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The enhancer of the inducible urokinase gene de-
pends on three essential but not sufficient transactivat-
ing elements, an upstream PEA3/AP-1A and a down-
stream AP-1B site. Enhancer activity also requires the
interposed 74-base pair-long cooperation mediator
(COM) region that allows transcriptional synergism be-
tween the transactivating sites. The 5’-half of COM
(uCOM) forms four retarded complexes with HeLa or
Hep-G2 nuclear proteins (UEF-1-4). We have identified
the binding sequence for UEF-4 and generated uCOM
elements uniquely mutated in the UEF-4-binding site or
uniquely binding UEF-4. Introduction of these and other
mutations in the context of the urokinase enhancer
showed that all uCOM sites are important for enhancer
activity but that UEF-4 and UEF-1 plus UEF-2/3 can
substitute for each other, suggesting functional redun-
dancy of urokinase enhancer factors. UEF-4 was puri-
fied from HeLa nuclear extract by affinity chromatogra-
phy and shown to contain two polypeptides of 105 and 65
kDa, respectively, of which at least the former was en-
dowed with DNA binding activity.

Enhancer sequences represent the ultimate target of signal
transduction pathways that lead to induction of specific sets of
genes. Although transcription can be activated by a large va-
riety of stimuli and despite the presence in many enhancers of
the same or of similar protein-binding motifs, only a subset of
genes is switched on in response to a specific signal, implying
that very fine mechanisms regulate the specificity of enhancer
function.

Urokinase-type plasminogen activator (uPA)! is a serine pro-
tease important in fibrinolysis and cell recruitment and hence
in a variety of processes requiring cell migration, e.g. inflam-
mation and cancer (1-5). Therefore, uPA synthesis is induced
in a variety of pathological or experimental conditions in many
different cells. In culture, induction or modulation of uPA syn-
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thesis was first observed with phorbol ester PMA (6) and then
reproduced in many cell lines with a large number of growth
factors, hormones, and differentiation factors (7). On the other
hand, in the embryo, uPA is expressed constitutively in the
extraembryonic trophoblast (8, 9) and in the adult in the kid-
ney, lung, and scattered fibroblastic cells (10).

The 5'-flanking regulatory region of the human uPA gene
has been studied in some detail. The promoter shows the pres-
ence of a typical TATA-box, is rich in Sp1 sites, and is strongly
activated by an enhancer located about 2,000 base pairs up-
stream of the transcription start site (11). The minimal uPA
enhancer region contains an upstream combined PEA3/AP-1A
(octameric) site and a downstream heptameric AP-1B site (see
Fig. 1). All three such sites are important for induction of uPA
gene transcription by a variety of extracellular stimuli such as
PMA, epidermal growth factor, okadaic acid, and cytoskeleton
disruption; the inactivation of only one of the three sites results
in the loss of enhancer function (12-15). Synergism between
PEA3/AP-1A and AP-1B depends on the integrity of the 74-
base pair region, called COM (cooperation mediator), that sep-
arates these sites (13). Synergism requires a series of protein-
binding sites, clustered in a specific bipartite uCOM-dCOM
arrangement (Fig. 1) (1, 13, 14). In fact, even in the presence of
intact PEA3/AP-1A and AP-1B elements, disruption of all COM
protein-binding sites leads to inactivation of the enhancer func-
tion (13). However, COM has no direct transactivation func-
tion, and its mechanism of action is still mostly unknown. It
has been shown that uCOM and dCOM each contributes about
50% of the activity of the whole region and that COM action is
position-dependent but orientation-independent (1). Further-
more, when the 17-base pair uCOM-DNA is incubated with a
HeLa nuclear extract, four DNA-protein complexes (urokinase
enhancer factors; UEFs) are formed, UEF-1, UEF-2/3, and
UEF-4 (13). The binding site for UEF-2/3 has been identified
(16), and its sequence is shown in Fig. 1. The dCOM region
binds two factors that have not yet been analyzed.

Sequences homologous to the uPA COM regions are present
and shown to be active also in promoters other than uPA, like
interleukin-3, LD78, stromelysin, and other AP-1-regulated
genes (16—20). Moreover, purified UEF-2/3 has been shown to
bind not only to the uPA uCOM but also to the homologous
region of the interleukin-3 promoter (16).

As a further step in characterizing the COM region and the
COM-binding factors, we have identified the UEF-4-binding
site, studied its function in the uPA enhancer, and purified
UEF-4. The results show that the UEF-4 site is very similar to
a negative regulatory region in the AP-1-dependent LD78/
MIP-1a chemokine, a PMA-regulated gene, and is conserved in
the regulatory regions of a variety of other genes. Moreover, the
UEF-4 and the UEF-1 plus UEF-2/3 sites are all necessary for
enhancer activity and can substitute for each other. Finally, we
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Fic. 1. Protein-binding sites in human uPA enhancer. At the top, the various functional regions are depicted. At the bottom, the
transcription factors binding to the PEA3/AP-1A and AP-1B sites are shown. In the middle, the filled bars in the COM region (0-17 and 0-16
regions) show the sequences utilized for bandshift analysis of the two areas. The bars above the uCOM sequence identify specific protein recognition
sequences in uCOM. The UEF-3/2 recognition sequence has been described before (16), while the UEF-4 recognition sequence is the subject of this

paper.

have purified UEF-4 protein and begun its characterization.
The purified factor binds both the uPA UEF-4 and the LD78/
MIP-1a sequences and is made up of 105- and 60-kDa polypep-
tides, the former endowed with DNA binding activity.

