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ABSTRACT

The ability of p53 to activate or repress transcription
suggests that its biological function as tumor sup-
pressor is in part accomplished by regulating a
number of genes including such required for inhibition
of cell growth. We here give evidence that p53 also may
regulate genes responsible for the proteolytic degra-
dation of the extracellular matrix, which is considered
a crucial feature for local invasion and metastasis of
neoplastic cells. An important and highly regulated
cascade of such proteolytic events involves the
plasminogen activator system. We show that wild-type
p53 represses transcription from the enhancer and
promoter of the human urokinase-type (u-PA) and the
tissue-type plasminogen activator (t-PA) gene through
a non-DNA binding mechanism. Oncogenic mutants
lost the repressing activity. In contrast, wild-type but
not mutant p53 specifically binds to and activates the
promoter of the plasminogen activator inhibitor type-1
(PAI-1) gene. Interestingly, one of the p53 mutants
(273his) inhibited PAI-1 promoter activity. Our resuits
suggest that altered function of oncogenic forms of
p53 may lead to altered expression of the plasminogen
activators and their inhibitor(s) and thus to altered
activation of the plasminogen/plasmin system during
tumor progression.

INTRODUCTION

Tumor cells show two major features: excessive proliferation and
the capacity to migrate and invade other tissues. Much attention
has been focussed on the function of the tumor suppressor pS3
(1,2) on the one hand and the role of matrix-degrading proteolytic
enzymes such as metalloproteases and the plasmin/plasminogen
activator system (3,4) on the other hand.

The p53 gene is mutated in the majority of human tumors (4,5).
Conversely, introduction of the normal p53 gene into
p53-deficient tumor cells suppresses transformation and tumori-
genesis (6,7) and inhibits proliferation of many types of cells,
causing them to arrest at G1/S (8,9). This is mediated, at least in

part, by p53 acting as a transcription factor (11-13) regulating
genes required for the inhibition of cell growth. Genes trans-acti-
vated by p53 via binding to a specific recognition site within their
promoter include p21/WAF (14-16), Gadd 45 (17), mdm2
(18,19), cyclin G (20) and Bax (25). Furthermore, p53 inhibits
transcription from a number of other promoters that lack
p53-binding sites (21-23), most likely through interaction with
the TATA-binding protein (TBP) associated factors TAFII40 and
TAFII60 (24). Loss of the trans-activating and/or repressing
functions accounts for the tumorigenic potential of p53 mutations
(26-28).

Migration of tumor cells and invasion into other tissues requires
degradation of the extracellular matrix (ECM) by proteolytic
enzymes. One protease extensively studied in this context is the
serine protease plasmin, which is able to dissolve fibrin clots,
digest extracellular matrix proteins and activate latent enzymes
(29). The active enzyme is generated from the proenzyme
plasminogen through proteolytic cleavage by two specific serine
proteases, the plasminogen activators u-PA and t-PA (urokinase-
type and tissue-type plasminogen activator, respectively; 30).
These in turn are controlled by specific inhibitors, mainly the
endothelial-type plasminogen activator inhibitor PAI-1 (30).

Cellular transformation often results in a dramatic increase in
the production of the plasminogen activators, in particular of
u-PA (29,31) and in an altered expression of the inhibitor PAI-1
(32). The balance between PAs and their inhibitors appears to be
critical for the invasive phenotype of tumor cells (33,34),
implying that altered expression slightly in favor of plasminogen
activators (32) contributes to the malignant phenotype
(31,32,35-37).

In this context, we investigated the regulation of the u-PA gene
by oncogenic signal transduction pathways (C. Kunz and D. von
der Ahe, unpublished results). Furthermore we speculated that PA
and PAI gene promoters and enhancers might as well be a target
for the tumor suppressor pS3. Mutation of p53 in tumor cells
would then provide a link between the deregulation of cell growth
on the one hand and invasiveness due to increased proteolytic
potential on the other hand. Therefore we examined a potential
role of p53 in u-PA, t-PA and PAI-1 gene regulation by
cotransfecting plasminogen activator or inhibitor enhancer/
promoter-chloramphenicol acetyltransferase (CAT) reporter

* To whom correspondence should be addressed



constructs together with an expression vector for wild-type (wt)
or mutant pS3 (27).

