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ABSTRACT

We reported previously that the production of uroki-
nase-type plasminogen activator receptor (UPAR) protein is
greater in high-grade glioblastomas than in low-grade glio-
mas. Transcriptional activation of the uPAR gene or in-
creased stability of the uPAR mRNA that encodes this pro-
tein could cause the increased production of this protein in
cell lines of different grades of gliomas. We found similar
half-life of uPAR mRNA of 10-12 h in glioblastoma multi-
forme (UWR3) and anaplastic astrocytoma (SW1783) cells.
However, the human uPAR promoter was up-regulated
6—8-fold in SW1783 cells and 11-13-fold in UWRS3 cells as
compared with its activity in low-grade gliomas, a finding
that correlates well with previous findings of increases in
uPAR mRNA and protein levels in higher-grade gliomas.
uPAR mRNA level was increased 11-fold over a 24-h period
in low-grade glioma cell lines after treatment with phorbol
myristate acetate. The region spanning-144 to —123 bp of
the human uPAR promoter that contains the Sp-1 site and a
PEA-3 element and an AP-1 site at-184 plays major roles
in UPAR promoter activity in glioblastoma cells. Specific
antibodies used in an electrophoretic mobility shift assay
identified fra-1, fra-2, Jun D, and c-Jun proteins in the
nuclear protein complex that bind a 51-mer containing the
AP-1 consensus sequence at184 and its flanking sequences
in the uPAR promoter. We further studied the inhibition of
uPAR promoter by coexpression of a transactivation do-
main lacking C-Jun; a dominant-negative ERK1 and ERK2
mutant and a dominant-negative C-raf in glioblastoma cell
lines showed the repressed uPAR promoter activity com-
pared with the effect of the empty expression vector. We
conclude from our findings that increased transcription is
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the more likely mechanism underlying the increase in uPAR
production in high-grade gliomas.

INTRODUCTION

The uPA protein and its receptor (UPAR) protein are
important in the localized activation of plasmin at the extracel-
lular surface of cells that produce uPAR. Urokinase is seques-
tered at the cell surface by its receptor, and the pericellular
activation of circulating plasminogen, a serine protease with
broad substrate specificity, enhances the proteolysis of extracel-
lular components such as collagen, fibronectin, and laminin (1,
2). uPAR is heavily glycosylated and disulfide linked, and it
binds uPA with high affinity with aKy of ~0.5 v (3, 4).
Structural features of thil, 55,000 uPAR protein, which con-
sists of~284 amino acids, including three similar repeats of 90
residues (5), the first of which interacts with the ligand and the
last of which anchors uPAR to the plasma membrane by a
glycosyl-phosphatidylinositol chain (6).

TheuPARgene is located on chromosome 19q13 (7, 8) and
consists of seven exons. The uPAR transcriptis 1.4 kb long, and
a shorter spliced transcript that encodes the soluble receptor
lacking the COOH-terminal domain has also been described (9).
The upstream sequence of the humaPAR gene contains
putative binding sites for AP-1, AP-2, NikB, Sp-1, and ets
transcription factors but no consensus TATA or CAAT boxes
(10, 11). The AP-1 sites and the Sp-1 sites of the human uPAR
promoter play important roles in the regulation of this gene in
colon cancer and other cell types (12). It is known that activity
and synthesis of a number of transcription factors (including
those in the AP-1 and ets family) are regulated by multiple
signals from the cell surface to the nucleus. In addition, the
activity and synthesis of these factors have been shown recently
to be regulated by JNK. The JNKs are activated by the dual-
activity kinase JNK kinase (13), which in turn is stimulated by
a serine threonine kinase, MEEK (14). MEEK transduces the
signals from both ras-dependent (15) and ras-independent (16)
growth factor cytokine cell-surface receptors.

Human malignant glial tumors concentrate the majority of
primary intracranial tumors, and they are often characterized by
rapid growth and invasion into surrounding normal brain tissues
(17). The diffuse invasive nature of malignant gliomas can result
in failure of potentially curative treatments (18). Although the
specific mechanisms that underlie the invasive behavior of
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malignant brain tumors remain unknown, activation of different A
proteases has been implicated as playing an important role Q
(19-24). N

We have shown previously that increased levels of uPA )
and uPAR protein correlate well with higher grades of glioma
(21, 25). Furthermore, the production of uPA and uPAR at the
extracellular surface of malignant brain tumors, but not in nor- . <uPAR
mal tissue, indicates that these proteins play an important role in
the invasion of tumorigenic tissue into normal brain (21, 22, 25).
On the other hand, exposure to antibodies to uPAR reduces the
invasiveness of human glioblastoma cells (26). We have also
observed that the invasive behavior of glioma cells in stable
transfected clones of a glioblastoma cell line with 300 bp of
antisense UPAR cDNA was reduced significantly, biothvitro
andin vivo, as compared with the behavior of the parental cell
line, vector, and sense UPAR stable transfectants (27, 28). Ac-
tivation of the protein kinase C pathway by PMA has been
reported to increase uUPAR mRNA in other cell types (29), and
elevated levels of protein kinase C isoforms in glioblastoma cell
lines have been described (30-32).

