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Matrix metalloproteinase 9 (MMP-9) is known to play a
major role in cell migration and invasion in both
physiological and pathological processes. Our previous
work has shown that increased MMP-9 levels are
associated with human glioma tumor progression. In this
study, we evaluated the ability of an adenovirus contain-
ing a 528 bp cDNA sequence in antisense orientation to
the 5’ end of the human MMP-9 gene (Ad-MMP-9AS)
to inhibit the invasiveness and migratory capacity of the
human glioblastoma cell line SBN19 in in vitro and in
vivo models. Infection of glioma cells with Ad-MMP-
9AS reduced MMP-9 enzyme activity by approximately
90% compared with mock- or Ad-CMV-infected cells.
Migration and invasion of glioblastoma cells infected
with Ad-MMP-9AS were significantly inhibited relative
to Ad-CMV-infected controls in spheroid and Matrigel
assays. Intracranial injections of SNB19 cells infected
with Ad-MMP-9AS did not produce tumors in nude
mice. However, injecting the Ad-MMP-9AS construct
into subcutaneous U87MG tumors in nude mice caused
regression of tumor growth. These results support the
theory that adenoviral-mediated delivery of the MMP-9
gene in the antisense orientation has therapeutic
potential for treating gliomas.
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Introduction

Cancer cell invasion is a complex process that requires
coordinated interactions between adhesive proteins and
pericellular proteolysis. It is known that serine
proteinases, such as urokinase and matrix metallopro-
teinases (MMPs) are essential for cell invasion. MMPs
are a family of secretory Zn dependent endopeptidase
with a diverse hydrolytic spectrum of extracellular
proteins. MMP-9 is known to degrade basement
membranes, which normally separate the epithelial
from the stromal compartment (Stetler-Stevenson et
al., 1993). It is believed that the finely regulated
temporal and spatial MMP activity on the surface of
both tumor and endothelial cells is essential for the
aggressiveness of these cells in the process of tumor
metastasis and invasion. Thus the control of matrix
proteolysis has long been proposed as a rational
therapeutic antitumor strategy (Brown, 1999; Liotta
et al., 1991; Yip et al., 1999).

The human MMP gene family contains 24 identified
members in four major groups – the collagenases,
gelatinases, stromelysins, and MT-MMPs (Shingleton
et al., 1996). The collagenases (MMP-1, MMP-8, and
MMP-13) cleave triple helical collagen into two
fragments; gelatinases (MMP-2 and MMP-9) degrade
denatured collagen; and stromelysins (MMP-3, MMP-
7, MMP-10 and MMP-11) degrade a broad range of
molecules, including aggrecan, fibronectin, laminin and
procollagens. MT-MMPs (MMP-14, MMP-15, MMP-
16, and MMP-17) are similar to other MMPs except
for the addition of a transmembrane domain and a
cytoplasmic tail at the C terminus; and MT-MMPs are
also expressed in many carcinomas (Seiki, 1999). The
activities of the MMPs are regulated by gene
expression (Eberhardt et al., 2000; Sato and Seiki,
1993), proenzyme activation (Crabbe et al., 1994; Imai
et al., 1995) and inhibition of the active enzymes by
their specific tissue inhibitors (Gomez et al., 1997).Received 16 May 2002; revised 12 July 2002; accepted 18 July 2002
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Levels of MMP-2, MMP-9, and MT1-MMP are
reportedly elevated in various cancers (Kahari and
Saarialho-Kere, 1999). For example, MMP-9 was
detected in 68% of primary breast carcinomas, either
in the stromal compartment or adjacent to tumor cells
(Jones et al., 1999). A significant correlation between
the expression of MMP-9 and tumor grade has also
been reported in bladder cancer (Davies et al., 1993b).
Furthermore, elevated serum level of MMP-9 was
shown to correlate with spontaneous metastasis in rat
mammary tumor models (Nakajima et al., 1993).
Inhibition of MMP-9 expression and/or activity
resulted in reduction of tumor invasion and metastasis
in animal studies (Davies et al., 1993a; Garbisa et al.,
1987; Lozonschi et al., 1999). Mice deficient in MMP-9
were viable but exhibited an abnormal pattern of
skeletal growth plate vascularization (Vu et al., 1998).
Cultured growth plate cells from MMP-9-null mice
showed a delayed release of some angiogenic activa-
tors, suggesting that MMP-9 may play a positive role
in regulating angiogenesis.

Nervous system tumors are one of the leading causes
of cancer related death. The diffusely infiltrative nature
of glioblastoma multiforme is one of the major
obstacles to its successful surgical control. The specific
mechanisms facilitating the invasive behavior of brain
cancer remains obscure; however, the interactions
between cancer cells and the surrounding normal cells
and ECM are thought to be key aspects in tumor cell
invasion. The ECM in the blood vessel basement
membrane of the normal brain and in the perivascular
locations of brain tumors includes collagen types I, III,
IV, V, VI, VII, and VIII, laminin, and fibronectin
(Gomez et al., 1997). We and others (Chintala et al.,
1996a,b; Kahari and Saarialho-Kere, 1999; Gomez et
al., 1997; Koochekpour et al., 1995) have reported that
various protein components of the ECM play
significant roles in the migration and invasion of
glioma cells. We have also demonstrated higher levels
of ECM components in glioblastomas than in low-
grade glioma or normal brain tissue (Chintala et al.,
1996b). Moreover, the metalloproteinases that degrade
various ECM components are present in increasingly
high amounts in increasingly malignant forms of
human glioma tissues and cultured glioma cells
(Forsyth et al., 1998; Yamamoto et al., 1996; Rao et
al., 1993). We have recently shown that stable
transfection of human glioblastoma cell line SNB19
with a plasmid containing antisense MMP-9 cDNA
alters the invasive properties of these cells, both in vitro
and in vivo (Kondraganti et al., 2000).

