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It is well documented that a repeated CATT element in the human granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) gene promoter is required for promoter activity. However, the transcription factors
that are able to transactivate this enhancer element remain unidentified. Recently, we have found that nuclear
factor YY1 can interact with the enhancer element. Here, we report that in addition to YY1, two other nuclear
factors have been identified in the DNA-protein complexes formed by the CATT oligonucleotide and the Jurkat
T-cell nuclear protein. One of these factors is AP1, and the other one is an Sp1-related protein. Results from
transient transfection of Jurkat T cells have revealed that formation of both AP1 and the Sp1-related complex
is required for the full enhancer activity of the CATT element. This result is supported by cotransfection of a
c-jun expression vector and mutational analysis of the AP1 site or the Sp1-related protein binding site. In
contrast, formation of the YY1 complex suppresses enhancer activity, since deletion of the YY1 complex induces
an augmentation of the enhancer activity and overexpression of YY1 results in an attenuation of the enhancer
activity. Results from the mechanism study have revealed that YY1 is able to inhibit transactivation mediated
by either AP1 or the Sp1-related protein, and YY1 suppressive activity is DNA binding dependent. Taken
together, these data support the ideas that AP1 and the Sp1-related nuclear protein are required for trans-
activation of the human GM-CSF gene promoter and that YY1 can suppress transactivation of the promoter
even under inducible conditions.

Granulocyte-macrophage colony-stimulating factor (GM-
CSF) is a glycoprotein cytokine involved in hematopoiesis and
host defense mechanisms (10). GM-CSF is produced by both
immune cells (T cells, macrophages, and nature killer cells)
and nonimmune cells (fibroblasts and endothelial cells). In an
effort to understand the mechanisms by which GM-CSF gene
expression is controlled, the promoter region of the GM-CSF
gene has been studied extensively (8, 9, 28, 30). It has been
reported that there are several functional regions in the prox-
imal region of the promoter (10), including two conserved
lymphokine elements (CLE-1 and CLE-2), a GC-rich region,
and an NF-kB binding site in the overlapping part of the
CLE-2 and the GC-rich region. In the core promoter region,
there is a well-established functional region composed of three
copies of the CATT sequence (28, 30). This region has some
sequence homology with the CLE0 element of the mouse GM-
CSF gene promoter.
Of all the identified functional regions, the wild-type CATT

element (designated WT in this study) seems to be the most
important in regulation of GM-CSF gene promoter activity
because mutations generated in this element result in a com-
plete loss of the promoter activity, including constitutive and
inducible activity (28). Results from in vitro foot printing re-

vealed that the sequence between 252 and 234 may serve as
a core recognition sequence for some nuclear transcription
factors (9, 30), but the natures of these factors remain to be
identified (9). Recently, we have reported that YY1 is one of
the nuclear factors that interact with this element (45).
AP1 is a ubiquitous nuclear protein composed of the jun and

fos gene products (3, 16). AP1 is involved in the regulation of
cell proliferation induced by growth factors (1) and tumor
promotion induced by phorbol ester (5). More and more stud-
ies have revealed that AP1 plays an important role in tran-
scriptional regulation of cytokine genes that contain an AP1
response element in their promoters (12, 34). It has been
documented that in cytokine gene regulation, AP1 mediates
positive transactivation independently or in association with
NF-AT (31).
Sp1 is a zinc finger protein constitutively expressed in vari-

ous types of cells. Sp1 is involved in transcriptional activation
of a variety of cellular genes (4, 19), whether the gene pro-
moter contains a TATA box or not (34). It is generally con-
sidered that Sp1 is a proximal promoter factor that activates
transcription at a specific binding site within a few hundred
base pairs of the transcription start site (6). Recently, three
Sp1-related ubiquitous proteins, Sp2, Sp3, and Sp4, have been
described (14, 21). To our knowledge, Sp1 activity in regulation
of the cytokine gene promoter has not been identified. In
contrast to AP1, which mediates an inducible transactivation,
Sp1 generally mediates a constitutive transactivation in mam-
malian cells (6).
Like Sp1, YY1 is also a zinc finger protein constitutively
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expressed in many types of cells (24). YY1 is considered a
multifunctional nuclear factor since it can activate, repress, or
initiate transcription depending on the gene promoter context
(15, 40). YY1 activity has been identified in many cellular and
viral genes (40), but its role in cytokine gene regulation re-
mains to be explored. Recently, we have reported that YY1
interacts with a silencer element in the human gamma inter-
feron (IFN-g) gene promoter (46) and the CATT enhancer
element in the human GM-CSF promoter (45).
In an extension of our previous study, we carried out more

studies on the natures and functions of the nuclear factors
that can interact with the CATT element. We have obtained
evidence that AP1 and Sp1-related proteins are two of the
nuclear factors that can form protein-DNA complexes with
the CATT element. Functional analysis indicates that the for-
mation of both AP1 and the Sp1-related complexes is required
for the full activity of the CATT enhancer element. In addi-
tion, we have characterized the functional role of YY1 in the
regulation of the CATT element activity. Our data indicate
that the formation of the YY1 complex can result in suppres-
sion of enhancer activity. Further analysis has revealed that
YY1 is able to inhibit transactivations mediated by either AP1
or the Sp1-related complex. These results have indicated func-
tional roles for nuclear factors, AP1, Sp1-related protein, and
YY1 in the regulation of human GM-CSF gene promoter
activity.