We undertook the present study to determine whether the
increased amount of uUPAR protein in higher-grade gliomas is
caused by enhanced transcription of thBAR gene or by
increased uPAR mRNA stability and also determine the role of
JNK- and ERK-dependent signaling modules in regulating the H4 SWI1783 UWR3

roduction of uPAR in human glioblastoma cell line. Our results _. ) . .
P 9 Fig. 1 Relative levels of uPAR mRNA in low-grade glioma (H4),

Qemonstrated_ clearly thaF |ncrea_sed trans_crlptlon is the MOrGnhaplastic astrocytoma (SW1783), and glioblastoma (UWR3) cell lines.
likely mechanism underlying the increase in UPAR productionTwenty ug of total RNA isolated from H4, SW1783, and UWRS cells,
in high-grade gliomas and also showed that uPAR production irshown in theupper panel,was electrophoresed in a 1.2-% agarose

glioblastoma cell line SNB19 is regulated by JNK- and ERK- formaldehyde gel and then transferred to Hybond iembrane. The
dependent signaling modules membrane was then hybridized with a radiolabeled cDNA probe spe-

cific for uPAR mRNA. The same blot was stripped and hybridized with
radiolabeled GAPDH cDNA to check for equality of loading. uPAR
mRNA levels were measured by scanning autoradiograms with a laser
MATERIALS AND METHODS densitometer, and relative hybridization signals were calculated by

Materials. DMEM/F12 medium was obtained from Life assigning an arbitrary value of 1 to the least intense signal seen by

Technologies, Inc. (Gaithersburg, MD). Tissue culture p|atesNorthern blot analysis corrected for mMRNA I(_)ading ineqyglities. Iq each

were purchased from Becton Dickinson and Co (FranklingrOUp’ the uPAR mRNA band was scanned in three positions at different
p ’ : " 'exposures by laser densitometry, and the peak areas were averaged to

Lakes, NJ). DRB was purchased from Biotex Laboratoriesgive the values presenteGolumns,the means for samples from five

(Houston, TX). [«®2P]dCTP random prime labeling Mega different experiments in each cell linkars, SD. #, P <0.001;++, P <

Prime kit was purchased from Amersham Corp. (Arlington 0-0001.

Heights, IL). Specific antibodies against fra-1 (Sc-605), fra-2

(Sc-604), c-fos (Sc-52), fos B (Sc-48), c-Jun (Sc-822), Jun D

(Sc-74), and Jun B (Sc-46) were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA). (Biotex Laboratories). Twentyng of RNA was separated on
Tissue Culture and Cell Lines. H4 (low-grade glioma formaldehyde/agarose gels, transferred to Hyborid(Manu-

cell line) and SW1783 (an anaplastic astrocytoma cell line) werdacturer) membrane, and hybridized to radiolabeled uPAR

purchased from American Type Culture Collection (Rockville, cDNA or GAPDH cDNA. Radiolabeling was done using

MD). UWR3 (a glioblastoma cell line) was a generous gift from [*?P]JdCTP using a random prime labeling Mega Prime kit

Dr. Francis Ali-Osman (M. D. Anderson Cancer Center). H4 (Amersham). Specific RNA was quantitated by scanning auto-

and SW1783 cells were maintained in DMEM/F12 high-glucoseradiograms using a personal densitometer (Molecular Dynam-

medium with 10% FCS, 10Qg/ml streptomycin, and 100 units ics, Sunnyvale, CA), and the stability of uPAR mRNA was

of penicillin. UWR3 cells were maintained in DMEM low- estimated after correcting for loading inequalities with the

glucose medium with 15% FCS. All cell lines were maintained GAPDH signal, which has a reported half-life of 8 h (33).

in a humidified atmosphere of 5% CCat 37°C and were Transient Transfection and CAT Activity. Cells were

subcultured every 3-5 days. plated to 80% confluence and transiently transfected wittg4
DRB Treatment and Northern Blot Analysis. Twenty  of uPAR CAT reporter plasmid for 16 h using the standard

pg/ml of DRB was added to cells plated on 100-mm dishes.calcium-phosphate transfection procedure, with a 25% glycerol

Total RNA was isolated at 0, 1, 2, 4, 8, and 24 h after theshock for 1 min. Cells were harvested after 24 h. Each plate was

addition of DRB using the Ultraspec RNA isolation reagent also transfected with 1.5.g of CMV-B-gal plasmid as an
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Fig. 2 The half-life of uPAR mMRNA in - -
SW1783 and UWRS3 cells. Northern blot of ., p4R mRNA =» . ‘ ‘“
UPAR mRNA in 20n.g of total RNA isolated . e
from SW1783 and UWRS cells isolated at 0, 2,