For patients with malignant glioma, present treat-
ment options mostly consist of surgery and radiation.
Recent advances have made it possible to consider
using gene transfer techniques for the treatment of
cancer. Adenoviral vectors have been widely used to
transfer genes because of their unique ability to
accomplish efficient gene delivery in various tissues.
In the present study, we constructed a replication-
deficient recombinant adenovirus (Ad-MMP-9AS)
containing a 528 bp antisense expression segment for

human MMP-9 and used this vector to infect
glioblastoma cells in culture and tumors in situ. Our
goal was to down-regulate the overexpression of MMP-
9 in glioblastoma cells and tumors, thereby inhibiting
the invasion of tumor cells into surrounding normal
tissue and hence the development of tumor growth.

Results

Infection with Ad-MMP-9AS decreased MMP-9 enzyme
activity and protein expression in SNB19 glioblastoma
cells

We constructed a replication-deficient recombinant Ad
(Ad-MMP-9AS) with a 1.8 kb mini expression cassette
that expresses a truncated 528 bp antisense message to
the 5’ end of the MMP-9 gene. The MMP-9 expression
cassette was cloned into the E1-deleted region of the
adenovirus genome, driven by a CMV promoter with a
bovine growth hormone polyadenylation signal. Ad-
MMP-9AS infection significantly decreased MMP-9

Figure 1 Infection with Ad-MMP-9AS decreased MMP-9 enzy-
matic activity and protein in SNB19 glioblastoma cells in a dose
and time dependent manner. (A) Conditioned medium containing
equal amounts of protein (20 mg) extracted from the conditioned
medium from mock-infected, vector-infected (Ad-CMV), and Ad-
MMP-9AS-infected SNB19 cell cultures was mixed with Laemmli
sample buffer and run on 10% SDS–PAGE gels containing 0.1%
gelatin (gelatin zymography). (B) SNB19 cells were infected with
100 MOI of Ad-MMP-9AS for various periods and enzyme activ-
ity was measured by gelatin zymography as described above. (C)
Western blot analysis of MMP-9 protein expression in condi-
tioned medium in mock, Ad-CMV and Ad-MMP-9AS infected
SNB19 cells. Western analysis was performed using antibody
against MMP-9
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enzyme activity as determined by gelatin Zymography
when compared to mock or Ad-CMV infected SNB19
cells (Figure 1A). Quantification of MMP-9 enzyme
activity showed a significant (P50.001) decrease in
cells that had been infected with Ad-MMP-9AS at
more than 25 MOI; this decrease reached 90% in cells
infected with 100 MOI (relative to the enzyme activity
in the control cells). The extent of decrease in MMP-9
enzyme activity levels also increased with time (Figure
1B). Quantification of MMP-9 enzyme activity over
time showed a significant (P50.001) decrease in Ad-
MMP-9AS infected SNB19 cells after 3 days; this
decrease reached above 90% in cells infected with Ad-
MMP-9AS after 4 days. A dose and time dependent
decrease in MMP-9 enzyme activity over 4 days was
also observed in Ad-MMP-9-infected U87MG cells,
another human glioblastoma cell line (data not shown).
Figure 1C shows the adenovirus mediated decrease in
MMP-9 protein expression as determined by Western
blotting using anti MMP-9 antibody suggesting that
the decrease in enzyme activity is due to decrease in
MMP-9 protein expression.

Ad-MMP-9AS infection inhibited the migration of
SNB19 cells

We examined the migrating capacity of the spheroids
of SNB19 cells that had been infected with mock Ad-
CMV and Ad-MMP-9AS. Figure 2A shows that there
was significant migration of cells from the spheroids
infected with mock and Ad-CMV in 72 h. However,
there was very little migration of cells in Ad-MMP-
9AS infected spheroids. Figure 2B shows a significant
reduction (P50.001) in the migration of cells from
spheroids infected with Ad-MMP-9AS when compared
to mock and Ad-CMV.

Ad-MMP-9AS infection inhibited the invasion of SNB19
cells through matrigel

SNB19 cells infected with Ad-MMP-9AS invaded
Matrigel-coated filters to a much lesser extent than

did the mock-infected or Ad-CMV-infected cells
(Figure 3A). Quantitative analysis of the number of
cells by 3-(4,5-dimethylthiazol-2-2,5-diphenyl-tetrazo-
lium bromide) assay (Konduri et al., 2000) showed
that 45% of the mock-infected cells and 39% of the
Ad-CMV-infected cells but only 14% of the Ad-MMP-
9AS-infected SNB19 cells invaded to the lower side of
the membrane at 48 h (P 50.001) (Figure 3B).