MATERIALS AND METHODS
Plasmids

The pCMVpS3wt (pC53-SN3) and p53 mutant vectors have been
described (27). The u-PA parental reporter plasmid —5.5/4+60-CAT
was constructed by inserting the BamHI/Nael(-5.5/+60) genomic
fragment containing 5500 bp of the human u-PA upstream
sequence (D. von der Ahe and C. Kunz, unpublished) into the
promoterless pCAT-Basic vector (Promega). The deletion mutants
—4300,-3000,-2500, 700 and -93 were derived from the parental
plasmid. The +Enh —-93/4+60 reporter was constructed by inserting
a PCR-generated 126 bp/HindIIl fragment containing the human
u-PA enhancer (—1986 to —1867; ref. 38) into the —93/+60-CAT
vector immediately upstream of the u-PA basal promoter (C. Kunz
and D.v.d. Ahe, unpublished). +Enh-Inr-CAT: the HindIlI-Xbal
linkered BamHI-Sacl fragment from plasmid VI (39) containing
the TdT Inr element was cloned into pCAT-Basic; +Enh-(21
bp);-Inr-CAT: the Xbal fragment from plasmid VI (39) containing
one SV40 21 bp repeat and TdT Inr was inserted into pCAT-Basic;
+Enh -91/-31-Inr-CAT: oligos of the TdT Inr element
(5"-CTAGA/GGCCCTCATTCTGGAGACTCTAGA/T-3" ) and
the uPA GC-box region -91/-31 (38 and references herein) were
inserted into the Xbal and the Sall site of the pCAT-Basic. The 126
bp/HindIll u-PA enhancer fragment described above was cloned
into the HindIlI site of the latter three +Enh constructs. The (21
bp)2-Inr-CAT reporter was constructed by inserting the Hincll-
BamHI fragment of plasmid VI (39) into Xbal site of pCAT-Basic.

The t-PA-CAT reporter plasmids were constructed by inserting
the BamHI/Xholl (-1442/+118) and the Ncol/Xholl (—438/+118)
fragments isolated from plasmid pF17Bam2 (containing ~1400
bp of 5’-flanking region, the first exon and part of the first intron
of the human t-PA gene; ref. 40) into the promoterless pCAT-
Basic vector.

The human PAI-1 promoter region and the PAI-CAT reporter
plasmids have been described (41). They all carry the indicated
region upstream of the transcription start site and 72 bp of the
5’-untranslated region. 3x PAI-u-PA: three copies of the PAI-1
p53 footprint sequence were inserted in the HindIIl site immedi-
ately upstream of the u-PA basal promoter. —189 PAI: intact PAI-1
promoter (-189/+72); —189 dpm R-PAI: point mutations intro-
duced at positions 4 and 7 of the right monomer of the p53 binding
site within the —189/+72 PAI-1 promoter. The PG13 control
reporter plasmid has been described (27).

Oligonucleotides

PAI-1 wild-type sequence (PAI-1): 5-AGCTT/ACACA-
CATGCCTCAGCAAGTCC-CAG/A-3’; PAI-1 point mutations
PAI-mut:dpmR: 5’AGCTT/ACACACATGCCTCAGAAATT-
CCCAG/A-3’ and PAI-mut:2dpmRL: 5'-AGCTT/ACACAAAT-
TCCTCA-GAAATTCCCAG/A3'; the p53 consensus site (42):
5’-AGCTT/AGACATGCCTAGACATGCCT/A-3"; an unrelated
DNA sequence (url): 5-AGCTT/CTAAGGGACCTGCGGTT-
GGCAT/A-3".
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Transfections

Transfections of HT1080 (ATCC:CCL121), HeLa (ATCC:
CCL2) and Saos-2 (ATCC:HTBS8S5) cells were performed at
60-70% of confluency following a modified calcium phosphate
method (43). Five g of each reporter plasmid, 2.5 pug of wt or
mutant p53 effector construct and 5 pg of a RSV-P-galactosidase
expression plasmid (as internal control for transfection effi-
ciency) were used. The total amount of transfected DNA was
always adjusted to 20 pg per 100 mm plate with pCMV-Neo-
Bam. Twenty-four to thirty hours after transfection, the cells were
extracted and assayed for B-gal and CAT activity. All samples
were normalized for B-gal activity and/or protein concentration.
CAT activity was quantified using a PhosphoImager (Molecular
Dynamics, SF, ImagerQuant Software). Expression efficiency of
the different mutant pS3 proteins was assessed by Western blot
analysis with anti-p53 antibody PAb 1801 (Oncogene Sciences).

In vitro protein synthesis and whole cell extracts

For the production of recombinant wild-type p53 protein, in vitro
transcription/translation of the pGEM-mouse-p53 plasmid (a gift
from M. Oren) was performed using the TNT coupled reticulocyte
lysate system (Promega) according to the suppliers instructions.
Protein extracts from COS-7 cells and Saos-2 cells transfected with
p53 expression plasmid were prepared as described (42).

EMSAs

The 5’-end labeled PAI oligo was incubated for 10 min at 30°C
with either 4 l of in vitro synthesized wt pS3 protein and 0.1 pg
of the activating antibody PAb 421 (45; Oncogene Science) or
with 10 pg of COS-7 whole cell protein in a volume of 20 pl
containing 20 mM Tris-HCl, pH 7.5, 50 ug/ml poly(dI-dC), 100
mM KCl, 7% glycerol, 1 mM DTT, 0.1 mM PMSE, 10 U/ml
aprotinin and 0.1 pg/ml SBTI. Then a 100-fold molar excess of
competitor oligo or 0.1 pg of the pS3 specific second antibody
DO-1 (45; Oncogene Science) or of a control antibody (anti-Jun,
Oncogene Science) was added and incubation was continued for
10 min at room tempeerature prior to loading the samples onto a
5% polyacrylamide gel.