4, 8, and 24 h of exposure to 20y/ml DRB,

using the same procedure described in Fig. 1, is

shown. After stripping of the uPAR signal, the

blots were rehybridized with radiolabeled

GAPDH cDNA, as shown in theewer panelof GAPDH = & ™ & » =~ GAPDH =» = .+ i+
each set.

uPAR mRNA=> ) 44 W LI L

SW1783 UWR3

internal control for transfection efficiency. After the cells were extract protein was used for incubation with 10,000 cpm (radio-
harvested, 4% of the cytoplasmic extract was used for proteiractively end-labeled using T4 polynucleotide kinase) of a 53-bp
estimation using the Bradford method (34), and 20% of thedouble-stranded oligomer containing the uPAR AP-1 consensus
extract was used fd8-gal assays performed according to pub- site at room temperature for 15 min. Additional incubations with
lished procedures (35). Cytoplasmic extracts showing equivaspecific antibodies against fra-1 (Sc-605), fra-2 (Sc-604), c-fos
lent 3-gal activity were used to determine CAT activity (12). (Sc-52), Fos B (Sc-48), c-Jun (Sc-822), Jun D (Sc-74), and Jun
PMA was added at a concentration of 200 to cells plated in B (Sc-46) were carried out for an additional 10 min, after which
1% serum for 2 h, after which the medium was changed tothe protein/DNA complexes were separated on a 6% polyacryl-
PMA-free medium. The cells were harvested 24 h later. Foramide gel containing 5% glycerol in O06TBE buffer at 120 V
Specific eXperimentS, cells were left in PMA-containing mediumfor 4.5 h. The ge| was then rinsed, dried, and Subjected to
until they were harvested. CAT activity was measured by incu-autoradiography.
bating cell lysates (normalized for transfection efficiency) at
37°C for 6 h with 4um [*“C]chloramphenicol and 8Qg (20 .l
of a 4 mg/ml solution) of acetyl CoA. After 3 h, acetyl CoA was RESULTS
replenished, and at 6 h, the mixture was extracted with ethyl Up-Regulation of uPAR mRNA Level in Glioblastomas.
acetate. The acetylated products were separated from the unrée estimate the relative increase in uPAR mRNA in high-
acted substrate by TLC using chloroform:methanol (95:5) as ayrade glioblastoma cell lines as compared with low-grade
mobile phase. The amount of acetylatédJchloramphenicol  glioma cell lines by Northern blot analysis, total RNA was
was determined using a 603 Betascope (Betagen, Cambridgextracted from various grades of glioma cell lines (H4,
MA; Ref. 35). SW1783, and UWR3). Fig.A shows that the intensity of the
B-gal Assay. Twenty % of cellular extract was used to uPAR band was much higher in UWR3 cells than in SW1783
determine B-gal activity, as described previously (35). and H4 cell lines. Scanning autoradiograms of the hybridiza-
Briefly, 20 pl of cell extract was mixed with 0.1 sodium  tion signals with a laser densitometer and normalization with
phosphate, 1@.m MgCl,, 45 mv B-mercaptoethanol, and 800 the GAPDH signal showed a 2.8-fold increase in uPAR
mg/ml o-nitrophenyl-Bp-galactopyranoside and the reac- mRNA in SW1783 cells and a 20-fold increase in UWR3
tions were incubated at 37°C for 30 min to 1 h until a faint cells (P < 0.001) as compared with the uPAR mRNA levels
yellow color developed. The reactions were stopped by addin H4 cells (Fig. B).
ing Na,CO; to each reaction to a final concentration of 625 Stability of uPAR mRNA in Various Glioma Cell Lines.
mwm, after which the absorbance of the reactions was read atranscriptional up-regulation of the®PARgene or mRNA sta-
a wavelength of 420 nm. bilization could account for the increased levels of uPAR
Nuclear Extract Preparation and Mobility Shift Assays. mRNA and protein (21) seen in higher glioma grades of human
Nuclear extracts were prepared from cells plated on 100-mntissue samples. We determined the relative half-life of uPAR
dishes, as described previously (35). Briefly, cells were rinsednRNA in SW1783 and UWR3 cells by placing them in DRB for
with PBS; pelleted in a microcentrifuge at 2000 rpm; resus-different times. Fig. 2Ashows that the uPAR mRNA was
pended in 40Qul of 20 mm HEPES (pH 7.9), 10 m KCI, 0.2 present in both SW1783 and UWRS cells at all times. After
mm EDTA, 1 mv DTT, and 0.5 nm phenylmethylsulfony flu-  normalization with GAPDH, uPAR mRNA levels were much
oride and incubated on ice for 15 min. Then,2%f 10% NP40  higher in glioblastoma UWRS3 cells than in anaplastic astrocy-
was added, cells were vortexed and centrifuged for 10 s, and thisma SW1783 cells. The published half-life for GAPDH is 8 h
pellet was resuspended in p0of 20 mm HEPES, 0.4v NacCl, (33), and this was used to normalize the uPAR signal. As seen
1.0 mv EDTA, 1 mm EGTA, 1 nm phenylmethylsulfonyl flu-  in Fig. 2, the half-life of uPAR mRNA was-10 h in SW1783
oride and 1 mu DTT. The pellet was rocked vigorously at 4°C cells and~12 h in UWR3 cells. The initial level of uPAR
for 15 min and centrifuged for 5 min at 13,000 rpm, and the mRNA in H4 cells was very low; hence, the half-life could not
supernatant was used as a nuclear extract. jfgerof nuclear  be estimated.
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11 63 43 moter constructs containing specific poi_nt mutations to idfentify
Chlorampkenica[ Sls e!emgnts that play a regulatory roleuRARgene transcrip-
o ion in glioma cells and thereby further understand the mecha-
Converted % nisms responsible for the promoter in glioblastoma cells. Tran-
. . sient transfection of the constructs shown in Fig. 4 was
performed in UWR3 and H4 cell lines, and the relative CAT
activity of the transfected clones was measured by a Betagen
" A Betascope. Individual clones containing a deletion of the region
between—98 and—78 or —144 and—123 or mutation of the
NF-kB site at—43 were tested in UWRS3 cells. Removal of the
. . . region between-98 and—78 (72%) and mutation of the NF-«B
site (88%) did not alter the activity of the uPAR promoter (81%
conversion) dramatically; however, deletion of the region be-
tween —144 and —123 reduced promoter activity 6—7-fold
(13%) compared with wild-type promoter activity (FigAy
Mutation of the AP-1 site at-69 did not alter the activity of the
) UPAR promoter in the H4 cell line (Fig. 4B). However, deletion
of the region between-144 and —123 decreased promoter
Fig. 3 Relative transcriptional activity of the human uPAR promoter in @Ctivity 4-fold when compared with the activity of the wild-type
different grades of human gliomas. Fquyg of a recombinant construct promoter. On the contrary, uPAR promoter activity was de-
clontaijning~;400 bIOf ?rz UlJcS,ZirTeam setquences of thte humatrll UtPAngetnftreased by 3—4-fold and 2-fold compared with wild-type pro-
icn?(?eH 41’Jpgvr\?f7n£1;3c? an% Uwégpggﬁsr_gg’;‘;’r;"gﬁeéggﬁ'e&‘it%“&aﬁ ec eﬂ?oter activity in constructs containing mutations of the AP-1
CMV-B-gal plasmid was used to control for transfection efficiency. Sit€S at—184 and—69, respectively, in the glioblastoma cell
Equivalent extracts were used from H4 and SW1783 cells, and to stajine UWR3 (Fig. 4A).

