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ABSTRACT We report that interferon y (IFN-v) inhibits
transcription of the macrophage scavenger receptor gene by
antagonizing the Ras-dependent activities of AP-1 and coop-
erating ets domain transcription factors, apparently as a
result of competition between AP-1/ets factors and activated
STAT1 for limiting amounts of CBP and p300. Consistent with
this model, STAT1« interacts directly with CBP in cells, and
microinjection of anti-CBP and anti-p300 antibodies blocks
transcriptional responses to IFN-vy. Cells lacking STAT1 fail
to inhibit AP-1/ets activity, and overexpression of CBP both
potentiates IFN-y-dependent transcription and relieves AP-1/
ets repression. Thus, CBP and p300 integrate both positive
and negative effects of IFN-y on gene expression by serving as
essential coactivators of STAT1«, modulating gene-specific
responses to simultaneous activation of two or more signal
transduction pathways.

Interferon y (IFN-v) exerts antiviral and antiproliferative
effects in many cell types and cooperates with other cyto-
kines and regulatory molecules to coordinate diverse aspects
of macrophage activation (1). Transcriptional responses to
IFN-vy require STAT1e«, which becomes tyrosine-phospho-
rylated, dimerizes, and binds to specific gamma activated
sites (GASs) in target genes (2-5). To investigate the mech-
anisms by which IFN-vy also exerts antagonistic effects on
gene expression, we have used the scavenger receptor A
(SR-A) gene as a model. The SR-A gene encodes a macro-
phage-specific integral membrane protein that has been
proposed to play roles in cell adhesion (6) and the clearance
of oxidatively modified proteins and other polyanionic mol-
ecules (7). Expression of the SR-A gene is positively regu-
lated by macrophage colony-stimulating factor (M-CSF; refs.
8-10) and is inhibited by IFN-y (11).

Transcriptional activation of the scavenger receptor gene in
response to M-CSF has been proposed to be mediated by
members of the AP-1 and ets domain families of transcription
factors that bind as ternary complexes to regulatory elements
within the SR-A promoter and enhancer (12). The binding of
M-CSF to its receptor initiates, among other events, a Ras-
dependent protein kinase cascade that results in the activation
of a family of mitogen-activated protein kinases (13). These
kinases in turn phosphorylate serine and threonine residues
within the transcriptional activation domains of AP-1 and ets
factors (14), resulting in increased transcriptional activity.
Recent studies suggest that transcriptional activation by AP-1
and ets domain proteins requires interactions with the coac-
tivator proteins CREB binding protein (CBP) and the adeno-
virus E1A-associated protein, p300 (15). CBP and p300 are
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large, structurally and functionally conserved proteins (16)
that have been demonstrated to play essential coactivator roles
for several classes of regulated transcription factors, including
CREB (17), nuclear receptors (18) and myogenic basic helix—
loop-helix transcription factors (19). In this manuscript, we
present evidence indicating that CBP and p300 serve to
mediate both positive and negative transcriptional responses to
the JAK/STAT signal transduction pathway by serving as
essential coactivators of STAT1«, suggesting a mechanism for
the integration of transcriptional responses to the simulta-
neous activation of the JAK/STAT and Ras/AP-1 signal
transduction pathways during macrophage development.

MATERIALS AND METHODS

Analysis of SR-Human Growth Hormone (hGH) Expres-
sion in Transgenic Mice and Solid Phase Kinase Assays. Bone
marrow cells enriched for progenitor cells (20) were obtained
from transgenic mice expressing the SR6.5-hGH and SR-
enhancer/promoter (EP) transgenes and treated with human
M-CSF (20 ng/ml) for 3 days before determination of hGH
content as described (10, 21). At least three independently
derived transgenic lines were studied for each transgene to
exclude integration site artifacts. In solid phase kinase assays,
equivalent amounts of glutathione S-transferase (GST)-c-
Jun1-79 and GST-ets2 fusion proteins bound to glutathione-
agarose beads were incubated with cell lysates prepared from
serum-starved HeLa cells or serum-starved cells treated with
serum, 12-O-tetradecanoylphorbol 13-acetate (TPA), and/or
IFN-v for 15 min and washed. Kinase assays were performed
as described (22), and the GST fusion proteins were resolved
by SDS/PAGE and subjected to autoradiography.

Transient Transfection Analysis and Antibody Microinjec-
tion. THP-1, U937, and HeLa cells were transfected (23) with
the described promoter constructs (12, 23) and treated with
1000 units/ml IFN-y and/or 0.1 uM TPA unless otherwise
indicated. Eight copies of the consensus GAS sequence
TTCTCGGAA (24) were placed upstream of the minimal
prolactin promoter to generate 8 X GAS-luciferase. Insulin-
responsive Rat-1 fibroblasts were injected with plasmids and
CBP-specific or p300-specific antibodies as previously de-
scribed (25). Approximately 1 hr after injection, the cells were
stimulated as indicated with 1000 units/ml IFN-y and analyzed
the next day as described (25). In peptide neutralization
experiments, the CBP 2-22 peptide was preincubated with the
antibody in the same buffer at approximately a 2:1 molar ratio
of peptide to antibody.

