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Endothelin-1 (ET-1) is a 21-amino-acid vasoactive peptide initially characterized as a product of endothelial
cells. Reporter gene transfection experiments have indicated that a GATA site and an AP1 site are essential for
ET-1 promoter function in endothelial cells, and GATA-2 appears to be the active GATA factor which regulates
ET-1 expression. To look for interactions between AP1 and GATA-2, transactivation experiments were per-
formed with expression vectors encoding c-Jun, c-Fos, and GATA-2. Cooperativity between the AP1 complex
and GATA-2 was observed as a synergistic increase in transcriptional activity of the ET-1 reporter plasmid. In
addition, AP1 was able to potentiate the action of GATA-2 on reporter constructs lacking a functional AP1 site.
In a similar fashion, GATA-2 was able to potentiate the action of AP1 despite deletion of the GATA site.
Experiments with GATA-1 and GATA-3 expression vectors provided evidence that this capacity to interact with
AP1 may be a characteristic of all GATA family members. Biochemical evidence for AP1-GATA interaction was
provided by immunoprecipitation experiments. A GATA-2-specific antiserum was shown to immunoprecipitate
in vitro-synthesized Jun and Fos protein from reticulocyte lysate. Also, antisera directed against Jun and Fos
were able to immunoprecipitate from nuclear extracts a GATA-binding protein, indicating the association of
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AP1 and GATA proteins in vivo.

Endothelin-1 (ET-1) is a potent vasoconstrictor and smooth
muscle cell mitogen expressed in endothelial cells of the vas-
cular wall (38). Because of the potential role of ET-1 in vas-
cular diseases such as hypertension and atherosclerosis, the
biology of this vasoactive factor and its high-affinity receptor
has been intensively studied (21, 22). In particular, numerous
studies have investigated the regulation of the ET-1 gene by
hormones and physical factors such as hypoxia and shear stress
(10).

This laboratory and others have used the ET-1 gene to
investigate transcriptional regulation in endothelial cells. The
high-level cell-restricted expression of this promoter in vitro
has made it an attractive model for such studies (4, 17-19, 36).
Reporter gene transfection experiments have indicated that
the ET-1 promoter has at least two essential protein binding
motifs (17, 36). One of these (TTATCT, bp —136 to —131) is
similar to sequences associated with other eukaryotic genes
which interact with one or more GATA factors. Members of
the family of GATA-binding proteins recognize a consensus
sequence motif, WGATAR, through a conserved zinc finger
DNA binding domain (25). The GATA-1 protein is essential
for development of both primitive and definitive erythroid cell
lineages (5, 27, 32), and GATA-3 is considered to play an
important role in lymphoid cell development (11, 13, 16, 37).
Recently, a fourth member of the GATA family, GATA-4, has
been identified and shown to be expressed primarily in the
endocardium and myocardium (1, 8, 14). Expression studies
with Xenopus embryos and gene targeting experiments with
mice have established that GATA-2 has a very early role in
hematopoietic cell development (15, 31, 34). Data from this
laboratory and others have also indicated that GATA-2 serves
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an important function in transcriptional regulation of endothe-
lial cell genes such as the ET-1 gene (4, 19). However, its
presence alone cannot account for cell-restricted expression of
ET-1, since GATA-2 appears to be expressed in many cell
types in the adult (4, 19, 25, 37).

A second essential protein binding motif (TGACTAA, bp
—108 to —102) is capable of mediating the binding of Jun and
Fos family members and confers AP1 responsiveness on a
heterologous promoter (18). In addition, this element appears
essential for constitutive baseline activity of the ET-1 promoter
in endothelial cells in culture. Gel mobility shift assays have
failed to provide evidence that factors other than Jun and Fos
are capable of interacting with this site in endothelial cells
(unpublished observations).

Much recent work has emphasized the importance of the
interaction of transcription factors in the regulation of gene
expression. Protein-protein interactions have recently been
shown to provide a link between signal transduction pathways
historically felt to terminate at independent transcription fac-
tors. Several members of the steroid receptor superfamily have
been shown to interact with members of the Jun and Fos
families (3, 6, 12, 24, 26, 28-30, 39). Myogenic determining
factors have also been shown to interact with Jun and Fos
family members, with this interaction modulating the balance
between growth and differentiation (2, 20). Several lines of
evidence indicate that GATA factors may interact directly with
AP1 to regulate transcription. First, GATA and AP1 sites are
found in close association in the core hypersensitivity sites of
the globin locus control regions and in a number of erythroid
promoters (23, 35). While some of these AP1-like sites may
preferentially bind the erythroid factor NFE2, it is likely that
some of these sites function primarily as Jun and Fos binding
sites (25). Second, a number of experiments indicate that
GATA sites in conjunction with an AP1 site constitute an
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active promoter, while GATA sites in conjunction with a
TATA box alone do not form an active promoter (18, 35).

