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ABSTRACT
The diffuse and extensive infiltration of malignant gli-

omas into the surrounding normal brain is believed to rely
on modifications of the proteolysis of extracellular matrix
components. A key molecule in regulating plasminogen-
mediated extracellular proteolysis is the urokinase-type
plasminogen activator (uPA). To investigate the role of uPA
in the invasive process of brain tumors, we stably trans-
fected a human glioblastoma cell line SNB19 with a vector
capable of expressing an antisense transcript complemen-
tary to the 1020 bases at the 3� end of the uPA cDNA.
Parental, vector-, and antisense construct-stably transfected
cell lines were analyzed for uPA mRNA transcript by North-
ern blot analysis, for uPA enzyme activity by zymography,
and for uPA protein levels by Western blotting. The levels of
uPA mRNA, protein, and enzyme activities were signifi-
cantly lower in antisense clones than in parental and vector
controls. Radioreceptor binding studies demonstrated that
uPA receptor levels remained the same in parental, vector-,
and antisense-transfected cells. The antisense-transfected
cells showed a markedly lower level of invasion in the Ma-

trigel invasion assays, and their spheroids failed to invade
the fetal rat brain aggregates in the coculture system. Green
fluorescent protein (GFP) expressing parental and antisense
transfectants was generated for detection in mouse brain
tissue without any posttreatment. Intracerebral injection of
antisense stable transfectants significantly reduced tumor
formation compared with that in controls. Our results sug-
gested that down-regulation of uPA expression may be a
feasible approach to reducing the malignancy and invasive-
ness of glial tumors.

INTRODUCTION
The invasive ability of malignant cells depends on the

concerted action of various cell surface-associated and -secreted
proteases that promote the dissolution of surrounding matrix and
basement membrane. A large body of evidence assigns a key
role in tumor progression and invasion to uPA3 by virtue of its
ability to initiate a cascade of proteases that can degrade most
matrix and basement membrane components and interfere with
cell-cell and cell-matrix interactions (1, 2). Bound to its cell
surface receptor uPAR, uPA is the principal participant in ECM
degradation (3, 4), as shown by the several-fold increase in
plasminogen activation when uPA was bound to uPAR (4).
Degradation of ECM has been shown to permit the release of
such ECM-bound growth factors as epidermal or fibroblast
growth factor, which participate in the regulation of cell prolif-
eration (5). Moreover, the effect of uPA could depend on its
ability to activate growth factors such as basic fibroblast growth
factor (6), latent transforming growth factor-� (7), and pro-
hepatocyte growth factor (8). Absence of uPA negatively af-
fected the progression of chemically induced neoplasms in mice
(9). Furthermore, the inoculation of metastatic Lewis lung car-
cinoma cells into plasminogen-deficient mice resulted in the
formation of smaller and less hemorrhagic tumors than those
observed in control wild-type mice (10). In addition to its
proteolytic activity, uPA also has signal transduction properties,
which can lead to changes in adhesive, mitogenic, and chemo-
tactic responses of various cell types (11). A recent study found
the mitogenic response to depend on both uPA activity and
interaction with uPAR (12). However, in certain cell types some
of the effects of uPA are independent of its proteolytic activity
and uPAR binding (13, 14).

Malignant gliomas are characterized by rapid cell prolifer-
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ation, a high level of invasiveness into the surrounding brain,
and increased vascularity. Diffuse astrocytomas, and especially
glioblastoma multiforme in humans, invade the brain preferen-
tially along white matter fiber tracts (15, 16) in rapid infiltrative
growth that prevents successful surgical resection. Because local
invasiveness contributes to the failure of curative treatment of
glioblastoma, understanding the mechanisms of tumor invasive-
ness in the brain is central to controlling this disease. Dissolu-
tion of the ECM, a critical step in the process of invasion,
requires proteolytic enzymes to promote hydrolysis of the sur-
rounding ECM. Glioma cells mainly express components of the
plasminogen activator system (17) and their expression of uPA
was found to be much higher than that of adjacent non-neoplas-
tic brain tissues (18–20). In vivo studies found that high levels
of uPA correlated with shorter survival (21, 22). Several strat-
egies, such as using antibodies against uPA and initiating tumor
cell overexpression of recombinant mutant inactive uPA, have
been used in the attempt to inhibit tumor invasiveness by block-
ing uPA-mediated generation of plasmin on tumor cell surfaces
(23–26). Here, we report the direct blocking of uPA expression
by the antisense approach in the human glioblastoma cell line
SNB19. Our results support the concept that down-regulation of
uPA expression by an antisense uPA vector may be important in
decreasing the invasiveness of human gliomas.

