
[CANCER RESEARCH 53. 4143-^1147. September 15. 1993]

Advances in Brief

Modulation of in Vitro Invasion of Human Glioblastoma Cells by Urokinase-type
Plasminogen Activator Receptor Antibody1

Sanjeeva Mohanam, Raymond Sawaya, Ian McCutcheon, Francis Ali-Osman, Douglas Boyd, and Jasti S. Rao2

Department of Neurosurgery Â¡S.M., R. S., 1. M., J. S. R./, Experimental Pediatrics Â¡F.A. O.\, and Department Tumor Biology Â¡1).H.j, The University of Texas M. D. Anderson
Cancer Center, Houston, Texas

Abstract

Four human glioblastoma cell lines (U251, I UK I. UWR2, and UWR3)
were tested for the expression of the cell surface receptor for urokinase-

type plasminogen activator (uPA). To our knowledge there have been no
previous reports about the uPA receptors (uPARs) in glioblastoma cell
lines. All four glioblastoma cell lines we tested were found to bind recom
binant Pro-uPA saturably and reversibly. Scatchard analysis of radioli-
gand binding with acid-pretreated cells showed the presence of a single
population of high-affinity uPARs on glioblastoma cells. Northern blot

analysis confirmed that glioblastoma cells like other human cell lines
express a 1.4-kilobase uPAR inKNA and 2.4-kilobase uPA niRNA. The

significance of the uPAR in the invasive potential of the cells was examined
by incubating uPAR antibody in an in vitro invasion assay. The anti-uPAR

monoclonal antibody blocked the invasion effectively in a Matrigel assay,
in which inhibition of invasion ranged between 20 and 57% for the cells
studied. These data suggest that the uPARs contribute significantly to the
invasive capacity of the cells, possibly by facilitating uPA activity.

Introduction

The invasive behavior of tumor cells requires a multistep interac
tion of events that include cell recognition and attachment to extra
cellular matrix-binding sites, proteolytic degradation of matrix pro

teins, and migration to surrounding tissues. It has been shown that
invasiveness and metastatic potential of tumor cells correlate with
their ability to elaborate PA'1activities. Two genetically and function

ally distinct types of PA, uPA and tissue-type plasminogen activator,

which are differentially involved in tissue remodeling, cell migration,
and cell invasion, activate the zymogen plasminogen to plasmin,
which in turn degrades various glycoproteins present in basement
membranes and extracellular matrices (1) and activates tumor cell-

derived procollagenase (2).
The binding of uPA to cell surface receptor localizes uPA activity to

the cell surface and accelerates plasmin generation from bound plas
minogen (1). High-affinity binding sites have been found in cells from
several malignant cell lines (3-5). uPARs allow the localization of
PA-dependent proteolysis to the pericellular space close to the cell

surface. Furthermore, the invasive ability of several colon carcinoma
cell lines in vitro was previously shown to be correlated with the
number of surface uPARs (6). Recent findings suggest that the uPAR
localizes uPA to cell-cell and cell-substratum contact sites (7) and that
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cell surface plasminogen activation may give a specific invasive and
metastatic advantage to malignant cells.

Using the in vitro chorioallantoic membrane model, Ossowski (5)
showed that cells that simultaneously expressed both the surface re
ceptor for uPA and elevated levels of enzyme invaded more efficiently
than cells that expressed only one of these two phenotypes. Reiter et
al. (8) demonstrated that the binding of uPA to its receptor plays an
important role in in vitro matrix breakdown by human colon carci
noma cells.

In a study by Sawaya and Highsmith (9), PA activity in metastatic
brain tumors was higher than that observed for normal brain, low-

grade glioma, and meningioma. In addition, studies have shown con
siderable heterogeneity in the expression of PAs and PA inhibitors
(PAI-1) among human glioma cells (10, 11). In the present study, we

demonstrated the presence of receptors for uPA and, moreover, the
inhibition of in vitro invasiveness of glioblastoma cells by anti-uPAR

antibody; together, these results suggest a role for uPARs in in vitro
invasion.

