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Background: PAI-2 (SERPINB2) is a serine protease inhibitor that is highly up-regulated in response to cellular stress.
Results:The upstream transactivator region of the SERPINB2 promoter was localized to an AP-1 site that overcomes PAUSE-1
silencer activity.
Conclusion: The AP-1 site binds factors that promote the derepression of the SERPINB2 promoter.
Significance: These data provide molecular insight into cell-specific derepression of the PAI-2 gene during cell differentiation
and cancer.

Transcriptional up-regulation of the plasminogen activator
inhibitor type-2 (PAI-2) gene is a major response to cellular
stress. The expression of PAI-2 is induced by a variety of cyto-
kines and growth factors that act in a cell type- and differentia-
tion stage-dependent manner. We previously reported that the
human SERPINB2 gene promoter is controlled by three major
transcription regulatory domains: an inducible proximal pro-
moter, an upstream silencer (PAUSE-1), and a distal transacti-
vator region between�5100 and�3300, which appears to over-
come inhibition mediated by the silencer. The distal
transactivator region is inducible by the phorbol ester PMA, a
potent activator of the protein kinase C (PKC) pathway that is a
powerful inducer of PAI-2 gene expression in monocytes,
macrophages, and myelomonocytic cells as well as in epidermal
keratinocytes. Here we show that a 21-bp region (�4952/
�4932), containing an AP-1 element, is both necessary and suf-
ficient for PMA-induced transactivator activity in PAI-2-ex-
pressing U937 cells. This site specifically binds FosB in PAI-2-
expressing U937 cells but not in HeLa cells that do not express
PAI-2, and overexpression of FosB, c-Fos, or c-Jun in HeLa cells
is sufficient to causederepressionof transcription from theSER-
PINB2promoter.AlthoughFosB is likely to be involved in trans-
activator-mediated derepression of PAI-2 transcription inmac-
rophage-like cells, as exemplified by the U937 cell line, c-Jun
maybe functional in other cell types. These data suggest amodel
for the transcriptional control of the human PAI-2 gene and
further our understanding of the molecular basis for its tissue-
specific expression.

The plasminogen activator inhibitor type 2 (PAI-2, SER-
PINB2)2 gene is transcriptionally repressed in a range of cell
types but may be rapidly and robustly induced in response to
certain inflammatory or cell stress stimuli. PAI-2 is amember of
a large family of structurally related proteins called serine pro-
tease inhibitors (serpins), which are recognized to be key regu-
lators of a range of biological processes such as complement
activation, fibrinolysis, coagulation, cellular differentiation,
tumor suppression, apoptosis, and cell motility (1–3). PAI-2
was originally characterized as an inhibitor of the urokinase
type plasminogen activator (4), and intracellular PAI-2 has
been associated with macrophage survival (5), monocyte (6)
and keratinocyte (7) differentiation, cytoprotection (8, 9), apo-
ptosis (10), signal transduction, and modulation of immune
responses (11–14). Accurate control of PAI-2 gene expression
is crucial, because its dysregulation is associated with inflam-
matory diseases such as asthma, periodontal disease, pre-ec-
lampsia, and cancer (14–19).
PAI-2 gene expression is tightly regulated, and constitutive

expression is highly restricted to certain cell and tissue types,
specifically keratinocytes, trophoblasts, macrophages, neurons,
and pre-adipocytes (20, 21). PMA (phorbol 12-myristate 13-ac-
etate) is a strong inducer of PAI-2 gene expression in many
cells, including cells of the monocytic lineages. PMA, a potent
tumor promoter, is a naturally derived organic compound
whose endogenous analog is diacylglycerol. It iswell established
that amajor cellular receptor for PMA and other phorbol esters
is protein kinase C (PKC), a family of at least 11 serine/threo-
nine protein kinase isoenzymes with selective tissue distribu-
tions, activators, and substrates (22, 23). PMA-induced changes
in gene transcription are primarily mediated through the spe-
cific binding of AP-1 complexes to the DNA sequence
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5�-TGA(G/C)TCA-3�, which has been termed the AP-1 bind-
ing site or PMA responsive element (24, 25). AP-1 is a dimeric
transcription factor complex composed primarily of members
of the Jun and Fos protein families (26–28). Jun family mem-
bers (c-Jun, JunB, and JunD) can homo- or heterodimerize with
other Jun or Fos family proteins. Fos family proteins (c-Fos,
FosB, Fra-1, and Fra-2) are unable to homo- or heterodimerize
with other Fos family proteins and are therefore only found as
dimers with Jun partners.
To define regulatory mechanisms responsible for the limited

and cell-type-specific expression of PAI-2, we have character-
ized transcriptional regulatory promoter elements important
for expression of the SERPINB2 gene (29, 30). Our previous
studies revealed that the SERPINB2 gene promoter was tran-
scriptionally controlled by an inducible proximal promoter, an
upstream silencer (PAUSE-1), and a more distal transactivator
region. While the proximal promoter was PMA-inducible in
U937 cells and constitutively active in HeLa cells, the silencer
region repressed transcription in both cell types. The transac-
tivator region was functional only in U937 cells, and hypothe-
sized to derepress transcription in PAI-2-expressingU937 cells,
but not in HeLa cells that do not express PAI-2. This transacti-
vator regionwas located between 3.3 and 5.0 kb upstreamof the
PAI-2 transcription initiation site. In the present study, we have
defined the minimal DNA region responsible for PAI-2 trans-
activator activity, and we have identified specific members of
the activator protein-1 (AP-1) superfamily of proteins that bind
to the PAI-2 transactivator region and functionally derepress
the SERPINB2 promoter in both PAI-2-expressing and -non-
expressing cells. This mechanism may offer valuable insight
into differential PAI-2 gene expression during cell differentia-
tion and in certain cancers.