MATERIALS AND METHODS

Oligonucleotides. Oligonucleotides were synthesized by the phosphoramidite
method on a DNA/RNA synthesizer (model 392; Applied Biosystems, Foster
City, Calif.). The synthesized oligonucleotides were deprotected at 508C over-
night. Complementary strands were denatured at 808C for 5 min and annealed at
room temperature. The double-stranded probe was labeled with [32P]dCTP
(Amersham, Arlington Heights, Ill.) with Klenow fragment (Bethesda Research
Laboratories, Gaithersburg, Md.). A YY1 binding sequence (TGCCTTGCAA
AATGGCGTTACTGCAG) was derived from the upstream conserved region of
the Moloney murine leukemia virus gene and used to synthesize a YY1 binding
oligonucleotide (7). AP1 (CTAGTGATGAGTCAGCCGGATC) and Sp1 (GA
TCGATCGGGGCGGGGCGATC) binding oligonucleotides were purchased
from Stratagene, Inc. (La Jolla, Calif.).
Cell lines and reagents. Jurkat cells (CD41 human lymphoblast cell line) were

cultured in RPMI 1640 supplemented with 10% fetal calf serum, 2 mM glu-
tamine, and 100 U of penicillin-streptomycin per ml (complete medium). Anti-
bodies that recognize nuclear proteins YY1, c-Jun, c-JunB, c-JunD, c-Fos, Sp1,
ATF-2, and AP2 were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, Calif.).
Nuclear extraction. Nuclear extracts were prepared as follows (46). Cells (5 3

107) were treated with 500 ml of lysis buffer (50 mM KCl, 0.5% Nonidet P-40
[NP-40], 25 mM HEPES [N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid,
pH 7.8], 1 mM phenylmethylsulfonyl fluoride [PMSF], 10 mg of leupeptin per ml,
20 mg of aprotinin per ml, 100 mM DL-dithiothreitol [DTT]) on ice for 4 min.
After centrifugation at 14,000 rpm for 1 min, the supernatant was saved as the
cytoplasmic extract. The nuclei were washed once with the same volume of buffer
without NP-40, then placed into a 300-ml volume of extraction buffer (500 mM
KCl and 10% glycerol with the same concentrations of HEPES, PMSF, leupep-
tin, aprotinin, and DTT as the lysis buffer), and pipetted several times. After
centrifugation at 14,000 rpm for 5 min, the supernatant was harvested as the
nuclear protein extract and stored at 2708C. Protein concentration was deter-
mined with bicinchoninic acid (BCA; Pierce, Rockford, Ill.).
EMSAs. For electrophoretic mobility shift assays (EMSAs), the DNA-protein

binding reaction was conducted in a 24-ml reaction mixture including 1 mg of
poly(dI z dC) (Sigma), 3 mg of nuclear protein extract, 3 mg of bovine serum
albumin, 4 3 104 cpm of 32P-labeled oligonucleotide probe, and 12 ml of 23
Y-buffer (47). In some cases, double-stranded oligomer was added as an unla-
beled competitor. This mixture was incubated on ice for 10 min without antibody
or 20 min with antibody; then it was incubated for 25 min at room temperature
in the presence of a radiolabeled probe and resolved on a 5% acrylamide gel
(National Diagnostics, Atlanta, Ga.) that had been prerun at 110 V for 2 h with
0.53 Tris-borate-EDTA buffer. The loaded gel was run at 210 V for 90 min,
dried, and placed on Kodak X-Omat film (Eastman Kodak, Rochester, N.Y.).
The film was developed after overnight exposure at 2708C. A recombinant YY1
protein has been described before (45).
Reporter vector. Three gene expression vectors were used in this study. (i)