Materials and Methods

Materials. Plasminogen was prepared from human plasma by lysine-

Sepharose affinity chromatography and was quantitated by protein content
(12). Carrier-free ['25I|sodium iodide was purchased from Amersham (Arling

ton Heights, IL), fetal bovine serum and tissue culture media were from
G1BCO Laboratories (Grand Island, NY), and lodogen was from Pierce
Chemical Co. (Rockford, IL). uPAR antibody (no. 3936), uPA monoclonal
antibody (no. 394). and irrelevant antibody were purchased from American
Diagnostica (Greenwich, CT), Matrigcl was from Collaborative Research
(Bedford, MA), and Transwell cell culture clusters were from Costar (Cam
bridge, MA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
was purchased from Sigma Chemical Co. (St. Louis, MO). rPro-uPA was a gift

from Dr. Jack Henkin, Abbott Laboratories (Abbott Park, IL).
Cell Culture. The U251 cells were grown as adherent monolayers in Dul-

becco's modified Eagle's medium (DMEM) and nutrient mixture F-12 (Ham's)

supplemented with 10% fetal bovine serum and antibiotics. UWR1, UWR2,
and UWR3 cells were grown in DMEM supplemented with 15% fetal bovine
serum and gentamycin as previously described (13).

Protein lodination. rPro-uPA was labeled with |'-5IJiodide using lodogen.

Briefly, protein (30 /Â¿g)was added to a tube precoated with lodogen (H) /Â¿g)
according to the instructions of the manufacturer. |'25I)lodide (1 mCi) was

added, and the reaction was allowed to proceed for 10 min at room temp
erature. The 125I-protein was separated from unreacted [I25l]iodide by gel

filtration chromatography using a Sephadex G-25 column that had been pre-
equilibrated with phosphate-buffered saline containing 0.1% bovine serum

albumin.
Radioreceptor Assays. Cells were grown to confluency in 24-wcll dishes

and treated with 50 mw glycine, pH 3.0-100 min NaCI buffer for 3 min at room
temperature. Monolayers were then neutralized with 0.5 M4-(2-hydroxyethyl)-
-1-piperazineethanesulfonic acid, pH 7.5-100 RIMNaCI and then rinsed once

with prechilled binding buffer consisting of DMEM with 0.1% bovine serum
albumin and 20 HIM4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid. Cells
were incubated with a range (0.25-12 HM) of radioligand ('^I-rPro-uPA)
concentrations in binding buffer for 3 h at 4Â°C.Parallel experiments each

contained a 50-fold excess of unlabeled ligand to determine nonspecific asso-
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dation. At the end of the incubation time, the media from individual wells were
removed, the wells were washed four times, and the cell monolaycrs were then
solubilized with 0.1 MTris-HCl, pH 8.0-1% Triton X-100-10 mm EDTA-100

mM NaCl for subsequent determination of radioactivity. Specific radioactivity
was calculated by subtracting the nonspecific activity from its total radioac

tivity. Scatchard analysis of binding data was performed (14) to determine the
Kj and ÃŸmâ€žfor the ligand interaction.

Northern Blot Analysis. Total cytoplasmic RNA was isolated by an acid
â€¢¿�â€¢u.niÂ¡iIÂ¡iliumthiocyanate-phenol-chloroform technique (15), electrophoresed

in 1.5% agarose gels, and transferred to Nytran-modified nylon filters by

capillary action using 10X standard saline citrate. The filters were then probed
overnight at 42Â°Cwith cither a radiolabeled 1.5-kilobase cDNA specific for the

uPA mRNA or a radioactive 0.6-kilobasc cDNA that hybridizes with uPAR
transcript (Ift). Stringency washes in IX standard saline citrate (0.15 MNaCl-
0.015 M sodium citrate, pH 7.4)-().75% sodium dodecyl sulfate at 50Â°Cwere

undertaken to remove nonspecific probe interactions. Loading equalities were
checked by reprobing the blot with a cDNA corresponding to glyceraldehyde
phosphate dchydrogenase.

