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We have investigated the in vivo and in vitro regulation of the human urokinase-type plasminogen activator
(uPA) gene by interleukin-1 (IL-1) and analyzed the transcription factors and signalling pathways involved in
the response of the 22.0-kb uPA enhancer to IL-1 induction and to tetradecanoyl phorbol acetate (TPA)
induction. Mutational analysis showed the cooperative activity of the Ets-binding site (EBS) and the two AP-1
elements of the enhancer. The results reveal that the EBS is required for the response to both inducers
mediated by Ets-2, which is regulated at a level subsequent to DNA binding, by an IL-1- and phorbol
ester-inducible transactivation domain. Both the IL-1 and the TPA-mediated induction result in a drastic
increase of AP-1 binding to the downstream site of the enhancer (uPA 3* TPA-responsive element), while a
mostly qualitative change, resulting from the interplay between ATF-2 homodimers and c-Jun–ATF-2 het-
erodimers, takes place at the upstream AP-1 element. The analysis of two distinct mitogen-activated protein
kinase pathways shows that stress-activated protein kinase–Jun N-terminal kinase activation, resulting in the
phosphorylation of ATF-2, c-Jun, and JunD, is required not only for the IL-1- but also for the TPA-dependent
induction, while the extracellular signal-related kinase 1 (ERK-1) and ERK-2 activation is involved in the TPA-
but not in the IL-1-dependent stimulation of the uPA enhancer.

The urokinase-type plasminogen activator (uPA) is a se-
creted serine protease involved in many biological processes
requiring extracellular matrix degradation and cell migration,
such as wound healing, mammary gland involution, macro-
phage migration, and tumor metastasis. The uPA activity,
which results in the proteolytic cleavage of plasminogen to
plasmin, is finely controlled at multiple levels. Urokinase can
be rapidly inactivated by binding to specific plasminogen acti-
vator inhibitors (PAI-1 and PAI-2); in addition, the cell surface
localization of the uPA proteolytic activity and the urokinase
internalization are controlled by the membrane-bound uPA
receptor (reviewed in references 1, 9, and 10).

The transcriptional control of the urokinase gene expression
has been characterized in many experimental systems. The
uPA gene transcription is modulated by a variety of signals,
including cyclic AMP and polypeptide hormones (calcitonin),
growth factors (epidermal growth factor, fibroblast growth fac-
tor 2 [FGF-2], and hepatocyte growth factor [HGF]), tumor
promoters, several oncogene products, cytoskeletal reorgani-
zation, retinoic acid, glucocorticoids, etc. (reviewed in refer-
ence 7). Recently, the signalling pathways involved in uPA
gene induction by different agents have been dissected in var-
ious experimental systems. The roles of individual components

of the Ras/extracellular signal-regulated kinase (ERK) signal-
ling pathway have been established for uPA gene induction by
FGF-2 (5), cytoskeletal reorganization (28), and different
transforming oncogenes, such as the polyomavirus middle-T
antigen (6), and the activated c-Ha-ras (36) and the v-mos (35)
oncoproteins.

We and others have shown that the growth factor- and
phorbol ester-dependent transcriptional regulation of the hu-
man uPA gene is mediated by a complex enhancer element
spanning a 120-bp region, localized 2 kb upstream of the tran-
scription start site (44, 45, 50, 54).

The uPA enhancer activity results from the functional co-
operation between an upstream inducible element (uPA 59
tetradecanoyl phorbol acetate (TPA)-responsive element
[TRE]) formed by an Ets-binding site (EBS) and a c-Jun–
ATF-2 site (uPA 59 AP-1) and a downstream AP-1 binding site
(uPA 39 TRE) (18, 44). The cooperation between the two
inducible elements is mediated by a 74-bp protein-binding do-
main, the cooperation mediator (COM) element (44), local-
ized between the two AP-1 sites and interacting with four
distinct nuclear proteins (urokinase enhancer factors 1 to 4) (4,
16, 17). While the uPA 59 TRE and 39 TRE are able to func-
tion autonomously as TREs, the isolated COM region does not
exhibit any transcriptional stimulatory activity but rather ap-
pears to play an architectural role for the uPA enhancer func-
tion. The tight interdependence between the adjacent EBS and
the c-Jun–ATF-2 site, which are unable to function as inde-
pendent inducible elements, confirms the general importance
of the cooperation between the Ets members and the AP-1
factor, well documented by the analysis of several oncogene-
responsive promoters (11, 26, 27, 38). The role of Ets–AP-1
cooperation in uPA gene induction has been further substan-
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tiated by the characterization of a second Ets–AP-1 element,
localized further upstream (26.9 kb in mouse and 25.3 kb in
human) and cooperating with the downstream Ets–AP-1 ele-
ment, in the response to TPA and FGF-2 induction (20).

Because of the various transduction pathways modulated by
different agents and the multiple transcription factors interact-
ing with the uPA regulatory region, studying the uPA gene
regulation makes it possible to address the potential cross talk
between different signalling pathways and the individual roles
of distinct transcription factors as targets of growth-, transfor-
mation-, or stress-dependent regulatory cascades.

Interleukin-1 (IL-1) plays an essential function as an inflam-
mation mediator responsible for complex local and systemic
reactions in many different cell types. The stimulatory effect of
IL-1 on uPA biosynthesis has been characterized in several cell
systems, including normal human chondrocytes (13), pulmo-
nary epithelial cell lines (41), and primary cultures of human
hepatocytes (12). The effect observed in the hepatocytes is
important because of the major role played by IL-1 and other
inflammatory cytokines, such as IL-6 and tumor necrosis factor
alpha, in the induction of the acute-phase response (3).

In this work, we have characterized the in vivo induction of
the urokinase mRNA by IL-1a, and dissected the in vitro IL-1-
and TPA-dependent regulation of the uPA enhancer, in the
HepG2 hepatoma cell line. We have determined the activities,
compositional changes, and phosphorylation states of several
AP-1 components (c-Jun, JunD, and ATF-2) and shown the
essential role played by Ets-2, likely mediated by its phosphor-
ylation, as a target for each of the two uPA gene inducers.
Finally, the comparative analysis of the effects of IL-1 and TPA
allowed us to define the level of cross talk and the essential role
played by the Jun N-terminal kinase (JNK) activation in re-
sponse to both signalling agonists.

MATERIALS AND METHODS

Materials. Human recombinant IL-1a and IL-1b were obtained from Boehr-
inger Mannheim. TPA and anisomycin were obtained from Sigma. Cyclohexi-
mide was from Calbiochem; [g-32P]ATP, [a-32P]dCTP, [a-32P]GTP, and ECL
(enhanced chemiluminescence) reagent were obtained from Amersham. Anti-
bodies were purchased from Santa Cruz Biotechnology.

