Transfection of TIMP-2 in U87MG Cells Demonstrates
a Biphasic Pattern of MMP-2 Activation

Parental U87MG cells were next transfected with a
eukaryotic expression vector containing the human
TIMP-2 cDNA or with empty vector to simulate the
effects of endogenous TIMP-2 upregulation. Follow-
ing G418 selection three TIMP-2 transfected stable
clones (U87T2, T3, T4) and one control clone were
isolated and expanded. As expected, reverse zymo-
graphy of serum-free conditioned media from the
control clone showed the same levels of TIMP-2 as
untransfected U87MG cells (Figure 9). U87T2 and T4
transfected clones, however, revealed a dramatic
overexpression of TIMP-2 well in excess of the levels
found in selected U87-C1 cells. Meanwhile, U87T3
cells exhibited an intermediate upregulation of
TIMP-2 expression similar to U87-C1 cells that was
higher than both control transfected and parental
U87MG cells, but much lower than the levels found
in U87T2 and T4 cells. The same results were
observed when immunoblots detecting TIMP-2 were
performed. Zymographic analysis of the same con-
ditioned media revealed similar levels of MMP-2
activation in control and untransfected U87MG cells,
whereas MMP-2 activation was inhibited in TIMP-2
overexpressing U87T2 and T4 cells. In contrast, a

Empty T2 T3 T4
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Reverse zym.
Conditioned media

Immunoblot

Concentrated
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= conditioned media
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MMP-2

Figure 9 Transfection of TIMP-2 ¢cDNA into U87MG cells resulted
in several clones with different levels of TIMP-2 expression.
Conditioned media from cells were analyzed for TIMP-2 expres-
sion by reverse zymography and immunoblot, while MMP-2
activation was observed with gelatin zymography. Us7MG cells
transfected with empty vector exhibited the same amounts of
TIMP-2 expression and MMP-2 activation as parental cells. Three
TIMP-2 transfected clones were isolated: clones T2 and T4 highly
overexpressed TIMP-2 into media and showed diminished MMP-
2 activation, whereas clone T3 demonstrated intermediate
upregulation of TIMP-2 with increased MMP-2 activation similar
to selected U87-C1 cells.
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marked increase in MMP-2 activation was seen in
U87T3 cells intermediately overexpressing TIMP-2,
a phenotype mimicking that of selected U87-C1 cells
(Figure 9). These data show that expression of TIMP-
2 at levels similar to those found in U87-C1 promotes
MMP-2 activation, whereas exceeding levels of
TIMP-2 expression inhibit MMP-2 activation in
U87MG glioblastoma cells.

Discussion

One of the critical challenges in glioblastoma
research is the identification of mechanisms used
by glioblastoma cells to invade the brain. With
a variety of new pathway inhibitors and MMP
inhibitors being recently introduced into clinical
trials, the importance of discovering mechanisms
of invasion that can be pharmacologically targeted is
apparent. In this study, we have successfully used
an in vitro selection method to generate an interest-
ing and useful experimental model for identifying
candidate mechanisms involved in glioblastoma
invasion without having to genetically modify
cells. Relative to parental U87MG cells and
U87MG-Res cells, U87-C1 cells derived from this
selection process demonstrated a three-fold increase
in invasion, displayed cytoskeletal features charac-
teristic of cell motility, and exhibited biochemical
alterations that were stable over at least 15 passages.
We show that a two-fold increase in TIMP-2
expression in U87-C1 cells is associated with
increased MMP-2 activation and invasion. These
observations were confirmed and extended using
exogenous TIMP-2 addition and TIMP-2 overexpres-
sion at varying levels, demonstrating the dual roles
that TIMP-2 plays in regulating MMP-2 processing
and invasion. Although previous studies have
indicated that TIMP-2 can inhibit MMP-2 activation
and that it is also required in this process, this is, to
the best of our knowledge, the first demonstration
that endogenous physiological upregulation of
TIMP-2 expression can promote MMP-2 activation
and subsequent glioblastoma cell invasion. Further-
more, because higher expression of TIMP-2
(and MMP-2) in glioblastoma tissue has been
previously documented,?® these data have direct
clinical relevance.