Plasmid 108 is a b-galactosidase expression vector controlled by a human IFN-g
promoter fragment from 2108 to 164 (33). The repeated CATT(A/T) element
was inserted at the XbaI and PstI sites upstream of the IFN-g promoter in the
proper orientation. The cloned inserts were verified by DNA sequencing. (ii) A
simian virus 40 promoter-controlled luciferase expression vector was used as a
transfection efficiency control. (iii) A cytomegalovirus promoter-controlled YY1
or c-jun expression vector was used in a cotransfection study (7).
Transfection assay. The Jurkat T cells were grown in the complete medium as

described earlier. Cells (5 3 106) were transiently transfected with 10 mg of
reporter gene vector with DEAE-dextran (12). A luciferase expression vector (1
mg) was used as an internal control. After being transfected, the cells were
washed once in phosphate-buffered saline solution and then cultured in 10 ml of
complete medium at 378C for 48 h. Phorbol myristate acetate (PMA; 10 ng/ml)
plus ionomycin (1 mg/ml) was added to stimulate the cell culture 24 h before the
cells were collected. The b-galactosidase assay was carried out according to the
published method (45). b-Galactosidase activity was determined by hydrolysis of
chlorophenol red b-D-galactopyranoside and presented by a reading from a
spectrophotometer at 570 nm (Dynatech Laboratories, Inc., Chantilly, Va.).
Luciferase activity was determined through a luciferase assay system (Promega)
and indicated by a reading from a luminometer. The protein concentration of the
cell lysate was determined with the BCA protein assay reagent (Pierce) and
indicated by a reading from the spectrophotometer at 570 nm (Dynatech Lab-
oratories, Inc.). The b-galactosidase activity was divided by the luciferase activity
and the protein reading at each point. The value resulting from the calculation
was used as the normalized b-galactosidase activity. A statistical difference in the
results was calculated from the results of three individual experiments by Stu-
dent’s t test, with a confidence level of 95% (P , 0.05).

RESULTS

Three DNA-protein complexes identified in the Jurkat cell
nuclear extract. To confirm the transacting activity of the re-
peated CATT element, one copy of the WT element was
linked to the IFN-g promoter (Fig. 1A). In a transient-trans-
fection assay of Jurkat T cells, a weak constitutive activity and
a strong inducible enhancer activity of the WT element were
observed (Fig. 1B). These results are consistent with our pre-
vious observations (45).
To investigate the nuclear proteins that interact with this

DNA fragment, we conducted an EMSA with the nuclear
extracts from unstimulated and PMA-ionomycin-stimulated
Jurkat cells. A radiolabeled WT oligonucleotide was used as a
probe. The results showed that two or three specific DNA-
protein complexes, designated A, B, and C, were formed in the
nuclear extracts from unstimulated (Fig. 1C, lanes 1 to 3) and
stimulated (Fig. 1C, lanes 4 to 6) Jurkat cells. Since complex A
was detected only in the nuclear extract from stimulated Jurkat
cells and no change was observed in complexes B and C before
and after stimulation, it was obvious that complex A was in-
ducible, while complexes B and C were not inducible. There
was an additional specific complex formed in the stimulated
nuclear extract, which was located between complex C and the
free probe. Our previous data indicated that this was a deriv-
ative of complex C (45), so it was not analyzed in the following
study.
DNA sequences required for formation of each protein com-

plex. In an effort to know whether formation of the three
DNA-protein complexes is associated with the transacting ac-
tivity of the CATT element, we generated eight mutants that
lacked the ability to form one, two, or all three of the com-
plexes through deletion or substitution of base pairs in the WT
sequence (Fig. 2A). To determine their protein-binding activ-
ities, an oligonucleotide competition assay was conducted, in
which mutant oligonucleotides M1 to M7 were used as com-
petitors against the WT probe (Fig. 2B). As indicated at the
top of each lane in the EMSA, the ability of each mutant to
form the A, B, and C complexes is summarized for each of the
competitors. The DNA binding sites of complexes A, B, and C
are indicated in Fig. 2C. The binding ability of each mutant
oliogonucleotide was confirmed by results from other EMSA
experiments in which the mutant oligonucleotides were radio-
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labeled and used as probes with stimulated Jurkat cell nuclear
extract (data not shown). Oligonucleotide M6 exhibited a re-
duced ability to form the C complex, but it retained a remark-
able binding capacity for the C complex. The DNA-binding
ability of M8 is presented in Fig. 5A.
To determine the relationship between formation of the

complexes and enhancer activity, reporter vectors M1 and M2
were constructed by inserting M1 or M2 into plasmid 108 at a
position upstream of the IFN-g promoter, and their activities
were examined in a transient-transfection assay of Jurkat cells
stimulated with PMA-ionomycin. The results showed that M1
lost 60% of theWT enhancer activity andM2 lost all of the WT

enhancer activity (Fig. 2D). Since M1 lacks the ability to form
complex A and M2 lacks all three complexes, these results
suggest that formation of the three DNA-protein complexes is
associated with the function of the CATT element.
Complex A contains AP1 protein and accounts for part of

the inducible enhancer activity. It has been reported recently
that the conserved lymphokine element 0 (CLE0; [258]CAC
CATTAATCATTTCCTC [240]) in the mouse GM-CSF gene
promoter is able to form an AP1 complex (25, 44). Since the
CATT element has some homology with CLE0 and complex A
exhibits an inducible feature, it was interesting to know
whether complex A is an AP1 complex. DNA sequence ho-