EXPERIMENTAL PROCEDURES

Cell Culture—Human histiocytic lymphoma U937 cells
(European Collection of Cell Cultures no. 85011440) and
human cervical carcinoma HeLa cells (ATCC no. CCL-2.2)
were maintained in RPMI 1640 media (Invitrogen), supple-
mented with 2mM L-glutamine, 10% serum supreme (BioWhit-
taker), 200 �g/ml penicillin, 100 �g/ml streptomycin, 25 mM

HEPES, and 25 mM sodium bicarbonate, in 5% CO2 and 95%
humidified air atmosphere at 37 °C. Bacterial lipopolysaccha-
ride, an activator of U937 cells, was undetectable in cell cul-
tures. Cell viability was determined by trypan blue dye exclu-
sion. All cultures were routinely checked to exclude
mycoplasma infection. Cells were stimulated with 40 ng/ml
PMA for 18 h, unless otherwise indicated, prior to harvesting.
U937 cells expressed a low level of PAI-2 mRNA, which was
increased as early as 2 h following treatment with PMA, rising
to a maximum at 10 h of more than 30-fold that of constitutive
levels (supplemental Fig. S1).
Construction of hPAI-2 Reporter Gene Plasmids—An 8.8-kb

genomic fragment containing 5 kb of the SERPINB2 promoter
as well as the first exon and first intron of the human SERPINB2
gene has been described (31). The nucleotide sequence of the
first 2 kb of the human SERPINB2 promoter (32) (GenBankTM
accession numberM22469) and the sequence of themost distal
1.6 kb of this genomic fragment (31) (GenBankTM accession

number L19065) have been reported. We report the sequence
of the interim 1.4 kb, which has been deposited in GenBankTM
with accession number AF071400.With the available complete
sequence of the human PAI-2 promoter region, chloramphen-
icol acetyltransferase (CAT) reporter plasmids described previ-
ously (29, 31) were renamed to reflect the position of the dele-
tions in the deletion constructs described previously. These
included pCAT-4952 (pNatCAT), pCAT-3306 (pCAT5�-3.3),
and pCAT-1977 (pCAT5�-1.9), which contain the human SER-
PINB2 gene 5�-flanking sequence from �4952, �3306, and
�1977 nucleotides, respectively, to the 3�-end of the first intron
(�3729).
The deletion constructs pCAT-4622, pCAT-4276, pCAT-

3993, and pCAT-3628 were created by PCR amplification
from pCAT-4952 using the sense primers, BShPt2, 5�-CTCC-
AAGCTTCCTAAGCCTATGCTTATTCA-3�; BShPt3, 5�-
TAATAAGCTTGATCTTTGCTATAAATTAAC-3�; BShPt4,
5�-TACAAAGCTTCAAACATGAGTAAGTCATTC-3�; and
BShPt5, 5�-TTAAAAGCTTTGCATGCCTATTATGGAAA-
A-3�, and the antisense primer BShPt1, 5�-GATTAAGCTTT-
CTCAAATAACCTGAAATAG-3�. Each primer contained a
HindIII restriction site (underlined). The 5�-nucleotide of each
new construct is indicated in bold type. PCR products were
digested with HindIII and cloned into the HindIII site (�3306)
of pCAT-3306.
pCAT-1977�330 and pCAT-1977�330R contain the

330-bp transactivator region �4952/�4623 cloned into the
HindIII site immediately upstream of nucleotide �1977 of
pCAT-1977 in the wild-type and reverse orientation, respec-
tively. The �4952/�4623 region was cloned from pCAT-4952
by a PCR approach using the sense primer BS5�CAT (5�-ACC-
GGGAAGCTTGAATTCATGACTCACAGTGTT-3�) and the
antisense primer BShPt6 (5�-AAGCATAAGCTTAGGCCAC-
CGGGAGG-3�). Both primers contain aHindIII restriction site
(underlined) that enable digestion of the PCR product with
HindIII and subsequent cloning into the HindIII site of
pCAT-1977.
pCAT-1977�AP-1 contains the transactivator region