MATERIALS AND METHODS
Cell Culture and Transfection Analysis

HepG2 cells were grown in Dulbecco’s modified Eagle’s medium
containing 10% fetal calf serum. Approximately 1-2 X 10° cells were
electroporated with 3 ug of the reporter DNA construct plus 27 ug of
carrier Bluescript plasmid (21) and 0.5 ug of CMVB-GAL plasmid as
internal control, for a total of 30.5 ug of DNA. Cells were electroporated
in 0.5 ml of complete medium, 250 V and 960 microfarads, using a Gene
Pulser apparatus (Bio-Rad). Cells were plated in Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum and allowed to attach
overnight. For PMA induction, the medium was changed to Dulbecco’s
modified Eagle’s medium containing 0.5% fetal calf serum and 100 ng
ml~* PMA. Control cells received equivalent amounts of Me,SO, the
solvent for PMA. Cell extracts were divided in two aliquots, of which one
was analyzed by a B-galactosidase assay (21). The remaining aliquot
was heated at 65°C and assayed for CAT activity by diffusion of
reaction products into scintillation fluid (22).

Electrophoretic Mobility Shift Assays (EMSAs)

Preparation of HeLa cell nuclear extracts was carried out according
to Ref. 23, with minor modifications (16). The NaCl concentration of
samples resuspended in buffer C was adjusted to 0.4 M with 5 M NaCl.
The protease inhibitor aprotinin (1 mg ml~ ') was added to buffers C and
D. The protein concentration of nuclear extracts was determined by a
Bio-Rad protein assay. >?P-Labeled oligonucleotides (T4-polynucleotide
ligase) were used as probes. Gel retardation reactions were carried out
in a 20-ul volume containing 20,000-30,000 cpm probe and 2 ug of
poly(dI-dC). Nuclear extracts were incubated in 50 mMm Tris-HCI, pH
7.9, 12.5 mm MgCl,, 1 mm EDTA, 1 mm DTT, 20% glycerol with poly(dI-
dC) and competitor DNA as indicated for 10 min at 20 °C. For EMSA
analysis of the UEF-4 purified protein 50 ug of bovine serum albumin
and 0.1 ug of poly(dI-dC) were used in binding reactions. Probe was
added, and the incubation continued for 10 min. Samples were then run
on 5% native polyacrylamide gels (30:1 in 0.25 X TBE; 1 X TBE: 89 mm
Tris, 90 mM boric acid, and 1 mm EDTA).

UV Cross-linking Analysis

Cross-linking analysis was carried out as described before (24).
EMSA reactions were scaled up by increasing 5-fold the amount of
nuclear extract and bromodeoxyuridine-substituted probes used in
binding reactions, and the reaction products were separated as de-
scribed above. The wet gel was UV-irradiated at 364 nm for 30 min and
autoradiographed at 4 °C. The bands corresponding to DNA-protein
complexes were cut out and equilibrated in 100 mm Tris-HCI, pH 6.8, 50
mM DTT, and 2% SDS before loading on a 10% SDS-polyacrylamide gel.
Molecular weight markers were obtained from Amersham Corp.

Methylation Interference Analysis

Methylation interference with DMS was performed essentially as
described (25), with minor modifications, under experimental condi-
tions that preferentially reveal contacts at sequences containing G

residues in the major groove of the DNA double helix. Briefly, either the
top or bottom strand of 0-17A2 oligonucleotide was labeled by T4
polynucleotide kinase and then annealed with the unlabeled comple-
mentary strands. Probes were methylated by dimethyl sulfate, used in
combination with nuclear extracts in 5-fold scaled-up binding reactions,
and DNA-protein complexes were separated on native gel electrophore-
sis (see above). Bands corresponding to free and retarded probe were cut
out. The DNA was recovered by electroelution, phenol-extracted, etha-
nol-precipitated, and subjected to piperidine cleavage. The products
were analyzed by 15% polyacrylamide gel electrophoresis in 8 M urea.

Plasmid Constructions

DNA manipulations were carried out by standard techniques (21),
and plasmid structures were verified by DNA sequencing. All con-
structs were generated by cloning polymerase chain reaction-produced
fragments into pBLCAT2 (26) previously cut by Sall and BamHI. Spe-
cific point mutations were obtained by polymerase chain reaction using
primers that introduced the desired mutation. Following, the template
and the oligonucleotide used as direct primer in polymerase chain
reaction for each construct are shown (the mutated nucleotides are
indicated in boldface lowercase letters). The reverse primer was the
same for all constructs: 5'-TGGGCGGGCCGGATCCTCT-3'.

WTCAT—The —1977/-1858 fragment was polymerase chain reac-
tion-amplified from the plasmid containing the whole uPA promoter
(—2345/+30) (13) by using specific primers (27). The WTCAT template
was used for constructing DCAT. The direct primer was 5-CAGGT-
CGACTCTAGAGGAAATGAAGTCATCTGCTCTCAGCAATCAGCtT-
cACAGCCTCCAGC-3'.

FIECAT—In this case, the template was the plasmid FIEuPA (13),
with the same primers used for the WTCAT.

ECAT—The template was the plasmid EuPA (13), with the same
primers used for the WT'CAT. This plasmid was used as a template for
constructing DECAT, and the direct primer was the same as for the
DCAT plasmid (Ref. 8).

A2CAT—The template was the plasmid WTCAT, and the direct
primer was CAGGTCGACTCTAGAGGAAATGAAGTCATCTGCTCTC-
AGCAATCAGCATGACCCTCCAGC.