In Vitro Invasion Assay. Soluble extracellular matrix Matrigel was diluted
to achieve a final protein concentration of I mg/ml, then mixed with purified
plasminogen (final concentration, 20 fig/ml), dispensed in Transwell polycar
bonate membrane inserts (KM) /j.1), and allowed to gel for 30â€”45min at 37Â°C.

Cells harvested with 0.4% EDTA were added to coated dishes in a volume of
0.5 ml, and the lower compartment was filled with 1 ml of medium. To
determine whether the invasion of the extracellular matrix by U25I cells was
plasminogen dependent, the invasion assay was performed with different con
centrations of purified plasminogen (5, 10, 20, or 50 /xg/ml) added to the
Matrigel. The uPAR antibody (different concentrations) and irrelevant anti
body (rabbit anti-mouse) were added to the cells before plating to the Matrigel-
coated polycarbonate filters. The plates were then incubated at 37Â°Cfor 48 h

and assayed for invasion as described previously (6). The inhibition of 125I

rPro-uPA binding to its receptor by uPAR antibody was concentration depen

dent.
Statistical Analysis. The data were analyzed by standard statistical proce

dures and comparison between groups was done using analysis of variance.

Results

uPA Binding to Glioblastoma Cells. To determine the role of
uPARs in the invasive process in gliomas, we performed binding
studies on different glioblastoma cell lines using 125I-labeled rPro-uPA

which does not bind to uPA inhibitors. Binding was measured follow
ing a brief acid-glycine treatment to remove endogenous uPA from
cellular binding sites (Fig. 1). Binding of 125I-labeled rPro-uPA to

cultured glioblastoma cells was saturable, concentration dependent,
and reversible. Scatchard analysis of this specific ligand demonstrated
linearity, thus indicating a single class of binding sites (Fig. 1). A
comparison of the binding of '"?I-labeled rPro-uPA to cultured glio

blastoma cells is summarized in Table 1. The Kl( values obtained were
all in the range of 0.47-1.21 nM, indicating that the affinity of the
cellular receptor for rPro-uPA is not substantially altered in the glio

blastoma cell lines. On the other hand, ÃŸmaxfor the different glioblas
toma cell types varied considerably, ranging from 49,000 for UWR2,
to 52,500 for U251, to 76,500 for UWR1, to 99,500 for UWR3. The
results suggest that the binding efficiency of rPro-uPA was similar and
that the potential for uPAR-mediated plasmin generation may vary

among glioblastoma cells, as indicated by the considerable range of
ÃŸmaxvalues.
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Fig. 1. Scatchard analysis of rPro-uPA binding to gliohlastoma cell line UWRI. To unmask uPARs, gliohlastoma cells were pretreated with acid and then incubated at 4Â°Cfor 3
h with a range of concentrations (0.25-12 niu) of l25I-rPro-uPA in the presence or the absence of a 50-fold excess of unlabeled rPro-uPA. After incubation, cells were washed, lyscd.
and counted. Specific binding and Scatchard analysis were determined as described in "Materials and Methods." Inset, nonspecific binding, assessed in the presence of excess unlabeled

rPro-uPA, was subtracted from the total, and the resulting specific binding was plotted.
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Table 1 siles in atiohliislorna cells

Glioblasloma
celllineU25I

UWRI
UWR2
UWR3Binding

sites
for rPro-/xPA"52,500

76.51HI
4Â».(>00
99,500A\|

(nM) of
rPro-ftPA-binding'11.21

0.70
0.470.74

' The number of binding sites is given per cell and as mean of two experiments.
' The values were calculated by the Scatchard analysis of binding data.

