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FIG. 4. CTF/NF-I factor(s) interact(s) with the Bp region. (A)
Binding of CTF/NF-I factor(s) contained in Hep3B and NIH 3T3
nuclear extracts. The adenovirus CTF/NF-I oligonucleotide (Ad.NF
1), the PAI-1 wild type, and Bi mutated (Bi-mut.) fragments from
-565 to -532 were used as probes in gel mobility shift assays with
the indicated nuclear extracts. When reported, unlabelled PAI-1
oligonucleotides or the adenovirus CTF/NF-I sequence was added
in a 100-fold excess, as a competitor. If indicated, specific antibodies
were added at the reported dilutions. (B) Binding of purified mouse
CTF/NF-I. The labelled PAI-1 fragment from -565 to -532 was
incubated with 2 ng of a CTF/NF-I preparation from mouse liver
(NF1) without other additions or in the presence of anti-CTF/NF-I
antibodies at the indicated dilution. The positions of probes specif-
ically bound are indicated by small arrows, and the positions of
probes further retarded by antibodies are indicated by large arrows.
Abbreviations: E, nuclear extract; C, competitor; NF 1, purified
CTF/NF-I; P, probe; Ab, antibodies.

both protein-DNA complexes was prevented by an excess of
unlabelled probe sequence. The formation of the stronger
and more slowly migrating band was prevented by the
addition of an unlabelled oligonucleotide containing the
adenovirus USE sequence but not by a 100- or 300-fold
excess of the muscle creatin kinase enhancer OLR sequence,
known to bind E12 and MyoD heterodimers (9) (Fig. 5A).
The same protein-DNA complex was not competed for by an
excess of unlabelled B2 mutated sequence nor by an excess
of B3 mutated sequence, in which the TG base pairs at -564
and -563 were mutagenized to AC (Fig. 5B). The B2 and B3
mutated oligonucleotides did not form this complex, even
when used as probes. In order to demonstrate whether USF
was present in the retarded complexes, specific antisera
were added to the extract before the binding assay. We
observed that treatment with anti-USF antiserum, but not
with anti-CTF/NF-I antiserum, decreased the electropho-
retic mobility of the stronger band when the PAI-1 Bd or the
adenovirus USE sequences were used as probes (Fig. 5B).
This showed that the antibodies interacted with USF bound
to the DNA. The USE oligonucleotide, when used as a
probe, gave retarded bands comigrating with the bands
produced by the Bd probe (Fig. 5B). The minor and faster

retarded band observed with the Bd probe, which could be
competed for by an excess of unlabelled probe sequence,
was also observed with the B2 and B3 mutated oligonucle-
otides and was not supershifted or suppressed by the anti-
USF antibodies (Fig. 5B). The identity of this protein-DNA
complex remains to be elucidated.
The binding of NFs to the B region, after TGF-, treat-

ment, was investigated. The exposure of cells to TGF-P for
periods ranging from 30 min to 6 h did not cause any
qualitative alterations or gross quantitative changes in the
intensities of the retarded bands obtained with nuclear
extracts in gel mobility shift assays (data not shown). There-
fore, two different NFs, which much evidence indicates to
be CTF/NF-I and USF, interact in vitro with the TGF-p-
responsive region, but their binding is independent from the
exposure of cells to TGF-f.

Binding of both NFs is needed for full TGF-0 response. Bi
and B2 mutations were introduced into the PAI-1-CAT
plasmids, and the TGF-1 induction of the mutated gene
fusions was measured (Fig. 6A and 6B). The introduction of
the Bi mutation into the PAI-1-SV40 construct containing
the PAI-1 gene interval from -598 to -532 significantly
decreased the TGF-,B response in both cell lines without
abolishing it (Fig. 6B). The same mutation in the construct
bearing the PAI-1 gene sequence from -806 to +72 reduced
the TGF-1 response by 50% in NIH 3T3 cells but only by
25% in Hep3B cells (Fig. 6A). The B2 mutation completely
abolished the TGF-1 response of the PAI-1-SV40 promoter
fusion in both cell lines (Fig. 6B). It also drastically reduced
that of the construct bearing the PAI-1 gene sequence from
-806 to +72 in Hep3B cells and almost abolished it in NIH
3T3 cells (Fig. 6A). In contrast, a 6-nucleotide substitution of
bp -596 to -591 (Fig. 3B, PreB mutation) had no effect on
the inducibility of either type of construct (Fig. 6A and 6B).
The comparison of the absolute levels of CAT activity