A2DCAT—The template was the plasmid A2CAT, and the direct
primer was CAGGTCGACTCTAGAGGAAATGAAGTCATCTGCTCTC-
AGCAATCAGCTTCACCCTCCAGCOC).

A2ECAT—The template was ECAT (see above); the direct primer
was the same as for A2DCAT (see above).

G2CAT—The template was WTCATZ2, and the direct primer was
CAGGTCGACTCTAGAGGAAATGAAGTCATCTGCTCTCAGCAATC-
ATCATGACAG.

The DCAT plasmid has been previously described (1).

Preparation of Nuclear Extracts and Purification of UEF-4

For purification of UEF-4, nuclear extracts (319 mg of total proteins)
in buffer C (23) were subjected to ammonium sulfate precipitation at
55% saturation. The precipitate was resuspended in one-quarter of the
original volume of TK100 buffer (25 mm Tris-HCI, pH 8.0, 100 mm KCl,
200 mMm EDTA, 20% glycerol, 1 mm DTT, 1 mM Na,S,05, 0.5 mMm
phenylmethylsulfonyl fluoride) and dialyzed against the same buffer.
The material was loaded on a Q-Sepharose HP column (55 ml, Phar-
macia Biotech Inc.), which was washed with the same buffer. The
flow-through, containing 95% of UEF-4 binding activity and only 18% of
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TaBLE 1
Sequence of oligonucleotides

Sequences begin from the 5’ end, and only the coding strand is shown.
The sequence in boldface type identifies the UEF2/3-binding site (TGA-
CAG) or remaining parts thereof. Lowercase letters identify substi-
tuted nucleotides with respect to the 0-17 sequence. Underlined nucle-
otides identify substituted nucleotides with respect to the 0-17A2
sequence. A hyphen identifies a deleted base.

CAGCAATCAGCATGACAGCCTCCAGC 0-17wt (uCOM)

TGCTCTCAGCAATCAGCETCcACAGCCTCCAGC 0-17D
TGCTCTCAGCAATCAGCETGACAGCCTCCAGC 0-17D1
TGCTCTCAGCAATCAGCATCACAGCCTCCAGC 0-17D2
TGCTCTCAGCAATCAGCAgGACAGCCTCCAGC 0-17K
CAGCAATCAGCATGACA-CCTCCAGC 0-17A1
CAGCAATCAGCATGAC--CCTCCAGC 0-17A2
CAGCAATCAGCETCcAC--CCTCCAGC 0-17A2D
CAGCAATAAGCATGAC--CCTCCAGC 0-17A2G1
CAGCAATAATCATGAC- -CCTCCAGC 0-17A2G2
CAGCAATAAGAATGAC--CCTCCAGC 0-17A2G3
CAGCAATCAGCATGA- - -CCTCCAGC 0-17A3
CAGCAATCAECATGA---CCTCCAGC 0-17A3G2

the total protein (5-fold purification) was dialyzed against H2K150
buffer (25 mm HEPES, pH 7.9, 150 mm KCI, 200 mm EDTA, 1 mMm
MgCl,, 20% glycerol, 1 mm DTT, 1 mm Na,S,0;, 0.5 mM phenylmeth-
ylsulfonyl fluoride) and fractionated through heparin-Sepharose CL-6B
(HiLoad 26/10 column, 40 ml, Pharmacia). The column was washed
with H2K150 buffer and eluted with 90 ml of a 150-660 mm KCl
gradient in H2 buffer (25 mm HEPES, pH 7.9, 200 mm EDTA, 1 mm
MgCl,, 20% glycerol, 1 mm DTT, 1 mm Na,S,0;, 0.5 mM phenylmeth-
ylsulfonyl fluoride). Fractions with the highest UEF-4 activity
(screened by EMSA) were pooled and dialyzed against H2K150. The
pool was passed over a column containing the mutated UEF-4-binding
site DNA (0-17A2D; see Table I for sequence) to eliminate nonspecific
DNA-binding proteins; the column was prepared by coupling a strepta-
vidin-agarose resin (3.2 ml, Pierce) to the 5'-biotinylated (top strand)
double-stranded 0-17A2D oligonucleotide. The flow-through, containing
96-98% of the loaded UEF-4 activity, was finally passed over a 0-17A2-
streptavidin-agarose column. The 0-17A2-streptavidin-agarose column
was prepared by coupling 1.6 ml of streptavidin-agarose to the biotinyl-
ated 0-17A2 oligonucleotide (UEF-4-binding site). The column was
washed with H2K150 buffer and eluted with 15 ml of a 200-575 mm
KCI gradient in H2 buffer. Fractions were screened by EMSA and
analyzed by SDS-polyacrylamide gel electrophoresis, followed by silver
staining. Samples for electrophoresis (1 ul) were mixed with an equal
volume of 2 X loading buffer (20 mm Tris-HCI, pH 8.0, 5% SDS, 2 mm
EDTA, 10% B-mercaptoethanol, 0.02% bromphenol blue), heated at
100 °C for 5 min, and resolved on 10—-15% gradient gels by using the
Phast System (Pharmacia). Pharmacia low molecular weight markers
were used as protein standards.