Coimmunoprecipitation and irn Vitro Protein—-Protein Inter-
action Assays. The 293 fibroblast cell line was transiently
transfected with the full-length CBP—flag construct described

Abbreviations: IFN-v, interferon y; M-CSF, macrophage colony-
stimulating factor; GAS, gamma activated site; hGH, human growth
hormone; GST, glutathione S-transferase; TPA, 12-O-tetradecanoyl-
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by Kamei et al. (18) or with the indicated GAL4-CBP fusion
proteins. Immunoprecipitations, Western blotting, and detec-
tion were carried out using a monoclonal anti-FLAG antibody
or an anti-GAL4 DNA binding domain antibody exactly as
previously described (18). For in vitro assays, equal amounts of
GST fusion proteins bound to glutathione-agarose beads
(Sigma) were incubated with 7 X 10° cpm of 3S-STAT1a« or
35S-STAT1AC"% produced by translation in vitro for 2 hr at
4°C. After washing, bound STAT proteins were visualized by
SDS/PAGE and autoradiography.

RESULTS

To identify genomic regulatory elements responsible for in-
hibitory effects of IFN-y, experiments were performed in
transgenic mice containing scavenger receptor regulatory el-
ements linked to an hGH reporter gene (Fig. 14). These
regulatory elements contain binding sites for AP-1, AP-1/ets2
ternary complexes and PU.1 (Fig. 14), that have been shown
to be required for macrophage-specific expression in vivo and
in vitro (10, 12, 23). Culture of bone marrow progenitor cells
in the presence of M-CSF stimulated reporter gene expression
in transgenic lines containing regulatory information extend-
ing to —6.5 kb from the transcriptional start site (SR6.5-hGH)
or minimal enhancer-promoter information (SR-EP-hGH).
This response depended on the AP-1 and ets2 binding sites, as
specific mutations of these sites abolished M-CSF-dependent
expression (SRmAE-hGH; Fig. 1B). IFN-y inhibited M-CSF-
dependent activation of both the SR6.5-hGH and the SR-
EP-hGH transgenes, indicating that cis-active elements nec-
essary for negative regulation were contained within the
minimal enhancer-promoter regions (Fig. 1C).

Consistent with these data, TPA treatment of THP-1 mono-
cytic leukemia cells, which undergo macrophage differentia-
tion and up-regulate scavenger receptor gene expression fol-
lowing treatment with phorbol ester (26), markedly stimulated
the activities of the SR6.5 and SR-EP regulatory elements, and
this expression was strongly inhibited by IFN-y (Fig. 1D).
Based on the observation that M-CSF and TPA-dependent
activation of the scavenger receptor gene is primarily mediated
by AP-1 and cooperating ets domain transcription factors, the
possibility that these transcription factors represented the
targets of the inhibitory effects of IFN-y was considered. To
directly test this possibility, three copies of the AP-1/ets site
from the scavenger receptor promoter were linked to a min-
imal TATA box-containing promoter. TPA treatment of trans-
fected cells resulted in a 20-fold increase in promoter activity,
and this increase was inhibited by approximately 75% by
treatment with IFN-vy (Fig. 1E). Similar results were observed
using analogous promoters that lacked either the AP-1 or the
ets binding sites (data not shown). IFN-y also inhibited
activation of the AP-1/ets promoter in response to a consti-
tutively active form of Ras (Fig. 1E). Electrophoretic mobility-
shift assays failed to demonstrate effects of IFN-vy on the levels
or composition of proteins binding to the AP-1/ets element
(data not shown), suggesting that IFN-v inhibited their tran-
scriptional activities. Together, these results indicated that
IFN-v effectively inhibits transcription mediated by AP-1 and
ets transcription factors.