Cell culture and transfection analysis. HepG2 cells were grown in Dulbecco’s
modified Eagle medium (DMEM; Life Technologies, Inc.) containing 5% fetal
calf serum, 0.2 mg of streptomycin per ml, and 50 U of penicillin per ml.
Approximately 1 3 106 to 2 3 106 cells were electroporated with the indicated
amounts of the reporter constructs and expression vectors, in 0.5 ml of complete
medium, at 250 V and 960 mF, with a Gene Pulser apparatus (Bio-Rad). Cells
were plated in DMEM containing 5% fetal calf serum and allowed to adhere
overnight. Medium was changed to DMEM containing 0.5% fetal calf serum and
effectors as indicated (IL-1a [1 ng/ml] or TPA [100 ng/ml]), for 24 h prior to
harvest. Chloramphenicol acetyltransferase (CAT) activity of cells extracts was
assayed as previously described (18).

Probes and plasmids. The 22345 uPA promoter-CAT fusion, the constructs
containing site-specific mutations (mEBS, m59 AP-1, m39 AP-1, and mCOM),
and the uPAenh-tkCAT construct, containing the uPA enhancer upstream of the
heterologous thymidine kinase promoter, have been described previously (18,
44). The vector expressing the Ets-2 DNA-binding domain–LacZ fusion protein
and neomycin resistance (pAPr-etsZ-neo) (34) and the reporter construct con-
taining a palindromic high-affinity Ets-2 site upstream of the c-fos minimal
promoter (E18-luc) (23) were obtained from M. C. Ostrowski, Ohio State Uni-
versity. The luciferase reporter construct containing five copies of the GAL4
binding site upstream of the c-fos minimal promoter (FR-luc) was obtained from
Stratagene. The vector expressing the Ets-2 protein fused to the heterologous
GAL4(1–147) DNA-binding domain (Gal4-Ets-2) (55) was obtained from B.
Wasylyk, IGBMC, Strasbourg, France. The E-c-Jun (amino acid 1 to 253) and
GAL4–ATF-2 (amino acid 1 to 109) fusion constructs were obtained from D.
Bohmann (European Molecular Biology Laboratory, Heidelberg, Germany) and
M. Green (University of Massachusetts), respectively. The vector expressing the
catalytically inactive dominant-negative c-Jun N-terminal kinase (pCMV-JNK-
APF) (19) was provided by R. J. Davis, University of Massachusetts. The vectors
expressing the catalytically inactive derivatives of ERK-1 (pcDNA-ERK-1-
T192A) (48) and ERK-2 (pCMV5-ERK-2-K3R) (33) were kindly provided by
J. Pouysségur (Centre Nationale de la Recherche Scientifique, Nice, France) and
P. Shaw (Max-Planck-Institut, Freiburg, Germany), respectively.

RNA extraction, RNase protection, and Northern analysis. Total RNA was
extracted by the guanidine thiocyanate method (15). RNA preparations were
treated with RNase-free DNase I (Promega) and purified by phenol extraction
and ethanol precipitation. RNA probes were uniformly labelled with
[a-32P]GTP, with an in vitro transcription kit (Promega). RNA samples were
analyzed by quantitative RNase protection (51). Fifty micrograms of total cellu-
lar RNA was incubated with 105 cpm of the indicated ribonucleotide probes at
optimal annealing temperatures (54°C for uPA, 45°C for c-Jun, and 48°C for
ATF-2) for 14 to 16 h. Following RNase treatment, protected fragments were
separated on a denaturing 6% acrylamide gel. Northern blot hybridization was
carried out as described previously (53). The murine uPA cDNA probe was
labelled with [a-32P]dCTP with the random oligonucleotide primer (Ready-To-
Go; Pharmacia) to a specific activity of about 108 cpm/mg.

Nuclear extracts and EMSA. Nuclear extract preparation and electrophoretic
mobility shift assays (EMSAs) were performed as described elsewhere (53). The
oligonucleotides used were as follows: PEA3/ets, 59-TTTGTCCAGGAGGAAA
ATGATCCG-39; uPA EBS, 59-TTTGTCCAGGAGGAAATGATCCG-39; uPA
mEBS, 59-TTTGTCCAGGACCAAATGATCCG-39; Py EBS, 59-TCGAGCAG
GAAGTTCGA-39; uPA 59 TRE mEBS, 59-GATCGGAGGAAGTGAAGTCA
TCTGC-39; uPA 59 TRE, 59-GATCGGACCAAATGAAGTCATCTGC-39; and
coll TRE, 59-CGCTTGATGAGTCAGCCGGAA-39.

For the antibody supershift analysis, the reactions were performed by prein-
cubating nuclear extracts with 0.5 mg of antibody at 4°C for 3 h. After addition
of the labelled oligonucleotide and 15 min of incubation at room temperature,
the products were resolved by 8% polyacrylamide gel electrophoresis (PAGE).
The anti-c-Jun/AP-1 and anti-ATF-2 antibodies were purchased from Santa Cruz
Biotechnology, Inc.

Immunoblotting analysis. Nuclear extracts were separated by sodium dodecyl
sulfate (SDS)–9% PAGE as previously described (53). For mitogen-activated
protein (MAP) kinase analysis, total extracts were prepared and resolved by
SDS–10% PAGE, according to the method described by Besser et al. (5). Pro-
teins were transferred to Immobilon-P membranes (Millipore), which were sub-
sequently blocked with 5% nonfat milk proteins and incubated with the indicated
antibodies at a concentration of 0.2 mg/ml. All antibodies were from Santa Cruz
Biotechnology, except for the anti-phospho-c-Jun (Ser-73) and phospho-ATF-2
(Thr-71), which were purchased from New England Biolabs. Bound antibodies
were detected by the appropriate horseradish peroxidase-conjugated secondary
antibodies followed by enhanced chemiluminescence (ECL; Amersham).

RESULTS

In vitro and in vivo induction of uPA mRNA by IL-1: dif-
ferential regulation by IL-1 and TPA. We have previously
characterized the regulatory factors required for the induction
of the uPA gene by phorbol esters, in the HepG2 cell line. To
define the transduction pathways involved in responses to dif-
ferent inducers, we have now analyzed the mechanism of in-
duction of the uPA gene by the inflammatory cytokine IL-1.
The IL-1a treatment of HepG2 cells resulted in a dose-depen-
dent increase of the uPA transcript (Fig. 1A), with a peak of
mRNA accumulation between 2 and 4 h after the beginning of
treatment (Fig. 1B). A similar result was obtained by treatment
of the cells with IL-1b (data not shown). The phorbol ester-
dependent induction exhibited a different kinetics, resulting in
a rather sustained uPA mRNA accumulation with a peak at
approximately 6 h (Fig. 1C).

To understand the in vivo role of IL-1-mediated uPA gene
induction, we analyzed the time course of uPA mRNA expres-
sion, in livers of IL-1-treated rats. The uPA transcript was
markedly induced by the cytokine treatment, with a peak at 8 h
after stimulation (Fig. 1D). Therefore, the uPA mRNA is
induced by IL-1 both in vitro and in intact animals.