Ad-MMP-9AS infection inhibited invasion of SNB19
cells into fetal rat brain aggregates

In the spheroid coculture experiments, fetal rat brain
aggregates stained with the fluorescent dye DiO were
confronted with spheroids of parental, vector-infected,
or antisense Ad-MMP-9AS-infected cells that had been
stained with DiI fluorescent dye. The tumor spheroids
merged with the rat brain aggregates within 24 h. At
72 h, the tumor spheroids consisting of parental cells
or vector control cells had progressively invaded the
fetal rat brain aggregates (Figure 4A), producing a
corresponding decrease in brain aggregate volume
(Figure 4B). In contrast, Ad-MMP-9AS infection
greatly inhibited the invasion of SNB19 cells into rat
brain aggregates. Quantitative analysis of the rat brain
aggregates remaining after 72 h of coculture revealed
only 10 – 15% remaining in the parental and vector-
infected cocultures compared with 85 – 90% remaining
in Ad-MMP-9AS infected cells (Figure 4B) (P
50.001).

Ad-MMP-9AS infection inhibited tumor formation and
caused regression of established tumors in mice

Having demonstrated that Ad-MMP-9AS infection
decreased migration and invasion in SNB19 cells in
vitro we tested the effect of this Ad-MMP-9AS in an in
vivo model. As shown in Figure 4C, SNB19 cell
infected with 100 MOI of Ad-CMV and then injected
intracerebrally into nude mice (10 mice per group)
developed tumors in nude mice by 4 weeks. But all the
10 mice that were injected with Ad-MMP-9. As

Figure 2 Migration of SNB19 cells infected with Ad-MMP-9AS or Ad-CMV. SNB19 cells (36106 cells) were suspended in
DMEM and seeded onto 0.5% agar-coated plates and cultured until spheroids were formed. Spheroids of 100 – 200 mm in diameter
were selected and infected with 56108 PFU of Ad-CMV or Ad-MMP-9AS. After 3 days, single glioma spheroids were placed in the
center of a vitronectin-coated well in 96-well plate and cultured at 378C for 48 h. At the end of the migration assay, spheroids were
fixed and stained with Hema-3 stain and photographed. (A) The migration of cells from the spheroid was measured using a micro-
scope calibrated with a stage and ocular micrometer. (B) The data shown are mean+s.d. values of four independent experiments
from each group (*P50.001)
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infected cells developed very small or undetectable
tumors (Figure 4C). Quantitation of tumor size showed
a significant reduction (P50.001) in Ad-MMP-9AS
infected cells compared to mock and Ad-CMV infected

cells (Figure D). This represented a 30-fold reduction
in the tumor volume compared to control virus treated
cells. In a separate experiment, 56106 U87MG
glioblastoma cells were injected subcutaneously in nude

Figure 3 Ad-MMP-9AS infection inhibits invasion of SNB19 cells. SNB19 cells were infected with 100 MOI of Ad-CMV or 100
MOI of Ad-MMP-9AS. Four days later, 16106 cells were allowed to migrate for 24 h through transwell inserts (8 mm pores) coated
with Matrigel. The cells that invaded through the Matrigel-coated inserts were stained, counted and photographed under a light
microscope at 206magnification (A) and invasion was quantified (B) as described in Materials and methods. Data shown are
the average values from four separate experiments from each group (+s.d.; *P50.001)

Figure 4 SNB19 cells (36106 cells) were suspended in DMEM and seeded onto 0.5% agar-coated plates and cultured until spher-
oids formed. Tumor spheroids (red fluorescence) 100 – 200 mm in diameter were selected, infected with 56108 PFU of Ad-CMV or
Ad-MMP-9AS, and co-cultured with fetal rat brain aggregates. After 3 days, progressive destruction of fetal rat brain aggregates
(green fluorescence) and invasion of SNB19 cells was observed upon confocal laser scanning microscopy (A). Quantification of re-
maining fetal rat brain aggregates by SNB19 spheroids infected with Ad-CMV or Ad-MMP-9AS vectors as described in Materials
and methods (B). Data shown are the mean+s.d. values from four separate experiments for each group (*P50.001). (C) Tumor
growth inhibition of SNB19 GFP cells infected with Ad-MMP-9AS. SNB19 glioblastoma cells, but not SNB19 cells infected with
antisense Ad-MMP-9AS, formed intracerebral tumors in nude mice. Cells were infected with Ad-MMP-9AS (100 MOI), Ad-CMV
(100 MOI), or phosphate-buffered saline for 4 days, trypsinized, counted and then inoculated intracerebrally (16106 cells in 10 ml of
PBS) into nude mice (10 mice in each group). The animals were examined for tumor formation over a 5 – 6 week period, and tumor
sizes were estimated on tumor sections from GFP expressing cells (C). Semi quantitation of tumor volume in mock/Ad-CMV and
Ad-MMP-9AS infected SNB19 cells 4 weeks after intracranial injection of these cells as described in Materials and methods (D).
Data shown are the +s.d. values from 10 animals from each group (*P50.001)
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mice. After the tumors reached 4 – 5 mm in diameter
(8 – 10 days), they were injected every second day with
a total of four doses of Ad-CMV or Ad-MMP-9AS
(56108 PFU). All 10 mice injected with the Ad-MMP-
9AS vector showed regression of tumors beginning on
the fifth day after the second injection and continuing
for 21 days at which about 80% inhibition was seen
relative to the Ad-CMV injected tumors (Figure 5). By
25 days, inhibition was about 90% relative to
subcutaneous tumors that had been injected with Ad-
CMV (Figure 5).