Immunoprecipitation linked DNase I footprinting and
methylation interference assays

A PCR fragment containing the —189/+72 PAI-1 promoter region
subcloned into the EcoRV site of pBluescriptII* was labeled on one
end (BamHI) by Klenow-fill-in reaction and subsequently gel-
purified. 1 pmol (170 ng, 1.3 x 108 c.p.m.) of the labeled DNA was
incubated with either 15 pl of in vitro translated p53 or 20 pl of
COS-7 whole cell extract for 30 min at 4°C in 100 pl
DNA-binding buffer [20 mM Tris-HCl, pH 7.5, 50 pg/ml
poly(dI-dC), 100 mM NaCl, 10% glycerol, 5 mM DTT, 1%
NP-40]. DNA bound to p53 was immunoprecipitated by the
anti-p53 antibodies PAb 421 and PAb 1801 as previously described
(42). The precipitated samples were incubated with 300 ng DNase
I at 25°C in DNA binding buffer supplemented with 5 mMgCl,
and 3 mM CaCl; for 3 min, then the digest was stopped by addition
of 3 mM EDTA, 0.1% SDS and 0.125 mg/ml Proteinase K. After
phenol extraction and ethanol precipitation the samples were
submitted to electrophoresis on an 8% sequencing gel.

For methylation interference, 1 pmol of the DNA fragment
described above was incubated with 1 pl DMS and 2 pg of calf
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thymus DNA in 200 pl 50 mM Na-cacodylate, pH 8.0 for 5 min,
then the DNA was ethanol precipitated and resuspended in 10 pl
of 10 mM Tris—HCI, pH 7.5. p53 containing extracts were added
and the complexes immunoprecipitated as described above.
Subsequently, the DNA was cleaved by incubation at 90°C for 30
min in 100 pl of 1 M piperidine, ethanol precipitated and
electrophoresed on an 8% sequencing gel.

Northern and Western blots

Clone 6 cells derived from rat embryo fibroblasts carrying the ts p53
mutant p53val135 (7) were incubated at 37.5 or 32.5°C, respective-
ly for 16 h. Control rat embryo fibroblasts carrying the wt p53 were
cultured at 37.5°C for the same time period. Total RNA was
extracted according to the method of Chomczynski and Sacchi (46)
and 20 pig of each sample were electrophoresed on a formaldehyde—
agarose gel. Following transfer to a Hybond N* membrane
(Amersham), the blot was hybridized with a human PAI-1 and a rat
GAPDH cDNA probe. Western blot analysis was performed with
0.5 ml lyophylized supernatant of clone 6 or normal rat embryo
fibroblasts. Twelve g protein of each sample were electrophoresed
on a 10% SDS—polyacrylamide gel (SDS-PAGE). Following
transfer to nitrocellulose membrane, the blot was probed with the
monoclonal anti-PAI-1 antibody CLB IIC8 (62).

RESULTS

P53 represses the u-PA and the t-PA promoter, but
activates the PAI-1 promoter

Experiments concerning the influence of p53 on the constitutive
u-PA promoter and enhancer activity were performed in HT1080
cells (human fibrosarcoma) because of their relatively high basal
u-PA expression, whereas 12-O-tetradecanoylphorbol-13-acetate
(TPA) inducibility was investigated in HeLa cells (human cervix
carcinoma), which show a relatively low constitutive u-PA
expression but are efficiently induced by TPA. Both HT1080 and
HeLa cell lines express low amounts of wild-type pS3 (not
shown). Furthermore, the human osteosarcoma cell line Saos-2
constituted a useful system to study p53 effects due to its
complete deficiency of endogenous p53 (47). As summarized in
Figure 1a and b, constitutive and TPA-inducible activity of the
u-PA promoter/enhancer (38,39) are strongly repressed by wt
p53. A reporter construct containing the u-PA enhancer linked to
the heterologous thymidine kinase promoter was also suppressed
by p53 (data not shown). By comparison, mutant forms of p53
(27) exhibited no (mutant 143ala, 175his and 248trp) or
significantly less repression (mutant 273his) (Fig. 1c). We
obtained similar results with the t-PA promoter (40): cotransfec-
tion of wt pS3 caused a strong reduction in t-PA-promoter driven
CAT expression (Fig. 1e), whereas mutant forms of p53 exhibited
no or substantially less suppression (data not shown).

In contrast, wt p53 efficiently activated (~4.5-fold in HeLa
cells) transcription from the PAI-1 promoter (41) containing 216
base pairs upstream of the transcription initiation site (Fig. 1f). An
analogous experiment in the pS53-deficient cell line Saos-2
revealed a ~10-fold activation (Fig. 1g) arising from a consider-
ably lower basal promoter activity. When the PAI-1 promoter was
deleted beyond base pair —139 the basal promoter activity was
significantly repressed (~3—4-fold; Fig. le). This suggests the
existence of a p53 binding site within the —216/~139 region.
Interestingly, the 273his mutant of p53 repressed the —216PAI-

CAT reporter as well as the further promoter deletion mutants
—139 and -53 (Fig. 1f). For comparison, three other p53 mutants
did neither significantly activate nor repress the —216PAI-
promoter (Fig. 1g).