Elevated MMP-2 expression and activation are
strongly correlated with astrocytic tumor grade and
malignancy.®”** Our finding that the more invasive
U87-C1 cells have a three-fold increase in MMP-2
activation is consistent with these reports. More-
over, that increased amounts of TIMP-2 can promote
MMP-2 activation and glioblastoma cell invasion is
also not surprising. Although TIMP-2 was originally
characterized as a suppressor of tumor invasion due
to its ability to bind and inhibit MMP-2,"" and
overexpression of TIMP-2 was previously shown to
reduce invasion and metastasis in a number of
tumor cell models,?*?7 it is well known that TIMP-2
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is also necessary for the efficient activation of
proMMP-2. According to the model, a half molar
ratio of TIMP-2 to MT1-MMP is theoretically
optimal for MMP-2 activation. Exogenous addition
of TIMP-2 to U87MG cells at concentrations up to
700 ng/ml not only stimulated MMP-2 activation in
a dose-dependent manner, it also increased cell
invasion through Transwell filters coated with
collagen type I. Only when TIMP-2 levels were in
excess of 800ng/ml was MMP-2 activation inhib-
ited. Similarly, intermediate upregulation of TIMP-2
in U87MG cells by transfection elicited a marked
increase in MMP-2 activation, whereas highly over-
expressing TIMP-2 transfectants displayed inhibi-
tion of MMP-2 activation. It appears then that

endogenous TIMP-2 concentrations in U87MG cells,
while enough to provide a basal level of MMP-2
activation, are suboptimal for maximum MMP-2
activation in the context of endogenous expression
levels of MT1-MMP and MMP-2 in these cells. Thus,
increasing local TIMP-2 concentrations has the
effect of initially stimulating MMP-2 activation,
whereupon exceeding amounts of TIMP-2 are
inhibitory to MMP-2 activation (Figure 10). This
inhibition is caused by excessive binding of TIMP-2
to MT1-MMP, reducing the number of TIMP-free
MT1-MMP molecules available for proMMP-2 clea-
vage, as well as direct binding of TIMP-2 to
proMMP-2, thus sequestering it from the activation
complex.
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Figure 10 Diagrammatic model depicting the balance between MMP-2/MT1-MMP and TIMP-2 expression and its effects on MMP-2
activation in glioblastoma. (a) Tumor cells such as U87MG that overexpress large amounts of MMP-2 and MT1-MMP but secrete relatively
low levels of TIMP-2 are able to activate MMP-2 at a basal level. TIMP-2 (black) binds to MT1-MMP (dark gray) on the cell surface and acts as
a receptor for proMMP-2 (light gray). A second TIMP-free MT1-MMP molecule in close proximity then cleaves the MMP-2 propeptide
domain to generate active MMP-2 (white), which is then released. (b) Intermediate upregulation of TIMP-2 expression, such as in U87-C1
cells, allows more MT1-MMP/TIMP-2/proMMP-2 complexes to assemble on the cell surface and results in increased MMP-2 activation. (c)
Very high levels of TIMP-2 expression are inhibitory to both MMP activity and MMP-2 activation due to excessive TIMP-2 binding of MT1-
MMP as well as direct binding to MMP-2. (d) Relationship between MMP expression, local TIMP-2 levels, and MMP-2 activation. Solid
black arrowhead lines represent MMP-2 activation in tumor cells with high MMP-2 and MT1-MMP expression as a function of TIMP-2 level.
MMP-2 activation initially increases as TIMP-2 increases until TIMP-2 levels reach the optimum for maximal MMP-2 activation. Thereafter,
increases in TIMP-2 are inhibitory to activation and, at higher levels, inhibitory to MMP activity. Points A, B, and C are representative
positions along this plot for the scenarios depicted in Figures 10(a)—(c). In nontumor tissues that presumably express low levels of MMP-2
and MT1-MMP, even low amounts of TIMP-2 are sufficient to inhibit MMP activation and activity (gray arrowhead line, bottom left).
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Because TIMP-2 has been shown to promote cell
proliferation,?®?° an increase in cell growth resulting
from TIMP-2 upregulation could potentially be
misinterpreted as increased migratory and invasive
phenotypes in our assays. Under our culture condi-
tions, however, this was not the case as U87-C1 cells
exhibited no growth advantage over U87MG cells as
determined by cell growth and DNA synthesis
assays. This observation, together with flow cyto-
metry data showing increased cell-surface binding
of TIMP-2 in U87-C1, suggests that in our cells the
predominant role of TIMP-2 is as a regulator of MMP
activation and inhibition.