FIG. 1. Enhancer activity and DNA-protein complexes of the CATT element in Jurkat T cells. (A) The b-galactosidase reporter vector was constructed by inserting
one copy of the wild-type CATT element (WT) into the XbaI and PstI sites upstream of the IFN-g promoter that controls expression of the b-galactosidase gene. All
the reporter vectors with mutant versions of WT were constructed in the same manner in this study. (B) The enhancer activity of WT was determined by transient gene
transfection of Jurkat T cells. Each bar represents the mean relative b-galactosidase (b-gal.) activities for three independent transfection assays. Stimulation was carried
out by addition of PMA (10 ng/ml) plus ionomycin (1 mg/ml) to the culture 24 h before the cells were harvested. The same stimulation was used in the following
transfection study. (C) An EMSA was conducted as described in Materials and Methods. The stimulated nuclear extract was made from Jurkat cells that had been
treated with PMA (10 ng/ml) plus ionomycin (1 mg/ml) for 3 h. 32P-labeled double-stranded WT oligonucleotide was used as a probe. Unlabeled WT or NF-kB binding
oligonucleotide (100 ng) was used as a specific or nonspecific competitor, respectively. The positions of complexes A, B, and C are marked.
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mology was found between an AP1 consensus binding se-
quence and the complex A binding site (Fig. 3A), indicating
that complex A may be an AP1 complex. To examine this
hypothesis, we conducted oligonucleotide competition and su-
pershift analyses of the complex in the EMSA and collected
three lines of evidence. First, we used a radiolabeled AP1
oligonucleotide as a control probe and observed an identical

mobility between complex A and the AP1 complex in the
EMSA (Fig. 3B). Second, we observed that WT and the AP1-
binding DNA cross-competed in an oligonucleotide competi-
tion assay by EMSA (Fig. 3B, lanes 2 and 8). Third, complex A
was removed by the c-Jun antibody and supershifted by the
c-Fos antibody but was not affected by the AP2 antibody in the
supershift assay (Fig. 3B, lanes 3 to 5). The same supershift

FIG. 2. DNA binding sites and functional relevance of the three complexes. (A) DNA sequences of a variety of mutant versions of the CATT element that were
used to synthesize the mutant oligonucleotides. (B) Competition assay with mutants M1 to M7. Stimulated cell nuclear extract was used in the EMSA, with the
radiolabeled WT as the probe. Different mutant oligonucleotides were used as the competitor at 100 ng (indicated above each lane). The ability to form each
DNA-protein complex is also indicated. (C) Relative position of each complex in the CATT element. (D) The functions of M1 andM2 were determined with stimulation
as described in the legend to Fig. 1B. Each bar represents the mean relative b-galactosidase (b-gal.) activities for three independent transfection assays.
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results were observed for the AP1 control complex (Fig. 3B,
lanes 9 to 11). This evidence strongly supports the hypothesis
that complex A is an AP1 complex.
To characterize the functional role of the AP1 complex, an

M3 reporter that contained only complex A and an M1 re-
porter that lacked only complex A were assayed in a transient-
transfection assay of Jurkat cells stimulated with PMA-iono-
mycin. Functional results indicate that complex A is required
for the inducible enhancer activity, as formation of this com-
plex generated 60% of the full inducible enhancer activity in
the absence of complexes B and C (Fig. 3, M3). On the other
hand, in the absence of complex A, the CATT element lost
60% of its inducible enhancer activity (Fig. 3, M1). Together,
these results suggest that formation of the DNA-AP1 complex
in the CATT element is responsible for a significant part of the
full inducible enhancer activity.

To further investigate the functional role of nuclear factor
AP1 in regulation of the GM-CSF gene promoter, a c-jun
expression vector was cotransfected with the WT, M1, and M3
reporter genes (Fig. 4). The transfection results showed that
overexpressed c-Jun can further upregulate the promoter ac-
tivity under inducing conditions (Fig. 4, WT). The cotransfec-
tion results also indicate that AP1 activity is DNA binding
dependent, because the c-jun expression vector induces pro-
moter activity only when a complete AP1 binding sequence is
present (Fig. 4, WT and M3). It could not activate the pro-
moter when the AP1 binding sequence was mutated (Fig. 4,
M1).
Complex B is an Sp1-related protein-DNA complex and

contributes to the inducible enhancer activity. Since the for-
mation of complex A did not account for the full enhancer
activity, we next investigated what complex was responsible for