The results shown in Fig. 1 also suggest that different mech-
anisms underlie the effects of IL-1 and phorbol esters on uPA
mRNA. To test whether de novo protein synthesis was re-
quired for the induction, we analyzed the effects of two protein
synthesis inhibitors (cycloheximide and anisomycin), in combi-
nation with each of the two inducers. Both cycloheximide and
anisomycin applied alone did not significantly affect the uPA
mRNA level. When the two drugs were added in combination
with each of the two inducers, we found that, while the TPA-
mediated induction was slightly inhibited, the IL-1-mediated
induction was dramatically increased (Fig. 2A). The uPA
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mRNA superinduction could arise from translational arrest or
by an effect of the signalling activity of the two drugs. It has
been shown elsewhere that it is possible to discriminate be-
tween these two different effects, since anisomycin signalling
activity can be detected in the presence of drug concentrations
(below 70 to 80 ng/ml) which do not inhibit protein synthesis
(39). Therefore, to understand whether the observed uPA

mRNA superinduction was independent of translational ar-
rest, we tested the anisomycin dose response, in the presence
of subinhibitory drug concentrations, which do not interfere
with protein synthesis. IL-1-dependent superinduction was de-
tected even at the lowest anisomycin concentration (10 ng/ml
[Fig. 2B]), showing that the observed synergism was indepen-
dent of the inhibition of protein synthesis.

The response to both IL-1 and TPA is mediated by the
cooperative activity of the Ets/AP-1, AP-1, and COM elements
of the 22.0-kb uPA enhancer. To identify the regulatory se-
quences involved in the IL-1-dependent induction of the uPA
gene, we analyzed the previously described CAT constructs
(18, 44) containing the phorbol ester-responsive enhancer, lo-
calized 2 kb upstream of the uPA transcription start site
(shown in Fig. 3A). The results of transfection analysis showed
that the 22.0-kb enhancer region is necessary and sufficient
both for the IL-1- and for the TPA-mediated induction of the
uPA promoter: we detected the same (about fivefold) induc-
tion for the 22345 to 130 uPA promoter-CAT construct and
for the chimeric reporter gene containing the 120-bp enhancer
(nucleotides 21977 to 21858) fused to the heterologous thy-
midine kinase promoter (Fig. 3B). The IL-1 induction of the
CAT constructs was about one-half of the TPA induction, in
agreement with the different levels of stimulation of the en-
dogenous uPA mRNA level by the two different inducers (Fig.
1).

We have previously shown that the activity of the uPA en-

FIG. 1. In vitro and in vivo regulation of uPA mRNA by IL-1 and TPA. (A)
Dose dependence of IL-1 induction. HepG2 cells were treated with the indicated
concentrations of IL-1a for 8 h. Total RNA was extracted and quantitatively
analyzed (30 mg/sample) by RNase protection with the two indicated ribonucle-
otide probes. The human b-actin ribonucleotide probe was utilized as a control
for RNA loading. (B and C) Time course of the IL-1 and TPA induction. HepG2
cells were stimulated for the indicated times with IL-1a (1 ng/ml) (B) or TPA
(100 ng/ml) (C), and total RNA was analyzed by RNase protection. (D) In vivo
uPA mRNA regulation by IL-1 in rat liver. Rats were treated with IL-1a for the
indicated times. Total RNA was extracted from rat livers and subjected to
Northern blot analysis by hybridization to the radiolabelled mouse uPA cDNA
probe. The equal loading of total RNA was confirmed by methylene blue staining
of rRNAs (bottom panel).

FIG. 2. Effect of protein synthesis inhibitors on IL-1a and TPA induction of
uPA mRNA in HepG2 cells. (A) Effect of anisomycin and cycloheximide on
IL-1a and TPA induction of uPA mRNA. Cells were preincubated with 10 mg of
cycloheximide (Chx) per ml or 10 mg of anisomycin (Ani) per ml for 30 min
before a 2-h treatment with IL-1a or TPA. Total RNA was analyzed by RNase
protection as described for Fig. 1A. (B) Dose dependence of anisomycin effect.
HepG2 cells were pretreated with the three indicated concentrations of aniso-
mycin for 30 min before a 2-h incubation with IL-1a or TPA prior to harvest.
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hancer depends on the cooperation between an upstream in-
ducible element (uPA 59 TRE) formed by an EBS and an AP-1
motif (uPA 59 AP-1) and a downstream AP-1 binding site
(uPA 39 AP-1). The cooperation between the two inducible
elements is mediated by a complex region, the COM, localized
between the two AP-1 sites and formed by multiple protein-
binding domains (Fig. 3A). First, we showed that the 120-bp
enhancer region was sufficient to mediate the IL-1-dependent
activation of the thymidine kinase heterologous promoter, with
a fold induction comparable to that of the (22345 to 130)
uPA promoter construct (Fig. 3B). To determine the role of
the individual sites in the response to IL-1, we tested the effect
of site-directed mutations disrupting each of the described
regulatory elements. The mutations in the AP-1 sites (m59
AP-1 and m39 AP-1), the mutation in the ets site (mEBS), and
the mutation in the COM element (mCOM) affected both the
IL-1 and the TPA inducibility of the uPA promoter (Fig. 3C).
To test whether the individual protein-binding domains of the
uPA enhancer could function as autonomous IL-1- and TPA-
responsive elements, we analyzed the activities of the fusion
constructs containing the multimerized EBS/59 AP-1, 39 AP-1,
and COM element fused to the thymidine kinase heterologous
promoter. The results (Fig. 3D) showed that, while the isolated
EBS/59 AP-1 and 39 AP-1 were able to mediate induction in

response to both signalling pathways, the COM element did
not confer any activity on the heterologous promoter.

Role of the EBS in the uPA enhancer regulation: induction
of Ets-2 transcriptional activity by both IL-1 and TPA. The
effect of the EBS mutation showed that the EBS element plays
a role in response to both IL-1 and TPA induction. To inves-
tigate the role of the ets family factors in the mechanism of
IL-1 and TPA induction, we analyzed EBS binding activities in
nuclear extracts from HepG2 cells treated with each of the two
different uPA inducers. The binding to the EBS oligonucleo-
tide of nuclear proteins from untreated cells resulted in the
formation of multiple gel-retarded complexes; only one of the
observed complexes was competed by the urokinase (uPA) and
polyomavirus enhancer (Py) ets-binding sequences but not by
the mutated derivatives, allowing the identification of the ets-
specific complex (Fig. 4A). To identify the ets family member
interacting with the EBS, we utilized an antibody selective for
Ets-2, which has been previously implicated in the regulation
of the uPA promoter (52). The results (Fig. 4A) showed that
the gel-retarded complex was almost completely supershifted
by the antibody, indicating Ets-2 as the major (if not the only)
ets family member involved in the regulation of the uPA en-
hancer. The analysis of the binding activities of IL-1- and
TPA-treated cells did not reveal any increase or modification