In this report, we have investigated the interaction between
GATA-2 and Jun and Fos. Transfection analysis revealed a
synergistic transactivation of the ET-1 promoter in endothelial
cells when GATA-2 and Jun and Fos expression plasmids were
combined. This synergism was observed even if the AP1 site of
the ET-1 promoter was mutated, suggesting Jun and Fos may
directly associate with GATA-2. Experiments using synthetic
promoters confirmed these transfection data. Further transfec-
tion experiments revealed that other members of the GATA
family, including GATA-1 and GATA-3, were able to cooper-
ate with AP1 in the activation of the ET-1 promoter. Finally,
we have used immunoprecipitation experiments to provide ev-
idence that Jun and Fos proteins can associate with GATA
proteins in vitro and in vivo.

MATERIALS AND METHODS

Cell culture. Bovine aortic endothelial cells (BAEC) were isolated and cul-
tured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum (HyClone), 600 wg of glutamine per ml, 100 U of penicillin per ml, and
100 pg of streptomycin per ml as described previously (17). BAEC were passaged
every 3 to 5 days, and cells at passages 6 to 8 were used for transfection
experiments.

Plasmids. ET-1 reporter fusion plasmids contained the chloramphenicol
acetyltransferase (CAT) gene in conjunction with ET-1 5" promoter sequence.
The reporter plasmid —204CAT contained 204 bp of the wild-type ET-1 pro-
moter. Reporter plasmids with mutations in the GATA binding site (mut-
GATA), the AP1 site (mutAP1), or both (mutAP1mutGATA) were derived
from —204CAT by PCR-based site-directed mutagenesis (9). In the mutGATA
construct, the GATA binding sequence TTATCT was altered to TGCACT; in
the mutAP1 reporter, the wild-type sequence GTGACTAA was altered to GG
TACTAA. The mutAPImutGATA construct combined these mutations. The
sequence of each of the mutated PCR fragments was confirmed by dideoxy-chain
termination sequencing. The synthetic CAT reporter construct (1A+3AP1)
pSPCAT was constructed by cloning oligonucleotides encoding a single ET-1
GATA site and three tandem copies of the ET-1 AP1 site upstream of the simian
virus 40 minimal promoter and has been previously described (19).

Expression plasmids encoding rat c-Fos (CMVFos) and rat c-Jun (CMVJun)
were provided by Tom Curran (Roche Institute of Molecular Biology, Nutley,
N.J.). GATA-1 and GATA-3 expression plasmids were the kind gifts of C.
Trainer (National Institutes of Health, Bethesda, Md.) and D. Engel (Depart-
ment of Biochemistry, Northwestern University, Evanston, I.), respectively. The
GATA-2 expression plasmid (DT3A) was cloned in this laboratory and has been
previously described (19). A partial-length clone encoding human E12 was kindly
provided by C. Murre (Department of Biology, University of California, San
Diego).

Transfection and CAT assays. BAEC in 100-mm-diameter dishes were trans-
fected with DNAs which had been incubated with 50 ug of Lipofectin (Bethesda
Research Laboratories). Each dish of cells received 5 pg of CAT construct and
1 to 2 pg of each expression plasmid. As a means for correcting for transfection
efficiency, either a pSVBgal or pRSVBgal construct was also included in each
transfection. The quantity of DNA in each transfection was increased to a total
of 10 pg by the addition of pCDMS8 vector plasmid DNA. Transfection was
carried out by incubating cells in the presence of DNA for 4 h. Subsequently,
cells were washed and cultured in fresh medium containing 2% fetal calf serum.
Cell extracts were prepared 48 h after transfection. The CAT and B-galactosidase
assays were performed as previously described (17). CAT activity was normalized
to B-galactosidase activity, and transactivation was expressed as fold increase
over the activity of the reporter construct alone (relative CAT activity). Trans-
fection experiments were repeated at least 10 times. Since there was little vari-
ation between experiments, the data for a single representative experiment are
presented as the mean of a triplicate transfection.