FIG. 3. Characterization of the proteins and functions of complex A. (A) DNA sequence homology in the complex A binding site and AP1 consensus binding
sequence. (B) Protein nature of complex A. Radiolabeled WT was used as a probe (lanes 1 to 5) and radiolabeled AP1 binding oligonucleotide was used as a control
(lanes 6 to 11) in an EMSA with stimulated Jurkat cell nuclear extract. Competitor oligonucleotide (100 ng) or antibodies (200 ng) were used in the assay, as indicated
above each lane. (C) The function of complex A was determined by examining M1 and M3 activities with stimulation as described in the legend to Fig. 1B. Each bar
represents the mean relative b-galactosidase (b-gal.) activities for three independent transfection assays.
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the remaining enhancer activity. To address this question, we
studied the role of complex B in the activity of the CATT
element. We first investigated the protein nature of complex B
in an EMSA. In a supershift assay, complex B was removed
completely by the Sp1 antibody; in contrast, complexes A and
B were not affected at all (Fig. 5A, lane 3). Since complex B
was not challenged by other antibodies, including those against
AP2 (Fig. 5A, lane 4), c-Jun (Fig. 3B, lane 3), c-Fos (Fig. 3B,
lane 4), and YY1 (Fig. 6A, lane 3), these results suggested that
removal of the B complex by the Sp1 antibody was a specific
effect. Interestingly, in an oligonucleotide competition assay,
we could not observe efficient competition between WT and
the Sp1 binding oligonucleotides in formation of the B com-
plex (Fig. 5A, lanes 2) or the Sp1 complex (Fig. 5A, lane 7),
although there is 78% homology between the complex B bind-
ing site and an Sp1 consensus binding site (Fig. 5B). In addi-
tion, complex B exhibited a mobility distinct from that of the
Sp1 complex (Fig. 5A). These results suggest that the nuclear
protein involved in the formation of complex B is different
from Sp1 in DNA binding specificity and electrophoretic mo-
bility in an EMSA. The protein could be recognized specifically
by the Sp1 antibody, indicating that it may be an Sp1-related
nuclear protein.
Since Sp1 plays an important role in the activation of many

gene promoters, we then investigated whether complex B ac-
counts for the other part of the enhancer activity. To conduct
the functional analysis, M5, which retains only complex B,
and M8, whose ability to form complex B is specifically elim-
inated (Fig. 5A, lane 11), were inserted upstream of the IFN-g
promoter in plasmid 108. The activities of the M5 and M8
constructs were examined by transfection of Jurkat cells fol-
lowed by stimulation with PMA-ionomycin. The results
showed that in the absence of complexes A and C, complex
B acted as an activator, and its formation resulted in an en-
hancer activity equal to 60% of the full enhancer activity (Fig.
5, M5). Alternatively, in the presence of complexes A and C,
deletion of complex B resulted in a 60% loss of the full en-
hancer activity (Fig. 5, M8). Taken together, these results in-
dicate that in addition to complex A, complex B is another
activator that contributes to the full enhancer activity of the
CATT element.
Complex C contains YY1 protein and mediates a negative

transactivating activity. Previously, we observed one complex
with the WT probe in a different EMSA system and demon-
strated that this complex contains YY1 protein (45). In this
study, we used an improved EMSA system and identified three
complexes with the same probe. Formation of complex C re-

quires the YY1 binding site (Fig. 2C); this suggests that com-
plex C may be the YY1 complex that we described previously
(45). To examine this hypothesis, we conducted further anal-
ysis of complex C. In an EMSA, complex C exhibited a mobility
identical to that of a control YY1 complex formed by the
radiolabeled YY1 binding oligonucleotide (Fig. 6A). Addition-
ally, complex C was reduced specifically by competition with
the YY1 binding oligonucleotide (Fig. 6A, lane 2), and simi-
larly, the control YY1 complex was reduced by competition
with the WT oligonucleotide (Fig. 6A, lane 7). Moreover, in a
supershift assay, the C complex was reduced specifically by the
YY1 antibody, and part of complex C was supershifted to a
position above complex A (Fig. 6A, lanes 3). To confirm the
specificity of the YY1 antibody, a recombinant YY1 protein
was used in a supershift assay (Fig. 6B). This recombinant
protein forms a specific complex with the WT probe. This
complex was reduced by the YY1 antibody in a dose-depen-
dent pattern (Fig. 6B, lanes 2 to 4) but was not changed by the
AP2 antibody (Fig. 6B, lane 5). Taken together, these results
demonstrated that complex C exhibited identity to the YY1
complex in DNA binding specificity, electrophoretic mobility,
and antigenicity. This indicates that complex C is a YY1 com-
plex and may be identical to the one that we characterized
earlier (45).
To characterize the functional role of complex C, the trans-