Discussion

The etiology of brain cancer, like other malignancies,
involves a complex interplay between epigenetic and
genetic changes occurring during the natural history of
tumor growth and development. Genetic changes
accumulate in the form of mutations, activation of
proto-oncogenes, or the loss of tumor suppressor genes
that could promote tumor progression, invasion, and
metastasis; this process provides a rational basis for
targeting one or more critical genetic defects in cancer
cells by using gene-mediated therapy approaches. A
variety of different vectors and delivery techniques are
being studied for gene transfer within the central
nervous system (Parks and Bramson, 1999). Substantial
work over the past decade has shown that MMPs play
a pivotal role in the process of malignant progression
and that inhibition of MMP-9 expression and/or
activity resulted in reduction of tumor invasion and
metastasis in animal studies (Davies et al., 1993a;
Garbisa et al., 1987; Lozonschi et al., 1999). In the
present study, we demonstrated that adenoviral-
mediated transfer of an antisense-MMP-9 gene
sequence can inhibit tumor growth in gliomas.

Malignant astrocytomas (glioblastomas) are the most
invasive of brain tumors and frequently demonstrate
extensive infiltration of surrounding tissues. Indirect
evidence that MMPs are involved in invasion and
angiogenesis in gliomas comes from observations that

MMP-2, MMP-9, and MT1-MMP are present at
elevated levels in several glioma cell lines and surgical
specimens (Rao et al., 1993, 1996; Forsyth et al., 1998;
Yamamoto et al., 1996; Nakada et al., 1999). The
regulation of the expression and activity of MMP-9 is
more complex than that of most other MMPs (Dubois
et al., 1999). MMP-9 is not produced constitutively by
most cells (Collier et al., 1988), but its activity is
induced by different stimuli depending on the cell type
(Houde et al., 1993), thereby providing a means of
increasing its activity in response to specific pathophy-
siological events. Glioblastomas express greater
amounts of MMPs than do either low-grade gliomas
or normal brain in vivo (Rao et al., 1993; Forsyth et
al., 1998; Yamamoto et al., 1996), and the activity of
MMP-9 in particular in surgical specimens was
proportional to the grade of the glioma (Rao et al.,
1996). In the present study, we constructed a
replication-defective recombinant adenovirus contain-
ing a 528 bp antisense gene to human MMP-9 and
used it to effectively down-regulate MMP-9 enzymatic
activity in glioma cells. The decrease in MMP-9
activity resulting from Ad-MMP-9AS infection inhib-
ited the invasiveness of SNB19 glioblastoma cells by
90% in Matrigel and spheroid models. However we did
not see any inhibitory effect (*10%) of Ad-MMP-9AS
compared to mock and Ad-CMV in a proliferation
assay (data not shown). In the present study we did not
study the expression of MMP-9 gene transcript
following infection with Ad-MMP-9AS. In our earlier
work with adenoviral mediated transfer of uPAR
antisense gene, although the uPAR protein levels and
in vitro translation studies with 35S-labeling of uPAR
decreased, there was no significant decrease in target
mRNA (Mohan et al., 1999). Studies on the co-
localization of antisense RNAs with the target mRNA
suggest that there is difference in RNA susceptibility.
The RNA that is transcribed from the a chromosomal
location (cis) is targeted by antisense RNA but is not
targeted by the antisense RNA transcribed by the extra
chromosomal units like adenovirus (Arndt and Rank,
1997). We then assessed the in vivo effect of Ad-MMP-
9AS using two nude mice models. SNB19 cells infected
with Ad-MMP-9AS formed very small tumors or
undetectable upon intracerebral injection in nude mice.
Intratumoral injection of this virus in the subcutaneous
model efficiently inhibited tumor growth. We believe
that the data from the nude mice indicated that the
suppression of tumor growth is because of reduced
invasion/angiogenesis in Ad-MMP-9AS infected cells
compared to the parental and Ad-CMV controls.
Previous studies with uPAR antisense colonies has
shown that these cells remained dormant after injection
into nude mice (Aguirre-Ghiso et al., 2001) and
analysis of brain sections indicated that these cells
have undergone apoptosis (Go et al., 1997; Kin et al.,
2000). We are investigating the fate of the Ad-MMP-
9AS infected cells in nude mice at present. Taken
together, these findings indicate that the efficient down-
regulation of MMP-9 by adenoviral-mediated delivery
of an antisense gene has an antitumor effect in vivo.

Figure 5 Growth inhibition of pre-established tumors by the
intratumoral injection of Ad-MMP-9AS. 56106 U87 cells in
100 ml of phosphate-buffered saline were injected in nudemice. After
8 – 10 days, the resultant 4 – 5 mm subcutaneous tumors were in-
jected intratumorally with Ad-CMV (vector control), or Ad-MMP-
9AS (56108 PFU) in a 100-ml volume. A total of four injections were
given, one every other day, and the tumor size wasmeasuredwith ca-
lipers. Tumor volumes are shown as means+s.d. (*P50.001)
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MMP-9 expression and activation involve multiple
steps. We showed previously that inhibition of MAP
kinases through the use of dominant-negative c-jun,
ERK-1, ERK-2, or MEKK or specific inhibitors like
PD98059 markedly inhibited the expression of MMP-9
and the invasive potential of gliomas (Lakka et al.,
2000). At present, inhibition of the function of MMPs
in the extracellular matrix is being actively pursued for
anticancer therapy. Several reports have implicated the
plasmin system in MMP-9 activation. Activation of the
type IV collagenases has been shown to occur in a
dose- and time-dependent manner in the presence of
physiological levels of plasminogen and uPA. The
addition of antihuman uPA IgG delayed the migration
of human bronchial epithelial cells in a dose-dependent
manner, indicating that uPA activity is essential for the
migration of these cells; this treatment also resulted in
a decrease in the amount of activated MMP-9
(Chambers and Matrisian, 1997). In a rat sarcoma
model, a ribozyme directed against MMP-9 mRNA
was used to show that MMP-9 expression is involved
in metastasis but not in tumor growth (Hua and
Muschel, 1996).