Repression of the u-PA gene depends on the promoter
and the enhancer structure

p53 has been shown to suppress a number of promoters
containing TATA elements (48,49). It has been suggested that this
suppression is independent of p53 binding to its specific target
DNA sequence, but may involve interaction with the TATA-bind-
ing protein (21,50,51) or associated factors (24). Such repression
acting on the —93/+60 u-PA basal promoter containing a TATA-box
and four SP-1 dependent GC-boxes (C. Kunz and D.v.d. Ahe,
unpublished) could also prevent a full activation under control of the
constitutive and inducible enhancer. Altematively, p53 could
independently act on the enhancer and abolish its activity.

In order to discriminate between enhancer and promoter interfer-
ence, we compared different u-PA promoter/enhancer constructs
containing initiator (Inr) instead of TATA-elements which,
according to the report of Mack et al. (48), are relatively
unaffected by wt p53. As seen in Figure 2, in HT1080 cells
cotransfected with wt p53 expression plasmids, the SP1-dependent
initiator construct (21 bp),-Inr-CAT (48) and the u-PA GC-box
driven initiator-construct (-93/-31-Inr) are equally resistant to
the repressive effects of wt p53 (lines 6 and 7). In contrast, all
u-PA enhancer containing reporter plasmids directing transcrip-
tion from the initiator element were efficiently inhibited by p53
(Fig. 2, lines 2-4), in particular the +Enh-(21 bp);-Inr-CAT
reporter containing part of the solo unrepressable SV40-21 bp
repeat/initiator-dependent promoter (40) (Fig. 2, line 3). Similar
results were obtained under TPA stimulated conditions in Saos-2
and HeLa cells (data not shown). These experiments demonstrate
that the repression of the u-PA enhancer by p53 is independent of
TATA or initiator-directed promoters. This suggests that p53 may
either directly interfere with the action of u-PA enhancer binding
factor(s) or repress their gene transcription.

P53 binds to the PAI-1 promoter

Our further studies aimed for the definition of the presumed p53
binding sequence within the PAI-1 promoter. For this purpose we
performed an immunoprecipitation linked DNase I footprinting
and methylation interference analysis (42) of the —189/+72
promoter fragment containing the p53 responsive element. The
DNase footprints in Figure 3a and b show that in the presence of
either in vitro translated wt p53 (Fig. 3a and b, lanes 2), wt p53
expressed in Saos-2 cells (Fig. 3a and b, lanes 4) or COS-7 cell
extract proteins (Fig. 3a, lanes 5 and Fig. 3b, lanes 6) a 22 bp
stretch of DNA was protected from digestion. The sequence of
this region ranging from position —160 to —139 matches at 18 out
of 20 positions the p53 consensus binding site proposed by
El-Deiry et al. (42) (Fig. 3d). The methylation interference assay
of the upper strand shown in Figure 3b demonstrates that
methylation of Gs at positions —151, —145 and -141 interfered
with binding of p53.

To support further that the protected region in the PAI-1
promoter is a target for specific binding of the p53 protein we
performed electrophoretic mobility shift assays (EMSA) with in
vitro translated p53 and COS-7 cell extract (Fig. 4a). The in vitro
synthesized protein had to be activated with the antibody PAb421
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Figure 1. Effects of p53 on transcription from the u-PA enhancer/promoter and the t-PA and PAI-1 promoters. HT 1080 (a) HeLa (b, e and f) and Saos-2 cells (¢ and
g) were transfected with u-PA-CAT, t-PA-CAT and PAI-1-CAT reporter plasmids as indicated, together with expression vectors encoding wt p53 or mutant forms
(273his, 248trp, 175his or 143ala) of p53 as indicated. (d and h) Diagrammatic representations of the uPA-, tPA- and PAI-1-CAT reporter constructs. The ordinate
displays relative chloramphenicol acetyltransferase (CAT) activities or the factor of their stimulation by 100 ng/ml TPA, depending on the cotransfection of p53
expression plasmids as given on the abscissa. The results shown are the averaged values from at least three different experiments.
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Figure 2. p53 specifically represses the u-PA enhancer independent of the promoter structure. The u-PA enhancer is composed of three major domains as shown: the
promoter-distal Ets-AP-1 site (EAP1), the non-inducible inter-region (int) and the promoter-proximal AP-1 site (AP1) (details in ref. 38 and C. Kunz and D.v.d. Ahe,
published elswhere). The promoters of the reporter constructs differ in that they either initiate transcription from the terminal transferase (TdT) initiator (Inr) element
(56; lines 2, 3, 4, 6 and 7) or from the u-PA-TATA-directed initiation site (lines 1 and 5). Repression due to contransfection of p53 wt expression plasmid is expressed
as the per cent reduction compared with CAT activity in the absence of p53. The given values are the average (+20%) from three independent experiments.

to obtain significant binding (45), whereas in COS-7 extract,
which in Western blot analysis proved to contain high levels of
p53, binding was independent of activation. A 100-fold molar
excess of unlabeled PAI-wt and pS3 consensus but not of an
unrelated oligonucleotide abolished the complex formation
(lanes 3-5 and 9-11). Specificity of the binding could be further
confirmed by a supershift through a second p53 specific antibody,
DO- 1 (45) (Fig. 4a, lanes 6 and 7 and 12 and 13).