28S-
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Fig. 2. Northern blot analysis of uPAR mRNA in glioblastoma cell lines. Total RNA
was (20 /ig) eleclrophoresed in a 1.5% agarose gel and blotted to a Nytran-modified nylon
membrane by capillary action. The membrane was probed with a radiolahclcd 0.6-kilohasc
cDNA specific for the uPAR transcript (A) or 1.5-kilobase cDNA specific for uPA
transcript (ÃŸ)and after stripping was rehybridized with a CiAPDH probe to check loading
equalities. /.Â«Â«<â€¢/. U251; lane 2. UWRI: lane .ÃŒ.UWR2: and lane 4, UWR3.

Northern Analysis. One possible explanation for the differences
in receptor number is the level of mRNA-encoding binding sites. To
address this, total RNA was extracted and steady-state levels of uPAR
transcript were compared by Northern analysis using a 0.6-kilobasc

cDNA (16) that hybridizes with the receptor. Fig. 2A shows that the
presence of uPAR mRNA varied strongly within different glioblas
toma cell lines, i.e., a low level in UWR2, a high level in UWR3. and
intermediate levels in UWRI and U251. These results did not reflect
inequalities in RNA loading since receptor mRNA was normalized by

scanning with reference to the signal intensity obtained using the
glyceraldehyde phosphate dehydrogenase probe as a control for
mRNA concentration. UWR3 cells with high receptor number dem
onstrated high levels of uPAR mRNA, whereas UWR2, with less
receptor number, had significantly lower uPAR mRNA levels. Thus,
there was a correlation between uPAR mRNA levels and receptor
number. This also confirms that glioblastoma cells express uPAR
mRNA of the same size (1.4 kilobases) as do other human cell lines
in which uPAR has been characterized (17). However, Northern analy
sis showed no variations for uPA mRNA levels in U251, UWR2, and
UWR3 cells and a slight decrease Â¡nUWRI (Fig. 2ÃŸ).Similar results
were obtained with enzymatic determination using fibrin zymography
(data not shown).

In Vitro Invasion Assay. It has been shown that the number of uPA
receptors displayed by tumor cells could be one of the key factors in
determining their invasive characteristics (4, 6). To assess the invasive
potential of glioblastoma cells, we used a rapid in vitro assay with a
Matrigel model. Other researchers who have studied ovarian tumor
cells have confirmed the usefulness of the assay in determining cel
lular invasivencss and metastatic potential (18). Matrigel is composed
primarily of laminin and type IV collagen and has been shown to
possess the structural and biochemical properties of basement mem
branes (19). The invasion of Matrigel was plasminogen dependent,
and 20 jag/ml of plasminogen was found to be optimal (Fig. 3).

If we assume that the uPARs are essential to the invasion process of
the tumor cells, the inhibition of invasion should be observed by
incubating the cells with receptor-specific antibodies. To assess this,

we tested the effects of uPAR antibody, which blocks the binding of
uPA to its receptor. Anti-uPAR monoclonal antibody blocked invasion
effectively in a dose-dependent manner (Fig. 4A ) and was also effec
tive in blocking the interaction of radiolabeled rPro-uPA with its
binding sites in a dose-dependent manner (Fig. 4ÃŸ)in U251 cells.
Identical concentrations of irrelevant antibody (rabbit anti-mouse) had

only a marginal effect at higher concentrations. At a concentration of
20 /ag/ml receptor antibody was nearly as effective as a 50-fold excess
of unlabeled rPro-uPA in blocking the interaction of radioactive rPro-

uPA with its binding site. But another monoclonal antibody for uPA
(no. 394) had very little effect on the binding of the radioligand at a
concentration up to 40 /mg/ml (Fig. 4ÃŸ).At 48 h, 60% of UWR3 cells
penetrated the Matrigel, whereas only 53% UWRI, 42% of UWR2,
and 39% U251 cells did so. The observed reduction in penetration in
the presence of receptor antibody at a concentration of 20 /ig/ml was
found to be 40, 53, 20, and 57%, respectively, for U251, UWRI,
UWR2, and UWR3 cells (Fig. 5), whereas an identical concentration
of (20 p.g/ml) irrelevant antibody had no significant effect on pen-
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Fig. 3. Effect of plasminogen on (he invasion of U251 cells in Matrigel. Invasion
assays were performed using U25I cells with different concentrations of purified plas
minogen (5, 10, 20, and 50 Â¿Ag/ml)added to the Matrigel. Columns (httr\), mean values
(Â±SD) of four separate experiments.
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Fig. 4. ,4, effect of uPAR antibody on in vilro reconstituted basemen! membrane
(Matrigel) invasion by U251 cells. U251 cells were cultured on polycarbonate tillers
coated with Matrigel in the presence of irrelevant antibody (rabbit anti-mouse) or uPAR