�4952/�4932 cloned into the HindIII site immediately
upstream of nucleotide �1977 of pCAT-1977 in the wild-type
orientation. This construct was prepared by annealing the syn-
thesized oligonucleotides BSAP1c (5�-AGCTTGAATTCAT-
GACTCACAGTGTTA-3�) and BSAP1n (5�-AGCTTAA-
CACTGTGAGTCATGAATTCA-3�), phosphorylating their
5�-termini and cloning the resultant product into the HindIII
site of pCAT-1977.
CAT reporter constructs containing mutations of the PAI-2

transactivator region AP-1, AP-2, andNF-�B-like sites (pCAT-
4952mAP-1, pCAT-4952mAP-2, and pCAT-4952mNF-�B,
respectively) were produced by one of two methods. pCAT-
4952mAP-1 was generated from pCAT-4952 using the PCR
primers BSmAP1c (5�-ACCGGGAAGCTTGAATTCACAT-
ATTCCAGTGTTCTGAGGCTGCTCT-3�) (mutated bases in
bold and the HindIII restriction site underlined) and BShPt6,
and cloning the HindIII-digested PCR product into pCAT-3306.
pCAT-4952mAP-2 and pCAT-4952NFkB were created by the
splicing by overlap extension recombinant PCRapproach ofHo et
al. (33). The internal, partially overlapping, complementary oli-
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gonucleotide primer pairs used to introduce mutations were
as follows: BSmAP2c, 5�-TAGCTGTACTATTTCCACTTCT-
TAAAATAGGTGAGG-3�; BSmAP2n, 5�-GAAGTGGAA-
ATAGTACAGCTATGAGTGTGAGAAAGT-3�; BSmNFkBc,
5�-TCTCTCTATTAAGTAGCTCCCGGTGGCCTAAGC-
CTA-3�; and BSmNFkBn, 5�-ACCGGGAGCTACTTAATAG-
AGAGACAGGGCAAAGAAAA-3� (mutated bases in bold).
The flanking oligonucleotide primers used were BS5�CAT and
BShPt1. PCR products were digested with HindIII and cloned
into the HindIII restriction site of pCAT-3306. All constructs
were verified by DNA (Applied Biosystems) sequence analysis.
All plasmid DNA preparations were twice purified by equilib-
rium centrifugation in cesium chloride-ethidium bromide gra-
dients prior to transfection.
CATReporter Gene Assays—Cells (1� 107 HeLa and 3� 107

U937) were transfected with 20 �g of plasmid reporter DNA in
a total volume of 250 �l by electroporation (0.25 kV and 960
microfarads). For co-transfection experiments, 20 �g of
reporter plasmid and 5 �g of expression plasmid were used.
Transfected cells were transferred to 10 ml of media and incu-
bated 16–18 h prior to harvesting. CAT assays were performed
using 50 �g of whole cell lysate essentially as described previ-
ously (29). Acetylation of [14C]chloramphenicol was detected
using a PhosphorImager (Molecular Dynamics), and signals
were quantitated using ImageQuant version 4.2a (Molecular
Dynamics). CAT activity was expressed as the percentage con-
version of [14C]chloramphenicol per microgram of whole cell
lysate and normalized to the value of the positive control plas-
mid, pCAT-Control (Promega), to allow comparison of the
results of independent experiments. Protein concentration was
determined by using the Bradford assay (Bio-Rad).
Electrophoretic Mobility Shift Assays—Radiolabeled, double-

stranded oligonucleotide probes for electrophoretic mobility
shift assays (EMSA) were prepared using T4 polynucleotide
kinase in the presence of [�-32P]ATP and purified using Sepha-
dex G-25 (NAPTM 5) columns (Amersham Biosciences). HeLa
and U937 nuclear extracts were prepared essentially as
described (34). DNA-binding reactions (20 �l) contained 20
mMHEPES (pH7.9), 50mMKCl, 15mMMgCl2, 1mMEDTA, 50
�g/ml BSA, 1 mM DTT, 7.5% glycerol, 2 �g of poly(dI-dC)
(Roche Applied Science), 5 �g of nuclear extract, and 10,000–
20,000 cpm (0.05–0.2 ng) of radiolabeled probe. Binding reac-
tionswere incubated 20min at room temperature. EMSAswere
performed on 5% polyacrylamide gels (29:1 acrylamide:bisac-
rylamide (Bio-Rad)) cast in 1� TBE (50 mM Tris borate, 1 mM

EDTA, pH 8.0). Dried gels were exposed to Kodak XK-1 film
between intensifying screens at �70 °C.

For supershift assays, nuclear extracts were preincubated 1 h
on ice with 2 �g of antibody prior to the DNA-protein-binding
reaction. Antibodies used were: anti-c-Jun (sc-45), anti-JunB
(sc-46), anti-JunD (sc-74), anti-c-Fos (sc-52), anti-FosB (sc-
7203), anti-Fra-1 (sc-183), and anti-Fra-2 (sc-604) (Santa Cruz
Biotechnology). Jun and Fos family pCMV expression plasmids
(35) were kind gifts from Dr. X. Wang.
Northern Blot Analysis—Total RNA for Northern analysis

and RT-PCR was prepared using TRIzol reagent (Invitrogen).
Gel electrophoresis was performed using denaturing 1.2% aga-
rose gels, and RNA transfer was to Hybond N membranes