Gel mobility shift assays. Complementary oligonucleotides encoding the ET-1
GATA site were labeled with T4 polynucleotide kinase and used in binding
reactions with 2 pl of commercially obtained rabbit reticulocyte lysate (Pro-
mega), and nondenaturing gel electrophoresis was performed as previously de-
scribed (18).

In vitro protein synthesis and immunoprecipitations. Anti-Jun and anti-Fos
polyclonal antisera were provided by S. Hann (Cell Biology, Vanderbilt Univer-
sity, Nashville, Tenn.). Polyclonal antisera directed against the carboxy-terminal
289 amino acids of human GATA-2 (a-GATA-2a) or the amino-terminal 154
amino acids (a-GATA-2b) were generated in this laboratory. GATA-2 cDNA
sequence 5’ or 3’ of the internal Sacl site was adapted with a synthetic linker for
insertion in frame into the EcoRI site of the prokaryotic expression vector
pMal-c (New England Biolabs). Recombinant fusion protein was induced in the
presence of isopropylthiogalactopyranoside (IPTG), and the induced fusion pro-
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teins containing maltose-binding protein and GATA-2 were excised from the gel.
The gel fragments were homogenized into Freund’s complete adjuvant and
injected into rabbits as described elsewhere (7). Specificity of the antisera was
evaluated by Western blotting (immunoblotting) using gels containing intact and
cleaved maltose-binding protein-GATA-2 and unrelated fusion proteins.

35S-labeled proteins were synthesized in vitro, using rabbit reticulocyte lysate
(Promega) under conditions suggested by the manufacturer. Lysate reaction
mixtures containing c-Jun, c-Fos, E12, and GATA-2 were incubated at 37°C for
30 min, and then 500 pl of radioimmunoprecipitation assay (RIPA) buffer and 5
ul of antisera were added. Following incubation for 2 h at 4°C, 30 pl of pre-
cleared protein A-Sepharose (Sigma) was added, and this mixture was incubated
for an additional 2 h at the same temperature. The samples were washed exten-
sively in RIPA buffer and 2 M urea. Bound proteins were eluted in sodium
dodecyl sulfate (SDS) sample buffer and subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) on 10% polyacrylamide gels, and the gels were fixed,
dried, and exposed to film.

Protein-DNA cross-linking and immunoprecipitation. BAEC were stimulated
in Dulbecco’s modified Eagle’s medium plus 20% fetal calf serum for 2 h, washed
three times with phosphate-buffered saline (PBS), scraped, and collected in PBS
at 4°C by centrifugation. Cells were suspended in an equal volume of extraction
buffer (20 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid [HEPES;
pH 7.9], 600 mM KCl, 20% glycerol, 1 mM EDTA, 100 pg of aprotinin per ml)
and lysed by freezing and thawing three times. Lysed cells were centrifuged, and
the supernatants aliquoted, quickly frozen, and stored at —80°C. The DNA
binding reaction was conducted in a total volume of 200 pl with 50 wl of cell
extract and 500,000 cpm of 3?P-labeled complementary oligonucleotides encod-
ing the ET-1 GATA site (GCCTTATCTCCGGCTGC) or an SP1 binding site
(ATTCGATCGGGGCGGGGCGAG). Also included in the binding reaction
was 10 pg of poly(dI-dC) and a standard binding buffer (18). Each reaction
mixture was irradiated on ice with a UV source (254 nm, 80 kJ/m?). One milliliter
of RIPA buffer was then added to each sample along with the appropriate
polyclonal antiserum (a-GATA-2b, anti-Jun, anti-Fos, or a control antiserum).
These reactions mixtures were incubated for 1 h at 4°C, protein A-Sepharose was
added, and incubation continued for an additional 2 h. Finally, the samples were
washed in RIPA buffer, boiled, and subjected to SDS-PAGE (10% polyacryl-
amide gels), and the dried gels were subjected to autoradiography.

RESULTS

GATA-2 and AP1 interact, and this interaction is not de-
pendent on the presence of both protein binding motifs. Pre-
vious studies have shown that overexpression of GATA-2 in-
creases transcription of ET-1 promoter constructs containing
the GATA site and that overexpression of c-Jun and c-Fos
increases transcription of ET-1 promoter constructs containing
the AP1 site (4, 18, 19). Results of experiments reported here,
using a 204-bp ET-1 promoter construct, confirm these earlier
findings (Fig. 1A). Transfection of a GATA-2 expression plas-
mid resulted in a 3-fold increase in transcription (Fig. 1A, bars
1 and 2), and transfection of Jun and Fos expression plasmids
resulted in an 18-fold increase in transcription (bars 1 and 3).
A new finding was that simultaneous cotransfection of expres-
sion constructs encoding all three transcription factors led to a
greater than additive (80-fold) increase in transcription (bars 1
and 4).