within the linear range of the CAT assay, only one-third of the equiv- Up-Regulation of uPAR mRNA in Low-Grade Gliomas

alent UWRS extract measured Bygal activity was used. CAT activity  j, Ragponse to PMA. To determine the degree of up-regula-
was measured by incubating cell lysate (after normalization) at 37°C for . . :
3 h with [“Cchloramphenicol. The mixture was extracted with ethyl 10N Of UPAR mRNA in low-grade glioma cells, H4 cells were

acetate, and acetylated products were subjected to TLC. The amount dfeated with PMA at 0, 2, 4, 8, and 24 h. Fig. Shows the level
acetylated ¥*C]chloramphenicol was determined with a 603 Betagen of uPAR mRNA in samples with and without PMA and in
Betascope. The data represent the results from five different eXperibarticular shows the increase in UPAR mRNA in PMA-treated
ments, the range of which did not exceed 10%. . . .
samples compared with the levels in controls. FigsBws that
there was an 8-10-fold increase in uPAR mRNA levels over
Up-Regulation of Transcriptional Activity of the uPAR basal levels at 8 h and a 13-_folq increase Qt 24 hin response to
Promoter in the Glioblastoma Cell Line. The calculated PMA treatment after normalization of the signal to the internal

half-life of UPAR mRNA was similar if not shorter in the UWR3 GAPDH control (shown in théower panel).
cells than in the SW1783 cells (8 and 12 h, respectively), which ~ Response of uPAR Promoter Activity to PMA. There-
suggests that increased stability of the uPAR mRNA is not afore, to determine which regions of the uPAR promoter confer
primary mechanism. We determined the relative transcriptionaPMA inducibility, we transfected promoter constructs contain-
activity of the uPAR promoter in these different grades of ing mutations in the AP-1 site at184 or in the NF-kB binding
human glioma cell lines. Four hundred bases of the humarsite at—43 or the wild-type promoter into UWRS3 cells. Dupli-
UPAR promoter in a CAT vector was transiently transfected intocate sets of cells transfected with these constructs were treated
H4, SW1783, and UWR3 cell lines (Fig. 3). Because of low with 200 v PMA for 2 h. Fig. 6Ashows that the wild-type
CAT activity in the low-grade glioma cells and anaplastic as-promoter was up-regulated 5—-6-fold and 3-fold in cells treated
trocytoma cells, we used equivalent extracts containing 3-foldwith PMA for 2 and 24 h, respectively. In additions, the con-
more B-gal activity to estimate reporter CAT activity in these struct containing a mutation in the NF-«B binding site was
cells compared with CAT activity in glioblastoma cells active in these cells, demonstrating that the basal activity of the
(UWR3). The uPAR promoter was the least active in low-gradeuPAR promoter in the glioma cell line H4 was not activated
gliomas (H4), with a 11% conversion of substrate. A 6—8-fold through the NF-«kB site (Fig. 6B). This construct was also
increase in UPAR promoter activity over that in low-grade induced in response to PMA treatment, indicating that the PMA-
gliomas was seen in anaplastic astrocytoma cells. uPAR proresponsive element of the uPAR promoter lies in a region
moter activity was 11-13-fold higher in UWRS3 cells than in outside the NF-«B binding site. However, the construct contain-
low-grade gliomas (H4). These results suggest that increaseitig a point mutation in the AP-1 site at184 had decreased
transcription of theiPARgene accounts for the higher levels of promoter activity compared with the activity of the full-length
uPAR mRNA in anaplastic astrocytoma and glioblastoma cellpromoter in H4 cells, and the addition of PMA to H4 cells
lines than in the low-grade glioma cell line. transfected with this construct also did not increase the activity
The Role of AP-1 Consensus Elements in Up-Regula- of uPAR promoter. These two findings indicate that this specific
tion of the uPAR Promoter in Glioblastomas. We studied a  response element plays a major role in the response of the uPAR
number of human uPAR promoter deletion constructs and propromoter to PMA in these cells.
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Fig. 4 Analysis of specific elements in the uPAR promoter that are active in high-grade UWR3 (A) and low-grade H4 (B) cells. A set of promoter
constructs containing deletions (—98&8 and—144 to—123) or point mutations [NF-xkB mt:- (1)84, —69, AP-1 mts] in the context of 400 bp

of uPAR promoter construct were analyzed in UWR3 and H4 cells by a transient cotransfection experimenjugsafihé uPAR promoter construct