FIG. 3. Identification of IL-1-responsive elements in the 22.0-kb uPA enhancer. (A) Nucleotide sequence and protein-binding domains of the 22.0-kb human uPA
enhancer. The positions of the EBS, the 59 AP-1, the COM, and the 39 AP-1 element are overlined. The nucleotide residues replaced by the four site-specific mutations
(mEBS, m59 AP-1, mCOM, and m39 AP-1) are indicated by the arrows. (B) IL-1-responsive activity of the uPA enhancer fused to a heterologous promoter. HepG2
cells were electroporated with 20 mg of a CAT reporter driven by the wild-type uPA promoter (22345 to 130) or by the uPA enhancer region (21995 to 21870) fused
to the herpes simplex virus thymidine kinase minimal promoter (uPAenh/tkCAT). Transfected cells were incubated with IL-1a (1 ng/ml) or TPA for 24 h prior to
harvesting, and CAT activity was assayed by thin-layer chromatography and PhosphorImager scanning. The values represent the means of four independent experiments
with standard deviations indicated by bars. (C) IL-1 and TPA inducibility of uPA 59 flanking region (22345 to 130) derivatives containing the site-directed mutations
described for panel A (mEBS, m59 AP-1, m39 AP-1, and mCOM). Fold induction represents the ratio of CAT enzyme activity in IL-1a- or TPA-stimulated cells to that
in untreated controls. (D) IL-1 and TPA inducibility of uPA-tkCAT fusion constructs containing the indicated multimerized oligonucleotides fused to the thymidine
kinase promoter. Fold induction was determined as described for panel C.
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of the preexisting complex or the appearance of new EBS-
bound complexes (Fig. 4A), suggesting that the Ets-2 activity
might be regulated at a level subsequent to EBS binding in
HepG2 cells. To test the functional role of Ets-2 in the IL-1
and TPA induction of the uPA enhancer, we utilized an ex-
pression vector encoding the Ets-2–LacZ fusion protein, which
has been characterized previously as a dominant-negative re-
pressor of Ets activity (34). The results of the cotransfection of
the uPA enhancer-CAT construct in the presence of increasing
amounts of the Ets-2–LacZ expression vector showed that the
coexpression of the Ets dominant-negative protein resulted in
the almost complete inhibition of the uPA enhancer induction,
both by IL-1 and by TPA, while the dexamethasone-induced

FIG. 4. Role of the uPA EBS and regulation of an EBS-driven minimal
promoter and Ets-2 transcriptional activity in response to IL-1 and TPA. (A) In
vitro binding to the uPA EBS oligonucleotide. (Left [binding competition assay])
Nuclear extracts (5 mg/lane) were preincubated for 15 min with a 200-fold molar
excess of the indicated cold competitor oligonucleotides before the addition of
the probe. The arrow shows the migration of the specifically bound complex,
while the asterisks (single and double) indicate two nonspecific complexes
formed with partial reproducibility by the uPA EBS. (Center [supershift assay])
Nuclear extracts were preincubated for 3 h with the indicated antibodies before
the addition of the probe. (Right) HepG2 cells were treated with IL-1a or TPA
for 2 h prior to nuclear extract preparation and binding to the uPA EBS oligo-
nucleotide; ss indicates the supershifted complex. (B) Effect of the dominant-
negative Ets-2–LacZ fusion protein on the IL-1 and TPA induction of the uPA
enhancer. The uPAenh/tkCAT reporter (20 mg) was cotransfected with increas-
ing amounts of the vector (pAPr-etsZ-neo) expressing the Ets-2–LacZ chimeric
protein; the total amount of DNA was kept constant in each transfection assay,
by addition of varying amounts of the empty expression vector. The MMTV-
CAT control construct contains the dexamethasone (Dex)-inducible MMTV
enhancer fused to the tkCAT reporter. The results represent the averages of five
independent experiments. (C) IL-1 and TPA inducibility of an Ets-2 reporter
construct. The E18-luc plasmid (10 mg), expressing the luciferase gene driven by
a palindromic high-affinity Ets-2 binding site inserted upstream of the c-fos
minimal promoter, was electroporated in the presence or absence of the pAPr-
etsZ-neo vector (20 mg) into the HepG2 cells, which were subsequently treated
with IL-1a or TPA for 24 h. The total amount of DNA in each transfection was
kept constant as described for panel B. The results represent the averages of
three independent experiments. (D) Modulation of Ets-2-mediated transactiva-
tion by IL-1 and TPA. The FR-luc reporter construct (10 mg), containing five
copies of the GAL4 binding site upstream of the c-fos minimal promoter, was
cotransfected with the Gal4-Ets-2 (0.25 mg) or Gal4-VP16 (0.25 mg) expression
vector in the HepG2 cells, which were subsequently treated with IL-1a or TPA.
The control was represented by the FR-luc reporter alone. The total amount of
DNA in each transfection was kept constant as described for panel B. The results
represent the averages of three independent experiments.
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activity of the mouse mammary tumor virus (MMTV)-CAT
control construct was not affected (Fig. 4B). Therefore, the
uPA EBS element is implicated not only in the TPA- but also
in the IL-1-mediated induction.

The ets factor could be constitutively active in cooperating
with the adjacently bound IL-1- and TPA-inducible AP-1
dimer or could represent an independent target for one or
both transduction pathways. To investigate this point, we an-
alyzed the activity of a reporter construct containing a high-
affinity palindromic Ets-2 binding site fused to a minimal pro-
moter (23). This construct was chosen on the basis of the
results of competition assays, showing that the palindromic
Ets-2 site (E18) exhibited the same binding specificity as the
uPA EBS (data not shown). The results revealed that the
E18-luc reporter construct was inducible in response to both
TPA and IL-1, with a stronger effect for the phorbol ester than
for the inflammatory cytokine (about 10-fold compared with
2.5-fold); the induction was antagonized by coexpression of
dominant-negative Ets-2–LacZ (Fig. 4C). Therefore, an iso-
lated Ets-2 binding element can autonomously mediate a mod-
erate transcriptional activation in response to the IL-1-depen-
dent pathway and a significantly stronger induction in response
to phorbol ester stimulation. The results of Fig. 4A (right
panel) led us to postulate that the IL-1 and TPA regulation of
Ets-2 activity might take place at a level subsequent to DNA
binding. Therefore, we examined the regulation of the Ets-2
transactivating potential, by analyzing the activity of a protein
fusion between Ets-2 and the GAL4 (amino acids 1 to 147)
DNA-binding domain. The GAL4-Ets-2-dependent reporter
gene activity was induced by both IL-1 and TPA, with a higher
fold stimulation for the phorbol ester (about sixfold compared
to threefold). The reporter gene activity induced by the control
GAL4-VP16 chimeric protein was not affected by both treat-
ments (Fig. 4D). Therefore, the transactivation activity of Ets-2
is regulated by the two different signalling pathways in HepG2
cells. In summary, the results of Fig. 4 indicate that the factor
interacting with the uPA EBS is Ets-2 and that its transacti-
vating activity is regulated in response to both IL-1 and TPA.