antibody (no. 3936; 5, 10. 20, and 40 Â¿ig/ml)for 48 h and assayed for invasion by using
Ihe 3-(4.5-dinielhylthiaÂ¿ol-2-yl)-2.5-diphenyl telrazolium bromide stain as described in
"Materials and Methods." Columns (bars), mean values (Â±SD) from three experiments

*P < 0.05; "P < 0.001. D, cells plus uPAR antibody; D. cells plus irrelevant antibody.

B, uPAR antibody (no. 3936) inhibits receptor binding. U251 cells were incubated with
I25l-labcled rPro-uPA in the presence of various concentrations of uPAR antibody (no.
3936). monoclonal uPA antibody (no. 394), and 50-fold excess unlabeled competitor. After
the cells were washed, they were lysed and counted for radioactivity. Columns (bars).
mean values (Â±SD) of four separate experiments.

ctration of Matrigel on these glioblastoma cell lines. The data shown
in Fig. 5 demonstrate a definite correlation between the levels of
uPAR and invasion. Taken together, these results suggest that cell
surface receptors provide favorable sites for the generation of plasmin
by uPA, which is critical to the process of basement membrane deg
radation.

Studies have shown that increased numbers of endogenously occu
pied uPARs positively correlate with invasiveness, thus suggesting
that endogenously occupied receptors are instrumental in tissue inva
sion (2U). Table 2 shows the approximate counts of endogenously
occupied receptors in glioblastoma cells. UWR3 cells were found to
be saturated up to 93%, whereas UWR1, U251, and UWR2 cells were
saturated up to 84, 82, and 74%, respectively. Receptor occupancy did
correlate with invasiveness in the case of UWR3, UWR1, and U251
but not in UWR2, thus suggesting that additional factors are involved
in UWR2.

Discussion

In this paper we have discussed how we used established glioblas
toma cell lines to study the expression of receptors for uPA and their
involvement in in vitro invasion assay. Cultured glioblastoma cells

express receptors for uPA that may be similar to the 45- to 60-kDa
receptor isolated from transformed U937 cells (21) and human lung
carcinoma cells (17). To study the role of uPAR in brain tumors, we
determined the receptor levels in four glioblastoma cell lines.
Scatchard analysis of the binding of rPro-uPA revealed a single class
of binding sites with Kd in the range of 0.47-1.21 nw,which is similar
to those previously reported for other tumor cells (3-5).

The presence of a single mRNA transcript of the expected size (i.e.,
1.4 kilobases) (17) argues convincingly for receptor synthesis by
glioblastoma cells. Receptor levels determined by Scatchard analysis
demonstrated a pattern similar to that observed in the Northern blots,
indicating that the presence of high mRNA levels resulted in more
receptors and vice versa (Fig. 2). The expression of uPARs on the
surface of glioblastoma cells may be one potential mechanism used by
these cells to facilitate the invasion of tissues. The receptors may serve
to localize uPAactivity to specific sites on the membrane such as focal
adhesion sites. Recently, it was shown that the colon carcinomas
displaying uPARs but not expressing uPA bind uPA released by ad
jacent normal cells to their uPAR; thus, the cells of such tumors
acquire the enzymatic tool for invasion and possibly metastasis (22).