(AmershamBiosciences). cDNAprobes were radiolabeled with
[�-32P]dCTP (Amersham Biosciences) using a Megaprime
DNA labeling system (Amersham Biosciences). Membranes
were hybridized in the presence of probe at 65 °C andwashed to
a final stringency of 0.5� SSC/0.1% SDS at 65 °C before expo-
sure to Kodak XK-1 film.
RT-PCR—RT-PCR was performed using SuperscriptTM II

reverse transcriptase (Invitrogen) for first strand cDNA synthe-
sis followed by PCR amplification with AmpliTaqTM DNA
polymerase. For first strand cDNA synthesis, 5 �g of total RNA
and 500 ng of oligo(dT) (Invitrogen), in a volume of 12 �l, were
first incubated together at 70 °C for 10 min then chilled on ice.
The reaction was then made up to a final volume of 20 �l,
containing 0.5 mM each of dATP, dCTP, dGTP, and dTTP, and
200 units of SuperscriptTM II reverse transcriptase in its sup-
plied buffer (50mMTris-HCl (pH8.3), 75mMKCl, 3mMMgCl2,
10 mM DTT). The reaction was incubated at 42 °C for 90 min
followed by heat inactivation at 70 °C for 15 min. PCR was per-
formed using 3 �l of the first strand cDNA synthesis reaction,
25 ng (3–4 pmol) of each oligonucleotide primer, 0.4 mM each
of dATP, dCTP, dGTP, and dTTP, 1.5 mM MgCl2, and 0.5 unit
of AmpliTaqTM DNA polymerase in its supplied buffer (10 mM

Tris-HCl (pH 8.3), 50 mM KCl), in a total reaction volume of 25
�l. Cycle conditions were 94 °C for 5min, followed by 40 cycles
of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 90 s.
Quantitative PCR—RNeasy Mini Kit (Qiagen) was used to

isolate total RNA from PMA-treated HeLa cells that were tran-
siently transfected with Jun and Fos family pCMV expression
plasmids (Lipofectamine, Invitrogen). For first-strand cDNA
synthesis, 1 �g of total RNA was used as a template with ran-
dom primers and TaqMan® reverse transcription reagents
(Applied Biosystems). For quantitative PCR, inventoried Taq-
Man® Gene Expression 20� primers for SERPINB2 and �-actin
were used, and the assay was performed according to the man-
ufacturer’s instructions (Applied Biosystems).

RESULTS

PAI-2 Transactivator Activity Localizes to the �4952/�4623
(330 bp) Region of the Human PAI-2 Promoter—The constitu-
tive and PMA-inducible transactivator activity of the SER-
PINB2 promoter is present within a 1.6-kb region (�3306 to
�4952) upstream of the PAI-2 transcription initiation site (29).
To localize this transactivator activity, a series of CAT reporter
plasmids was constructed from pCAT-4952 with progressively
greater 5�-deletions to �3306 (Fig. 1A). U937 cells were tran-
siently transfected with these reporter plasmids, and CAT
activity was measured in the presence or absence of 40 ng/ml
PMA. As shown in Fig. 1B, constitutive and PMA-inducible
CAT activity was abolished upon deletion of the PAI-2 pro-
moter to position �4622 in U937 cells. Furthermore, deletion
beyond nucleotide �4622 resulted in neither additional loss
nor significant restoration of PAI-2 promoter-directed CAT
activity. In contrast, no significant constitutive nor PMA-in-
ducible PAI-2 promoter-directed CAT activity was seen with
any of the CAT reporter constructs in HeLa cells (Fig. 1B).
Together these results demonstrate that the cell-type-specific
activity of the human PAI-2 transactivator is located within a
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330-bp region between nucleotides �4952 and �4623 of the
human PAI-2 promoter.
The 330-bp Region (�4952/�4623) of the Human PAI-2 Pro-

moter Is Sufficient for PAI-2 Transactivator Activity—To inves-
tigate whether the 330-bp region (�4952 to �4623) of the
human SERPINB2 transactivator contained the one or more
necessary cis-elements for mediating PAI-2 transactivator
activity, this region was inserted immediately upstream of
nucleotide �1977 in pCAT-1977 in both the wild-type and
reverse orientations, denoted as pCAT-1977�330 and pCAT-

1977�330R, respectively (Fig. 1A). pCAT-1977 contains the
PAUSE-1 silencer element, which effectively silences transcrip-
tion from the SERPINB2 promoter in bothU937 andHeLa cells
(29, 30). Transient transfection experiments in U937 cells dem-
onstrated that the 330-bp transactivator region, when posi-
tioned immediately upstream of nucleotide �1977 in the wild-
type orientation, effectively reproduced the transactivator
activity detected with pCAT-4952 (Fig. 1C), thereby derepress-
ing silencer activity in pCAT-1977. In contrast, inversion of the
330-bp transactivator was found to greatly reduce transactiva-