As the G:C base pairs in positions 4 and 7 are highly conserved
in most of the known genomic p53 binding sites (42), we were
interested in the effects of changing these positions in the p53
binding site of the PAI-1 promoter into A:T base pairs. The
respective double point mutation in the right monomer (dpmR) or
in both monomers (2dpmRL) abolished the ability to compete
efficiently for pS3 binding, even when increasing the molar
excess up to 200-fold (Fig. 4b). Correspondingly, the mutant
sequences did not bind p53 (data not shown).

Next we attempted to correlate binding of p53 to the PAI-1
promoter with trans-activation of transciptional activity by
testing the heterologous u-PA minimal promoter —93/60-CAT
driven by three copies of the PAI-1 promoter p53 binding site
(Fig. 5a). As shown in Figure 5b, the 3x PAI-u-PA-CAT reporter
was significantly stimulated by co-expressed wt p53, although the
u-PA promoter alone is repressed by p53 (Fig. 1a). The strongly
inducible (30-fold) PG13 reporter which contains 13 copies of the
p53 consensus binding sequence (27) was used as a positive
control. Furthermore, the double point mutation of the right
monomer within the intact PAI-1 promoter (—189/+72) interfered
completely with induction by wt p53 (Fig. 5b), as did the 2dpmRL
mutant (data not shown).

The chromosomal PAI-1 gene is activated by p53

Finally we turned our attention to the endogenous chromosomal
PAI-1 gene as a putative p53 target gene. Total RNA from clone
6 rat embryo fibroblasts (REFs) transformed with an activated
Ras and the temperature sensitive human p53 mutant val135 (7)
was subjected to Northern hybridization with a PAI-1 cDNA. In
cells maintained at 37.5°C, where the ts p53 is in its mutant
inactive conformation (7), the levels of the PAI-1 specific
transcripts were not detectable. A temperature shift down to

32.5°C, where the ts p53 is in an active conformation, resulted in
a considerable increase in the amounts of PAI-1 transcripts (Fig.
6a, lanes 1 and 2) whereas control cells carrying the wt p53 did
not express significant amounts of PAI-1 specific transcripts at
either temperature (Fig. 6a, lanes 3 and 4). These results suggests
that wt p53 might be able to trans-activate the PAI-1 promoter
also within its natural chromosomal context. This was further
supported by the transient trans-activation of the PAI-1 promoter-
CAT reporter through the p53 vall35 ts mutant at the permissive
temperature in Saos-2 cells (data not shown). Additionally, we
performed a Western blot analysis for PAI-1 protein using a
monoclonal anti-PAI-1 antibody (62) and supernantants of
temperature-induced and uninduced REFs. The results in Figure
6b show that the temperature shift resulted in a considerable
increase in the amount of PAI-1 protein whereas control cells did
not express significant amounts of PAI-1 protein. These results
confirm that the the induced PAI-1 mRNA is translated into PAI-1
protein.

DISCUSSION

A primary event in tumorigenesis is the cellular transformation as
aresult of changes in two sets of genes, the proto-oncogenes and
the tumor-suppressor genes (52). Subsequent steps in tumor
progression are vascularization of the growing cell masses and
metastasis of detaching cells. Both processes require proteolytic
degradation of the extracellular matrix (4,53). The role of
plasminogen activators and their inhibitors for ECM degradation
and tissue invasion has been demonstrated in numerous experi-
ments (54-56); yet, the molecular mechanisms leading to a
disturbance in the balance of the system and thus to the enhanced
proteolytic capacity of transformed cells are so far not clear.
Here, we present evidence that the expression of the u-PA, t-PA
and PAI-1 genes might be differentially regulated by the tumor
suppressor p53. We found, that the promoter of the t-PA gene and
the promoter and enhancer of the u-PA gene were repressed,
whereas the PAI-1 promoter was activated by wt p53 protein. A
specific p53 binding site was identified within the PAI-1
promoter (Fig. 3), which functions as a p53 dependent cis-acti-
vating element in transient transfection assays (Fig. 5b).
Furthermore, by using a temperature sensitive form of p53, it
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could be shown that the expression of the endogenous PAI-1
gene is inducible by the presence of functional p53 (Fig. 6a) and
this increases significantly the amount of translated PAI-1
protein (Fig. 6b).

In contrast, the repression of the t-PA and the u-PA promoters
by wt p53 could not be ascribed to a distinct p53 binding
element. This parallels the findings of others, that p53 negatively
regulates a variety of genes lacking a p53 responsive element
(49,57,58). The mechanistic basis of this negative effect appears
to be a direct interaction with the TATA-binding protein or
TBP-associated factors (21,24). Our results with the u-PA
enhancer/promoter constructs suggest a bipartite model for the
repression by p53: (i) downmodulation of the u-PA promoter by
a TBP-dependent mechanism or by interaction with TBP-asso-
ciated factors (24) and; independently (ii) negative regulation of
the remote u-PA enhancer by interaction with enhancer binding
factors. This idea is consistent with observations in other

systems, where p53 negatively regulates promoters by interac-
tion with activating transcription factors (18,49).