To assess the transactivation functions of c-Jun and ets2,
which are the major components of the AP-1/ets ternary
complex that binds to the SR AP-1/ets motif in macrophage
cell lines (12), the N-terminal 79 aa of c-Jun and the N-
terminal 340 aa of ets2 were fused to the DNA binding domain
of GAL4. These fusion proteins were tested for their ability to
activate a a promoter containing four GAL4 binding sites. The
GAL4-ets2 chimera was not sufficiently active to measure
transcriptional inhibition (data not shown). As illustrated in
Fig. 24, however, the activity of the c-Jun transactivation
domain was markedly potentiated by cotransfection of a
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Fic. 1. IFN-y antagonizes M-CSF-dependent expression of scav-
enger receptor hGH transgenes. (4) SR-hGH fusion genes used to
generate transgenic mice are illustrated, indicating the approximate
positions of binding sites for AP-1, ets2, and PU.1 proteins. SRmAE-
hGH contains point mutations in the AP-1/ets binding motifs that
abolish AP-1 and ets2 interaction. (B) Regulation of the SR6.5-hGH,
SR-EP-hGH, and SRmAE-hGH transgenes in bone marrow progen-
itor cells and progenitor cells treated for 3 days with M-CSF (20
ng/ml). (C) IFN-y inhibition of M-CSF-dependent expression of
SR6.5-hGH and SRmEP-hGH transgenes in bone-marrow-derived
macrophages. (D) Inhibition of TPA-dependent expression of SR6.5-
luciferase and SR-EP-luciferase fusion genes in THP-1 cells. The
SR6.5 and SR-EP regulatory elements illustrated in 4 were fused to
a luciferase reporter gene and transfected into THP-1 cells. Cells were
treated with TPA and/or IFN-v, and luciferase activity was quanti-
tated 12 hr later. (E) IFN-vy inhibits TPA and Val-12 Ras-dependent
activation of an AP-1/ets-dependent promoter. A luciferase reporter
gene containing three copies of the composite AP-1/ets element from
the SR-A promoter fused to the minimal (=36 to +33) rat prolactin
promoter was transfected into HeLa cells. To stimulate AP-1 and ets
activity, cells were either cotransfected with a vector directing the
expression of a constitutively active form of Ras (Val-12 Ras) or
treated with TPA.

constitutively active form of Ras, and this activity was in turn
strongly inhibited by IFN-vy .

Ras-dependent activation of AP-1 and cooperating ets
domain transcription factors is thought to result, in part, from
phosphorylation of their respective transactivation domains by
members of the mitogen-activated protein kinase family (14).
IFN-y has been reported to stimulate or inhibit mitogen-
activated protein kinase activities, depending on cell type and
culture conditions (27-30). Thus, antagonistic effects of IFN-vy
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FiG. 2. IFN-vy inhibits the transcriptional activities of AP-1 and
cooperating ets factors. (4) IFN-v inhibits the activities of the c-jun
transactivation domain. The N-terminal transactivation domain of
c-jun was fused in frame to the GAL4 DNA binding domain and used
to direct expression of a Gal4-dependent promoter. Transactivation
domain function was stimulated by cotransfection of a Val-12 Ras
expression plasmid. (B) Effects of IFN-y on c-Jun kinase and ets2
kinase activities. HeLa cells were rendered quiescent by culture in
serum-free media for 16 hr and then treated with IFN-vy, TPA, and/or
serum as indicated. Cell lysates were then assayed for Jun N-terminal
kinase and ets2 kinase activities (24). (C) Overexpression of CBP
relieves IFN-y antagonism of AP-1/ets activities. The 3X AP-1/ets-
promoter was cotransfected into THP-1 cells with 1 ug of a CBP
expression plasmid or an equivalent amount of empty expression
plasmid and treated with IFN-y and/or TPA. (D) Overexpression of
CBP potentiates transcriptional responses to IFN-y. A luciferase
reporter gene containing eight GASs linked to a minimal prolactin
promoter was cotransfected into HeLa cells with increasing amounts
of a vector directing expression of CBP (24). Error bars for A, C, and
D are standard deviations.

on AP-1 and ets activities could potentially result from inhi-
bition of activating kinases. However, using extracts prepared
from cells in which inhibitory effects of IFN-y on AP-1 activity
were observed, IFN-v treatment had little or no effect on Jun
N-terminal kinase activity or ets2 kinase activity in TPA-
treated or serum-stimulated cells (Fig. 2B), suggesting that
alternative mechanisms account for the antagonistic effects of
IFN-v.

Transcriptional activation by AP-1 and ets proteins has been
demonstrated to require CBP (15), which serves an essential
coactivator role for several classes of transcription factors (17,
19, 31) and is structurally and functionally related to p300 (16,
32). Because CBP and p300 appear to be expressed at rate-
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limiting concentrations in most cells, the antagonistic effects of
IFN-y on AP-1/ets activity could potentially result from
competition with activated STAT1e« for coactivator interac-
tions. Consistent with this possibility, overexpression of
STAT1a potentiated AP-1/ets antagonism by IFN-vy (data not
shown) and co-transfection of a CBP expression plasmid
abolished the inhibitory effect of IFN-y on AP-1/ets activity
(Fig. 2C). Furthermore, cotransfection of increasing amounts
of the CBP expression plasmid led to increasing levels of
IFN-y-dependent transcriptional activation from a minimal
promoter containing multiple GAS elements (Fig. 2D), but
had little or no effect on the activity of the minimal promoter
alone (data not shown).