MATERIALS AND METHODS
Cell Culture. Glioblastoma cells SNB19 were main-

tained in DMEM supplemented with 10% FCS at 37°C in a
humidified CO2 incubator and subcultured every 3–5 days.

Preparation of Constructs. A 1020-bp PstI and EcoRI
digest cDNA fragment of uPA (27) was blunt-ended and cloned
in antisense orientation in a HindIII cut ph�APr-1-neo (28)
eukaryotic expression vector. The orientation and sequence of
the insert was confirmed by automated sequencing, and analysis
of the fragments generated by different restriction enzyme
digestion.

Transfection of SNB19 Cells. The SNB19 cells were
transfected with antisense uPA cDNA containing vector or
empty vector, using lipofectin (Life Technologies, Inc., Gaith-
ersburg, MD) as described earlier (29). Stable transfectants were
selected with cloning cylinders after 3–4 weeks in medium
containing G418 (800 �g/ml). Cells transfected with expression
vector alone served as controls. To identify individual tumor
cells in vivo and to establish a way to monitor tumor cell
migration during tumor formation, we transfected parental
SNB19 cells and uPA antisense stable transfectants with the
expression vector pEGFP-N1 (Clontech Laboratories, Palo Alto,
CA). To obtain cells with high-level GFP expression, cells were
plated in limiting dilution and bright green fluorescent colonies
were visually selected, lifted, expanded, and subcloned by serial
dilution to ensure purity.

Northern Blot Analysis. Total cellular RNA was ex-
tracted from confluent cultures as described earlier (29). Ali-
quots of 10 �g of RNA were separated by electrophoresis on 1%
agarose formaldehyde gel, capillary-transferred to a nylon mem-
brane overnight, and cross-linked with UV irradiation. The
filters were hybridized at 65°C with 32P-radiolabeled uPA
cDNA probe. Then the blots were stripped and rehybridized

with GAPDH to check loading equalities in transfer, and the
results were normalized to GAPDH mRNA levels.

Zymography. Zymography was performed to determine
the molecular size of plasminogen activators and their activities
using the method described earlier (29). The samples were
subjected to SDS-PAGE using 10% gels containing fibrinogen
and plasminogen. The gel was then washed twice with 2.5%
Triton X-100 for 30 min each time and incubated at 37°C
overnight with 0.1 M glycine buffer (pH 7.5). The gel was
stained with amido black and destained in a solution of 10%
acetic acid and 50% methanol.

Western Blot Analysis. Serum-free culture supernatants
were concentrated and applied on 10% polyacrylamide gels
prepared as described earlier (29). Separated proteins were
electroblotted onto a nitrocellulose membrane, and nonspecific
binding was blocked by incubation with 5% milk powder in
washing buffer. After being washed, the membrane was incu-
bated with monoclonal antibodies against human uPA (Onco-
gene Research Products, Boston, MA), and protein was local-
ized by the enhanced chemiluminescence-Western blotting
detection system (Amersham Pharmacia Biotech, Piscataway, NJ).