RESULTS

The UEF-binding Sites Overlap—The uCOM oligonucleotide
(0-17, see Table I for sequence) forms with HeLa nuclear ex-
tracts four retarded complexes (UEF1-4) (13) in electro-
phoretic mobility shift assays (EMSAs), of which UEF-2/3 bind
specifically the TGACAG sequence (16). A substitution of two
nucleotides, one of which lies within the TGACAG sequence
(0-17D, Table I), prevents the formation of all four complexes
(1), indicating that these factors might bind to overlapping
sequences or that the four bands (or some of the bands) repre-
sent multimers of the same protein(s). Since we have previ-
ously characterized the UEF2/3-binding site (16), we used a
UEF-2/3-specific affinity resin (U3SBE-agarose, see “Materials
and Methods”) to deplete a nuclear extract of this activity and
tested the depleted extract for UEF-1 and UEF-4 binding ac-
tivities. The U3BE resin has been previously shown to purify to
homogeneity the UEF2/3 complexes (16). The U3BE-treated
extracts were used in EMSA with a labeled uCOM oligomer as
a probe (0-17). These extracts showed a specific loss of UEF-2/3,
but not of UEF-1 and UEF-4 (Fig. 2). Control DNA affinity
resin containing a mutated TGACAG sequence (U3SBEmut, see
“Materials and Methods”) failed to deprive nuclear extracts of
UEF-2/3 factors, demonstrating the specificity of the observed
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Fic. 2. UEF-1 and UEF-4 bind uCOM independently of UEF2/3.
EMSA was carried out using 3?P-labeled 0-17 oligonucleotide and 10 ug
of nuclear HeLa cells extracts in the absence (— lanes) or in the pres-
ence of the U3BE or USBEmut affinity resin (see “Materials and Meth-
ods” for sequences). Different amounts of resin were used (5, 10, or 15
ul, respectively). 2.5 fmol of probe was added in each case. The sequence
of 0-17 is reported in Table I.

depletion (Fig. 2). We conclude that UEF-1 and UEF-4 binding
activities are independent of the presence of UEF-2/3 and
hence may be due to different proteins. Moreover, the data of
Fig. 2 also indicate that UEF-1 and UEF-4 have a DNA se-
quence specificity distinct from that of UEF-2/3.

Identification of the Binding Sequence for UEF-4—To ana-
lyze the DNA binding specificity of UEF-4, oligomers with a
mutated uCOM were employed as competitors in binding as-
says. We began the analysis by deleting one, two, and three
nucleotides, respectively, at the 3’-end of the TGACAG consen-
sus in the 0-17 (uCOM) sequence, generating the 0-17A1,
0-17A2, and 0-17A3 oligonucleotides (see Table I for sequences).
As shown in Fig. 3 A, the 0-17A1 oligonucleotide competed as
efficiently as the wild type 0-17 for the formation of all UEF
complexes. However, mutation 0-17A2, while still able to com-
pete for UEF-4, no longer competed for UEF-1 and UEF-2/3. On
the other hand, 0-17A3 competed for UEF-1 and UEF-4, but no
longer for UEF-2/3. Oligonucleotide 0-17D, shown for compar-
ison, was unable to compete for any of the complexes. These
results were confirmed by direct binding studies; labeled
0-17A2 oligonucleotide gave rise to a single retarded complex,
which co-migrated with the UEF-4 complex (Fig. 3, B). This
band was competed for by unlabeled wild type 0-17 oligonucleo-
tide to the same extent as the UEF-4 complex formed by the
wild type 0-17 probe. Thus, the complex formed by 0-17A2
behaved like UEF-4 not only in electrophoretic mobility but
also in binding specificity. Labeled 0-17A3 oligonucleotide gave
rise to two retarded complexes exhibiting the same relative
mobility and the same binding specificity of UEF-1 and UEF-4
(data not shown).

To better define the UEF-4-binding sequence, we used meth-
ylation interference analysis with 0-17A2, which only binds
UEF-4 with the same affinity of 0-17 (see Fig. 3B). Partially
dimethyl sulfate-modified 0-17A2 probes, labeled on either
strand, were used in scaled-up binding reactions. Fig. 4 shows
a representative experiment. In the UEF-4-bound DNA, two G
residues on the bottom strand and one on the top strand be-
came totally unreactive to piperidine treatment (filled circles).
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Fic. 3. Mutant 0-17A2 oligonucleo-
tide binds only UEF-4. EMSA analysis
of 0-17 and 0-17A2 oligonucleotides (see
Table I) with 5 pg of HeLa nuclear ex-
tracts and 2.5 fmol of labeled probe. A,
deletions in the 0-17 oligonucleotide affect
its ability to compete for UEF factors
binding. Competitors were used in 200-
and 600-fold excess. B, comparison of di-
rect binding and competing activity of
0-17 and 0-17A2 oligonucleotides. The ex-
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In addition, a weak protection was observed on one G residue
on the top strand (open circle). These data indicate that UEF-4
binds DNA mostly outside of the UEF-2/3-binding site but that
one weak contact also occurs with the first guanine of the
TGACAG sequence. Thus, the UEF-2/3-binding site appears to
partially overlap with the UEF-4-binding site.

To support these findings, the three G residues totally pro-
tected in the methylation interference assay in the o0-17A2
oligonucleotide were individually mutated to T residues. The
ability of the unlabeled mutated 0-17A2G1, -G2, and -G3 oligo-
nucleotides to compete for UEF-4 formation was tested by
EMSA (data not presented) and showed that 0-17A2G1,
0-17A2G2, and 0-17A2G3 (see Table I for sequences) were sig-
nificantly less effective than the 0-17A2 oligomer in inhibiting
UEF-4 complex formation, confirming the results obtained by
methylation interference analysis. As a negative control, mu-
tation D was inserted in the context of the 0-17A2 sequence
(0-17A2D; see Table I). Densitometric quantitation of the data
indicated that an at least 4-fold higher concentration of mu-
tated oligomers was needed to achieve 50% inhibition with
respect to 0-17A2 (Fig. 5).