and 1pg of CMV-B-gal plasmid. All panels show the results of TLC separation of the reaction products from the CAT activity assay, as described

in Fig. 3. A representative experiment from of a similar study in H4 cells using a subset of the uPAR promoter constructs is shown. Equivalent extracts
relevant to this experiment were used for comparison. The numbers above each lane are the percentage conversions of the substrate determined after
quantitation of the signals by the Betagen. The data represent the results of three different experiments, the range of which did not exceed 10%.

Components of the AP-1 Transcriptional Complexes in Repression of uPAR Promoter Activity by Coexpres-
Glioma Cell Lines. In view of the requirement for the AP-1 sion of a Transactivation Domain Lacking c-Jun. We used
binding site at—184 to ensure optimal promoter activity in a dominant-negative c-Jun expression vector (TAM-67) to de-
UWRS3 cells and considering the importance of this motif in termine the role of AP-1 binding in the transcriptional regulation
regulating the expression of several inducible genes (33, 34), wef uPAR production in UWR3 cells. This construct encodes a
performed EMSA to identify the proteins that bind at this site. mutant c-Jun that lacks the entire transactivation domain of this
In this experiment, a 51-mer oligonucleotide spanning the uPARranscription cofactor and that inhibits the AP-1 process by
promoter from—201 to —150 was synthesized (Genosys, The inhibiting the function of endogenous Jun proteins. UWRS3 cells
Woodlands, TX), radiolabeled, and incubated with nuclear ex-were transiently transfected with a CAT reporter driven by 398
tracts prepared from UWR3 cells in the presence and absence olicleotides of a 5fegulatory sequence and the TAM-67 ex-
a 100-fold excess of unlabeled wild-type competitor (wild-type pression vector. Promoter activity decreased from 60 to 12%
oligonucleotide) or competitor with a mutated AP-1 motif in the with increasing amounts of TAM-67 (Fig. 8). In contrast, co-
wild-type sequence. A specific complex was present (FAy. 7 transfection of the uPAR construct with equivalent amounts of
arrow) after incubation of the radioactive oligonucleotide with the empty vector did not reduce uPAR promoter activity.
the nuclear extract, but this band was absent in the oligonucleo-  Inhibition of uPAR Promoter Activity by a Dominant-
tide not incubated with the nuclear extract. In addition, thenegative ERK-1 Mutant. Because our data indicated that
binding of the factors to the oligonucleotide was specific be-uPAR promoter activity in UWR3 cells was regulated in part by
cause a 100-fold excess of wild-type oligonucleotide, but not thean AP-1-dependent mechanism, we undertook experiments to
oligonucleotide with the mutated AP-1 motif, competed for the determine the role of the ERKs in uPAR promoter activity. To
binding proteins to the radiolabeled oligonucleotide (Fi§).7 determine when this uPAR promoter activity was controlled by
Furthermore, using specific antibodies to detect AP-1 proteins irthe constitutively activated ERK1, we used expression vectors
UWRS3 nuclear extracts that recognized the AP-1 motita84 encoding dominant-negative ERK1 and ERK2. uPAR promoter-
of the uPAR promoter, we detected the fra-1, fra-2, c-Jun, andiriven CAT reporter activity was decreased in a dose-dependent
Jun D proteins but not the c-fos protein. Fid® $hows that the  manner by the cotransfection of the dominant-negative ERK1
intensity of the specific complete band was much less than thagxpression vectors (Fig. 9). Specifically, chloramphenicol acety-
in UWRS3 cells when compared with low-grade glioma and thelation was reduced from 62 to 15% and 58 to 22% in the
anaplastic astrocytoma cell line, which produce much less uPARresence of 2ug of the ERK1 or ERK2 mutant expression
protein and mRNA compared which glioblastoma cell line vectors. By contrast, the uPAR promoter was not inhibited in
(UWR3). UWRS3 cells cotransfected with the empty expression vectors.
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Fig. 5 Induction of uPAR mRNA in response to PMA in low-grade H4
cells. A, 20p.g of total mMRNA isolated from H4 cells treated for 0, 2, 4,
8, and 24 h with 200m PMA was used in a Northern blot analysis for
UPAR mRNA expression (upper panel), as described in Fig. 2. The . . . .
same blot was stripped and was hybridized to radiolabeled GAPDH