Radioreceptor Assay. rPro-uPA was labeled with 125I-
iodide using Iodogen (Pierce, Rockford, IL), as described earlier
(30). The cells were treated with acid buffer (pH 3.0) at room
temperature for 3 min, washed four times and incubated with
binding buffer consisting of DMEM, 0.1% BSA, and 20 mM

HEPES with 4 nM radiolabeled rPro-uPA for 3 h at 4°C with and
without a 50-fold excess of unlabeled rPro-uPA. At the end of
the incubations, cells were washed four times, solubilized, and
cell-bound radioactivity was counted in a gamma counter. Spe-
cific receptor binding was calculated as described previously (30).

Matrigel Invasion Assay. Invasion of glioma cells in
vitro was measured by the invasion of cells through Matrigel-
coated transwell inserts. Briefly, transwell inserts with an 8-�m
pore size were coated with a final concentration of 1 mg/ml of
Matrigel, cells were trypsinized, and 200 �l of cell suspension
(1 � 106 cells/ml) were added in triplicate wells. After 24 h
incubation, cells that passed through the filter into the lower
wells were quantitated as described earlier (29) and expressed as
a percentage of the sum of cells in the upper and lower wells.
Cells on the lower side of the membrane were fixed, stained
with Hema-3, and photographed.

Glioma Spheroids. Multicellular glioma spheroids were
cultured in 35 mm Petri dishes base-coated with 0.75% Noble
agar prepared in DMEM. Briefly, 3 � 106 cells were suspended
in 10 ml of medium, seeded onto 0.75% agar plates, and
cultured until spheroids formed. Tumor spheroids were stained
with fluorescent dye Dil and confronted with fetal rat brain
aggregates that were stained with DiO (31).

Fetal Rat Brain Aggregates. Fetal rat brain aggregates
were obtained from 18-day-old fetuses of Sprague Dawley rats.
The brains were aseptically removed, minced, and dissociated
by serial trypsinization. Single-cell suspension was obtained and
plated into agar-coated multiwell plates. After 48 h, aggregates
were transferred to new plates and cultured for 16 days.

Confocal Laser Scanning Microscopy. Invasion of the
tumor spheroids into fetal rat brain aggregates was analyzed by
confocal laser scanning microscopy (32). Briefly, Dil-stained

2520 Antisense Inhibition of uPA in Glioma

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/2081101/df0801002519.pdf by guest on 19 M

ay 2023



tumor spheroids and DiO-stained fetal rat-brain aggregates were
washed in the medium and transferred in quadruplicate to indi-
vidual wells of a 96-well plate base-coated with agar. With the
help of a sterile syringe and a stereomicroscope, tumor sphe-
roids and fetal rat-brain aggregates were placed in close contact.
At different time intervals, serial 1-�m-thick optical sections
were obtained from the surface to the center of the cocultures by
a confocal laser scanning microscope. Dil 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 remaining volume
of the brain aggregate or tumor spheroid during cocultures at 24,
48, and 72 h was quantitated using the following formula:
volume of aggregate � (V1 � V2 � V3 � Vm) � 2.

Intracerebral Injection. Parental, vector-, and uPA anti-
sense-transfected SNB19 cells were trypsinized and resus-
pended in serum-free medium. Mice were anesthetized, and
10-�l aliquots of the cell suspension containing 2 � 106 cells in
serum-free medium were injected using a stereotactic frame as
described earlier (33). Eight animals were used for each group.

Tissue Preparation and Histochemical Staining. The
mice were anesthetized and killed at 4 weeks postinjection by
intracardiac perfusion with PBS, and then 4% paraformaldehyde
in saline was used for in situ fixation of the tumor. The brains
were removed, placed in 4% paraformaldehyde, and allowed to
stand at 4°C. After 4 h, the brains were transferred to a solution
of 0.5 M sucrose in PBS and incubated overnight at 4°C. The
next day, the brain was cut and embedded in microscopic slides
and frozen by placing at �20°C. Cryostat sections were stained
with H&E to examine the tumor growth (33). The 10–12
sections were blindly reviewed and scored semiquantitatively
for the size of the tumor in each case. The average cross
sectional diameter measured in sections of each tumor was used
to calculate tumor size and compared between controls and
antisense transfectants. The variation between the sections in
each group was �10%. Fluorescence microscopy was per-
formed on tumor sections from GFP-expressing cells without
any chemical treatment.