FIGURE 1. Transactivator activity maps to the �4952/�4623 region of the human SERPINB2 promoter and is position-independent, but orientation-
dependent. A, schematic diagram of CAT reporter gene constructs. Deletions are derived from the 8.8-kb SERPINB2 gene fragment containing 5.1 kb of the
5�-flanking sequence and including the first intron. Deletions were made in the 1.6-kb region between the EcoRI and HindIII restriction enzyme sites; the exact
position of the deletion is reflected in the construct name. The location of the PAUSE-1 silencer element is indicated. pCAT-1977�330 and pCAT-1977�330R
consist of the 330-bp transactivator element inserted into a minimum construct containing the PAUSE-1 element in the wild-type and reverse orientations,
respectively. B, CAT reporter gene analysis of deletion constructs in U937 and HeLa cells in the presence (�) or absence (�) of PMA. C, CAT reporter gene
analysis of constructs in U937 cells with or without PMA showing position-independent, but orientation-dependent transactivator activity. CAT activities are
reported as the percentage conversion of chloramphenicol normalized to the average value for untreated pCAT control. The results represent the mean � S.E.
from at least three independent transfections performed in triplicate.
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tor activity (Fig. 1C). Taken together, these results indicated
that the 330-bp region of the human SERPINB2 promoter
(�4952/�4623) contains the necessary cis-element(s) required
for transactivator function and that this activity is orientation-
dependent.Moreover, the data further indicate that the activity
of the 330-bp region can occur independently of nucleotides
�4622 to �1978.
PAI-2 Transactivator Function Is Dependent on an AP-1 Site

at �4945/�4939—Analysis of the nucleotide sequence of the
330-bp transactivator region revealed several potential candi-
dates for mediating transactivator function (Fig. 2A). These
include an AP-1 site, an AP-2 site, and an NF-�Bmotif, each of
which are recognized binding sites for transcription factors
transducing PMA-induced cell signaling (24, 36, 37). To inves-
tigate whether these cis-elements may play a role in transacti-
vator function, each element was mutated in pCAT-4952 by
single nucleotide substitution to disrupt transcription factor-
binding activity, generating pCAT-4952mAP-1, pCAT-
4952mAP-2, and pCAT-4952mNF-�B (Fig. 2B). Transient
transfection of U937 cells shows that, although mutation of
either the AP-2 or NF-�B site had no effect on PMA-inducible
PAI-2 transactivator function, mutation of the AP-1 site at
�4945/�4939 reduced pCAT-4952-directed CAT activity to
the level observed for pCAT-4622 (Fig. 2C). This result demon-
strates that PAI-2 transactivator function is dependent on an
intact AP-1 site at �4945/�4939 and is possibly mediated by
one or more members of the AP-1 transcription factor family.
A 21-bp Region (�4952/�4932) Containing the Consensus

AP-1 Site, Is Sufficient for Transactivator Function—To deter-
mine whether the AP-1 site was sufficient for transactivator
function, a 21-bp region (�4952/�4932), containing the con-
sensus AP-1 site, was inserted immediately upstream of pCAT-
1977 in the wild-type orientation (pCAT-1977�AP-1) (Fig.
2D). Reporter gene analysis shows that the AP-1 site effectively
derepressed silencing of pCAT-1977 in U937 cells, comparable
with the transactivator activity detected using pCAT-4952 (Fig.
2E). These data demonstrate that the AP-1 site in the 21-bp
region between �4952 and �4932 is sufficient to reproduce
PAI-2 transactivator activity.
The 21-bp Transactivator Region (�4952/�4932) Is Bound

by Nuclear Factors in Both U937 and HeLa Cells—To investi-
gate nuclear protein binding to the 21-bp AP-1 site (�4952/
�4932), EMSAs were performed with nuclear extracts from
both untreated and PMA-treated U937 and HeLa cells (Fig. 3).
A single DNA-protein complex was detected with the 21-bp
(�4952/�4932) transactivator probe, the mobility of which
was shifted relative to that of the unbound or free probe.
Although the intensity of this complex was approximately the
same with both untreated and PMA-treated HeLa nuclear
extracts, it was consistently observed to increase with PMA
treatment with U937 nuclear extracts. The specificity of this
interaction was investigated using a 100-fold molar excess of
unlabeled competitor oligonucleotides (Fig. 3). Although the
unlabeled wild-type 21-bp double-stranded oligonucleotide
(�4952/�4932) successfully competed for nuclear extract
binding to the radiolabeled 21-bp probe, neither a mutated
AP-1 oligonucleotide nor a control oligonucleotide containing
a GAS element (nonspecific oligonucleotide) competed for

binding. These data confirmed that nuclear proteins from both
U937 and HeLa cells specifically bound to the human SER-
PINB2 promoter �4952/�4932 region in vitro and, further-
more, that a consensusAP-1 cis-element is required for binding
of these nuclear proteins. These data indicate that human
PAI-2 transactivator functionmight involve one ormoremem-
bers of the AP-1 transcription factor family.
The Human PAI-2 Transactivator Binds Multiple Jun and

Fos Family Proteins—To identify the specific transcription fac-
tors involved in the 21-bp (�4952/�4932) transactivator bind-
ing complex, EMSA supershift assays were performed using
antibodies specific for each Jun and Fos family member. As
shown in Fig. 4, bothU937 andHeLanuclear extracts contained
multiple Jun and Fos family proteins, which bound the 21-bp
(�4952/�4932) double-stranded oligonucleotide in vitro.
JunB, JunD, c-Fos, Fra-1, and Fra-2, present in nuclear extracts
from both U937 and HeLa cells, each bound the 21-bp transac-
tivator probe prior to treatment of the cells with PMA, with
increased binding observed for JunB, c-Fos, and Fra-1 following
PMA treatment. In contrast, neither U937 nor HeLa nuclear
extracts showed detectable c-Jun-binding activity before or
after treatment with PMA. Significantly, PMA-inducible bind-
ing of the 21-bp transactivator probe by FosB was detected in
U937 nuclear extracts but was absent in HeLa nuclear extracts.
Immunoblot analysis showed that U937 and HeLa cells both
expressed constitutive c-Jun and FosB (data not shown). Fig. 4C
summarizes the findings from three sets of independent super-
shift experiments showing the binding of individual Jun and Fos
family members to the 21-bp transactivator probe using both
U937 andHeLa nuclear extracts, in the presence and absence of
PMA.
The absence of c-Jun in the EMSA supershift assays was