Synthetic MMP inhibitors have been reported to
inhibit tumor progression and angiogenesis in a variety
of in vivo models (Rasmussen and McCann, 1997;
Shalinsky et al., 1999). The synthetic inhibitors
batimastat and marimastat effectively reduced glioma
invasion in Matrigel-coated transwell assays and co-
cultures of tumor spheroids with fetal rat brain
aggregates, although higher concentrations were
required in co-culture systems (Tonn et al., 1999).
AG3340, another synthetic inhibitor, inhibits the
growth of the U87 glioma cell line implanted
subcutaneously in SCID-NOD mice (Price et al.,
1999). These compounds inhibit the in vitro activities
of many MMPs, and most are synthetic analogues that
use hydroxamic acid as the zinc-binding group
(Scatena, 2000). Several of these hydroxamate-based
inhibitors have demonstrated a dose limiting arthral-
gia/myalgia in clinical trials (Brown, 2000), and it has
been suggested that this dose limiting side effect may
result from the inhibition of MMP-1. Clinical toxicity
may also result from inhibiting the proteolytic
processing of other cell surface molecules, such as L-
selectin, IL-1-R11, and IL-6R (Baxter et al., 2000).
Another approach to down-regulate these molecules is
by using specific antisense oligonucleotides. A potential
advantage of antisense strategies is that, they are
selective for a specific type of MMP, thereby
potentially resulting in fewer systemic toxic effects.
Previous work from our laboratory has shown that
successful transfection of SNB19 cells with an anti-
sense-MMP-9 construct led to reduced invasiveness in
Matrigel and spheroid assays, indicating that MMP-9
is required for invasiveness, and antisense MMP-9-
transfected clones did not form tumors in nude mice
(Kondraganti et al., 2000).

At present, adenovirus is still an attractive vector to
deliver anti-invasive and/or antiangiogenic gene
products in cancer because of its high infectivity in

vivo, which allows direct vector injection in clinic. In
our study intratumoral delivery of Ad-MMP-9AS
suppressed the growth in nude mice. We did not see
the tumor growth up to approximately 10 – 12 weeks.
Although the described protective effect of the Ad-
MMP-9AS therapy in study appears to be transient
since adenoviral delivery of genes is known to last for
only 4 – 6 weeks, it did emphasize the potential of such
a protocol as a further advance in cancer gene therapy.
However, the substantial clinical benefit and further
extension of this strategy should certainly await the
development of vectors allowing long term expression
of genes at circulating therapeutic levels and /or the use
of vectors with altered tropism to permit gene transfer
into specific cell types. Together with our previous
results we have demonstrated the anticancer efficiency
of delivering antisense MMP-9 by adenoviral vector.
Since MMP-9 is not only tightly associated with
invasion/metastasis but also was shown to mediate
angiogenesis and is considered to be prioritized
therapeutic target (Folkman, 1999), gene therapy
targeting this molecule is not restricted to cancer
because its potential clinical use should include any
angiogenic-relevant diseases such as rheumatoid arthri-
tis, retinopathy and vascular stenosis (Folkman, 1999;
Baker et al., 1998).

Materials and methods

Materials

DMEM/F12 medium was obtained from Fisher Scientific
(Pittsburgh, PA, USA). PMA was obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Matrigel was obtained
from Collaborative Research, Inc. (Boston, MA, USA), and
transwell plates were from Costar (Cambridge, MA, USA).

Construction of the Ad-MMP-9AS vector

A 528 bp cDNA fragment of MMP-9 was amplified by PCR
with synthetic primers and subcloned into the pcDNA3
vector (Invitrogen, Carlsbad, CA, USA) between the HindIII
and XhoI polycloning sites in the antisense orientation
(pcDNA-MMP-9-AS). The forward primer was 5’-AATCTC-
GAGAGACACCTCTGCCCTCACCATGAG-3’; the reverse
primer was 5’-AATAAGCTTAACTGGATGACGATGTCT-
GCGTCC-3’ (enzyme recognition sites are underlined).
Sequence analysis of the 528-bp internal sequence verified
its 100% homology with the published sequence of MMP-9
cDNA (Wilhelm et al., 1989). This mini expression cassette
containing the 528 bp DNA fragment of the 5’ end of MMP-
9 gene, with the CMV promoter and the polyadenylation
signal of bovine growth hormone, was extracted from the
pcDNA-MMP-AS clone by digestion with PvuII. The
resulting 3.5 kb DNA fragment containing the 528 bp
antisense expression cassette for MMP-9 was purified from
agarose gels and partially digested with NruI to yield a 1.7 kb
DNA fragment, which was blunt end-ligated into the EcoRV
site of the adeno-shuttle vector pAdDE1sp1A. The sequence
of the resulting Ad-MMP-9AS clone was confirmed, and the
Ad-MMP-9AS construct was cotransfected with the 40.5 kb
pJM17 vector into human embryonic kidney 293 cells to
isolate recombinant adenovirus (Graham and Prevec, 1991).
The recombinant virus was purified by ultracentrifugation in
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cesium chloride step gradients (Graham and Prevec, 1991).
The viral DNA was also sequenced to confirm the
configuration of the expression cassette. The purified viral
preparations were verified to be free of wild-type Ad by PCR
with E1-specific primers.