cDNA (lower panel). B, quantitation of uPAR mRNA in PMA-treated
samples at different times as described in Fig. 2, after correcting for

loading equality, relative to the GAPDH signal using a scanning den- . 8 o
sitometer.Columns,the means for samples from five different experi-
ments (P< 0.001);bars, SD. - + - + PMA

B T + = - NFxkBmt

- -+ + 184 mt
) ) ) ) Fig. 6 Induction of uPAR promoter activity in response to 2- or 24-h
Expression of Dominant-negative c-raf Blocks Consti-  treatment with PMA. A, H4 cells were placed in a low dilution of serum
tutive UPAR Expression. Because the ERKs lie downstream (1% versus 15%) for 24 h before transient transfection gfgdof the
from the c-raf serine-threonine kinase, we undertook experi-#00-bp wild-type human uPAR CAT promoter plasmid ang.g of

. - CMV-B-gal plasmid. PMA was added at a concentration of 2@0f@r
ments to determine whether uPAR promoter activity could be2 h (replaced by fresh medium containing 1% serum) or 24 h, after

repressed by the coexpression of a dominant-negative c-rafyhich the cells were harvested. Equivalent exiracts were used in the
UWRS cells were transiently cotransfected with a UPAR pro-CAT assay, and reactants were separated by TLC, as described in Fig.
moter-driven CAT reporter and increasing amounts of an ex-3. The numbers at the top of the figure are percentage conversion values
pression vector encoding a kinase-inactive c-raf (raf C4). Thecalculated after Betagen Betascope gnalyS|s of the TLC result‘s. Th_e data
? . . . represent the results from four experiments, the range of which did not
encoded molecule contains the Mterminal 257 amino acids  gyceed 15%. B, the AP-1 element-al84 is required, at least in part,
of c-raf and thus lacks the kinase domain of the serine-threonin@nd the NF-xB element is not required for PMA induction of the uPAR
kinase. Cotransfection of the raf C4 mutant into UWR3 cells ledpromoter in H4 cells. This panel shows a separate experiment in H4
to a dose-dependent reduction in the activity of the uPARCcells, in which two of the constructs shown in Fig. 4 (NF-kB mt or —184

. . . -1 mt) were used in an experiment similar to the one shown in A, in
promoter-driven CAT (Fig. 10). By contrast, the EXPression, hich the cells were exposed to PMA for only 2 h. The data represent

vectors lacking the raf C4 coding sequence (vectors) failed tQne results from five experiments, the range of which did not exceed
repress the activity of the uPAR promoter-driven CAT reporter.10%.

DISCUSSION

In this study, we established that one of the mechanismshe Sp-1 and ets motif are important in the up-regulation of
that leads to 15-20-fold higher levels of uPAR mRNA and the uPAR promoter in human glioma cell lines. We also
protein in higher-grade gliomas is increased transcriptiondetermined that the AP-1 site, and not the NB-site, is
We also identified that an AP-1 site and the region containingimportant for the up-regulation of transcription of th@AR
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Fig. 8 Repression of uPAR promoter activity by coexpression of a
transactivation domain lacking c-Jun (TAM-67). UWRS3 cells were
transiently transfected with 1Q.g of CAT reporter driven by the
wild-type uPAR promoter (UPAR CAT) and the indicated amounts of
either an expression vector encoding a transactivation domain lacking

4= uPAR oligo c-Jun protein (TAM-67) or an empty vector (CMV Vectors). An equal
amount of cell lysate protein was incubated for 6 h wittC]chloram-
phenicol and extracted with ethyl acetate, after which the acetylated
products were resolved by TLC. Each value is the mean of the result
from five different experimentsyars, SD.

| 4= Specific Complex showed the repressed uPAR promoter activity compared with
the effect of empty expression vector.