Tumor cells achieve efficient focal destruction of normal structures
by varying the level of uPARs on invading cells. A 3-fold increase in
tissue invasion and a 4-fold increase in uPAR numbers was shown in
activated monocytes when they were treated with y-interferon (23).
Cell-specific regulation, notably in cells from epithelial and mesen-
chymal origin, was reported in expression of uPAR mRNA by trans
forming growth factor ÃŸl(16). At present, however, it is not clear how

U251 UWR1 UWR2 UWR3

Fig. 5. Invasion assays with glioblastoma cells in the presence of uPAR antibody.
Glioblastoma cells were first plated on Matrigel-coated Transwell clusters with and
without uPAR antibody (no. 3936; 20 ^tg/ml) and irrelevant antibody (20 /M>ml ). and the
percentage of invasion was then assayed as described in "Materials and Methods."
Columns (bars), mean values (Â±SD) of four experiments. *P < 0.01; "P < 0.001. D,

cells only; Ãœ.cells plus irrelevant antibody: â€¢¿�.cells plus uPAR antibody.

Table 2 Binding of '-^I-rPro-ftPA lo glioblustomu cell liiws"

5I-rPro-/xPA specifically bound (dpm/10" cells)''

Glioblastoma
celllinesU251UWR1UWR2UWR3Phosphate-bufferedsalinewashed16950

Â±359036330
Â±664028110
Â±491017600
Â±2070Acid

pretreated96950

Â±133360226330
Â±13280109190Â±

8670260560
Â±28370Approximate

C7t

of endogenously
occupiedreceptors82847493

" About y.V/Ãconfluent glioblastoma cells were either washed with phosphate-buttered

saline or exposed to an acid-glycine butter, pH 3.0, tor 3 min al room temperature. The
cells were incubated at 4Â°Cfor 3 h with 4 OM'~5l-rPro-^tPA, then washed, and solubilized
as described in "Materials and Methods"; radioactivity was then counted.

'' Specific binding of radioactive rPro-^LPA was calculated by subtracting the binding

observed in the presence of a 50-fold excess of unlabeled rPro-^iPA from that seen in its

absence. The data are represented as means 1: SD from three experiments.
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uPAR levels are controlled in glioblastoma cells. The effects of vari
ous growth factors and other hioactive molecules on uPAR expression
in glioblastoma remain to be determined.

It has been shown that uPA is involved in initiating a proteolytic
cascade that leads to the invasion of a basement membrane (2), and
display of uPA receptor is a critical determinant of in vitro invasive
capacities (6). In our in vitro invasion assay with reconstituted base
ment membrane (Matrigel), which provides a convenient model sys
tem for the in vitro study of invasion (24), the glioblastoma cells were
able to penetrate the Matrigel. One explanation for such invasion
could be that glioblastoma cells can elaborate other hydrolases that act
alone or in concert with uPA rather than residing in the receptors for
uPA. This invasive process was suppressed by anti-uPAR antibodies,
thereby implicating receptor-mediated uPA activity in the invasion
process. The dose-dependent responses to antibody also suggest
that receptor-bound uPA was essential for cellular penetration of the

Matrigel.
Other studies have also shown that receptor-bound uPA is a major

determinant of the invasive phenotype of tumor cells (25, 26). Al
though a correlation between increased PA levels and an aggressive
phenotype of glioma tumor surgical specimens (9) has been previ
ously shown, our present study provides, for the first time, direct
evidence of the requirement of receptor for mediating uPA activity in
the invasion of extracellular matrix by glioblastoma tumor cells. The
estimation of uPAR numbers in human brain tumor samples may
provide a useful prognostic guide for evaluating the invasive potential
of tumors in patients and assessing the crucial role of uPARs in
determining the invasive behavior of glial tumors in vivo. The binding
of uPA to its receptor provides the tumor cells with a mechanism that
significantly enhances their ability to invade extracellular matrices,
most probably by enhancing activation of Pro-uPA and plasminogen at

the tumor cell surface. Our studies suggest that the display of uPAR by
cultured glioblastoma cells is a critical determinant of their in vitro
invasive capacities.
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