RESULTS
Isolation of uPA Antisense Construct Stably Trans-

fected Clones. Human glioblastoma SNB19 cells were trans-
fected with the empty ph�APr-1-neo vector and vector-
containing uPA antisense construct. Vector-alone and uPA an-
tisense construct-transfected cell lines were treated identically
with regard to transfection conditions and maintenance in se-
lection medium. Transfected cell lines were selected in the
presence of G418 that had stably integrated the neoresistant
gene-containing vector. Clones with empty vector and uPA
antisense integrated construct were selected and analyzed for
uPA expression and invasive capabilities in in vitro and in vivo
assays.

Northern Blot Analysis of uPAR mRNA Levels Among
Transfected Glioblastoma Clones. To determine whether the
antisense constructs reduced uPA expression, we characterized
SNB19 and its G418-resistant clones by Northern blot analysis
and compared them with RNA from the parental cell line. Cell
lines transfected with antisense vector showed substantially
reduced mRNA encoding for uPA in all clones compared with
those of parental cells and vector-alone-transfected clones (Fig.
1A). Quantitative uPA hybridization signals were determined
after normalization with the GAPDH signal by densitometric
scanning of the autoradiograms. Fig. 1B shows that uPA mRNA
levels in antisense clones were decreased by 	8–10-fold com-
pared with parental and vector clones (P � 0.001).

Measurement of uPA by Fibrin Zymography. To learn
whether the antisense constructs reduced uPA secretion and its
activity, we subjected the conditioned media from the trans-
fected clones and parental cells to fibrin zymography. Fig. 2A
shows that similar levels of uPA were present in the media of
parental and vector-alone-transfected clones, but that uPA ac-
tivity was reduced much less in uPA antisense clones. Quanti-
tative enzymatic activity of uPA by densitometric scanning of
the zymograms showed a significant (P � 0.001) by decrease of
enzymatic activity (10–12-fold) in antisense clones compared
with parental and vector clones (Fig. 2B).

Western Blot Analysis. To quantitate further the uPA
protein content, the serum-free media of transfected and parental

Fig. 1 A, Northern blot analysis of uPA
mRNA in SNB19 and transfected cells. Total
RNA was isolated, and 10 �g of RNA was
electrophoresed in 1% agarose gel and blotted
onto a nylon membrane. The membrane was
hybridized with 32P-labeled uPA cDNA. After
removal of the radiolabeled probe, the membrane
was rehybridized with a GAPDH cDNA probe
to check the relative amounts of mRNA loaded
onto the gel. B, levels of uPA mRNA quanti-
tated by scanning autoradiogram with laser den-
sitometry. Relative hybridization signal num-
bers were calculated by ascribing an arbitrary
value of 1 to the least intense signal seen by
Northern blot analysis after loading equalities
were determined based on the GAPDH probe.
Data were shown as mean values 
 SD of
four different experiments from each sample
(�, P � 0.001).
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cells were subjected to SDS-PAGE and analyzed by Western
blotting for uPA protein using monoclonal antibody. A promi-
nent uPA band was present only in parental and vector controls,
but was a very faint or undetectable band in uPA antisense
stable transfectants (Fig. 3A). Quantitative analysis of uPA band
by densitometry revealed a significant (P � 0.001) decrease in
the uPA protein levels in antisense-transfected cell lines com-
pared with parental and vector controls (Fig. 3B).

uPA Binding to SNB19 and Transfected Cells. To de-
termine the effect of antisense uPA cDNA transfection on
uPAR, we performed binding studies on parental and transfected
cells using 125I-labeled rPro-uPA. We found no marked differ-
ence in uPA binding sites between parental, vector-, and anti-
sense-transfected clones (Fig. 4).