acting activities of an M6 reporter that retains only complex C
and an M7 reporter that lacks the ability to form complex C
were analyzed in a transient-transfection assay of Jurkat cells
followed by stimulation with PMA-ionomycin. Our results
showed that in the absence of complexes A and B, complex C
did not exhibit any transacting activity in the IFN-g promoter
(Fig. 6C, M6); however, in the presence of complexes A and B,
deletion of complex C induced a boost in the enhancer activity
of the CATT element by 100% (Fig. 6C, M7). Since elimina-
tion of complex C did not decrease but rather augmented the
enhancer activity, the data suggest that a negative effect is
generated on the CATT element when YY1 binding occurs.
This conclusion is supported by the fact that overexpression of
YY1 resulted in a decrease in the enhancer activities of all the
constructs examined that retained YY1 binding activity (Fig.
7B). Additionally, in the absence of the A and B complexes,
the YY1 complex failed to exert any inhibition on the pro-
moter, indicating that the inhibitory effect of the YY1 complex
is specific to the positive transactivation mediated by complex
A or B.
Mechanism of the suppressive activity of YY1. Since both

the A and B complexes mediate positive transactivation in the
CATT element, we tried to determine whether the YY1 com-
plex can inhibit only one or both of these complexes. To do
this, the effect of complex C on either complex A or B was
examined by transfection of WT, M1, M3, M5, M7, and M8
reporter vectors into Jurkat cells followed by PMA-ionomycin
stimulation (Fig. 7A). Our results showed that in the absence
of the B complex (M3 and M8), the presence of complex C
decreased the enhancer activity mediated by complex A (M8).
This result implies that YY1 can suppress AP1 in the CATT
element. Similarly, in the absence of complex A (M1 and M5),
the presence of complex C decreased transactivation by com-
plex B (M1), indicating a negative effect of YY1 on the Sp1-
related protein in the CATT element.
To confirm these results, we conducted a cotransfection

assay with the YY1 expression vector and the WT, M1, and M8
reporter vectors. Although both M1 and M8 are able to form
the YY1 complex, they differ in that M1 forms complex B (Fig.
2B), while M8 generates complex A (Fig. 5A, lane 11). Co-
transfection was conducted in Jurkat cells, followed by PMA-

FIG. 4. Cotransfection assay of a c-jun expression vector. The c-jun expres-
sion vector and a reporter gene vector were cotransfected at a ratio of 1:1 with
a total of 20 mg of DNA at each point. Promoter activity is expressed as fold
induction of b-galactosidase activity after stimulation of the reporter gene. Each
bar represents the mean of three individual transfection assays.
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ionomycin stimulation. The results showed that overexpression
of YY1 suppressed the enhancer activities of all three report-
ers, WT, M1, and M8 (Fig. 6A).
Functional data suggest that the inhibitory activity of YY1 is

DNA binding dependent (Fig. 7A). To examine this hypothe-
sis, we cotransfected Jurkat cells with a YY1 expression vec-
tor and the M7 reporter vector, which lacks YY1 binding
activity. The cotransfection result showed that YY1 could sup-
press WT promoter but not M7 promoter activity (Fig. 7C).
This result supports the idea that YY1 activity is DNA binding
dependent.
Together, these data indicate that in the CATT element, the

YY1 complex can inhibit transactivation mediated by both
AP1 and Sp1-related complexes and that the inhibition by YY1
is dependent on DNA binding. Since the DNA binding sites for
complexes A, B, and C are clustered together in the CATT

element, the inhibitory effects might result from competition
between YY1 and AP1 or YY1 and Sp1-related protein for
overlapping sequences at their binding sites.

DISCUSSION

GM-CSF is produced not only by lymphocytes but also by
nonlymphocytes, such as fibroblasts (29), endothelial cells (20),
and epidermal cells (43). This suggests that GM-CSF gene
transcription may be controlled by ubiquitous nuclear tran-
scription factors. AP1, Sp1, and YY1 are three ubiquitous
nuclear factors that have been identified in the transcriptional
control of various genes. The CATT element in the human
GM-CSF gene promoter has some sequence homology with
the CLE0 element in the mouse GM-CSF gene promoter.
Although it has been reported that the enhancer activity of the