Taken together, the results of Figs. 4 and 5 strongly support
the conclusion that the G residues, whose methylation pre-
vented binding, were involved in contacts between DNA and
UEF-4. However, the methylation interference analysis was
carried out in a mutated context of the uCOM region, the
0-17A2 sequence, which is only permissive for the binding of
UEF-4. Therefore, mutation G2 was introduced in the 0-17 wild
type sequence. The mutated uCOM oligomer (0-17G2, Table I)

was assayed both in binding and in competition studies. As
shown in Fig. 64, when 0-17G2 was used as a competitor with
0-17 and 0-17A2 probes, it uniquely failed to compete for the
formation of UEF-4 complex. When used as a probe, the 0-17G2
mutation still bound UEF-1 and UEF-2/3, but not UEF-4. In
addition, labeled 0-17G2 was incapable to form a UEF-4 com-
plex with HeLa nuclear proteins, while normally forming the
other complexes (Fig. 6B); in this experiment, the different
intensity of the UEF bands shifted by the wild type and the
0-17G2 oligonucleotides was due to different specific activities
of the probes and not to weaker affinity. When G1 and G3
mutations were inserted into the o0-17 wild type sequence,
similar results were obtained (data not shown). We conclude
that the three G residues identified by methylation interfer-
ence do not significantly interact with UEF factors other than
UEF-4. Thus, the sequence CAGC, immediately 5’ of TGACAG,
is specific for UEF-4 and has no overlap with other UEF-
binding sites.

To define the 5’-boundary of the UEF-4 site, we constructed
5’-deleted oligonucleotides and tested their binding and com-
peting activity. As shown in Fig. 7 (A and B), the shortened
oligonucleotides U4a and U4b bound to and competed with
UEF-4 as efficiently as the 0-17A2 sequence. On the other
hand, U4c and U4d showed a reduced or an absent UEF-4
binding activity, respectively, setting a 5’-limit for the UEF-4-
binding site (5’-AATC .. .).

The presence of a weak protected G residue in methylation
interference suggests that the binding sites for UEF-2/3 and
UEF-4 overlap. In fact, substitution of A and G in the CATGAC
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Fic. 4. Methylation interference analysis of the UEF-4 com-
plex. UEF-4-bound or -free 3*P-labeled 0-17A2 were isolated from a
larger scale EMSA and treated for methylation interference as indi-
cated under “Materials and Methods.” Bottom strand indicates the
antisense, and top strand indicates the sense strand of the oligonucleo-
tide as present in the uPA enhancer sequence. B and F refer to UEF-
4-bound and -free 0-17A2 oligonucleotides. Filled circles show G resi-
dues whose methylation is strongly interfered with by UEF-4 binding.
Empty circles show residues with weak interference. The sequence of
the oligonucleotide is reported at the bottom along with the effect of
methylation.
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Fic. 5. Role of the protected G residues in UEF-4 binding.
EMSA was carried out with 5 ug of HeLa nuclear extract and 2.5 fmol
of 3?P-labeled 0-17A2 probe. Competitors were used at 100-, 200-, 400-,
and 800-fold excess. Quantitation was obtained through densitometric
analysis. A.U., arbitrary units. The sequences of the oligonucleotides
are shown in Table I.
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Fic. 6. The G residues involved in UEF-4 contacts are impor-
tant for binding also in the context of the wild type uCOM
sequence. EMSA was carried out with 5 ug of HeLa nuclear extract
and 2.5 fmol of probe. A, ability of different mutated oligonucleotides to
compete for binding. The DNA sequence of the employed oligonucleo-
tides is shown at the bottom. B, direct binding of the 0-17G2 mutant
oligonucleotide. Competitors were used at 200- and 800-fold excess.
Probes 0-17 and 0-17A2 are used as controls.

sequence of 0-17 (oligonucleotide 0-17D) also destroys UEF-4
binding (see above). To obtain a better refinement of the 3'-
border, we individually mutated the TGA nucleotides in the
0-17 sequence, and tested their binding ability. As shown in
Fig. 7C, mutations D1 (A to T) and K (T to G) destroyed UEF-4
binding activity, while mutation D2 (G to C) had a weak effect
only. On the other hand, all three mutations interfered with
the binding of UEF-1, and mutation D2 also interfered with the
binding of UEF2/3. These data extend the 3’-border of the
UEF-4 site to at least the T of the TGACAG sequence and show
that the binding sites for all factors indeed overlap within the
ATGA sequence. Thus, the sequence 5'-AATCAGCAT(G)-3' is
the binding site for UEF-4.

In Vivo Analysis of the Function of the UEF-4 Site—Having
identified mutations that in the context of the otherwise wild
type uCOM uniquely prevent formation of UEF-4, we have
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o-17 CAGCANTCAGCATGACAGOCTOCAGC
o-17D TOCTCTCAGCANTCAGCTTCACABCCTCCAGC
o-17D01 TOCTCTCAGCATTCAGCT TGACACCCTOCAGT
o-17K TGCTCTCAGCATTCAGCTOGACAGCCTOCAGC
o-1702 TOCTCTCAGCATTCAGCTTCACAGCCTOCAGT

Fic. 7. Refining the 5'- and 3’'-ends of the UEF-4 recognition
sequence. Conditions of EMSA as in Fig. 5. A, competitors employed at
100-, 200-, 400-, and 800-fold excess. The sequence of the oligonucleo-
tides employed is shown at the bottom. B, competitors employed in 200-,
400-, and 600-fold excess. C, competitors (Comp) used at 200-, 400-, and
600-fold excess. The sequences of oligonucleotides used to define the
3’-end of the UEF-4 site are shown below.