This apparent cooperativity of AP1 and GATA transcription
factors was further investigated by using the 204-bp ET-1 pro-
moter with mutations in the AP1 site (mutAP1; Fig. 1B). As
previously described, this 2-bp mutation in the AP1 site de-
creases protein binding to this region of the promoter and
leads to a decrease in basal promoter activity (18). The de-
crease in baseline promoter activity is also seen in these ex-
periments (compare lanes 1 in Fig. 1A and B; note the differ-
ence in ordinate scales). Cotransfection of the GATA-2
expression plasmid resulted in an increase in transcription sim-
ilar to that seen with the wild-type promoter (Fig. 1B, bar 2).
Despite the absence of a functional AP1 site, this reporter
construct also responded with a significant increase in tran-
scription to the overexpression of Jun and Fos (bars 1 and 3).
The ability of Jun and Fos expression vectors to augment the
effect of GATA-2 was also maintained in this mutAP1 reporter
construct (bars 1 and 4).

The increase in transcription of the mutAP1 promoter by
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FIG. 1. Synergistic transactivation of the ET-1 promoter by GATA-2 and Jun and Fos. BAEC were transfected with expression plasmids encoding human GATA-2,
rat c-Jun, and rat c-Fos. The reporter constructs contained the CAT gene under control of the ET-1 promoter with or without mutations of the GATA and AP1 DNA
binding sequences. (A) A native 204-bp ET-1 promoter linked to the CAT gene (—204CAT) served as the reporter gene. Five micrograms of reporter DNA was
transfected with 1 to 2 g of DNA for each expression vector. A constitutive 3-galactosidase vector was included in each transfection to control for differences in
efficiency of transfection. CAT activity was normalized to B-galactosidase activity, and transactivation was expressed as fold increase over the activity of the reporter
construct alone. (B) Reporter plasmid mutAP1 used in these experiments differed from —204CAT by 2 mutated bp in the AP1 site. Transfection conditions were the
same as for panel A. (C) The reporter gene mutGATA differed from —204CAT by 3 mutated bp in the GATA site. Transfection conditions were the same as for panel
A. (D) The reporter plasmid mutAP1mutGATA combined mutations found in mutGATA and mutAP1 constructs. Transfection conditions were the same as for panel A.

Jun and Fos was felt likely to be mediated by the GATA site or
by cryptic AP1 sites remaining in the ET-1 promoter or the
parent plasmid. To distinguish between these possibilities, we
conducted experiments with a 204-bp ET-1 promoter with mu-
tations in both the AP1 site and the GATA site (mutAP1mut
GATA; Fig. 1D). First, it is interesting that deletion of these
two sites results in a dramatic decrease in basal promoter
activity (Fig. 1D, bar 1; note the difference in ordinate scale).
Cotransfection of Jun and Fos expression plasmids did not
result in a measurable increase in promoter activity, providing
evidence against residual cryptic AP1 sites (bar 3). These data
indicate that the ability of Jun and Fos to increase transcription
of the mutAP1 construct, and the ability to enhance the trans-
activation of GATA-2, depends on an intact GATA site. Since
Jun and Fos cannot directly bind to the GATA site (unpub-
lished observations), it seems most likely that these factors
influence the rate of transcription via protein-protein interac-
tion. In this context, Jun and Fos may interact with endogenous
GATA-2 and increase transcription of mutAP1 through the
GATA binding site (Fig. 1B, bar 2).

To further investigate AP1-GATA-2 cooperativity, transac-
tivation experiments were performed with a 204-bp ET-1 pro-
moter containing a mutated GATA site (mutGATA; Fig. 1C).
Cotransfection of the GATA-2 expression vector failed to in-
crease the level of transcription of this reporter construct (Fig.
1C, bars 1 and 2). This result indicates that GATA-2 alone is
no longer able to activate this promoter. Jun and Fos were able
to transactive this mutated promoter at the expected level (bar
3). However, when the GATA-2 expression plasmid was co-
transfected with those encoding Jun and Fos, we detected a

moderate but consistent increase in activation which was
greater than that observed with Jun and Fos alone (bars 3
and 4). This increase is seen in the presence of the GATA-2
expression vector, despite baseline levels of endogenous
GATA-2 in these BAEC in culture. Since GATA-2 alone did
not lead to an increase in transcription, it seems likely that it
functions to amplify the response of Jun and Fos which is
mediated via the remaining AP1 site. Since endothelial cells
have very low baseline levels of AP1 binding activity (data not
shown), it is not expected that GATA-2 alone would be func-
tional via such an interaction with endogenous Jun and Fos at
the AP1 site.