IL-1- and TPA-dependent compositional change of the AP-1
complex and ATF-2 dimers binding to the (3* and 5*) sites of
the uPA enhancer. We then analyzed the IL-1- and TPA-
dependent modifications of binding activity and composition of
the dimers interacting with the AP-1 sites of the uPA enhancer.
The binding to the uPA 39 AP-1 site was strongly induced both
by IL-1 and by TPA; the IL-1 induction resulted in a stronger
accumulation of the DNA-bound complex than did the TPA
induction, which was characterized by a slower accumulation
during the analyzed time course (60 min following the addition
of the drug [Fig. 5A]). The supershift analysis with antibodies
selective for each Jun and Fos family member showed that the
AP-1 complex in unstimulated HepG2 cells contains mostly
JunD and a small amount of c-Jun and Fra-1. The complex
detected in the IL-1-induced HepG2 cells (1 or 2 h of treat-
ment) was characterized by a strong increase of c-Jun, along
with the appearance of a smaller amount of JunB and c-Fos,
while the level of JunD and Fra-1 supershifted complexes
remained relatively constant. The compositional change in-
duced by TPA was very similar except for the stronger accu-
mulation of c-Fos, which started to decline between 1 and 2 h
after the induction, and the increase of the Fra-1-containing
complex (Fig. 5B). Immunoblotting analysis showed that the
modifications detected by gel retardation were determined by
variations of the protein levels, with a strong increase of c-Jun,
a small induction of JunB, and a slight increase of the preex-
isting JunD in response to both modulators, while c-Fos and
Fra-1 were differently induced (strongly by TPA and weakly by

IL-1) by the two treatments (Fig. 6C and 7B and data not
shown).

The binding to the octameric uPA upstream AP-1 site (uPA
59 AP-1) gave rise to a complex which was both quantitatively
and qualitatively modified by the two inducers. The extended
electrophoretic separation of the DNA-bound complexes al-
lowed us to detect a gel-retarded doublet. The induction (both
by IL-1 and by TPA) resulted in augmented binding, which was
associated with a sharp increase of the faster-migrating com-
ponent (lower complex) and with the disappearance of the
slower component (upper complex) of the doublet (Fig. 6A).
We then examined the composition of the doublet by antibody
supershift analysis. Since we have shown previously that the
cyclic AMP response element-like sequence of the uPA 59
TRE is bound by c-Jun–ATF-2 heterodimers, we used anti-c-
Jun and anti-ATF-2 antibodies, in addition to normal rabbit
serum and anti-Fos antibodies, which were included as nega-
tive controls. The results showed that the faster-migrating
complex was recognized by both the anti-c-Jun and anti-ATF-2
antibodies, while the upper component of the doublet was
supershifted by the anti-ATF-2, but not the anti-c-Jun, anti-
bodies (Fig. 6B). Therefore, we concluded that the faster com-
ponent is represented by c-Jun–ATF-2 heterodimers and that
the slower component is formed by ATF-2 homodimers. The
only complex detected in the IL-1a-stimulated cells was super-
shifted by both the anti-c-Jun and anti-ATF-2 antibodies (Fig.
6B); an identical result was obtained with the TPA-induced
complex (data not shown). These data indicate that, while in
unstimulated cells both ATF-2 homodimers and c-Jun–ATF-2
heterodimers interact with the uPA 59 AP-1 site, in IL-1- or
TPA-stimulated cells only c-Jun–ATF-2 heterodimers bind to
such an element.

To understand the mechanism of the transition between the
different dimers, we analyzed the ATF-2 and c-Jun protein
levels during the time course of stimulation. The results
showed that, while the c-Jun level was strongly increased by
both inducers, the ATF-2 protein level remained constant (Fig.
6C). The results also showed the different kinetics of accumu-
lation of c-Jun during the course of the IL-1 treatment and
TPA stimulation. While the IL-1-dependent induction resulted
in the transient increase of the c-Jun level, which started to
decline between 1 and 2 h following induction, the TPA stim-
ulation resulted in a larger induction of c-Jun, which under-
went a very small decrease during the 4-h course. The absence
of quantitative changes of the 69-kDa ATF-2 polypeptide was
associated with a qualitative change, represented by a small
protein mobility shift, detected in both the IL-1- and the TPA-
treated samples. Interestingly, while such a modification was
apparent at only 30 min from the beginning of the IL-1 induc-
tion, the shift was still detectable after 1 h, during the course of
TPA stimulation. These results likely indicate the actions of
both inducers on ATF-2 phosphorylation, with a more sus-
tained effect of TPA than of IL-1, in the absence of quantita-
tive changes of ATF-2 protein level. In agreement with the
observed variation in protein levels, we found that the c-Jun
mRNA was dramatically induced by IL-1, with an increase
already detectable at 15 min, while the ATF-2 mRNA was not
affected by the induction. A similar result was obtained from
the analysis of the TPA-treated samples, which revealed a
sustained accumulation of c-Jun mRNA and no induction of
the ATF-2 transcript, in agreement with the immunoblotting
data (Fig. 6D). Therefore, the modified ratio of the expression
level of c-Jun to that of ATF-2 is responsible for the compo-
sitional change leading to the prevalence of the c-Jun–ATF-2
heterodimer as the nuclear factor bound to the uPA 59 TRE in
induced cells.
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To define the relative contribution of the transactivation
domain of each of the two components of the c-Jun–ATF-2
heterodimer to the transcriptional response to IL-1 and TPA,
we analyzed the inducibility of the chimeric proteins containing
the amino-terminal c-Jun and ATF-2 transactivation domains
(amino acid residues 1 to 253 and 1 to 109, respectively), fused
to the GAL4 DNA-binding domain. The results showed that
both IL-1 and TPA stimulated the transactivation activity of
both c-Jun and ATF-2 in the HepG2 cell line (Fig. 6E).

IL-1 and TPA stimulate the c-Jun and JunD phosphoryla-
tion in HepG2 cells. The transcriptional induction detected by
the GAL4 chimeric proteins reflects the posttranslational mod-

ifications of the c-Jun and ATF-2 amino-terminal domains. In
particular, the role of the JNK-dependent phosphorylation of
multiple Ser and Thr residues (c-Jun Ser-63, Ser-73, Thr-91,
and Thr-93 and ATF-2 Thr-69 and Thr-71) in response to
various stress-inducing agents has been analyzed in detail. The
role of in vivo phorbol ester-induced phosphorylation is less
well characterized for both transcription factors: it has been
shown elsewhere that ATF-2 constitutes a poor substrate and
that c-Jun is almost completely nonphosphorylatable by the
TPA-inducible Erk-type MAP kinases (37). To characterize
the changes of c-Jun amino-terminal phosphorylation induced
by the IL-1 and TPA treatment of HepG2 cells, we utilized a