When testing different mutant forms of p53 for their influence
on the PAI-1 promoter we found that they lost the DNA binding
and trans-activating capacity or even gained a dominant
negative function (273his; Fig. 1g), a phenomenon already
observed in previously published studies on the regulation of the
multidrug resistance (mdr) gene promoter/enhancer (59). The
u-PA promoter/enhancer and the t-PA promoter were no longer
or to a lesser extent repressed by the respective mutants (Fig. 1c,
and data not shown).

In the light of these findings it is tempting to speculate that
mutations in p53 might cause a shift in the balance of PA and
PAI-1 activity leading to an enhanced proteolytic capacity of the
affected cells. It has been shown that only a minimum of PA
activity is required for the invasive property of tumor cells
(32,33,60,61). Under normal circumstances, the u-PA gene
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Figure 4. p53 specifically binds to the PAI-1 promoter. (a) EMSA with an
oligonucleotide (PAI) containing the p53 footprint region (—159/-134) of the
PAI-1 promoter and in vitro translated p53 wt protein (IVT) or COS-7 whole
cell protein (COS). The indicated competitor oligos representing the PAI-1 wt
sequence (PAI), the p53 consensus sequence (42; con) and an unrelated DNA
sequence (url) were included in 100-fold excess. The specific p5S3-DNA
complexes are indicated (A, B and C for IVT, and a, b and ¢ for COS); usp
indicates an unspecific protein-DNA complex. (b) Concentration-dependent
competition of pS3 binding to the PAI-1 promoter binding site by the PAI wt
oligo (PAI), an oligo mutated in positions 4 and 7 of the right monomer
(PAI-mut:dpmR), an oligo mutated in positions 4 and 7 of the left and right
monomer (PAI-mut:2dpmRL) and the p53 consensus oligo (con). Quantitative
analysis was performed with a Phospholmager (Molecular Dynamics, SF,
ImagerQuant Software).

appears not to be constitutively expressed in most cell types,
although transcription can be induced by a number of agents,
including TPA, cAMP, growth factors and oncogene products (C.
Kunz and D.v.d. Ahe, unpublished results). Loss of functional
p53 might lead to a slight increase in constitutive u-PA
expression, which, combined with a reduction of PAI-1 levels,
might be sufficient to result in an enhanced proteolytic activity.

However, the physiological and pathophysiological relevance
of a regulation of PA and the PAI-1 genes by p53 remains to be
demonstated, as the results so far were obtained under in vitro
conditions with high amounts of overexpressed p53. Further-
more, it can not be excluded, that other cis-acting elements within

a 93 +60
CAT -93/60-uPA
uPA-promoter
C 1T 1T 1 CAT 3 X PAI-93/60-uPA
3XPAI-1 uPA-promoter
CAT | PGI3
13X ps3 Py-promot
-189 +72
- 4 car -189dpmR-PAI
dpmR

PAI-1-promoter

b Relative CAT activity

O pCMV-Neo-Bam
pCMVp53

Figure 5. The p53 responsive element of the PAI-1 promoter. (a) Diagrammatic
representations of the promoters of the reporter genes. (b) Induction of CAT
activity by wt p53. Multimerized PAI-1 promoter pS3 binding site confers p53
inducibility to the heterologous u-PA promoter. Double point mutation in one
half-site of the binding motif (dpmR, as indicated) within the intact (-189)
PAI-1 promoter completely abolishes stimulation by pS3. Results represent the
average values of two independent transfection experiments.

the regulatory region of the genes may modulate or override the
p33 effects in vivo. So, the influence of physiological p53 levels
on the endogenous genes will have to be investigated. Also, it
would be interesting to study the influence of an accumulation of
cellular p53, for example after UV induced DNA damage, on PA
and PAI-1 expression.

ACKNOWLEDGEMENTS

The authors would like to thank P. Andreasen, S. Friezner-Degen,
B. Vogelstein, M. Oren, D. P. Lane, T. Smale and H. Pannekoek for
generous gift of reagents and advice. We thank R. Zimmermann for
help with Phospholmager and J. Hegemann for oligonucleotide
synthesis. We are grateful to S. Kiefer for excellent artwork and L
Nowbary and K. Jung for photography. This work was supported
by the Ministry of Science of the Land of Hesse.