The apparent ability of GATA-2 and AP1 to increase tran-
scription of the reporter construct despite mutation of their
cognate binding sites could potentially result from cross talk
between the expression constructs. For instance, results with
the mutAP1 and mutGATA reporter constructs (Fig. 1B and
C) could reflect the action of transcription factors encoded by
one expression vector on the promoters of the other expression
vectors. GATA-2 might increase expression of the cytomega-
lovirus promoters which drive the Fos and Jun expression
plasmids. This possibility was made less likely by using satu-
rating amounts of each expression construct. In titration ex-
periments, increasing amounts of the expression vectors were
transfected in conjunction with the ET-1 reporter plasmid.
With both the GATA-2 and the Jun and Fos expression plas-
mids, a plateau was reached after which increased amounts of
the expression plasmid did not result in increased levels of
transcription (data not shown). These plateau levels were 2 pg
for the GATA-2 construct and 1 pg for the Jun and Fos
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FIG. 2. Synergistic transactivation of a synthetic promoter by GATA-2 and
Jun and Fos. The CAT reporter construct for these experiments, (1A+3AP1)
pSPCAT, contained oligonucleotides encoding a single copy of the ET-1 GATA
binding sequence and three tandemly arranged copies of the ET-1 AP1 site
cloned upstream of the minimal simian virus 40 promoter in plasmid pSPCAT.
GATA-2, Jun, and Fos expression plasmids and transfection methods were as
described for Fig. 1.

constructs. These amounts of plasmid were used in the trans-
activation experiments to help ensure that transcription factors
expressed from one construct did not influence expression of
the other constructs.

Additional transfection experiments investigated the inter-
action of GATA-2 and AP1 in the context of a synthetic pro-
moter reporter construct. These experiments were performed
with a construct containing the minimal simian virus 40 pro-
moter combined with oligonucleotides encoding a single
GATA site and three copies of the ET-1 AP1 sequence (19).
Cotransfection of the GATA-2 expression vector with this re-
porter resulted in a small but consistent increase in transcrip-
tion, similar to that seen with the native ET-1 promoter (Fig.
2). The Jun and Fos expression vectors increased the rate of
reporter transcription by approximately fourfold. Cotransfec-
tion of the GATA-2 and the Jun and Fos expression vectors
shows a consistent 20-fold increase over the baseline level, a
greater activation than expected from the additive effects of
these factors. While this experiment does not address the
mechanism of the cooperativity, it provides further support for
the cooperative interaction of these transcription factors.

Interaction between Jun and Fos and other GATA protein
family members. Transcription factors which bind to the
GATA motif constitute a family of homologous zinc finger
proteins (1, 14, 25). There is a high degree of amino acid
homology in the zinc finger DNA binding domains of these
proteins, and this correlates with the high degree of conserva-
tion of the cognate DNA binding sequences. However, amino
acid sequence outside of the zinc fingers is less highly con-
served and may reflect differences in the profiles of protein-
protein interactions that allow these proteins to modulate tran-
scription in different cell types. To investigate the potential for
GATA-1 and GATA-3 to interact with Jun and Fos, expression
vectors encoding these factors were cotransfected with those
encoding Jun and Fos. The wild-type —204CAT reporter con-
struct was used in these experiments with endothelial cells. In
these experiments, GATA-1 and GATA-3 expression plasmids
also showed the synergistic enhancement of ET-1 reporter
gene expression when cotransfected with Jun and Fos expres-
sion plasmids (Fig. 3, bars 4 and 8). While GATA-1 was only
minimally active toward this nonerythroid promoter in endo-
thelial cells, the enhancement of transcription in the presence
of Jun and Fos is easily seen (bars 3 and 4). GATA-3 alone is
intermediate between GATA-1 and GATA-2 in its ability to
activate the ET-1 promoter construct when transfected alone
but is equal to GATA-2 in its ability to potentiate the effect of
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FIG. 3. Interaction between Jun and Fos and other GATA protein family
members. BAEC were transfected with the native ET-1 promoter construct
—204CAT. Human GATA-1, GATA-2, and GATA-3 expression vectors were
transfected with or without Jun and Fos expression vectors.