somewhat surprising, given that c-Jun previously has been
shown to be induced in both U937 and HeLa cells by PMA
treatment (38, 39) and has been shown to bind a double-
stranded oligonucleotide containing an AP-1 site by EMSA
supershift assay (40). Because induction of c-Junmay be a tran-
sient event (41), EMSA supershift assays were performed using
nuclear extracts prepared at various times following PMA
treatment of both U937 and HeLa cells. Although recombinant
c-Jun was demonstrated to be capable of binding to the 21-bp
transactivator probe, no c-Jun boundwith nuclear extracts pre-
pared from either U937 or HeLa cells treated for up to 4 h with
PMA (supplemental Fig. S2).

These data demonstrate that the 21-bp region of the SER-
PINB2 transactivator binds multiple Jun and Fos family mem-
bers present in bothU937 andHeLa cells. Althoughmost of the
bound Jun and Fos family-binding proteins are common to
both PAI-2-expressing U937 cells and PAI-2-non-expressing
HeLa cells, FosB bound the transactivator only in U937 cells
and not HeLa cells.
Transient Transfection of HeLa Cells with FosB or c-Jun Dere-

presses Transcriptional Silencing of the Human PAI-2 Promoter—
To investigate whether the absence of detectable nuclear FosB or
c-Jun binding to the 21-bp transactivator region reflected a func-
tional consequence for human PAI-2 promoter activity in HeLa
cells, HeLa cells were transiently co-transfected with expression
vectors for FosB and c-Jun, aswell as each of the other Jun and Fos
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FIGURE 2. A distal AP-1 site at �4952/�4932 is necessary and sufficient for human PAI-2 transactivator activity in U937 cells. A, nucleotide sequence of
the 330-bp transactivator region between �4952 and �4623 showing the positions of consensus sequences for AP-1, AP-2, and NF-�B elements. B, schematic
diagram of the mutant transactivator CAT reporter gene constructs showing mutations at positions �4945/�4939 (AP-1), �4696/4688 (AP-2), and �4642/
�4633 (NF-�B). In addition, pCAT-1977�AP-1 consists of a minimum (21 bp) region containing the AP-1 element inserted into pCAT-1977 in the wild-type
orientation. C, CAT reporter gene analysis of constructs in U937 with or without PMA showing that the AP-1 site is required for transactivator activity. D, U937
cells transiently transfected with the indicated expression plasmids with or without PMA, showing that the 21-bp AP-1 site is able to derepress promoter
activity. CAT activities are reported as the percentage conversion of chloramphenicol normalized to the average value for untreated pCAT control. The results
represent the mean � S.E. from at least three independent transfections performed in triplicate.
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family members, together with the CAT reporter vector pCAT-
4952.As shown inFig. 5A, transient overexpressionof JunB, JunD,
c-Fos, Fra-1, or Fra-2 had no effect on PAI-2 promoter-directed
CAT activity. However, transient overexpression of FosB or c-Jun
increased PAI-2 promoter-directed CAT activity �10-fold and
35-fold, respectively, in HeLa cells. Mutation of the transactivator
AP-1 site resulted in a 6- and 2-fold decrease in CAT activity fol-
lowing transient overexpression of c-Jun and FosB, respectively
(Fig. 5B), indicating that the increase inCAT activity is dependent

on a functional AP-1 site. Transient overexpression of both FosB
and c-Jun together, however, had an antagonistic effect on pro-
moter activity when compared with overexpression of either fac-
tor alone, with PAI-2 promoter-directed CAT activity increasing
only slightly more than 2-fold with this combination (Fig. 1A).
Thusoverexpressionof eitherFosBorc-Jun, twoAP-1constituent
factors that did not bind to the 21-bp SERPINB2 transactivator
region in either untreated or PMA-treated HeLa cells by EMSA
supershift assay, resulted in a functional derepression of the nor-

FIGURE 3. The �4952/�4932 AP-1 region is a site for nuclear binding factors from both U937 and HeLa cells. EMSA analysis of nuclear extracts prepared
from U937 or HeLa cells cultured in the presence or absence of PMA for 4 h. A 21-bp 32P-labeled double-stranded �4952/�4932 oligonucleotide was used as
a probe. Cold competition reactions were performed using a 100-fold molar excess of the following unlabeled specific double-stranded oligonucleotides: AP-1,
the �4952/�4932 region containing the distal AP-1 consensus sequence; mAP-1, the �4952/�4932 region containing a mutant AP-1 site; and GAS, a GAS
region containing an unrelated oligonucleotide from the �4870/�4852 region of the human PAI-2 promoter.