Tumor cell invasiveness is a complex, multistep process
that involves cell attachment, the proteolysis of matrix compo-
nents, and the migration of cells through the disrupted matrix
(36). In malignant tumors, most uPAR protein is concentrated at
invasive foci (37); it accelerates plasmin formation at the cell
surface and has been implicated in tissue remodeling in a
number of physiological and pathological processes. However,

“ 4= uPAR Oligo the mechanism by which the expression of UPAR is regulated in
human gliomas is poorly understood. We found a relatively
similar half-life of uPAR mMRNA of 8—10 h in anaplastic astro-
cytomas (SW1783) and glioblastomas (UWR3) but consider-
ably higher levels of the uPAR promoter in UWRS3 cells (11—
13-fold) and SW 1783 cells (6—8-fold) when compared with the
B low-grade glioma cell line H4. However, because we were
unable to determine the half-life of uPAR mRNA in low-grade

Fig. 7 Specific AP-1 proteins that recognize the AP-1 element B84 of . . L . . . e
the uPAR promoter as determined by EMSA. A, specific AP-1 proteins thatghoma cell “m.e H4.’ itis still pOSSIble. that mcreas.ed stability .Of
interact with the AP-1 element in UWR3 cells. Eighg of UVR3 nuclear ~ UPAR MRNA in glioblastomas contributes to their more malig-

extract was incubated with a radiolabeled, double-stranded 51-bp oligoménant behavior. The observation of uPA mRNA half-life of 45
spanning—151 to—201 of the human uPAR promoter in the presence of min to 10 h in different cell lines does suggest a role for

100-fold excess cold mutant oligonucleotide or specific oligonucleotide Ofjncreased stability of uPAR mRNA (10, 37). It has also been
with antibodies against c-fos, c-Jun, Jun D, fra-1, and fra-2. The autoradio- ted that t h PMA d I heximid
gram shown here is the polyacrylamide gel separation of the protein—boun[}Epor e at agenis such as and cycloheximide can en-

radiolabeled oligonucleotide or the antibody-bound complex from freehance UPAR mRNA stability in human mesothelial cells (38). In
radiolabeled oligonucleotide. The first lane is a control for a radiolabeledaddition, the uPAR mRNA molecule contains regions rich in
oligonucleotide subjected to similar reaction conditions in the absence oj\+U sequences, motifs that are associated with relatively less

nuclear extract. The data are representative of triplicate experiments. : : .
EMSAs were performed by incubating g of nuclear extracts from Bstable MRNA (38). It is conjectured that PMA and cyclohexi

different glioma cell lines with radiolabeled, 51-bp double-stranded oli- Mide achieve this by preventing the production of labile proteins

gomers containing the AP-1 site atl84 of the uPAR promoter. that may be involved in the degradation of uPAR mRNA (29).
Thus, the overall 11-fold increase in uPAR mRNA levels in
response to PMA in low-grade gliomas seen in our study results
from a combination of increased mRNA stability and increased

gene in response to PMA. We further studied the inhibition oftranscriptional activation of thePARgene.

uPAR promoter by coexpression of a transactivation domain PMA is also known to increase the levels of c-fos and c-Jun

lacking c-Jun; a dominant-negative ERK1 and ERK2 mutantmRNA and proteins. We and others (12) found that the AP-1

and a dominant-negative c-raf in glioblastoma cell line element at—184 is important in the regulation of uPAR pro-

-

=z

SWi783
UWR3
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Fig. 10 Repression of uPAR promoter activity by the expression of a
Fig. 9 Inhibition of uPAR promoter activity by dominant-negative kinase-inactive c-raf. UWRS3 cells were cotransfected with a CAT re-
ERK1 and ERK2 mutants. UWRS3 cells were cotransfected witly bf porter-driven, full-length uPAR promoter in the presence or absence of
a CAT reporter driven by the wild-type uPAR promoter and increasingan equimolar amount of the mutant c-raf expression vector (raf C4) or
amounts of a dominant-negative ERK1 mt (ERK1 mutant) or ERK2 mtthe empty expression vector. Reporter activity was determined by in-
(ERK2 mutant) or an equal amount of the empty expression vector (PCEubation of the cell extract, adjusted for variation in transfection effi-
P4, pCEP4) equivalent to 4g of the ERK1 mutant. An equal amount ciency. After this, the cell lysate was extracted with ethyl acetate, and
of cell lysate protein was incubated for 6 h witf€]chloramphenicol ~ the acethylated products were resolved by TLC. Each value is the mean
extracted with ethyl acetate, and the acetylated products were resolve?f the result from five different experimentsars, SD.