employed them to investigate its specific function in the uPA
enhancer. The mutations were introduced in the context of the
otherwise wild type uPA enhancer, which was cloned in the
pBLCAT2 vector upstream of a thymidine kinase promoter,
and assayed by transient transfection analysis in HepG2 cells.
All constructs had intact PEA3/AP1A and AP1B sites. CAT
activity of HepG2 cells was measured under both basal and
PMA-induced conditions, since the enhancer contributes to
transcription under both conditions (1). Transfection efficiency,

UEF-4 DNA-binding Protein

evaluated by co-transfection with a lacZ expression vector,
allowed standardization of CAT activity values (see “Materials
and Methods”). The results are summarized in Fig. 8. In the
case of the intact uPA enhancer (WT'CAT), the basal CAT
activity was given a value of 1.0 (see the actual CAT activity in
the legend). In this case, PMA elicited a 10-fold increase of
transcription. Induction was abolished in the presence of mu-
tations in the PEA3, AP1A, or AP1B site (not shown, but see
Refs. 1 and 13). Other controls included two different muta-
tions that destroy all COM-binding sites (FIECAT and DECAT)
and had a drastic effect on both basal activity, which was
reduced to 0.4 (the level of the enhancerless pPBLCAT2), and on
PMA induction, which was essentially blocked, in agreement
with previous data (1, 13). This confirms that COM integrity is
essential for enhancer activity. Moreover, we also confirmed
that dCOM and uCOM each contributed by about 50% to the
PMA-induced enhancer activity, as shown by the two mutants
E and D (constructs DCAT and ECAT), in which the protein
binding activity of dCOM and uCOM, respectively, is de-
stroyed. The role of UEF-4 in uCOM activity was therefore
tested with construct G2CAT, in which only the binding site for
UEF-4 was mutated. No effect on basal activity and a minor
reduction of PMA inducibility were noticed. Thus, the presence
of UEF-1 and UEF-2/3 sites was sufficient to ensure almost full
uCOM activity. When we analyzed the activity of a construct in
which the binding of UEF-1 and UEF-2/3, but not of UEF-4,
had been destroyed (construct A2CAT), we found a slightly
higher basal level and full PMA inducibility (about 10-fold).
Thus, UEF-4 could substitute for UEF-1 and UEF-2/3. How-
ever, when also dCOM was mutated (construct A2ECAT), basal
transcription was reduced to the level of the enhancerless
pBLCAT2 construct (to 0.4), but it was still partially inducible
by PMA with an induction ratio of about 3, comparable with
that observed for construct ECAT, in which the enhancer is
also missing dCOM activity. These results indicate that UEF-4
can fully substitute for UEF-1 and UEF-2/3, in both basal and
PMA-stimulated transcription, but only in the presence of an
intact dCOM. Apparently, UEF proteins bound to uCOM must
cooperate with proteins bound to dCOM to ensure full enhancer
activity, and thus COM function may be the result of interac-
tions between the two subregions.

Characterization of UEF-4—We purified the UEF-4 DNA
binding activity through a variety of techniques ending with
DNA affinity chromatography on the 0-17A2 oligonucleotide
(see “Materials and Methods”). The purified factor, analyzed on
a 10-15% gradient SDS-polyacrylamide gel electrophoresis,
showed two main bands of about 105 and 65 kDa, respectively
(Fig. 94, lane labeled 18). The two bands represent at least 90%
of the total proteins as showed by further diluting fraction 18
(data not shown). The DNA binding specificity of purified
UEF-4 was tested by EMSA; the complex formed by labeled
0-17A2 oligonucleotide with an aliquot of the purified fraction
had a mobility identical to the complex formed with the crude
nuclear extract and was competed for by unlabeled 0-17A2, but
not by 0-17A2D (Fig. 9B), as expected for UEF-4. In addition,
UEF-4 also bound an oligonucleotide reproducing the ICK-1
element of the LD78/MIP-1a promoter (see Fig. 11 for se-
quence) (data not shown).

To test whether both polypeptides were involved in DNA
binding, we performed UV cross-linking analysis with the
UEF-4-binding site, using both purified UEF-4 and crude HeLa
nuclear extract and a bromine-substituted 0-17A2 probe. The
complex shifted by the labeled bromine-substituted 0-17A2
probe on native polyacrylamide gel was UV-irradiated in situ,
excised, and subjected to SDS-PAGE analysis under reducing
conditions (see “Materials and Methods”). The results (Fig. 10)
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BASAL ACTIVITY

10,5(:/-1.6)

8,4(+/-1.4)

9,5(+/-1.5}

Fic. 8. Effect of COM mutations on uPA enhancer activity in HepG2 cells. HepG2 cells were transfected with pBLCAT2 constructs
modified as described under “Materials and Methods,” and CAT activity was measured from both untreated and PMA-treated cells. CAT values
are normalized for transfection efficiency (see “Materials and Methods”). The value of 1 is assigned to the activity measured in untreated HepG2
cells with the wild type enhancer construct (WT'CAT). This corresponds to 0.5% conversion of [*Hlacetyl-CoA. Fold induction represents the ratio
between CAT activity of PMA-treated versus untreated cells. The data represent the average of different experiments (+ S.D.). It should be noted
that FIECAT construct has the same induction ratio and basal activity as the enhancerless pPBLCAT2 vector (not shown). In the left part of the

figure, the stripes identify mutationally inactivated sites.

showed in both cases a unique 120-130-kDa cross-linked ad-
duct. The migration of the adduct was in good agreement with
that of the 105-kDa species identified by SDS-PAGE analysis of
the purified fraction, considering the 15-18-kDa contribution of
the oligonucleotide. The data therefore indicate that the 105-
kDa polypeptide is involved in direct DNA binding. Whether or
not the 65-kDa polypeptide is also involved in DNA binding
remains to be established.