FIG. 5. In vitro analysis of protein binding to the uPA 39 AP-1 site during the course of IL-1 or TPA induction. (A) EMSA of IL-1a- and TPA-induced binding
to the uPA 39 AP-1 oligonucleotide. Nuclear proteins were extracted from HepG2 cells at different times (in minutes) after the induction and incubated with the labelled
oligonucleotide before the gel retardation assay. (B) Antibody supershift analysis of the complex bound to the uPA 39 AP-1 oligonucleotide. Nuclear extracts from
uninduced, IL-1a-induced (1 and 2 h), or TPA-induced (1 and 2 h) HepG2 cells were preincubated for 3 h with the indicated antibodies, before the addition of the
probe.
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FIG. 6. In vitro analysis of protein binding to the uPA 59 AP-1 site during the course of IL-1 or TPA induction. (A) EMSA of IL-1a- and TPA-induced binding
to the uPA 59 AP-1 oligonucleotide. Nuclear proteins were extracted from HepG2 cells at different times (in minutes) after the induction and incubated with the labelled
oligonucleotide before the gel retardation assay. (B) Antibody supershift analysis of the complex bound to the uPA 59 AP-1 oligonucleotide. Nuclear extracts from
uninduced or IL-1a- or TPA-induced (60 min) HepG2 cells were preincubated for 3 h with the indicated antibodies, before the addition of the probe (NRS, normal
rabbit serum; a-Fos, antibody recognizing all Fos family members). (C) Immunoblotting analysis of ATF-2 and c-Jun expression. Nuclear proteins were extracted at
the indicated time points from IL-1a- or TPA-induced cells, separated by SDS-PAGE (20 mg/lane), and transferred to polyvinylidene difluoride membranes. Western
blots were first incubated with both anti-c-Jun and anti-ATF-2 antibodies and then with horseradish peroxidase-conjugated secondary antibodies followed by enhanced
chemiluminescence. As a control for equal loadings, the blotted proteins were stained with Ponceau red. The arrows indicate the apparent molecular masses of c-Jun
(39 kDa) and ATF-2 (69 kDa). (D) RNase protection analysis of c-Jun and ATF-2 mRNA in response to IL-1 induction. Total RNA was extracted at different times
(minutes or hours) after induction as indicated and annealed to the human c-Jun or ATF-2 ribonucleotide probes along with the internal reference b-actin
ribonucleotide probe, before RNase digestion and polyacrylamide-urea gel electrophoresis. (E) Modulation of c-Jun and ATF-2 transactivation activity by IL-1 and
TPA. The FR-luc reporter construct was cotransfected with the pDB10 (containing the mouse c-Jun amino acid residues 1 to 253 fused to the GAL4 DNA-binding
domain) or the GAL4-ATF-2 (containing the human ATF-2 amino acid residues 1 to 109 fused to the GAL4 DNA-binding domain) expression vector in the HepG2
cells, which were subsequently treated with IL-1a or TPA. The results represent the averages of three independent experiments.
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phosphospecific antibody, recognizing only the phosphorylated
c-Jun Ser-73 residue. The results showed that the phospho-
Ser-73 c-Jun, undetectable in unstimulated cells, was strongly
induced both by IL-1 and by TPA, with a maximum about 1 h
after treatment, with each of the two inducers (Fig. 7A). The
kinetics of phospho-c-Jun induction were identical for the two
inducers, in contrast with the pattern of c-Jun accumulation,
which exhibited a different time course (Fig. 7A). The selec-
tivity of the phosphospecific antibody was verified by the in situ
acid phosphatase treatment of Western blots, which prevented
the detection of the c-Jun polypeptide by the phosphospecific
antibody but not by the phosphorylation-insensitive antibody
(data not shown).

As described above, the other Jun family component de-
tected in the AP-1 complex of (both uninduced and induced)
HepG2 cells is represented by JunD. The results of the immu-
noblotting with the JunD-selective antibodies showed two ma-
jor JunD polypeptides, of about 41 and 37 kDa (Fig. 7B). Both
the IL-1- and the TPA-mediated induction resulted in a mod-
erate accumulation of the JunD polypeptides and in the ap-
pearance of electrophoretically slower JunD isoforms. There-
fore, both inducers do not significantly affect the JunD
expression level but result in JunD modification, which likely
reflects the phosphorylation of the protein. As described above
for c-Jun, the effect of TPA was more evident than the effect of
IL-1, with the JunD mobility shift detectable after 15 min of
stimulation (compared to 30 min for IL-1).

To investigate the phosphorylation of ATF-2, we took ad-
vantage of the phosphospecific antibody recognizing the

ATF-2 Thr-71, which represents (along with Thr-69) the sub-
strate for the JNK-mediated phosphorylation of ATF-2. The
immunoblotting result indicated that the ATF-2 Thr-71 was
strongly phosphorylated in response to both signalling ago-
nists, with a rapidly reversible effect, which disappeared be-
tween 30 min and 1 h. In summary, our results indicate that
both IL-1 and phorbol esters can induce the phosphorylation
of c-Jun, JunD, and ATF-2 in HepG2 cells.

Involvement of different MAP kinase pathways in uPA en-
hancer activity: IL-1 induction requires JNK but not ERK,
while TPA induction requires both JNK and ERK activation.
To characterize the MAP kinase pathways involved in the uPA
enhancer induction, we analyzed the activity of the JNK- and
ERK-type kinases, in response to the two different inducers.
The changes of MAP kinase activity in response to the IL-1- or
TPA-dependent induction were evaluated by analyzing the
phosphorylation-dependent shift of the proteins by Western
blotting. The results showed that the electrophoretic mobility
shift of the 46-kDa JNK1 polypeptide took place in response to
both IL-1 and TPA (Fig. 8A), while a mobility shift of the
slower-migrating ERK polypeptide (44-kDa ERK-1) was de-
tected following TPA but not IL-1 treatment, suggesting that
ERK activity is not stimulated by IL-1 in HepG2 cells. The
result obtained with the anti-ERK-1 and -2 antiserum did not
allow us to analyze the mobility shift of ERK-2, because of the
electrophoretic comigration of phosphorylated ERK-2 and un-
phosphorylated ERK-1. Therefore, we also used the (ERK-1
and ERK-2) selective antibodies. The result indicated a clear
difference between the TPA-dependent activation of ERK-1
and that of ERK-2, showing that ERK-1 phosphorylation was
transient, with an almost complete decline between 20 min and
1 h, while ERK-2 activity exhibited a sustained kinetics, with
the phosphorylated protein fully detectable more than 2 h after
the induction (Fig. 8B).

To test the role of JNK and ERK activation in the response
of the uPA enhancer to IL-1 or TPA, we tested the effect of the
selective inhibition of each of the two MAP kinases. First, we
analyzed the effect of a nonphosphorylatable JNK1 derivative,
in which the phosphorylation site Thr-Pro-Tyr is changed to
Ala-Pro-Phe (JNK-APF). The expression vector encoding the
dominant-negative JNK-APF protein, which behaves as a com-
petitive inhibitor of JNK, was coexpressed with the uPA en-
hancer reporter construct (uPA-tkCAT). The results showed
that the stimulation of the uPA enhancer by both IL-1 and
TPA was decreased in the presence of the dominant-negative
JNK, with the strongest effect on the IL-1 induction, which was
totally suppressed by the inhibition of JNK activity (Fig. 8C).
Therefore, the observed increase of c-Jun phosphorylation is
functionally relevant for not only the IL-1- but also the TPA-
dependent induction of the uPA enhancer.