REFERENCES

1 Prokocimer, M. and Rotter, V. (1994) Blood, 84, 2391-2411.

2 Donehowe, L.A. and Bradley, A. (1993) Biochim. Biophys. Acta, 11585,
181-205.

3 Vassalli, J.D., Sappino, A.P. and Belin. D. (1991) J. Clin. Invest., 88,
1067-1072.



a b
REFs  clone 6 norm. REFs clone6 norm.
2 i i C PO PP
i e R Bl n w0 9 9
5858 5 85
kDa
28S -
PAI-1 - PAI-1 >
\,
188 - &

12 3 4

Figure 6. PAI-1 expression as determined by Northern and Western blot
analysis. (a) Northern blot showing induction of PAI-1 transcripts by p53 in
clone 6 cells derived from rat embryo fibroblasts (REFs) carrying the ts pS3
mutant p53val135 (7). (b) Western blot showing induction of PAI-1 protein by
p53 in clone 6 cells. Proteins of 0.5 ml supernantant was loaded per lane.
Analysis was performed with the monoclonal anti-PAI-1 antibody CLB IIC8
(62). At a temperature of 37.5°C, where these cells produce only inactive p53,
no PAI-1 mRNA and protein are detected, whereas at 32.5°C, when active p53
is present, the PAI-1 mRNA and protein increase to significant levels. Lanes 1
and 2: clone 6 rat embryo fibroblasts; lanes 3 and 4: normal (wild-type) rat
embryo fibroblasts. Aliquots of 20g total RNA from the cells indicated were
sequentially probed with the PAI-1 and the GAPDH cDNAs. 28S and 18S
ribosomal RNAs were used as size markers.

00 3 N

10

12

13

14

15
16

18
19
20
21
22
23

24

Mignatti, P. and Rifkin, D.B. (1993) Physiolog. Rev., 73, 161-195.
Hollstein, M., Sidransky, D., Vogelstein, B. and Harris, C.C. (1991)
Science, 253, 49-53.

Levine, A.J., Momand, J. and Finlay, C.A. (1991) Nature, 351, 453—456.
Michalovitz, D., Halevy, M. and Oren, M. (1990) Cell, 62, 671-679.
Johnson, P., Chung, S. and Bechimol, S. (1993) Mol. Cell. Biol., 13,
1456-1462.

Livingston, L.R. White, A., Sprouse, J., Livanos, E., Jacks, T. and Tisty,
T.D. (1992) Cell, 70, 923-935.

Lane, D.P. (1992) Nature, 358, 15-16.

Fields, S. and Jang, S.K. (1990) Science, 249, 1046—1049.

Farmer, G.E., Bargonetti, J., Zhu, H., Friedman, P.N., Prywes, R. and
Prives, C. (1992) Nature, 358, 83-86.

Pietenpol, J.A., Tokino, T., Thiagalingam, S., El-Deiry, W.S., Kinzler, K.W.
and Vogelstein, B. (1994) Proc. Natl. Acad. Sci USA, 91, 1998-2002.
El-Deiry, W, Tokino, T., Velculescu, E., Levy, D.B., Parsons, R., Trent,
JM,, Lin, D., Mercer, W.E,, Kinzler, K.W. and Vogelstein, B. (1993) Cell,
75, 817-825.

Gu Y., Turck, C.W. and Morgan, D.O. (1993) Nature, 366, 707-710.
Harper, W.J., Adami, G.R., Wei, N., Keyomarsi, K. and Elledge, S.J.
(1993) Cell, 75, 805-816.

Zhan, Q., Carrier, F. and Fornace, Jr, A.J. (1993) Mol. Cell. Biol., 13,
4242-4250.

Agoff, S.N., Hou, J., Linzer, D.1H. and Wu, B. (1993) Science, 259,
84-86.

Barak, Y., Tamar, J., Haffner, R. and Oren, M. (1993) EMBO J., 12,
461-468.

Okamoto, K. and Beach, D. (1994) EMBO J., 13, 4816-4822.

Seto, E., Usheva, A., Zambetti, G.P.,, Momand, J., Horikoshi, N.,
Weinmann, R., Levine, A.J. and Shenk, T. (1992) Proc. Natl. Acad. Sci.
USA, 89, 12 028-12 032.

Jackson, P., Bos, E. and Braithwaite, A.W. (1993) Oncogene, 8, 589-598.
Santhanum, U.R., Anuradha, R. and Pravinkumar, S. (1991) Proc. Natl.
Acad. Sci. USA, 88, 7605-7609.

Thut, C.J., Chen, J.L., Klemm, R. and Tjian, R. (1995) Science,
267,100-103.

25

26

27

28

29

30
31

32

33

35

37

38

39

41

2

43

45

47

48

49

50

51

52
53

54

55

56

57

58

59

61

62

Nucleic Acids Research, 1995, Vol. 23, No. 18 3717

Miyashita, T. Krajewski, S. Krajewski, M., Wang, H.G., Lin, HK.,,
Liebermann, D.A., Hoffman, B. and Reed, J.C. Oncogene, 9, 1799-1805.
Funk, W.D., Pak, D.T., Kara, S.R.H., Wright, W.E. and Shay, J.W. (1992)
Mol. Cell. Biol., 12, 2866-2871.

Kemn, S.E., Pietenpol, J.A., Thiagalingam, S., Seymor, A., Kinzler, K.W.
and Vogelstein, B. (1992) Science, 256, 827-830.

Crook, T., Marston, N.J., Sara, E.A. and Vousden, K.H. (1994) Cell, 79,
817-827.

Dano, K. Andreasen, P.A., Grondahl-Hansen, J., Kristensen, P., Nielsen,
L.S. and Skriver, L. (1985) Adv. Cancer Res., 44, 139-266.

Saksela, O. and Rifkin, D.B. (1988) Ann. Rev. Cell. Biol., 4, 93-126.