FIGURE 4. The human PAI-2 transactivator AP-1 site binds multiple Jun and Fos family proteins. Supershift assays were performed with nuclear extracts
prepared from U937 cells (A) and HeLa cells (B) cultured in the presence (�) or absence (�) of PMA for 4 h and using the 32P-labeled double stranded
�4952/�4932 oligonucleotide as a probe. Nuclear extracts were preincubated with 4 �g of specific antibody at 4 °C for 2 h. Images have been inverted for
clarity. C, table summarizing the findings from three sets of independent supershift experiments.
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mally transcriptionally silenced SERPINB2 promoter in HeLa
cells.
Transient Transfection of U937 Cells with FosB, but Not

c-Jun, Derepresses Transcriptional Silencing of the Human
PAI-2 Promoter—Since transient overexpression of FosB or
c-Jun was found to derepress transcriptional silencing of the
SERPINB2 promoter in HeLa cells, an effect mediated, at least
in part, by the transactivator AP-1 site, the effect of FosB and
c-Jun overexpression on PAI-2 promoter activity was also
investigated in U937 cells. As shown in Fig. 5C, transient over-
expression of FosB, but not c-Jun, resulted in transactivation of
the SERPINB2 promoter in U937 cells. Thus, whereas transient
overexpression of either FosB or c-Jun will derepress PAI-2
promoter silencing inHeLa cells, only transient overexpression
of FosB and not c-Jun was found to derepress silencing of the
SERPINB2 promoter in U937 cells.
Transient Transfection of HeLa Cells with c-Jun, c-Fos, or

FosB Expression Plasmids Induces Low Level Expression of the
Endogenous PAI-2 Gene—The experimental data demon-
strated that overexpression of both FosB and c-Jun inHeLa cells
could lead to derepression of silencing of a PAI-2 promoter-
CAT reporter gene. To investigate whether FosB or c-Jun over-

expression could modulate endogenous PAI-2 mRNA expres-
sion in HeLa cells, HeLa cells were transiently transfected with
vectors encoding AP-1 family members and analyzed by quan-
titative PCR after PMA treatment. Endogenous PAI-2 mRNA
could be induced at least 2-fold in HeLa cells after transient
transfection with c-Jun, c-Fos, or FosB compared with the
empty vector alone andwas not detected following transfection
with the other Jun and Fos family member plasmids (Fig. 6).
These data provide evidence that overexpression of FosB or
c-Jun may be sufficient to cause derepression and transactiva-
tion of the endogenously silenced SERPINB2 gene, although
clearly additional factors are required for full induction of
PAI-2 gene expression.

DISCUSSION

Transcriptional derepression is an importantmechanism for
the accurate control of gene expression. Here we have shown
that a distal AP-1 site is both necessary and sufficient for trans-
activator function in both PAI-2-expressing and -non-express-
ing cells. Our studies indicated that the AP-1 site mediated
PAI-2 promoter activity in a location-independent and orien-
tation-dependent manner. Supershift assays revealed that the

FIGURE 5. Overexpression of c-Jun or FosB overcomes transcriptional silencing in HeLa cells, but overexpression of FosB, not c-Jun, overcomes
transcriptional silencing in U937 cells. A, HeLa cells were transiently transfected with the indicated expression plasmids together with pCAT-4952 or (B)
pCAT-4952mAP-1 in the presence of PMA. C, U937 cells were transiently transfected with the indicated expression plasmids together with pCAT-4952 in the
presence of PMA. CAT activities are reported as the percentage conversion of chloramphenicol normalized to the average value for untreated pCAT control.
The results represent the mean � S.E. from at least three independent transfections performed in triplicate.
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PAI-2 transactivator bound specific Jun and Fos family tran-
scription factors in both U937 and HeLa cells. Functional pro-
moter activity studies revealed that overexpression of FosB in
HeLa and U937 cells resulted in transactivation of the SER-
PINB2 promoter, but only when the transactivator AP-1 site
was intact. Similarly, overexpression of c-Jun was also found to
transactivate the human SERPINB2 promoter inHeLa cells, but
not U937 cells, an effect also mediated at least in part by the
transactivator AP-1 site. Remarkably, endogenous PAI-2
mRNA transcripts could be induced in HeLa cells, a cell line in
which PAI-2 is transcriptionally silent, following transient
overexpression of c-Jun, c-Fos, or FosB.
The SERPINB2 promoter contains several AP-1 or AP-1-like

consensus sequences, however, their presence does not auto-
matically imply functionality in a given gene promoter. The
SERPINB2 promoter contains a consensus AP-1 site between
nucleotides �1568 and �1562, yet this site has not been impli-
cated in either constitutive or PMA-stimulated PAI-2 gene
expression (29). In contrast, two AP-1-like sites in the proximal
SERPINB2 promoter have been found to contribute to both
constitutive and PMA-stimulated transcription of PAI-2 (42).
Because various Jun and Fos family members differ in their
transactivation potential (26), differences in promoter-bound
AP-1 complexes may be involved in cell-type-specific differ-
ences in gene transcription. The data presented here suggest
that this is the case for the PAI-2 transactivatorAP-1 site and its
differential action in derepressing transcription from the SER-
PINB2 promoter in U937 and HeLa cells. FosB, presumably
exerting its effect on the PAI-2 transactivator AP-1 site as a
JunB-FosB or JunD-FosB dimer, appears to be the mechanism
by which U937 cells derepress transcriptional silencing of the
SERPINB2 promoter. Alternatively, c-Jun may possibly be the
most important Jun family member mediating derepression of
the SERPINB2 gene in HeLa cells.
The identification of FosB as the mediator of PAI-2 transac-