Invasive Potential Among Transfected Clones. To de-
termine the effect of uPA antisense transfection, antisense trans-
fectant clones were compared with parent SNB19 cells and
vector transfectant in an in vitro Matrigel invasion assay. We
found no marked difference in invasion between parental and
vector-alone transfected clones, but we noted a significant in-
hibition of invasive potential with antisense transfected clones
by staining (Fig. 5A). We found no marked difference in inva-
sive potential that was noted between parental (42%) and vector
(43%) but significantly (P � 0.001) reduced invasive potential
in antisense clones (12%; Fig. 5B).

Inhibition of SNB19 Spheroid Invasion into Rat Brain
Aggregates. To study the invasion of SNB19 cells in a more
appropriate three-dimensional system, tumor spheroids and fetal

rat brain aggregates, which had been stained with fluorescent
dyes Dil or DiO, were cocultured. Staining of the cells with
these dyes allows better visualization and characterization of
invasive pattern by confocal laser-scanning microscopy than do
other in vitro invasion assays. When spheroids from parental,
vector-, and uPA antisense construct-transfected clones were
confronted with fetal rat brain aggregates, the coculture assays
showed that vector-transfected and parental SNB19 cells pro-

Fig. 2 A, fibrin zymography of medium from
SNB19 and various clones. Conditioned me-
dium (20 �g of protein) was run on 10%
SDS-PAGE containing plasminogen and fi-
brinogen, as described in “Materials and Meth-
ods.” B, uPA enzymatic activity was quanti-
tated by scanning zymograms with laser
densitometry. Data were shown as mean val-
ues of four different experiments from each
sample (�, P � 0.001).

Fig. 3 A, immunoblot analysis of uPA in serum-
free media of parental and uPA antisense-
transfected human glioblastoma SNB19 cells
using monoclonal antibodies, as described in
“Materials and Methods.” B, quantitative val-
ues of uPA protein were obtained by scanning
the blot in three positions at different expo-
sures and the peak areas were averaged. Data
were shown as mean values 
 SD of three
different experiments from each clone (�,
P � 0.001).

Fig. 4 rPro-uPA binding to SNB19 and transfected cell lines. Cells
were pretreated with acid buffer and incubated at 4°C for 3 h with 4 nM
125I-labeled rPro-uPA in the presence or absence of a 50-fold excess of
unlabeled rPro-uPA. After incubation, cells were washed, lysed, and
counted. Specific binding was determined as described in “Materials
and Methods.” Data were shown as mean values 
 SD of four different
experiments from each clone.
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gressively invaded rat brain aggregates, causing a continuous
decrease in the rat brain aggregate volume. In contrast, uPA
antisense-transfected clones failed to invade rat brain aggregates
(Fig. 6A). Quantitative analysis of the remaining fetal brain
aggregates were 10–15% in parental and vector clones com-
pared with 85–90% in antisense clones (Fig. 6B). The invasive-
ness of fetal rat brain aggregates was significantly decreased in

antisense clones compared with parental and vector-transfected
clones (P � 0.001).

Tumor Formation in Nude Mice. To examine further
the importance of reducing uPA levels, parental SNB19 cells
and antisense uPA-transfected cells were injected intracere-
brally into athymic mice. Each mouse injected with parental and
vector-alone-transfected cells developed tumors. Histological

Fig. 5 Invasion of human glioblastoma
SNB19-, vector-, and antisense-trans-
fected cells. A suspension of cells was
layered on Matrigel-coated transwell
clusters, and the percentage of invasion
was calculated as described in “Materi-
als and Methods. Cells invading through
Matrigel-coated transwell inserts were
stained (A) and the percentage of invad-
ing cells was quantified (B). Values are
mean 
 SD of five different experi-
ments from each clone (�, P � 0.001).