Bell, S.M., Connolly, D.C., Maihle, N.J. and Degen, J.L. (1993) Mol. Cell.
Biol., 13, 5888-5897.

Montesano, R., Pepper, M.S., Mohle-Steinlein, U., Risau, W., Wagner, E.F.
and Orci, L. (1990) Cell, 62, 435-445.

Tsuboi, R. and Rifkin, D.B. (1990) Int. J. Cancer, 46, 56-60.

Pepper, M.S., Belin, D., Montesano, R., Orci, L. and Vassalli, J.D. (1990)
J. Cell Biol., 111, 743-755.

Sullivan, L.M. and Quigley, J. (1986) Cell, 45, 905-915.

Ossowski, L., Clunie, G., Masucci, M.T. and Blasi, F. (1991) J. Cell. Biol.,
115, 1107-1112.

Testa, J.E. and Quigley, J.P. (1990) Cancer Metast. Rev., 9, 353-367.
Nerlov, C., De Cesare, D., Pergola, F., Caracciola, A., Blasi, F,, Johnsen,
M. and Verde, P. (1992) EMBO J., 11, 4573-4582.

O’shea-Greenfield, A. and Smale, S.T. (1992) J. Biol. Chem., 267,
1391-1402.

Friezner-Degen, S.EJ., Rajput, B. and Reich, E. (1986) J. Biol. Chem.,
261, 6972-6985.

Ricchio, A., Lund, L.R., Sartorio, R., Lania, A., Andreasen, P.A., Dano, K.
and Blasi, F. (1988) Nucleic Acids Res., 16, 2805-2824.

El-Deiry, W.S., Kem, E.S., Pietenpol, J.A., Kinzler, K.W. and Vogelstein,
B. (1992) Nature Genet., 1, 45-49.

Shirakawa, F,, Saito, K., Bonagura, C.A., Galson, D.L., Fenton, M.J.,
Webb, A.C. and Auron, PE. (1993) Mol. Cell. Biol., 13, 1332-1344.
Schmitz, M.L. and Bauerle, P. (1991) The p65 subunit is responsible for
the strong transcription activating potential of NFkB. EMBO J., 10,
3805-3817.

Hupp, T.R., Meek, D.W,, Midgley, C.A. and Lane, D.P. (1992) Cell, 71,
875-886.

Chomczynski, P. and Sacchi, N. (1987) Anal. Biochem., 162, 156-159.
Masuda, H., Miller, C., Koeffler, H.P, Battifora, H. and Cline, M.J. (1987)
Proc. Natl. Acad. Sci. USA, 84, 7716-7719.

Mack, D.H., Vartikar, J., Pipas, J.M. and Laimins, L.A. (1993) Nature,
363, 281-283.

Ginsberg, D., Mechta, F,, Yaniv, M. and Oren, M. (1991) Proc. Natl. Acad.
Sci. USA, 88, 9979-9983. ‘

Liu, X., Miller, C.W., Koeffler, PH. and Berk, A.J. (1992) Mol. Cell. Biol.,
13, 3291-3300.

Ragimov, N., Krauskopf, A., Navot, N., Rotter, V., Oren, M. and Aloni, Y.
(1993) Oncogene, 8, 1183-1193.

Weinberg, R.A. (1989) Cancer Res., 49, 3710-3721.

Hart, LR., Goode, N.T. and Wilson, R.E. (1989) Biochim. Biophys. Acta.,
989, 65-84.

Cajot, J.F, Bamat, J., Bergonzelli, G.E., Kruithof, E.K., Medcalf, R.L.,
Testuz, J. and Sordat, B. (1990) Proc. Natl. Acad. Sci. USA, 87,
6939-6943.

Liotta, L.A., Steeg, P.S. and Stetler-Stevenson, W.G. (1991) Cell, 64,
327-336

Cajot, J.E, Schleuning, W.D., Medcalf, R.L., Bamat, J., Testuz, J.,
Liebermann, L. and Sordat, B. (1989) J. Cell. Biol., 109, 915-125.

Kley, N., Chung, R.Y,, Fay, S., Loeffler, J.P. and Seizinger, B.R. (1992)
Nucleic Acids Res., 20, 4083—4087.

Shio, Y., Yamamoto, T. and Yamaguchi, N. (1992) Proc. Natl. Acad. Sci.
USA, 89, 5206-5210.

Dittmer, D., Pati, S., Zambetti, G., Chu, S., Teresky, A.K., Moore, M.,
Finlay, C. and Levine, AJ. (1993) Nature Genet., 4, 42-45.

Kristensen, P, Pyke, C., Lund, L.R., Andreasen, P.A. and Dano, K. (1990)
Histochemistry, 93, 559-566.

Reich, R., Thompson, E.W., Iwamoto, Y., Martin, G.R., Deason, J.R.
Fuller, G.C. and Miskin, R. (1988) Cancer Res., 48, 3307-3312.

Keijer, J., Linders, M., Zonneveld, A.J., Ehrlich, H.J., de Boer, J.P. and
Pannekoek, H. (1991) Blood, 78, 401-409.