To assess the relative importance of the activation of the
ERK-1 and -2 kinases, we tested the effect of the catalytically
inactive dominant-negative derivatives of ERK-1 and ERK-2
on the TPA-dependent induction of the uPA enhancer. The
dominant-negative ERKs exhibited a significantly different ef-
fect: while TPA induction was fully suppressed by ERK-2 in-
hibition, the dominant-negative ERK-1 resulted in a partial
effect (less than 50% inhibition), which was not augmented by
the addition of increasing amounts of expression vector (Fig.
8D). In addition, we showed that each of the dominant-nega-
tive ERKs did not affect the IL-1 induction of the uPA en-
hancer, as expected on the basis of the observed lack of IL-1-
dependent induction of ERKs in HepG2 cells (data not
shown). In summary, the results of Fig. 8 indicate that, while
the IL-1-dependent induction of the uPA enhancer requires
the JNK but not the ERK-type MAP kinases, the TPA-medi-

FIG. 7. IL-1- and TPA-dependent induction of c-Jun, JunD, and ATF-2
phosphorylation. (A) IL-1- and TPA-dependent induction of c-Jun phosphory-
lation. Western blots were incubated with a phosphospecific polyclonal antibody,
recognizing the Ser73-phosphorylated, but not the unphosphorylated, c-Jun. (B)
Mobility shift of JunD isoforms during IL-1- or TPA-mediated induction. Im-
munoblotting was performed as described for Fig. 6C. The arrows indicate the
two JunD translation products (40 and 37 kDa), while the asterisks show the
JunD modified isoforms. The immunoblotting specificity was verified by prein-
cubating the antibodies with the JunD immunizing peptide. (C) IL-1- and TPA-
dependent induction of ATF-2 phosphorylation. Western blots were incubated
with a phosphospecific polyclonal antibody, recognizing the Thr71-phosphory-
lated, but not the unphosphorylated, ATF-2. Primes indicate minutes.
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ated induction is mediated by the activation of both the JNK-
and the ERK-type MAP kinases.

DISCUSSION

IL-1, in combination with IL-6, tumor necrosis factor alpha,
and other inflammatory cytokines, plays a major role in medi-
ating complex regulatory changes of gene expression in the
liver acute-phase response (3). In this paper, we describe the in
vivo and in vitro regulation of the urokinase gene by IL-1 in
liver cells and the regulatory elements and signalling pathways
involved in the IL-1 induction of the uPA transcriptional en-
hancer. In particular, we show that the uPA enhancer regula-
tion involves the increased expression and phosphorylation of
multiple AP-1 components such as c-Jun, JunD, and ATF-2,
along with the IL-1- and TPA-dependent activation of the ets
family member Ets-2. In addition, we show that the IL-1 in-
duction requires the JNK- but not the ERK-type MAP kinases,
while the TPA induction requires the activation of both JNKs
and ERKs, with a major role being played by ERK-2.

Mutational analysis of the human uPA promoter showed the
essential role played by the evolutionally conserved 22.0-kb
regulatory region (22.4 kb in mouse) and confirmed the func-
tional cooperation among the three elements previously char-
acterized for their role in the growth factor- and phorbol ester-
dependent induction of the uPA enhancer: the 59 TRE, the
COM, and the 39 TRE (4, 17, 18, 44, 45).

The in vitro analysis revealed that IL-1 induction results in
the increased binding and compositional change of different
dimeric species bound to the uPA 59 TRE and 39 TRE. While
the increased binding to the uPA 39 TRE reflects the well-
established induction of multiple AP-1 components (2) in re-
sponse to both IL-1 and TPA, the modification of binding to
the uPA 59 TRE reflects the interplay between ATF-2 ho-
modimers and c-Jun–ATF-2 heterodimers, resulting from vari-
ation of the ratio between the constitutively expressed ATF-2
and the highly inducible c-Jun. Both c-Jun and ATF-2 contain
IL-1-inducible transactivation domains (25, 30), as confirmed
by our analysis in the HepG2 cell line; therefore, both the
ATF-2 homodimers and c-Jun–ATF-2 heterodimers appear to
be equally important in mediating the transcriptional response
to the inflammatory cytokine. The functional difference be-
tween the two dimeric species (ATF-2–ATF-2 and c-Jun–

FIG. 8. Role of JNK- and ERK-type MAP kinases in the IL-1- and TPA-
mediated induction of the uPA enhancer. (A) IL-1- and TPA-mediated induc-
tion of JNK phosphorylation. Immunoblotting was performed as described for
Fig. 7, except for the acrylamide-bisacrylamide cross-linking and the pH of the

separation SDS gel (see Materials and Methods), to detect the phosphorylation-
dependent mobility shift. The arrows indicate the unmodified and the shifted
isoforms of the 46-kDa JNK1 polypeptide. (B) Phosphorylation-dependent mo-
bility shift of ERK proteins in response to IL-1 or TPA induction. Immunoblot-
ting was performed as described for panel A, with a polyclonal antibody recog-
nizing both ERK-1 and ERK-2 (upper panel) or selective for ERK-1 and ERK-2
(lower panels). The arrows indicate the 42-kDa ERK-2, the 44-kDa ERK-1, and
the phosphorylated isoform of ERK-1. (C) Effect of the transdominant-negative
JNK-APF derivative on the IL-1- or TPA-mediated induction of the uPA en-
hancer. The uPAenh/tkCAT reporter or the MMTV CAT dexamethasone
(Dex)-inducible control (20 mg) was cotransfected with increasing amounts of the
pCMV-JNK-APF vector expressing the catalytically inactive JNK1 protein; the
total amount of DNA was kept constant in each transfection assay by addition of
varying amounts of the empty expression vector. The results represent the av-
erages of three independent experiments. (D) Effect of the transdominant-
negative ERK-1 on the IL-1- or TPA-mediated induction of the uPA enhancer.
The uPAenh/tkCAT reporter or the MMTV CAT dexamethasone (Dex)-induc-
ible control (20 mg) was cotransfected with increasing amounts of the pCMV-
derived vector expressing the catalytically inactive ERK-1 (ERK-1 T192A); the
experiments were performed as described for panel C. (E) Effect of the trans-
dominant-negative ERK-2 derivatives on the IL-1- or TPA-mediated induction
of the uPA enhancer. The uPAenh/tkCAT reporter or the MMTV CAT dexa-
methasone (Dex)-inducible control (20 mg) was cotransfected with increasing
amounts of the pCMV-derived vector expressing the catalytically inactive ERK-2
(ERK-2 K3R); the experiments were performed as described for panel C.
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ATF-2) remains to be investigated. On the basis of recent
reports showing that ATF-2, differing from c-Jun, represents a
direct substrate for protein kinase Ca (PKCa)-dependent
phosphorylation (31) and that c-Jun and ATF-2 are differen-
tially phosphorylated by distinct JNK isoforms (24), it can be
envisaged that the two distinct dimers (ATF-2–ATF-2 and
c-Jun–ATF-2) might perform different regulatory tasks. A
complete understanding of the functional role of ATF-2 in
uPA enhancer activity will be made possible by studying uPA
gene regulation in response to multiple stimuli in the recently
described ATF-2-deficient mice (49).