The mechanism resulting in increased TIMP-2
expression in U87-C1 cells is not clear at this point.
TIMP-2 expression appears to be modulated by a
wide range of physiological conditions, including
upregulation in the presence of lipopolysaccharides
and retinoic acid,’® downregulation by TGF-2p,*'
and even coordinate regulation with MT1-MMP
expression and proteolytic processing.®* However,
the fact that U87-C1 cells were derived in the
absence of any external stimuli tends to support an
intrinsic mode of TIMP-2 regulation that is likely
influenced by other inherent cellular and molecular
alterations in the cells.

Although MMPs and their inhibitors play key
roles in the dynamic processes of glioblastoma
cell invasion and motility, there are likely to be other
mechanisms promoting these phenotypes including
those not involving proteases. Activation of the
small GTPase Rho induces stress fiber formation
while Rac contributes to the formation of lamellipo-
dia.*® Our data from actin immunofluorescent
staining thus strongly suggest an increase in activa-
tion of Rho and Rac in U87-C1 cells. Furthermore,
inhibition of MMP activity with the broad-spectrum
MMP inhibitor GM6001 in both U87MG and U87-C1
cells diminished overall invasion of both cell
types, but did not reduce U87-C1 invasion back to
parental baseline levels (data not shown). It is likely
that other pathways or intrinsic adaptations exist
in U87-C1 cells to trigger an invasive phenotype. In
glioblastoma, it is probably a combination of various
mechanisms in addition to interactions with the
surrounding stromal environment that contribute to
this pattern of growth and dissemination within the
brain.

In the light of our results, as well as those that
have reported poor prognostic significance for
increased TIMP-2 expression in other human can-
cers,**%” the outcomes of potential TIMP-based
therapeutic strategies may not be as straightforward
as the original concept of TIMPs serving as anti-
invasion/MMP agents. The development of such
therapies would require a careful understanding of
the TIMP-MMP balance in each individual patient
to better predict their suitability and efficacy. This is
made more complicated by the fact that tumor cells
may also utilize MMPs and TIMPs produced by
stromal cells in the local tumor microenvironment.
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Because it will be difficult to precisely control the
efficiency and exact amount of TIMP-2 delivery to
tumors in vivo, regardless of the mode of delivery, it
may be possible for TIMP-2 therapy to inadvertently
shift some tumor cells closer to the optimum MMP/
TIMP balance for MMP-2 activation.

In conclusion, we have selected a subpopulation
of glioblastoma cells that exhibit greater invasive
and motile characteristics as well as increased
MMP-2 activation mediated by an increase in
TIMP-2 expression. The effects of local TIMP-2
concentrations on MMP-2 activation are dependent
upon their stoichiometric ratios to MMP-2 and MT1-
MMP levels. Glioblastoma cells exhibiting MT1-
MMP and MMP-2 overexpression but low TIMP-2
levels may be rendered more invasive with appro-
priate upregulation or recruitment of TIMP-2. Our
results conclusively demonstrate the complex roles
of TIMP-2 in the regulation of MMP-2 activation and
glioblastoma cell invasion, and suggest that a careful
analysis of TIMP/MMP balances and other cell-
surface molecules in vivo may better identify and
refine potential therapeutic strategies targeted
against glioblastoma invasion.
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