Jun and Fos (bars 7 and 8). These data indicate that the
interaction of Jun and Fos with GATA-binding proteins is not
limited to GATA-2, suggesting that this interaction might be a
general mechanism of transcriptional regulation involving all
of the GATA factors.

Physical association of Jun and Fos and GATA proteins.
Results of transfection experiments indicating that Jun and Fos
and GATA-2 are able to increase transcription despite dele-
tion of their cognate binding sites suggest that the cooperativ-
ity seen between these factors may be mediated by direct
protein-protein interaction. To investigate this possibility, ex-
periments were performed to provide biochemical evidence for
the association of these proteins in solution. These experi-
ments were made possible by the development of polyclonal
rabbit antisera raised against portions of recombinant
GATA-2 protein. The authenticity of these antisera was dem-
onstrated by their ability to recognize recombinant GATA-2
protein on Western blots and ability to immunoprecipitate a
49-kDa protein from metabolically labeled endothelial cells
(data not shown).

To perform in vitro biochemical studies investigating the
interaction of GATA-2 with Jun and Fos, these proteins and an
unrelated control protein (E12) were individually synthesized
in reticulocyte lysate reactions using mRNA derived from
cDNA clones (Fig. 4A). Radiolabeled Jun and Fos proteins
were immunoprecipitated by specific antisera but not by pre-
immune serum (Fig. 4B, lanes 1, 2, 4, and 5). However, the
GATA-2 antibody was ineffective at precipitating the synthetic
GATA protein (Fig. 4B, lane 8). It seemed likely that the
GATA antiserum was neutralized by rabbit GATA factors
endogenous to the reticulocyte lysate, and specific experiments
were conducted to verify this possibility.

Gel mobility shift assays were conducted with complemen-
tary oligonucleotides encoding the ET-1 GATA site (Fig. 4C).
As observed with similar experiments using this DNA probe
with nuclear extracts, two retarded complexes are visualized.
The larger of these has been shown to represent specific
GATA binding activity (data not shown). This GATA binding
activity in reticulocyte lysate is likely due in part to GATA-1,
but the presence of GATA-2 and GATA-3 in immature eryth-
rocytes raises the possibility that these proteins are present as
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FIG. 4. Specific in vitro and in vivo association of Jun, Fos, and GATA
proteins. (A) [*>S]methionine-labeled c-Jun, c-Fos, E12, and GATA-2 proteins
were produced by translation in rabbit reticulocyte lysate of in vitro-transcribed
mRNAs. In vitro translated products were analyzed as the input of immunopre-
cipitation experiments shown in panel B by SDS-PAGE (10% polyacrylamide
gel). Autoradiography is shown. (B) 3>S-labeled proteins were incubated with
c-Jun, c-Fos, or GATA antibodies for 2 h at 4°C. Protein A-Sepharose was
added, and the mixture was incubated for another 2 h at 4°C. The samples were
washed with RIPA buffer and urea, eluted with SDS sample buffer, and subjected
to SDS-PAGE (10% polyacrylamide gel). The gel was fixed and dried; autora-
diography is shown. Although the same amounts of counts were used in all
experiments, the number of counts loaded in the Jun immunoprecipitation was
greater, thus accounting for the prominent band in the gel shown (lane 1). (C)
Verification that GATA-2 antisera recognize rabbit GATA factors endogenous
to the reticulocyte lysate. Gel mobility shift assays were performed with reticu-
locyte lysate, using radiolabeled complementary oligonucleotides encoding the
ET-1 GATA binding site as a probe. Two retarded complexes were formed, and
the upper complex was shown to represent specific binding by competition with
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well (37). The GATA binding activity was almost abolished
when an antiserum directed against the carboxy-terminal two-
thirds of GATA-2 (a-GATA-2a) was included in the binding
reaction, as evidenced by the disappearance of the upper re-
tarded complex. An antiserum directed against the amino-
terminal one-third of GATA-2 (a-GATA-2b) also recognized
the GATA-binding protein, as evidenced by a supershifted
complex. These results indicate that the GATA-2 antisera are
capable of recognizing the GATA factors in reticulocyte lysate
which bind the ET-1 GATA site. Given the high degree of
conservation of amino acid sequence between species and be-
tween the DNA binding regions of the GATA factors, it is not
surprising that the GATA-2 antisera were able to inactivate
endogenous GATA-binding activity.