The role of the ets family factors in the regulation of the
urokinase promoter has been characterized in several cellular
systems and in response to various agents, such as epidermal
growth factor (50), granulocyte-monocyte colony-stimulating
factor (GM-CSF) (52), and TPA (44). The role of the ets-2
gene product in in vivo uPA gene regulation has been recently
substantiated by the analysis of the uPA expression in the skin
of ets-2-knockout mice (57). The inhibition by the dominant-
negative Ets-2–LacZ derivative shows the functional role of
the uPA EBS; the gel retardation data identify Ets-2 as the ets
family member interacting with the urokinase enhancer in the
HepG2 cell line (Fig. 4A). In IL-1- or TPA-treated HepG2
cells, the Ets-2 activity is regulated at a level subsequent to
DNA binding, indicating a different mechanism than that of
the Ets-2-dependent regulation described in the GM-CSF- or
phorbol myristate acetate-induced macrophage cell lines (52)
and in the developing avian heart (40), in which the changes of
urokinase gene expression are paralleled by changes of Ets-2
expression and DNA-binding activity. The inducible activity of
the GAL4-Ets-2 chimeric protein strongly suggests a role for
Ets-2 modification(s) in response to both IL-1 and phorbol
esters. Phosphorylation of one Ets-2 residue (Thr-72) is essen-
tial for mediating the oncogenic activation of several ras-re-
sponsive promoters, suggesting a role for ras-dependent MAP
kinases in Ets-2 phosphorylation (58). Recently, it has been
shown that Ets-2 phosphorylation strongly correlates with the
activation of p42 and p44 ERKs in the response to GM-CSF
(22); in addition, it has been reported that a related compo-
nent of the ets family, PEA3, can be activated by two distinct
MAP kinase cascades, the ERKs and the stress-activated pro-
tein kinases (47). Interestingly, PEA3 activation by both path-
ways plays a role in the ras-mediated signalling triggered by the
HER/Neu oncogenic tyrosine kinase (46). Therefore, the con-
vergence of two MAP kinase pathways on the same transcrip-
tion factor is not restricted to Elk-1 (56) but involves different
ets family members. Our results suggest that Ets-2 phosphor-
ylation might play a role in response to both signalling agonists
(IL-1 and TPA). Since IL-1, differing from TPA, leads to the
induction of JNK but not ERK activity in HepG2 cells, Ets-2
might represent a substrate of JNK (or other MAP kinases
distinct from ERK-1 and -2) in the IL-1-treated cells, while it
would be phosphorylated by ERK-1 and -2 (or ERK-1 and -2
and JNK) in TPA-treated cells.

The analysis of c-Jun amino-terminal phosphorylation and
the effect of inhibition of the c-Jun NH2 kinase shows that the
induction of JNK activity is required for uPA transcriptional
enhancement both by IL-1 and by TPA. Our results confirm
the role of c-Jun N-terminal kinase-mediated signalling in uPA
enhancer induction, in agreement with the recently character-
ized mechanism of UV-dependent uPA gene induction in NIH
3T3 fibroblasts (42), but in contrast with a previous report
showing that the UV-induced JNK activity is not associated
with uPA promoter induction in pig kidney epithelial cells (28).
To explain such a discrepancy, it can be speculated that some
cell-specific component, lacking in the pig kidney cells, might

be required for the induction of the uPA enhancer by the
JNK-dependent pathway.

The stimulatory effect of JNK activity on the uPA enhancer
in HepG2 cells is mediated by phosphorylation of multiple
factors, including c-Jun, ATF-2, and possibly Ets-2. In addi-
tion, the observed modification by both IL-1 and TPA treat-
ment likely represents the effect of JunD phosphorylation. The
recently shown recruitment of JunD to JNK by c-Jun and JunB
(29) shows the importance of the heterodimerization partner;
the identification of JunD–ATF-2 (in addition to c-Jun–
ATF-2) heterodimers bound to the uPA 59 TRE (data not
shown) suggests the possibility that the ATF-2-mediated re-
cruitment of JNK might be responsible for JunD phosphory-
lation.

The TPA-dependent phosphorylation of c-Jun raises a ques-
tion regarding the pathway linking PKC activation and the
induction of JNK activity. Since the activation of the PKC
substrate Raf-1 does not result in a significant activation of the
JNK pathway, different levels of cross talk can be postulated.
In particular, the recent report showing the PKC-dependent
phosphorylation of Shc (21) suggests that the TPA signal can
act at a level upstream of ras, therefore affecting not only the
Raf- but also the MEKK1-dependent pathway and resulting in
the induction of the c-Jun NH2 kinase activity, with quantita-
tively different effects in different cell lines.

In our system, the effect of IL-1 required the activation of
the JNK- but not the ERK-type MAP kinases, in agreement
with previous reports describing the induction by IL-1 of the
p54 stress-activated protein kinase but not ERK-1 and -2 MAP
kinases in HepG2 cells (8). The TPA-dependent stimulation of
the ERKs is relevant for uPA enhancer induction, as shown by
functional inhibition (Fig. 8). The more pronounced effect of
ERK-2 than of ERK-1 inhibition confirms the observation
reported for the renal epithelial cell system (28) and raises the
question about the differential activation and/or distinct sub-
strate specificities of ERK-1 and ERK-2.

The diversity of regulatory circuits involved in the differen-
tial induction of uPA mRNA by IL-1 or phorbol esters is
further shown by the different interactions with protein syn-
thesis inhibitors. Cycloheximide and anisomycin dramatically
synergize with IL-1, but not with TPA, with an effect already
detectable at a subinhibitory dosage for translational arrest
(14). It will be interesting to investigate whether the observed
synergism results from the combination of effects on both uPA
transcription and mRNA stability, or if it takes place only at
the transcriptional level, possibly affecting the activity of mul-
tiple factors interacting with the uPA enhancer.

The relevance of the regulation characterized in vitro in the
hepatoma cell line is validated by the uPA induction detected
in the livers of rats treated in vivo with IL-1. These findings
raise questions regarding the physiological significance of the
increased synthesis of liver urokinase during the acute-phase
response. The previously characterized role of urokinase as a
pro-HGF convertase, responsible for the proteolytic activation
of the matrix-associated HGF (43), suggests that the IL-1-
mediated regulation of uPA might functionally control HGF
activity, responsible for hepatocyte mitogenesis and induction
of acute-phase response genes (3). Furthermore, it is interest-
ing to speculate that IL-1 induction may play a role in control-
ling the increase of plasminogen activator activity associated
with the extracellular matrix remodeling which takes place
during the early stages of liver regeneration (32).
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