by TLC. Each value is the mean of the result from five different

experimentspars, SD.

tion of Jun-Fos heterodimers, which are more stable than the
moter activity, and we also observed increased amounts opre-existing jun-jun homodimers. Such increased dimer sta-
AP-1-specific protein complexes binding to this motif in nuclear bility results in higher levels of Ap-1 DNA-binding activity.
extracts of cells treated with PMA. In addition, we have detectedJNK/stress-activated protein kinases are involved in c-Jun
a phosphorylated form of c-Jun (at serine 63) in nuclear extractinduction through the phosphorylation of c-Jun and ATF2,
of both unstimulated and PMA-stimulated cells. Furthermore,which forms a heterodimer and increases their transcriptional
we observed the induction of c-fos protein into this AP-1 proteinactivity, leading to enhancing c-Jun transcription and hence
complex after a 1-h stimulation with PMA, which could resultin c-Jun synthesis (44, 45). The newly synthesized c-Jun may
higher transcriptional activation of the®PARgene. Jun D ho- combine with newly synthesized c-fos or other proteins such
modimers (39); Jun D heterodimerization with fra-1, c-fos, andas ATF2 or form homodimers, all of which can contribute to
Jun D (40); c-fos and c-Jun heterodimers; and c-Jun hoincreased AP-1 activity. In addition to stimulating c-Jun
modimers (39, 40) have all been described as efficient activatorsynthesis, the JNK/stress-activated protein kinases contribute
of AP-1 cis element-mediated transcription. Similarly, it has to elevating AP-1 activity by phosphorylating the activation
been found in PC12 cells that the orphan receptor gemé? is domain of c-Jun, thereby enhancing its transcriptional activ-
transcriptionally activated by Jun D through an AP-1-binding ity. Our studies do not, however, rule out the possibility that
element that was bound only with this transcription factor (41).the regulation of uPAR by ERK and c-raf signaling pathways
In our studies, we identified fra-1, fra-2, c-Jun, and Jun Drequires the binding of transcription factors to the non-AP-1
proteins in complexes bound to the AP-1 site at positici84 motifs necessary for optimal promoter activation in glioblas-
of the uUPAR promoter in nuclear extracts of both unstimulatedtoma cells. Nevertheless, the observations that uPAR pro-
and PMA-stimulated cells. Therefore, it is possible on the basisnoter activity was reduced substantially either by coexpres-
of these findings that transcription of th&®ARgene in glio- sion of a construct (TAM-67) which interferes with the
blastomas is increased by the induction of specific member ofbility of endogenous FOS and Jun proteins to transactivate
the c-fos and c-Jun family of proteinise., c-fos. AP-1 controlled genes.

We found that a CAT reporter driven by a 400-bp uPAR Induction of uPARgene transcription in response to epi-
promoter was strongly activated in the UWRS3 glioblastomadermal growth factor and transforming growth factor (46), hep-
cell line compared with low-grade gliomas. The observationatocyte growth factor (47), vascular endothelial growth factor
that UWRS3 promoter activity is reduced substantially by the (48), and phorbol esters (3) and an increase in mRNA stability
coexpression of a construct (TAM-67) which interferes with in response to PMA and cycloheximide have been reported (38).
the ability of endogenous Fos and Jun proteins indeed sugMore than 40% of glioblastomas have a rearrangement in the
gests that Ap-1 binding transcription factors are required forEGFRgene, which has been reported to produce a constitutively
the expression of the uPA promoter in glioma cell lines. Theactivated receptor (49). Amplification of the EGFR in glioblas-
synthesis of c-fos is regulated by both the JNK-dependentomas has also been reported (50). Conversely, inhibition of
(42) and ERK-dependent (43) signaling modules via theEGFR in glioblastoma spheroids with genistein or tyrphostin, an
phosphorylation of p62" ¥ It has been shown that the EGFR tyrosine kinase-specific inhibitor, dramatically abolished
serum response element in the fos promoter represents a poimvasion into fetal rat brain aggregates (51). On the basis of
of convergence of the JNK- and ERK-dependent signalingthese findings, it is therefore possible that constitutive activation
modules (42). Increased c-fos modulation drives the forma-of the EGFR could be partly responsible for our observation of
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a 20-fold increase in uPAR mRNA levels in glioblastomas over14.

the levels in low-grade glioma. This study is the first to char-
acterize the role of uPAR promoter activity in glioma cell lines.
Because increased transcriptional activity of the endogenoui5
promoter plays a major role in increases in uPAR mRNA and
subsequently in the levels of uPAR protein in glioblastomas, the
suppression of uPAR transcription could be used as a means of

clinical intervention in this disease. 16.
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