expressed by the wild type and the mutant constructs,
normalized to transfection efficiencies, showed that the drop
in TGF-,I inducibility of the Bi and the B2 mutants was due
to a reduction of CAT expression of the TGF-,-treated cells
rather than an increase of the basal activity (Fig. 6A and 6B).

DISCUSSION

In this report we have elucidated some intracellular mech-
anisms of TGF-,B action, with the PAI-1 gene as a model
system. We have identified a 67-bp region (-598 to -532) in
the 5'-flanking sequence of the human PAI-1 gene which
mediates a TGF-,B induction. This region interacts with two
types of NFs in close association. The DNA sequence shows
homologies with reported binding sites for CTF/NF-I and
bHLH transcription factors. The results of the DNA binding
assays, including the use of specific antisera in gel mobility
shift experiments, indicate that CTF/NF-I and USF interact
with this area of the PAI-1 promoter. The organization of the
TGF-3-responsive region of the PAI-1 gene thus appears to
be similar to the composite responsive elements, in which
the association of different binding sites strengthens the
response of the unit (15). Mutation of either of the motifs in
the PAI-1 promoter, in fact, prevented the binding of one
type of nuclear protein and reduced the TGF-p response.
The mutation abolishing the CTF/NF-I binding (Bi) had a

minor effect in Hep3B cells when inserted in the construct
carrying the PAI-1 gene sequence from -806 to +72, but it
reduced to half the TGF-P induction of the same gene fusion
in NIH 3T3 cells and of the PAI-1-SV40 constructs bearing
the PAI-1 gene sequence from -598 to -532 in both cell
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FIG. 5. USF contained in NIH 3T3 and Hep3B nuclear extracts interacts with the Bd region. The wild-type (WT) or B2 or B3 mutated

PAI-1 oligonucleotide from -576 to -555 and the adenovirus USE sequence were used as probes. Unlabelled competitors were added in a

100-fold excess, unless otherwise specified. Specific antibodies were added at the indicated dilutions. Abbreviations and arrows are same as
for Fig. 4.

lines. This may indicate that other elements present in the
PAI-1 promoter, outside the sequence from -598 to -532,
substitute for the function of the CTF/NF-I site in Hep3B
cells. From the transfection experiments, it is also clear that
other sequences outside the region from -598 to -532 may
independently mediate a low TGF-,B inducibility and that the
overall TGF-, response of the human PAI-1 promoter de-
pends on the action of several elements.
Westerhausen et al. (48) recently reported a preliminary

localization of a TGF-0-responsive element to bp -791 to
-546 of the PAI-1 gene. Their results are fully compatible
with our data.

Little is known about the intracellular mechanisms of
TGF-3 action. TGF-3 is a potent growth inhibitor for many
cell types but is also a growth stimulator for others (31). In at
least some cases, the growth-inhibitory effect of TGF-, is
caused by a decrease in transcription of the c-myc gene (36),
which is probably mediated by inhibition of phosphorylation
of the retinoblastoma susceptibility gene product, pRB (20,
21, 31, 37). In contrast, the growth-stimulatory effect on
some connective tissue cells appears to be mediated by the
stimulation of an autocrine mechanism involving platelet-
derived growth factor secretion (2, 25).
Concerning the cellular mechanism of action of TGF-,B

effects unrelated to growth, Rossi et al. (42) reported that a

CTF/NF-I binding site alone confers TGF-P inducibility to
the murine a2(I)-collagen gene. Kim et al. (18, 19) reported
that TGF-1 autoinduction is mediated by the AP-1 complex.