DISCUSSION

The —2.3 kilobase enhancer mediates transcriptional activa-
tion of the uPA gene by PMA, epidermal growth factor, okadaic
acid, granulocyte-macrophage colony-stimulating factor, and
cytoskeletal rearrangements (12, 13, 15, 28). It is formed by a
complex and novel arrangement of protein-binding sites (Fig.
1). The combined PEA3/AP-1A and AP-1B sites, bordering the
5’- and 3’-ends of the enhancer, are all essential for both
transcriptional induction and basal activity of the uPA gene.
AP-1A is an octameric sequence that in PMA-induced HepG2
cells binds the c-Jun/ATF-2 dimer; the AP-1B is a heptameric
motif, similar to the collagenase PMA-responsive element,
which is recognized by c-Jun/c-Jun and c-Jun/c-Fos dimers (27).
In granulocyte-macrophage colony-stimulating factor-stimu-
lated macrophages, the PEA-3 site appears to bind the Ets-2
protein (28). In several cells, COM-mediated synergic action of
these sites is required to activate transcription (13, 14). Re-
markably, PEA3 and AP-1 sites, that in several enhancers are
sufficient to activate transcription (29-31), do not do so in the
uPA gene if the interposed 74-base pair COM region is mutated
(13). Thus, the activity of the uPA enhancer requires coopera-
tion between transactivating sites. COM-mediated transacti-
vation does not appear to be restricted only to the PEA3/AP-1A
and AP-1B sites. Indeed, COM allows cooperation between the
PEA3/AP-1A site and a glucocorticoid-responsive element (13).
Thus, COM-mediating synergic transcriptional activation may
be at least in part independent of the nature of the transcrip-
tion factors involved.

In agreement with the view that COM activity is mediated
by its binding proteins, disruption of all individual protein-
binding sites of COM abolished the enhancer activity (Fig. 8).
On the other hand, although essential, COM has no direct
transactivation capacity nor facilitates binding of transactiva-
tor proteins to their specific sites (1). The bipartite COM struc-
ture is reproduced at the functional level. Indeed, while u"COM

and dCOM can substitute for each other in basal transcription,
each contributes by about 50% to the COM-dependent PMA
induction (Ref. 1; see also Fig. 8).

In this paper we have characterized the UEF-4-binding site
in uCOM. First, the proteins binding to the UEF-4 and UEF-1
sites were shown to be distinct from UEF-2/3, since their bind-
ing activity was not influenced by the depletion of UEF-2/3
from HeLa nuclear extracts (Fig. 2). This was further sup-
ported by the isolation of distinct DNA sequences binding only
UEF-4 (0-17A2) or uniquely affecting UEF-4 binding (0-17A2).
The independent binding of the various factors was also con-
firmed by binding studies performed with limiting amounts of
uCOM that failed to show supershifted complexes (not shown).
Thus, simultaneous binding of UEF proteins is unlikely to
occur in the context of uCOM. Since a two-nucleotide substitu-
tion in 0-17 separated by a single base pair, mutation D, im-
paired the binding of all UEF proteins, the UEF-binding sites
probably overlap. The mutagenic analysis of uCOM identified
the sequence AATCAGCATG as the UEF-4-binding site. This
sequence overlaps by two nucleotides the UEF-2/3-binding site,
TGACAG (Fig. 11B), and mutation of the overlapping sequence
destroys binding of all UEF factors (D mutation).

The functional role of UEF-4 was analyzed in vivo by trans-
fecting into HepG2 cells (under basal or PMA-induced condi-
tions) a thymidine kinase promoter-driven CAT reporter plas-
mid carrying a wild type or mutated uPA enhancer. The data
show that the UEF-4 and UEF-1 plus UEF-2/3 sites of uCOM
could functionally replace each other. Indeed, a mutation of the
UEF-4 site (mutation 0-17A2) had no effect on basal activity
and caused only a minor reduction of PMA-induced transcrip-
tion (Fig. 8). Likewise, a uCOM mutated for UEF-1 and UEF-
2/3 binding, but still carrying an intact UEF-4-binding site
(0-17A2 mutation), displayed full basal and PMA-induced ac-
tivities (Fig. 8). The requirement for at least one of these
protein-binding sites was shown by the effect of mutation D,
which destroys all three binding sites (UEF-1, UEF-2/3, and
UEF-4) and impaired the activity of the uPA enhancer behav-
ing like a uCOM deletion. The results were different, however,
when dCOM was functionally absent. The double mutation
0-17A2E, lacking UEF-1/2/3-binding sites in uCOM and all of
the dCOM-binding sites, displayed a very low basal level activ-
ity comparable with that of an enhancerless constructs but was
still 4-fold induced by PMA (Fig. 8). Therefore, UEF-4, as well
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Fic. 9. Electrophoretic and DNA binding properties of puri-
fied UEF-4. A, silver staining of the SDS-PAGE analysis of purified
UEF-4 (fraction 18 from the DNA affinity column; see “Materials and
Methods”). M, molecular weight markers (size indicated on the left). L,
an aliquot of the proteins loaded onto the DNA-affinity column; FT,
flow-through; 18, the analysis of 1 ul of fraction 18 of this column. B,
EMSA of 5 ug of whole nuclear extract (NE) of HeLa cells or of 1 ul of
fraction 18 eluted from the DNA affinity column. In both cases, 2.5 fmol
of probe and 200- and 600-fold excess unlabeled competitor were
employed.

as the UEF-1 plus UEF-2/3-binding site, is an important re-
quirement in the function of COM in mediating PMA induction
of transcription.