FIG. 5. Characterization of the protein and function of complex B. (A) Protein nature of complex B. Radiolabeled WT (lanes 1 to 4) and radiolabeled Sp1 binding
oligonucleotide (lanes 5 to 9) were used as probes in an EMSA with stimulated Jurkat cell nuclear extract. Competitor oligonucleotides (100 ng) or antibodies (200
ng) were used in the assay, as indicated above each lane. Radiolabeled M8 was used in the EMSA to determine its capacity for forming DNA-protein complexes (lane
11) along with radiolabeled WT as a control (lane 10). (B) DNA sequence homology in the complex B binding site and Sp1 consensus binding sequence. (C) The
function of complex B was determined by examining M5 and M8 activities with stimulation as described in the legend to Fig. 1B. Each bar represents the mean relative
b-galactosidase (b-gal.) activities for three independent transfection assays.
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CLE0 element requires cooperative binding of nuclear factors
AP1 and Elf-1 (44) or AP1 and NF-AT (25, 41), it remains
unknown whether the same binding is required by the CATT
element (9). Recently, we reported that YY1 is a nuclear
protein that can interact with this element (45). Here, we
present the first piece of evidence that AP1 and an Sp1-like
protein are two important nuclear factors responsible for the
full enhancer activity of the CATT element.
In this study, we identified three DNA-protein complexes,

A, B, and C, in the activated Jurkat nuclear extract by using an
improved EMSA system which used undialyzed cell nuclear
extract and a no-salt reaction buffer (46). The results from a
protein characterization study showed that complex A is an
AP1 complex that contains c-Jun and c-Fos, complex B is an
Sp1-related complex that contains a nuclear protein specifi-
cally removed by the Sp1 antibody in the supershift assay, and
complex C is a YY1 complex.
It has been reported that the mouse CLE0 element can form

an AP1 complex and that the complex can be removed or

supershifted by JunB and JunD antibodies (44). In our study,
we used JunB and JunD antibodies along with c-Jun and c-Fos
antibodies in the supershift assay, but we did not observe any
change in the A complex in the presence of either JunB or
JunD antibodies (data not shown). It also has been reported
that c-Jun is able to dimerize with ATF-2 protein (42). We
used an ATF-2 antibody in a supershift assay but did not
observe any change in complex A (data not shown). Taken
together, these results suggest that complex A is composed of
nuclear factors c-Jun and c-Fos and does not involve JunB,
JunD, or ATF-2 protein.
We have found that AP1 is responsible for only part of the

inducible enhancer activity of the CATT element. We ob-
served that a mutation that abolished AP1 binding resulted in
a 60% loss of the enhancer activity and that formation of the
A complex generated 60% of the enhancer activity in the
absence of the B and C complexes. In the mouse CLE0 ele-
ment, Elf-1/NF-AT is responsible for part of the enhancer
activity (25, 41, 44). To determine whether the enhancer ac-
tivity is related to Elf-1/NF-AT, the interleukin-2 Elf-1/NF-AT
binding oligonucleotide was used as a competitor against the
WT probe, but we did not observe any reduction in the three
complexes (data not shown). The absence of Elf-1/NF-AT
binding might be due to the fact that the CATT element does
not contain a complete Elf-1/NF-AT binding sequence. Thus,
our data do not indicate that Elf-1/NF-AT contributes to the
enhancer activity of the CATT element.
Our results provide the first evidence that the CATT ele-

ment can form a complex with an Sp1-related nuclear protein
and that formation of this complex is responsible for part of the
enhancer activity of the CATT element. Although complex B
was recognized by the Sp1 antibody, its full nature remains to
be characterized. It is possible that complex B contains several
nuclear proteins and that Sp1 is one of these proteins. It has
been reported that YY1 can physically interact with Sp1 pro-
tein (23, 36), so it is possible that complex B is formed by a
dimer of YY1 and Sp1. Although we did not see any effects of
the YY1 antibody and YY1 binding DNA on complex B in the
EMSA (Fig. 5B), we cannot exclude this possibility. The lack of
effects may be due to a blockage of the YY1 epitope by the Sp1
protein and alteration of the DNA binding specificity of YY1
after formation of the dimer. To examine this hypothesis, an-
tibodies that recognize different epitopes of YY1 factor are
required for the supershift assay. We conclude that complex B
is an Sp1-related protein-DNA complex.
Since formation of both complex A and B correlates well

with expression of the full enhancer activity of the CATT
element, we conclude that cooperative binding of AP1 and the
Sp1-related nuclear protein is required for expression of the
full enhancer activity. Under the present EMSA conditions, we
failed to detect a third complex that contains both the A and B
complexes, but this proposal is supported by observations from
other groups, in which the complex A and B binding sites were
protected by activated nuclear factors in an in vitro footprint-
ing assay (9, 30). Although the level of complex B did not
change in the nuclear extract from the stimulated cells, it did
account for part of the inducible enhancer activity of the
CATT element. The mechanism(s) associated with this activity
is not clear. We suggest that expression of complex B’s func-
tion is dependent on a stimulation that may induce phosphor-
ylation of the Sp1-related protein (18) or result in the avail-
ability of a cofactor of Sp1 (33).
It is very interesting that YY1 can suppress transactivation

mediated by either AP1 or the Sp1-related protein in the
CATT element. YY1 is a multifunctional transcription factor
that acts as a positive or negative regulator as well as a tran-