Cell lines and infection conditions

SNB19, an established human glioblastoma cell line, was
grown in DMEM/F12 (1:1, v/v) supplemented with 10% fetal
bovine serum in a humidified atmosphere containing 5% CO2

at 378C. Viral stocks were suitably diluted in serum-free
medium to obtain the desired MOI or PFU and added to cell
monolayers of tumor cell spheroids (1 ml per 60 mm dish or
3 ml per 100 mm dish) and incubated at 378C for 30 min.
The necessary amount of culture medium with 10% fetal
bovine serum was then added, and the cells were incubated
for the desired times.

Gelatin zymography

MMP-9 expression was analysed on SDS polyacrylamide gels
impregnated with 0.1% gelatin (w/v) and 10% polyacryla-
mide (w/v) as described previously (Rao et al., 1993; Forsyth
et al., 1998; Yamamoto et al., 1996). Cells were treated with
or without PMA for 6 – 8 h, after which the culture medium
was replaced with fresh serum-free medium. The conditioned
medium was collected 48 h later, and medium containing
equal amounts of protein (20 mg) was mixed with sample
buffer before electrophoresis. The gels were run at a constant
current and then washed twice for 30 min in 50 mM Tris-
HCl, pH 7.5, plus 2.5% Triton X-100; the gels were then
incubated overnight at 378C in 50 mM Tris-HCl (pH 7.6),
10 mM CaCl2, 150 mM NaCl and 0.05% NaN3. The gels were
stained with Coomassie brilliant blue R-250 and then
destained.

Western blotting

Western blotting for MMP-9 was performed by lysing the
cells with radio-immunoprecipitation assay buffer (1%
Nonidet P40, 20 mM Tris, 150 mM NaCl, 5 mM EDTA,
0.1 mg/ml aprotinin, and 1 mM phenylmethyl sulfonyl
fluoride). Then 20 mg aliquots of cell lysate from each
treatment were loaded onto a 10% resolving SDS –PAGE
gel with a 4.5% stacking gel. Samples were electrophoresed
and then electroblotted onto a nitrocellulose membrane.
Western blot analysis was performed with a 1 : 2000 dilution
of anti-MMP-9 antibody (Oncogene Science, Cambridge,
MA, USA). Immunoreactive bands were visualized for
MMP-9 by using a horseradish peroxidase-conjugated anti-
mouse IgG secondary antibody and enhanced chemilumines-
cence reagents and exposed to X-ray film.

Migration of cells from spheroids

Migration of cells from spheroids was assessed as described
previously (Adachi et al., 2001), with modifications. Spher-
oids of SNB19 cells were prepared by suspending 26106 cells
in DMEM, seeding them on 100 mm tissue culture plates
coated with 0.75% agar, and culturing them until aggregates
were formed. Spheroids measuring approximately 100 –
200 mm in diameter (about 46104 cells per spheroid) were
selected and infected with adenovirus vectors at 100 MOI.
Three days after infection, a single glioma spheroid was
placed in the center of each well in vitronectin-coated 96-well
microplates and 200 ml of serum-free medium was added to

each well. Spheroids were cultured at 378C for 48 h, after
which the spheroids were fixed and stained with Hema-3 and
migration from the spheroids was assessed by light micro-
scopy and photographed. The migration of cells from
spheroid to monolayers was measured using a microscope
calibrated with a stage and ocular micrometer.

Matrigel invasion assay

Invasiveness was assessed by the ability of parental SNB19
cells, control cells (those mock-infected with phosphate-
buffered saline or infected with the Ad-CMV vector), or cells
infected with antisense MMP-9 (Ad-MMP-9AS) to traverse a
Matrigel-coated membrane as follows. Transwell inserts with
8 mm pores were coated with a final concentration of 0.7 mg/
ml of Matrigel, and 500 ml of cell suspension (16106 cells)
were added in triplicate wells. After a 24 h incubation, the
cells that passed through the filter into the lower wells were
quantified as described elsewhere (Konduri et al., 2000) and
expressed as a percentage of the sum of the cells in the upper
and lower wells. Cells on the lower side of the membrane
were fixed, stained with Hema-3 and photographed.

Spheroid invasion assay

Glioma invasiveness was assessed in a 3-dimensional model
by using a previously described procedure (Go et al., 1997) in
which glioma spheroids were co-cultured with fetal rat brain
aggregates. Glioma spheroids were prepared as described
above, stained with the fluorescent dye DiI and combined
with fetal rat brain aggregates that had been stained with
DiO. At different time intervals, serial 1 mm-thick sections
were obtained from the surface through the center of the co-
cultures with a confocal laser-scanning microscope. DiI and
DiO fluorescence was detected by using an argon laser at
488 nm with a band-pass filter at 520 – 560 nm and a helium/
neon laser at 543 nm with a long-pass filter at 590 nm
respectively. The volumes of fetal brain aggregate or tumor
spheroid that remained at 24, 48 and 72 h of co-cultures were
quantified with the formula as described previously (Konduri
et al., 2000).