Fig. 6 A, confocal laser scanning images of SNB19 spheroids and rat brain aggregate cocultures scanned by laser scanning microscope at a depth
of 100 �M from the surface at different time intervals. The images represent the rat brain aggregates (green fluorescence) and parental-, vector-, or
antisense-transfected tumor cell spheroids (red fluorescence). B, quantitation of remaining fetal rat brain aggregates by tumor spheroids as described
in “Materials and Methods.” Data shown are the mean 
 SD values from four separate experiments for each group. C, tumor formation by SNB19-
and antisense-transfected cells in nude mouse brain. Photomicrograph of tumor sections from GFP-expressing cells (C) demonstrates lower GFP
expression in tumor tissues derived from mouse brain injected with uPA antisense-transfected cells than in mouse brain injected with SNB19
glioblastoma cells. D, semiquantitation of tumor volume in parental, vector, and antisense clones 4 weeks after intracranial injection of these cells,
as described in “Materials and Methods.” Data shown are the 
 SD values from eight animals from each group (�, P � 0.001).
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examination showed all tumors to behave in the infiltrative
manner characteristic of gliomas. In contrast to mice that de-
veloped tumors when injected with parental SNB19 cells, mice
injected with uPA antisense-transfected cells showed less tumor
formation at 4 weeks postinjection. To visualize tumor cells in
vivo without histological treatment of tissue, we injected paren-
tal and uPA antisense clones expressing GFP into nude mice
brain. A marked reduction in tumor formation by uPA antisense
clones was observed (Fig. 6C), demonstrating a reduction in
invasiveness and tumor formation by antisense uPA in glioblas-
toma cells. These results showed that the tumorigenicity and in
vivo growth of human glioblastoma are substantially inhibited
by antisense uPA expression. The sections analyzed using H&E
staining revealed that there was no significant difference in
tumor size in mice that received an injection of parental and
vector-transfected clone however, the tumor size was signifi-
cantly reduced (P � 0.001) in antisense clones compared with
parental and vector clones (Fig. 6D).

DISCUSSION
Tumor cell invasion is a complex, multistep process that is

believed to involve the localized degradation of ECM, a crucial
step in the invasion of surrounding tissue by tumor cells. A
major protease system involved in tumor cell invasion is the
plasminogen/plasmin system. The role of uPA, and particularly
cell-surface uPA, as an initiator of ECM degradation and cel-
lular invasiveness has been well established by in vitro and in
vivo studies (1). uPA binding can transform uPAR from a simple
receptor for uPA into a pleiotropic ligand (34) for other surface
molecules. uPA is involved in the generation of plasmin, the
activation of procollagenases and proforms of growth factors,
and increased invasive and metastatic activity in various tumors
(1, 35). Independent of its proteolytic activity, uPA is involved
in the adhesion and motility of cells and signal transduction
pathways, and its levels and activities are always found in-
creased in malignant tumors (35).

Glioblastomas, the most common primary intracranial tu-
mors, are extremely anaplastic and hypercellular with extensive
nuclear polymorphism, and they are characterized by rapid cell
proliferation, a high level of invasiveness into surrounding
brain, and increased vascularity. Diffuse single-cell invasion,
which occurs in all glial tumors regardless of histological grade,
is defined as a translocation of neoplastic cells through host
cellular and ECM barriers. Malignant gliomas have been shown
to express greater quantities of uPA mRNA; in human gliomas,
the level of expression seems to correlate with features of
malignancy (36). Anti-uPA antibodies and uPA inhibitors have
been shown to inhibit the invasiveness of tumor cells into ECM
layers as well as amniotic and chick chorioallantoic membranes
(37–39). Moreover, uPA antibodies blocked metastasis of Hep3
human carcinoma cells in chick embryos and inhibited the local
invasiveness of Hep3 s.c. tumors in nude mice (23). Inhibition
of uPA expression is, therefore, an attractive approach to block-
ing cellular invasiveness in cancer: down-regulation of uPA
could reduce uPA-mediated proteolysis and various signaling
pathways.