de Groot and Krujer (10) reported that the collagenase AP-1
binding site and the c-fos dyad symmetry element can confer
TGF-1 inducibility to a heterologous promoter. Kerr et al.
(17) have implicated a 10-bp element of the transin/stromel-
ysin promoter in TGF-1 inhibition of the gene. The element
binds a nuclear protein complex containing the c-fos protein.
Our results show a novel intracellular mediator of TGF-0

action on gene transcription which is different from those
suggested by previous work. We found a CTF/NF-I binding
site in a TGF-,-responsive region of the PAI-1 gene, similar
to that reported by Rossi et al. (42) for the a2(I)-collagen
promoter, but in our system this site is adjacent to the
binding sequence for USF and the integrity of both binding
sites is necessary for the TGF-p response. It will be inter-
esting to test whether another factor, besides CTF/NF-I, is
also involved in the TGF-,B induction of the a2(I)-collagen
gene. It is also possible that different intracellular mecha-
nisms of TGF-1 action exist for different sets of genes. Laiho
et al. (23) have demonstrated that PAI-1 and other extracel-
lular matrix proteins are induced by TGF-f in epithelial cells
in which the growth-inhibitory effect of TGF-P is abrogated
by inactivation of retinoblastoma susceptibility gene product
(pRB) by SV40 T antigen.
Both CTF/NF-I and USF are ubiquitous NFs. The gel

shift assays did not show gross modifications of the binding
patterns after TGF-1 treatment. A possible explanation is
that the TGF-fi-responsive factors are always complexed to
DNA and that the TGF-, treatment activates their function
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FIG. 6. Effect of substitution mutations on TGF-P response. (A) Effect of mutations in the vector from -806 to +72. An asterisk precedes
the name of each of the three mutations. Further details on the mutations are given in Fig. 3. (B) Effect of mutations in the PAI-1-SV40
fusions. Relative CAT activities, fold inductions, standard deviations, and number of independent experiments are same as for Fig. 1.

by modifying their protein-protein interactions without influ-
encing their affinities for the binding sites.
The C1F/NF-I family of transactivators comprises at least

three different polypeptides, showing identical DNA binding
domains and DNA specificities (29).
The bHLH family of transactivators includes, among

others, the c-myc oncogene product, MyoD and other pro-
teins determining myogenesis, the immunoglobulin enhancer
binding proteins TFE3, TFEB, E12, and E47, and USF.
Common to proteins of this family is a conserved amino acid
sequence believed to fold into an HLH motif. A subgroup of
them also contains a leucine zipper. These motifs mediate
dimerization, which is needed for DNA binding (35). They
all bind to sites containing a CANNTG consensus, but the
affinities of individual members depend on the identity of the
base pairs other than CA and TG (4). The adenovirus USE
sequence, for instance, is recognized by USF, TFE-3, and
TFEB and weakly by c-myc. Interestingly, c-myc protein
induces PAI-1 mRNA in 3T3 cell lines (38). USF has been
purified from HeLa cells as two subspecies of 43 and 44 kDa
with identical affinities for the USE sequence (43, 45). The
antiserum we used in the DNA binding assays was raised
against the cloned 43-kDa USF, but it also cross-reacts
weakly with the 44-kDa species (44). Therefore, at the

moment, we are not able to establish whether the two USF
subspecies differ in their affinities for the PAI-1 promoter.
Our findings that a bHLH protein is involved in the

intracellular signal transduction pathway of TGF-1 might
help to explain the wide diversity of TGF-P effects, as the
bHLH factors have the potential to form heterodimers which
lead to changes in their binding and transactivation specific-
ities (4). Further investigations of the identity of the intra-
cellular mediators of TGF-1 function will clarify the relation-
ships which exist among the different regulatory responses.
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