FIG. 6. Characterization of the protein nature and function of complex C.
(A) Protein nature of complex C. Radiolabeled WT was used as a probe (lanes
1 to 4) and radiolabeled YY1 binding oligonucleotide was used as a control
(lanes 5 to 9) in an EMSA with stimulated Jurkat cell nuclear extract. Compe-
titor oligonucleotides (100 ng) or antibodies (200 ng) were used in the assay,
as indicated above each lane. (B) Supershift assay of the recombinant YY1
protein. Bacterial extract that contains recombinant YY1 protein (1 ml) was
used in an EMSA with the WT probe. Each1 represents 100 ng of antibody. (C)
The function of complex C was determined by examining M6 and M7 activities
with stimulation as described in the legend to Fig. 1B. Each bar represents the
mean relative b-galactosidase (b-gal) activities for three independent transfec-
tion assays.
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scription initiator in many mammalian and viral genes (15, 40).
It has been shown that in a TATA-less promoter (2, 11) or in
a region downstream of the TATA box (37, 38), YY1 can act
as a transcription initiator. In the region upstream of the
TATA box, some studies suggest that YY1 acts as a repressor
in a specific promoter context (40). The suppressive effect of
YY1 can be obtained through the following possible mecha-
nisms. (i) YY1 competes with a transcriptional activator for
overlapping sequences at the DNA binding site; these activator
proteins include the serum response factor (13, 23), NF-kB
(24), and lactation-associated complex (26, 35). (ii) YY1 acts
as a DNA-bending protein that turns the bound activator pro-
tein away from the initiation complex to prevent interaction

between the activator and the initiation complex (27). In the
c-fos gene promoter, in addition to competition with the serum
response factor (13), YY1 could also turn CREB away from
the initiation complex (27). (iii) YY1 may sequester an activa-
tor protein through formation of a protein-protein complex. It
has been reported that YY1 can physically interact with some
transacting nuclear proteins, like Sp1 (22, 36) and c-Myc (39),
but this inhibitory activity of YY1 remains to be demonstrated.
In a previous study, we observed that overexpression of YY1

could inhibit the enhancer activity of the CATT element (45).
In this study, we have obtained evidence that YY1 suppresses
transactivations mediated by both AP1 and Sp1-related pro-
tein. The suppressive mechanism(s) remains to be investigated,

FIG. 7. Characterization of the inhibitory activity of complex C. (A) The suppressive effects of complex C on both the A and B complexes were examined in the
system described in the legend to Fig. 1B. Fold induction of each reporter vector construct versus the parental vector was used to express the functional activities of
each CATT element. Each bar represents the mean of three independent transfection assays. (B) Cotransfection assay with YY1 expression vector. YY1 expression
vector (5 mg) was cotransfected with 10 mg of reporter vector in Jurkat T cells followed by stimulation, as described in the legend to Fig. 1B. Each bar represents the
mean relative b-galactosidase (b-gal.) activities for three independent transfection assays. (C) DNA binding dependence of YY1 inhibitory activity. The cotransfection
assay was conducted as for panel B. Each bar represents the mean relative b-galactosidase activities for three independent transfection assays.
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but we propose that a competition for the binding sequence at
the DNA binding site might be a mechanism, because the YY1
binding sequence overlaps the binding sequences of either AP1
or an Sp1-related protein. This hypothesis is supported by the
fact that YY1 complex alone did not express inhibitory activity
in this system.
To detect competitions between YY1 and AP1 and YY1 and

Sp1-related protein, more experiments with purified recombi-
nant AP1 and YY1 proteins in an EMSA are required.
Since YY1 can form a protein-protein complex with Sp1,

YY1 may also intervene in the activity of complex B through a
protein-protein interaction with the Sp1 protein, but our co-
transfection data do not support this possibility. In the absence
of the YY1 binding sequence, overexpressed YY1 did not
exhibit any effect on promoter activity (Fig. 7C).
In summary, we report here that the transcription factors

AP1, YY1, and an Sp1-related protein are involved in regula-
tion of the CATT enhancer activity. Both AP1 and Sp1-related
protein are required for expression of the full enhancer activity
of the CATT element, while YY1 has an inhibitory effect on
the enhancer activity. The inhibition effect of YY1 is DNA
binding dependent and specific to AP1 and the Sp1-related
protein. These data may help us to outline the biological ac-
tivities of AP1, YY1, and Sp1-related protein in regulating
human GM-CSF gene expression.
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