Unraveling the molecular basis of COM function requires
better understanding of the proteins involved and their struc-
tural and functional characterization. In vitro binding studies
showed that uCOM can bind three distinct UEF factors differ-
ing in electrophoretic mobility and binding specificity. In fact a
DNA affinity resin, containing the TGACAG exanucleotide
flanked by unrelated sequences, was able to deprive HeLa
nuclear extracts of UEF-2/3 binding activities. We have now
isolated to near homogeneity the UEF-4 factor exploiting the
information obtained on its DNA sequence specificity. The most
purified UEF-4 preparation (Fig. 9) contains two protein bands
of 105 and 65 kDa and binds DNA with the expected DNA
sequence specificity. UV cross-linking analysis (Fig. 10) shows

UEF-4 DNA-binding Protein

A NE frac. #18 MW (kDa)
~-— 220
e -
--—66
- 46
B
x L
5- CAGCAATCAGCATGACCCTCCAGC 01742
GTCGTTAG'I:CGIAC'I:GGGAGGTCG
oK X X= 5-BrdU

FiG. 10. The 110-kDa polypeptide has DNA binding activity. A,
SDS-PAGE (10% acrylamide) analysis of the products of the cross-
linking reaction between bromine-substituted, 3?P-labeled 0-17A2 oli-
gonucleotide and 15 ug of nuclear extract (NE) or 6 ul of purified UEF-4
(fraction 18; frac. #18). The UEF-4 complex was separated by EMSA,
UV-cross-linked in situ, and analyzed by SDS-PAGE (see “Materials
and Methods”). The position of the molecular weight markers is shown
on the right. B, sequence of the 0-17A2 oligonucleotide and position of
the 5-bromodeoxyuridine substitutions.

A
Mu GCAATCAGCATGACAGCCTCCAGCCAAGTAATCC-GGAGTCATGAGAGCTGTT
Hu cC T C
Po - T T- C
B
GCAATCAGCATGACAGCCTCCAGC uCOM

AATCAGCATG UEF-4 binding site

TGACAG UEF2/3 binding site

AATCAGCATG UEF-4 binding site
ATCAATCAA PBX responsive element
D
AATCAGCATGACAGCCTC uCOM
ACTTAGCATGACAGCATC LD78/MIP1a ICK-1
GGGAAGCATGGCAGCAGG IL3ICK-1
ACCATTA - ATCATT mGM-CSF ICK1

Fic. 11. Evolutionary conservation and sequence homologies
throughout the COM region. Panel A shows the DNA sequence of the
mouse (Mu) uPA-COM region. The sequences of the human (Hu) and
porcine (Po) uPA enhancers are indicated below (only the differences
are shown). Dashes indicate a gap. Panel B shows the extent of overlap
between UEF-2/3- and UEF-4-binding sites in uCOM. Panel C high-
lights the sequence homology between UEF-4 and the PBX recognition
element (15). Panel D shows the homologies between the uCOM and the
ICK-1 sequence of several inducible cytokine and protease genes (taken
from the following sources: LD78/MIP-1a ICK-1 (22), interleukin-3 (27),
and granulocyte-macrophage colony-stimulating factor (18).
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that at least the 105-kDa species is endowed with DNA binding
activity. However, we cannot yet exclude the possibility that
the 65-kDa protein also participates in the binding.

Interestingly, the 5'-half of the UEF-4-binding site is iden-
tical to the 5’-half of the site recognized by PBX (see Fig. 110),
a 40-55-kDa homeodomain protein regulating the DNA bind-
ing activity of Hox (32). It may be possible, therefore, that the
5'-half-site of the UEF-4 recognition sequence binds a PBX
family member. However, neither the 65- nor the 105-kDa
polypeptide of purified UEF-4 cross-reacts with specific anti-
PBX antibodies (data not shown).

The DNA sequence of COM is highly conserved among hu-
man, porcine, and murine species (Fig. 114). In addition, COM-
homologous sequences are present in the ICK-1 elements of
proteases like stromelysin and of chemokine and cytokine
genes, like LD78 (the murine homolog of human MIP-1« che-
mokine), interleukin-3, and granulocyte-macrophage colony-
stimulating factor, all PMA-inducible genes (16-20, 33) (Fig.
11D). Taken together, these considerations suggest that COM-
binding proteins play a general role also in transcription units
other than uPA. Of particular interest is the homology between
uCOM and the ICK-1 sequence of the LD-78/MIP1« gene (18),
which extends over 15 of the 18 bases, including the UEF-2/3
and part of the UEF-4-binding sites. We have now shown that
this sequence indeed binds the purified UEF-4 factor. We pre-
viously showed that UEF-2/3 also bound the negatively regu-
lating ICK-1 sequence of the interleukin-3 gene (16). COM, like
the ICK-1 elements, represents a transcription-inhibitory se-
quence that, at least in the uPA enhancer, prevents AP-1
cooperation. In fact, the COM requirement can be relieved by
its deletion, which allows the two AP-1 sites to cooperate (1).
The characterization of the proteins binding to COM will there-
fore lead to a better understanding of the transcription regu-
lation of a set of proteases and cytokine genes.
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