Tumor implantation and regression experiments

For the intracerebral tumor experiments, cultured SNB19
GFP positive cells were infected with PBS (mock-infection
condition), Ad-CMV, or Ad-MMP-9AS, cultured for 5 days,
trypsinized, counted and intracerebrally inoculated into nude
mice. Four weeks later, the mice were anesthetized and killed
by intracardiac perfusion with phosphate-buffered saline
followed by 4% paraformaldehyde in saline for in situ
fixation of the tumors (Go et al., 1997). The brains were
removed, placed in 6% paraformaldehyde, and allowed to
stand at 48C for 4 h, after which they were transferred to a
solution of 0.5 M sucrose in phosphate-buffered saline and
incubated overnight at 48C. The following day, the brains
were cut, embedded in microscopic slides, and frozen at
7208C. The frozen sections were screened for GFP
fluorescence to examine tumor growth. All sections were
reviewed by a neuropathologist, Dr M Gujrati, who was
unaware of the treatment condition. The size of each tumor
was scored semiquantitatively in terms of maximum cross-
sectional diameter. The variation in the thickness between the
sections in each group was less than 10%. For the
subcutaneous tumor experiments, U87MG cells (56106 cells)
were injected subcutaneously into nude mice. After 8 – 10
days, when tumors reached 4 – 5 mm in diameter, they were
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injected with Ad-CMV, or Ad-MMP-9AS (56108 PFU)
every other day for a total of four injections. Tumor size was
measured every second day, and tumor volume was
calculated from the formula 1/6 P (R max)6(R min)2,
where R max and R min are the maximum and minimum
tumor radii respectively.

Abbreviations

ECM, extracellular matrix; MMP, matrix metalloproteinase;
MT-MMP, membrane-type MMP; Ad, adenovirus; CMV,

cytomegalovirus; MOI, multiplicities of infection; PFU,
plaque-forming units; PMA, phorbol myristate acetate.

Acknowledgements

We thank Karen Minter for preparing the manuscript and
Christine Wogan for editorial review. Supported by NIH
grants (CA76350 and CA75557; Jasti S Rao).

References

Arndt GM and Rank GH. (1997). Genome, 40, 785 – 797.
Aguirre-Ghiso JA, Liu D, Mignatti A, Kovalski K and
Ossowski L. (2001). Mol. Biol. Cell, 12, 863 – 879.

Adachi Y, Lakka SS, Chandrasekar N, Yanamandra N,
Gondi CS, Mohanam S, Dinh DH, Olivero WC, Gujrati
M, Tamiya T, Ohmoto T, Kouraklis G, Aggarwal B and
Rao JS. (2001). J. Biol. Chem., 276, 47171 – 47177.

Baker AH, Zaltsman AB, George SJ and Newby AC. (1998).
J. Clin. Invest., 101, 1478 – 1487.

Baxter AD, Bird JB, Bannister RBRMDT, Watson RW,
Owen DA and Montana JHJaJRC. (2000). Matrix
Metalloproteinase Inhibitors in Cancer Therapy, Clende-
ninn NJ and Appelt K. (ed.). Totowa, NJ: Humana Press,
Inc., pp. 93 – 221.

Brown PD. (1999). APMIS, 107, 174 – 180.
Brown PD. (2000). Expert. Opin. Investig. Drugs, 9, 2167 –
2177.

Chambers AF and Matrisian LM. (1997). J. Natl. Cancer
Inst., 89, 1260 – 1270.

Chintala SK, Sawaya R, Gokaslan ZL, Fuller G and Rao JS.
(1996a). Cancer Lett., 101, 107 – 114.

Chintala SK, Sawaya R, Gokaslan ZL and Rao JS. (1996b).
Cancer Lett., 102, 57 – 63.

Collier IE, Wilhelm SM, Eisen AZ, Marmer BL, Grant GA,
Seltzer JL, Kronberger A, He CS, Bauer EA and Goldberg
GI. (1988). J. Biol. Chem., 263, 6579 – 6587.

Crabbe T, O’Connell JP, Smith BJ and Docherty AJ. (1994).
Biochemistry, 33, 14419 – 14425.

Davies B, Brown PD, East N, Crimmin MJ and Balkwill FR.
(1993a). Cancer Res., 53, 2087 – 2091.

Davies B, Waxman J, Wasan H, Abel P, Williams G, Krausz
T, Neal D, Thomas D, Hanby A and Balkwill F. (1993b).
Cancer Res., 53, 5365 – 5369.

Dubois B, Masure S, Hurtenbach U, Paemen L, Heremans
H, van den OJ, Sciot R, Meinhardt T, Hammerling G,
Opdenakker G and Arnold B. (1999). J. Clin. Invest., 104,
1507 – 1515.

Eberhardt W, Huwiler A, Beck KF, Walpen S and
Pfeilschifter J. (2000). J. Immunol., 165, 5788 – 5797.

Folkman J. (1999). Nat. Biotechnol., 17, 749.
Forsyth PA, Laing TD, Gibson AW, Rewcastle NB, Brasher
P, Sutherland G, Johnston RN and Edwards DR. (1998).
J. Neurooncol., 36, 21 – 29.

Garbisa S, Pozzatti R, Muschel RJ, Saffiotti U, Ballin M,
Goldfarb RH, Khoury G and Liotta LA. (1987). Cancer
Res., 47, 1523 – 1528.

Go Y, Chintala SK, Mohanam S, Gokaslan Z, Venkaiah B,
Bjerkvig R, Oka K, Nicolson GL, Sawaya R and Rao JS.
(1997). Clin. Exp. Metast., 15, 440 – 446.

Gomez DE, Alonso DF, Yoshiji H and Thorgeirsson UP.
(1997). Eur. J. Cell. Biol., 74, 111 – 122.

Graham FL and Prevec L. (1991). Methods in Molecular
Biology. Murray EJ (ed.). Clifton, NJ: The Humana Press,
pp. 109 – 127.