Strategies such as antisense inhibition of uPA have been
used to inhibit the endogenous expression of uPA. In fibrin

matrix degradation assays, stable transfection of an expression
plasmid pRc-RSV containing a uPA cDNA fragment of 647 bp
in antisense orientation significantly reduced the invasiveness of
the human ovarian cancer cell line OV-MZ-6 (40). The i.p.
spread of human ovarian cancer cells in nude mice was signif-
icantly lower than that of control mice when the animals were
treated with uPA antisense phosphorothioate oligonucleotides
(41). An earlier report demonstrated that use of a 1020-bp 3�
fragment of the uPA antisense cDNA was more effective in
reducing uPA mRNA in an osteosarcoma cell line than was the
entire uPA coding region or a 5� fragment (27). In the current
study, we stably transfected glioblastoma cell line SNB19 with
expression vectors containing a 1020-bp 3� portion of uPA
cDNA in antisense orientation. Clones selected on the basis of
their resistance to G418 were analyzed for uPA mRNA expres-
sion and enzyme activity. Stable antisense expression has been
demonstrated to reduce endogenous uPA mRNA levels more
effectively than parental and vector transfected clones. As an
earlier study showed, treatment of a human T98G human glio-
blastoma cell line with uPA antisense phosphorothioate oligo-
nucleotide resulted in greater decreases of uPA mRNA expres-
sion than did sense controls (42). The mechanisms involved in
antisense inhibition are not fully known. They may include the
blockage of gene expression, interference with RNA splicing,
the inhibition of mRNA translation, and the induction of RNase
III to cleave the double-stranded RNA after binding to target
RNA. In our study, the secretion of uPA was markedly reduced
in antisense clones compared with controls; however, the num-
ber of uPARs on the tumor cell surface was not affected by uPA
antisense transfection.

Antisense-transfected clones showed a marked reduction in
invasiveness in the Matrigel invasion assays over that of con-
trols, suggesting that the modulation of uPA in SNB19 cells
altered their invasive potential in the experimental model sys-
tem. These findings are consistent with earlier reports concern-
ing uPA antisense stable transfection in human ovarian cancer
cell line OV-MZ-6 and antisense oligonucleotides in human
esophageal carcinoma cell lines OC1 and OC3 (43). Haeckel et
al. (27) showed, in Matrigel invasion assays, that transfecting
human osteosarcoma cell line MNNG/HOS with antisense uPA
vector suppressed its invasive ability. Our results of the Matrigel
assay support the idea that uPA activity is crucial for invasion
through Matrigel that contains a mixture of basement membrane
components.

Spheroids, in which the malignant cells are organized in a
three-dimensional network displaying cell-to-cell and cell-to-
matrix contacts, represent an in vitro model for studies of the
biology of malignant cells. One advantage of the spheroid model
is that parallel behavior may be observed in vivo and in vitro. To
know whether antisense transfected cells have similar invasive
capabilities in coculture systems, we used a spheroid invasion
assay to measure the ability of cells to invade fetal rat brain
aggregates, and we found that the invasion of cells from tumor
spheroids of antisense transfected clones was reduced compared
with that of controls.

Because glioblastoma expresses high levels of uPA during
invasion and its expression correlates with tumor progression,
we reasoned that efficient reduction of uPA could possibly
inhibit the growth of tumors in nude mice. Indeed, our results
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demonstrated that cells expressing antisense cDNA for uPA
formed significantly smaller tumors in the brains of nude mice
compared with the parental SNB19 cells, whose characteristic
invasive behavior resulted in progressive tumor growth. These
observations consolidate the notion that cells overexpressing
uPA are more invasive in normal brain. In an earlier study in
which a chorioallantoic membrane assay was used, stable trans-
fection of human osteosarcoma cell line MNNG/HOS with
antisense uPA vector was shown to suppress the ability of the
cells to metastasize (27).

Antisense therapy for cancer has potential effectiveness as
an alternative to conventional cancer therapy. The viable estab-
lished stable cell line provides a good model for characterizing
phenotypic changes associated with suppressed endogenous
uPA expression. Whatever the underlying mechanism may be,
inhibition of uPA gene expression tends to reverse the invasive-
ness and tumor formation characteristics of glioblastoma cells,
and it appears to be a promising adjuvant approach to the
treatment of disseminated glioblastoma.
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