Binding experiments were also conducted in the presence of
Jun and Fos antisera (Fig. 4C). As with negative control anti-
sera (directed against maltose-binding protein and the helix-
loop-helix transcription factor), there was an increase in non-
specific binding but no significant change in the GATA binding
activity. These data verify the specificity of the antisera. Also,
since these antisera are known to supershift DNA-binding
complexes containing Jun and Fos proteins, these experiments
provide evidence that Jun and Fos are not present in the
DNA-protein complex or that the epitopes recognized by these
antisera are masked by the interaction with GATA-binding
proteins.

An experiment was thus conducted to investigate the ability
of the **S-labeled Jun and Fos proteins to interact with GATA
factors endogenous to the reticulocyte lysate. Immunoprecipi-
tations were performed with the polyclonal antisera to
GATA-2 and the in vitro-translated Jun and Fos proteins.
Interestingly, a significant portion of the synthetic Fos protein
was immunoprecipitated by the GATA antibodies (Fig. 4B,
lane 6). Similarly, labeled Jun protein was also immunopre-
cipitated with the GATA antisera (lane 3). These findings do
not result from the GATA-2 antisera directly interacting with
Jun and Fos, since results of control experiments using recom-
binant Jun and cell extracts containing high levels of native Jun
and Fos have verified the lack of such cross-reactivity (data not
shown). Also, the unrelated helix-loop-helix transcription fac-
tor E12 was not immunoprecipitated by the GATA antisera
(lane 7). These results indicate that in vitro-synthesized Jun
and Fos proteins were capable of associating with endogenous
GATA factors with such affinity that they were coprecipitated
despite harsh washing conditions such as with 2 M urea. These
GATA factors probably include GATA-1 and GATA-3 as well
as GATA-2.

In view of the results of the transfection experiments pre-
sented above, such in vitro findings are suggestive of direct
protein-protein interaction. To further explore this possibility,

excess unlabeled oligonucleotides. When a-GATA-1a [a-GATA (a)] was in-
cluded in the binding reaction, the specific binding was almost completely de-
stroyed. a-GATA-1b [a-GATA (b)] did not interfere with protein-DNA associ-
ation but increased the mass of the complex, producing a shift in the mobility
pattern. Polyclonal antisera against Jun and Fos (a-Jun and «a-Fos) did not alter
specific binding to the ET-1 GATA sequence. Polyclonal antisera directed
against maltose-binding protein (a-MBP) and a helix-loop-helix transcription
factor (a-HLH) also failed to alter specific binding to the ET-1 GATA site.
Lanes 1 to 6 and 7 to 9 represent two separate gel mobility shift experiments run
under identical conditions. (D) In vivo association of GATA-2 and Jun and Fos
proteins. Nuclear extracts from serum-stimulated BAEC were used in a binding
reaction with oligonucleotides encoding the ET-1 GATA site or a consensus SP1
site. Protein-DNA complexes were UV cross-linked, and this reaction was sub-
jected to immunoprecipitation with an antiserum specific for GATA-2, Jun, or
Fos or a negative control antiserum. A major 52-kDa band and several smaller
bands are seen with the GATA-2, Jun, and Fos antisera.



4230 KAWANA ET AL.

in vivo experiments were conducted with protein harvested
from cultured cells. Techniques used in these experiments
were similar to those used to confirm the in vivo association of
AP1 and the glucocorticoid receptor (12). A binding reaction
was conducted with *?P-labeled oligonucleotides encoding the
ET-1 GATA site and endothelial cell nuclear protein with a
serum-induced increase in AP1 binding activity. Molecules
binding to the GATA site were UV cross-linked to the radio-
labeled DNA and analyzed by immunoprecipitation and SDS-
PAGE. When immunoprecipitation was performed with anti-
sera to GATA-2 and protein cross-linked to the GATA site
DNA, a band of the expected size (52 kDa) was observed on
the autoradiograph (Fig. 4D, lane 2). The presence of multiple
bands most likely represents posttranslational modification of
the GATA-2 protein, although degradation during the exper-
imental protocol also remains a possibility. Most importantly, a
similar-size band was also observed when Jun and Fos antisera
were used in the immunoprecipitation. This result indicates
that Jun and Fos proteins are capable of associating with the
GATA-2 protein which is cross-linked to GATA binding se-
quence. The specificity of this interaction is verified by control
experiments using the SP1 binding site as a DNA probe (lane
5) and a control immune serum (lane 1).