tivator function explains the orientation dependence observed
for PAI-2 transactivator activity (Fig. 1A). Because FosB must

form a heterodimer with a Jun partner to bind DNA, and Jun-
Fos heterodimers bind DNA in a preferred orientation (43, 44),
Jun-FosB binding to the transactivator AP-1 site is likely to be
unidirectional. Reversing the transactivator sequence will
reverse the orientation of the bound Jun-FosB AP-1 factor, an
action that is likely to impair its ability to interact with other
DNA-bound factors in the SERPINB2 promoter and thus its
activity.
The observation that c-Jun was a strong transactivator of

PAI-2 promoter reporter gene expression inHeLa cells, but not
in U937 cells, was a surprising finding. However its explanation
may lie with the AP-1 dimer preference of the transactivator
AP-1 site, the presence of detectable FosB binding in U937 cells
but not HeLa cells, and the probability of successful competi-
tion for binding to the transactivator AP-1 site by c-Jun inHeLa
cells versus U937 cells. Thus, although recombinant c-Jun
bound to the transactivator AP-1 site in the absence of nuclear
extracts, the absence of c-Jun in transactivator AP-1 complexes
formedwith bothHeLa andU937 nuclear extractsmay indicate
that this site has greater affinity for AP-1 complexes that do not
contain c-Jun. Furthermore, the presence of detectable FosB in
transactivator AP-1 complexes formed with U937 nuclear
extracts suggests that this factor binds readily as a JunB-FosB or
JunD-FosB heterodimer rather than as a c-Jun-FosB het-
erodimer, an observationmadepreviouslywith theBal-17B cell
line (45). Thus given the possible preference of the PAI-2 trans-
activator AP-1 site for AP-1 complexes not containing c-Jun
and the added competition for binding to this site by FosB in
U937 cells and not HeLa cells, transient transfection with c-Jun
may produce sufficient c-Jun to successfully compete for trans-
activator AP-1 site binding in HeLa cells. This hypothesis is
supported by our evidence showing that transient overexpres-
sion of c-Jun in HeLa cells induces the highest endogenous
PAI-2 mRNA expression, when compared with overexpression
of any other Jun or Fos family member.
The observation that bothFosB and c-Jun canderepress tran-

scription from the SERPINB2 promoter may have general sig-
nificance for PAI-2-expressing cells. Although the expression
pattern of Jun and Fos family proteins in the placenta is yet to be
suitably examined, an immunostaining analysis of human skin
(46) suggests that it might. In this study, FosB was demon-
strated to be expressed in both the basal and spinous layers of
the epidermis and disappeared in the granular layer. Although
staining was localized to both the nuclei and cytoplasm in the
basal layer, the intensity of nuclear staining increased in cells of
the spinous layers, suggesting nuclear translocation of FosB in
these cells. In contrast immunostaining for c-Jun showed that it
occurred in a sharply defined band confined to the granular
layer of the epidermis in both a nuclear and cytoplasmic distri-
bution. In comparison, PAI-2 expression in the epidermis is low
in the basal keratinocyte layer, increases through the spinous
layers, and is highest in the granular layers before the transition
to cornified dead squames (47).With this non-overlapping and
possibly complementary pattern of FosB and c-Jun expression,
it is tempting to speculate that the coordinate expression of
these two factors in turn may be responsible for the observed
expression of PAI-2 in the epidermis. Although expression of
FosB by keratinocytes of the basal and spinous layers of the

FIGURE 6. Transient expression of FosB, c-Jun, and c-Fos induces low level
expression of the endogenous PAI-2 gene. HeLa cells were transiently
transfected with the indicated expression plasmids in the presence of PMA.
RNA was isolated, and PAI-2 mRNA was detected by quantitative PCR. PAI-2 Ct
values were normalized to that of �-actin.
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epidermismay result in low tomoderate levels of PAI-2 expres-
sion in these cell layers, the switch to c-Jun expression by kera-
tinocytes of the granular layers may lead to increased PAI-2
expression in this layer.
With the large body of evidence implicating alterations in

PAI-2 expression to a host of inflammatory diseases, it is impor-
tant that the precise mechanisms for its expression, repression,
and derepression be elucidated. With respect to cancer in par-
ticular, PAI-2 has been implicated as both a positive and nega-
tive prognostic indicator of tumor progression by microarray
analysis as well as several in vivo studies (19, 21). Clinically,
tumor-associated PAI-2 expression is associated with favorable
patient prognosis in several cancers, namely breast, ovarian,
squamous cell carcinoma, and pancreatic cancer (19, 48, 49).
On the other hand, PAI-2 expression is associated with poor
prognosis in endometrial and colorectal cancers (50, 51). Our
present findingsmake an important contribution to an evolving
model for the transcriptional control of the human PAI-2 gene
and toward understanding themolecular basis for its tissue spe-
cific expression.
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