Houde M, de Bruyne G, Bracke M, Ingelman-Sundberg M,
Skoglund G, Masure S, van Damme J and Opdenakker G.
(1993). Int. J. Cancer, 53, 395 – 400.

Hua J and Muschel RJ. (1996). Cancer Res., 56, 5279 – 5284.
Imai K, Yokohama Y, Nakanishi I, Ohuchi E, Fujii Y,
Nakai N and Okada Y. (1995). J. Biol. Chem., 270, 6691 –
6697.

Jones JL, Glynn P and Walker RA. (1999). J. Pathol., 189,
161 – 168.

Kahari VM and Saarialho-Kere U. (1999). Ann. Med., 31,
34 – 45.

Kin Y, Chintala SK, Go Y, Sawaya R, Mohanam S, Kyritsis
AP and Rao JS. (2000). Int. J. Oncol., 17, 61 – 65.

Kondraganti S, Mohanam S, Chintala SK, Kin Y, Jasti SL,
Nirmala C, Lakka SS, Adachi Y, Kyritsis AP, Ali-Osman
F, Sawaya R, Fuller GN and Rao JS. (2000). Cancer Res.,
60, 6851 – 6855.

Konduri SD, Tasiou A, Chandrasekar N, Nicolson GL and
Rao JS. (2000). Clin. Exp. Metast., 18, 303 – 308.

Koochekpour S, Merzak A and Pilkington GJ. (1995).
Neurosci. Lett., 186, 53 – 56.

Lakka SS, Jasti SL, Kyritsis AP, Yung WK, Ali-Osman F,
Nicolson GL and Rao JS. (2000). Clin. Exp. Metast., 18,
245 – 252.

Liotta LA, Steeg PS and Stetler-Stevenson WG. (1991). Cell,
64, 327 – 336.

Lozonschi L, Sunamura M, Kobari M, Egawa S, Ding L and
Matsuno S. (1999). Cancer Res., 59, 1252 – 1258.

Mohan PM, Lakka SS, Mohanam S, Kin Y, Sawaya R,
Kyritsis AP, Nicolson GL and Rao JS. (1999). Clin. Exp.
Metast., 17, 617 – 621.

Nakada M, Nakamura H, Ikeda E, Fujimoto N, Yamashita
J, Sato H, Seiki M and Okada Y. (1999). Am. J. Pathol.,
154, 417 – 428.

NakajimaM, Welch DR, Wynn DM, Tsuruo T and Nicolson
GL. (1993). Cancer Res., 53, 5802 – 5807.

Parks RJ and Bramson JL. (1999). Gene Ther., 6, 1349 –
1350.

Price A, Shi Q, Morris D, Wilcox ME, Brasher PM,
Rewcastle NB, Shalinsky D, Zou H, Appelt K, Johnston
RN, Yong VW, Edwards D and Forsyth P. (1999). Clin.
Cancer Res., 5, 845 – 854.

Rao JS, Steck PA, Mohanam S, Stetler-Stevenson WG,
Liotta LA and Sawaya R. (1993). Cancer Res., 53, 2208 –
2211.

Inhibition of tumor growth by Ad-MMP-9AS
SS Lakka et al

8018

Oncogene



Rao JS, Yamamoto M, Mohaman S, Gokaslan ZL, Fuller
GN, Stetler-Stevenson WG, Rao VH, Liotta LA, Nicolson
GL and Sawaya RE. (1996). Clin. Exp. Metast., 14, 12 – 18.

Rasmussen HS and McCann PP. (1997). Pharmacol. Ther.,
75, 69 – 75.

Sato H and Seiki M. (1993). Oncogene, 8, 395 – 405.
Scatena R. (2000). Expert. Opin. Investig. Drugs, 9, 2159 –
2165.

Seiki M. (1999). APMIS, 107, 137 – 143.
Shalinsky DR, Brekken J, Zou H, McDermott CD, Forsyth
P, Edwards D, Margosiak S, Bender S, Truitt G, Wood A,
Varki NM and Appelt K. (1999). Ann. NY Acad. Sci., 878,
236 – 270.

Shingleton WD, Hodges DJ, Brick P and Cawston TE.
(1996). Biochem. Cell. Biol., 74, 759 – 775.

Stetler-Stevenson WG, Aznavoorian S and Liotta LA.
(1993). Annu. Rev. Cell. Biol., 9, 541 – 573.

Tonn JC, Kerkau S, Hanke A, Bouterfa H, Mueller JG,
Wagner S, Vince GH and Roosen K. (1999). Int. J. Cancer,
80, 764 – 772.

Vu TH, Shipley JM, Bergers G, Berger JE, Helms JA,
Hanahan D, Shapiro SD, Senior RM and Werb Z. (1998).
Cell, 93, 411 – 422.

Wilhelm SM, Collier IE, Marmer BL, Eisen AZ, Grant GA
and Goldberg GI. (1989). J. Biol. Chem., 264, 17213 –
17221.

Yamamoto M, Mohanam S, Sawaya R, Fuller GN, Seiki M,
Sato H, Gokaslan ZL, Liotta LA, Nicolson GL and Rao
JS. (1996). Cancer Res., 56, 384 – 392.

Yip D, Ahmad A, Karapetis CS, Hawkins CA and Harper
PG. (1999). Invest. New Drugs, 17, 387 – 399.

Inhibition of tumor growth by Ad-MMP-9AS
SS Lakka et al

8019

Oncogene