DISCUSSION

Results of transactivation experiments presented here pro-
vide evidence that the combination of transcription factors
GATA-2 and AP1 increases transcription in a greater than
additive manner. This synergism was shown to occur with the
native proximal ET-1 promoter and also for synthetic promot-
ers combining GATA and AP1 cognate binding sites with a
heterologous promoter in an independent plasmid backbone
(Fig. 1 and 2). Other members of the GATA family of tran-
scription factors, GATA-1 and GATA-3, were also shown to
be able to cooperate with the AP1 complex. All transactivation
experiments were conducted with saturating amounts of ex-
pression constructs, to rule out the possibility that the observed
effects were due to cross-stimulation between the expression
vectors. Taken together, these experiments provide strong ev-
idence for the cooperative interaction of these transcription
factors. While the combination of an AP1 site and a GATA site
has been shown to provide a strong promoter activity (35), this
type of cooperative interaction has not been previously de-
scribed for AP1 and GATA factors.

In many cases, this type of synergistic activation of transcrip-
tion has been attributed to improved binding characteristics of
the involved proteins (33). Results of experiments using the
mutated binding sites in the ET-1 promoter argue against
simple cooperativity in binding to the cognate binding sites
(Fig. 1). Both GATA-2 and AP1 expression constructs were
able to increase transcription of the ET-1 promoter despite
deletion of their binding sites. Thus, the cooperativity between
GATA-2 and AP1 must reflect improved interaction with the
basal transcription apparatus. One possibility is that cooperat-
ivity is due to the two proteins associating and exerting a
combined effect which is much greater than the effect of either
protein alone. Together, they may be more efficient at recruit-
ing elements of the basal transcription apparatus or necessary
cell-restricted factors. In this case, a GATA-2-AP1 protein
complex would be able to interact with both GATA and AP1
binding sites. Alternatively, individual binding of GATA-2 or
AP1 to the ET-1 promoter might establish an interaction with
members of the basal transcription apparatus, subsequently
allowing the free other factor to then be recruited into the
active transcription complex. The two factors would then func-
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tion in an independent but synergistic fashion through the
transcription apparatus.

To distinguish between these possible mechanisms, we have
conducted experiments to investigate the potential for direct
association of these transcription factors. Immunoprecipitation
experiments using GATA factors found in reticulocyte lysate
and proteins translated in reticulocyte lysate have indicated
that both Jun and Fos can associate with GATA factors in
vitro. More compelling are the data for assays with nuclear
extract, which indicate that GATA-2 protein cross-linked to
the ET-1 GATA binding site can be immunoprecipitated by
antisera directed against Jun and Fos. Such data provide evi-
dence for the physical association of members of these protein
families in endothelial cells and support the theory that coop-
erativity of action is mediated through the interaction of a
GATA-2-AP1 protein complex with the transcription appara-
tus.

In view of the widespread expression of members of the
GATA protein family and members of the Jun and Fos fami-
lies, the potential for interaction of these protein families at
the molecular level has significant implications. Modulation of
the activity of Jun and Fos in response to a variety of extra-
cellular signals has been shown to regulate the expression of a
great number of eukaryotic genes (2, 3, 6, 12, 20, 24, 26, 28-30,
39). Any impact on these pathways by additional factors would
provide for more complex regulation of transcription. Our
understanding of the specific roles of GATA-AP1 interaction
is hindered by the lack of information about the biological
functions of GATA-2. GATA-1 and GATA-3 have restricted
patterns of expression and have been implicated in hemato-
poietic and T-cell lineage determination, respectively (5, 11,
13, 16, 27, 32, 37). GATA-2, which is expressed in a wide
variety of cell types and is found very early in development,
remains poorly understood. While gene targeting experiments
have established a role for GATA-2 in early hematopoietic cell
development, this transcription factor likely has broader roles
in transcriptional regulation in additional cell types (31).

What role does this interaction between GATA-2 and Jun
and Fos play in the cell-restricted expression of the ET-1 gene?
Transfection experiments have shown that a portion of the
ET-1 promoter containing the GATA site and the AP1 site is
capable of conferring on a heterologous promoter enhanced
expression in endothelial cells (17). Since GATA-2 and the Jun
and Fos family members are widely expressed, the action of
these factors alone cannot be responsible for such cell-re-
stricted behavior. However, the binding of factors to both of
these sites may allow the recruitment of additional proteins.
While such proteins may be particularly important for the
cell-restricted expression of the ET-1 promoter, they may not
directly bind DNA and thus would not be directly detected
with standard techniques commonly used in the study of DNA-
binding transcription factors. Experiments to search for such
accessory transcription factors in endothelial cells may provide
a profitable avenue for further research.
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