To directly determine whether CBP is functionally re-
quired for IFN-v signaling, antibody microinjection experi-
ments were performed (Fig. 3). IFN-y-dependent transcrip-
tion was assessed by co-injection of a lacZ reporter gene
driven by a minimal TATA-containing promoter fused to
multiple GASs. IFN-vy treatment of cells co-injected with
control antibody resulted in detection of B-galactosidase
activity in 60% of the injected cells. In contrast, co-injection
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Fic. 3. CBP and p300 are required for IFN-y-dependent tran-
scription. (4) Microinjection of a CBP-specific antiserum inhibits
IFN-vy-dependent transcription. Rat-1 fibroblasts were injected with a
lacZ reporter gene under the transcriptional control of a minimal
promoter containing eight copies of a consensus GAS. Cells were
co-injected with control rabbit IgG (1, 2, 4, 5) or rabbit anti-CBP IgG
(3, 6), treated with vehicle (1, 4) or IFN-vy (2, 3, 5, 6), and analyzed 12
hr later. Expression of the lacZ reporter gene was determined by
5-bromo-4-chloro-3-indolyl B-pD-galactoside (X-Gal) staining (4-6).
Injected cells were visualized by nuclear staining for IgG using a
rhodamine anti-rabbit IgG (1, 2, 3) and by the presence of X-Gal
staining, which partially quenches the rhodamine signal. Photomicro-
graphs of representative injected cells are shown. (B) Co-injection of
anti-CBP and anti-p300 IgG strongly inhibits IFN-y-dependent tran-
scription. Cells were injected with the GAS-lacZ reporter gene and
anti-CBP IgG, anti-CBP preincubated with the CBP peptide antigen,
anti-p300 IgG, or a combination of anti-CBP IgG and anti-p300 IgG
as shown. The bar graph indicates the percentage of injected cells that
exhibited detectable X-Gal staining. (C) Injection of anti-p300 IgG has
no effect on basal levels of expression of a SP1-dependent (SV40)-
lacZ reporter gene. For B and C, error bars represent the mean = SEM
of a minimum of three experiments in which at least 200 cells were
injected.
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of a specific anti-CBP antibody reduced the percentage of
cells exhibiting detectable B-galactosidase activity to 29%
(Fig. 3B). Preincubation of the CBP antibody with the
immunizing peptide abolished its ability to inhibit IFN-y-
dependent transcription (Fig. 3B). Because the anti-CBP
antibody did not completely block IFN-vy signaling, we
considered the possibility that p300 might also contribute to
STAT1a-dependent transcription. Consistent with this pos-
sibility, co-injection of a p300-specific antibody with the
GAS-lacZ reporter gene reduced the percentage of cells
exhibiting detectable B-galactosidase activity in response to
IFN-vy from 60% to 25% (Fig. 2B). When the anti-CBP and
anti-p300 antibodies were co-injected together with the
GAS-lacZ reporter gene, IFN-y-dependent expression was
reduced to near basal levels (Fig. 2B). In contrast, co-
injection of anti-CBP and/or anti-p300 antibodies had no
effect on a comparable promoter in which transcription
depends on multiple SP-1 binding sites (SV40; Fig. 3C) or on
a dioxin-responsive promoter (data not shown).

To determine whether STATla interacts with a CBP-
containing complex, cells were transfected with an epitope-
tagged version of CBP and treated with IFN-vy for 15 min, and
whole-cell extracts were immunoprecipitated with an antiserum
to STAT1 or preimmune antiserum and assessed following
Western blot analysis. CBP was selectively detected in lysates
immunoprecipitated with anti-STAT1 antiserum (Fig. 44, lanes
2 and 3). To identify regions of CBP that are required for STAT1
interaction, cells were transfected with plasmids directing expres-
sion of GAL4-CBP fusion proteins and treated with IFN-y.
Western blotting of STAT1« immunoprecipitates using an anti-

A B
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GAL4 antibody indicated an IFN-y-dependent interaction of
STAT1a with an N-terminal 451-aa region (GAL-CBP-NR) as
well as a constitutive interaction with an 830-aa central region of
CBP that encompasses the bromo domain and E1A interaction
domains of CBP (GAL-CBP-NS; Fig. 4B). In vitro translated
STATla was also found to interact with a GST-CBP fusion
protein containing the N-terminal 451 aa of CBP. This interaction
was significantly reduced by truncation of 34 C-terminal aa that
are required for transcriptional activity of STATla (ref. 33;
STAT1AC; Fig. 4C).

If competition between STAT1a and AP-1/ets factors for
limiting amounts of CBP and p300 accounts for IFN-vy-
dependent inhibition of AP-1/ets-dependent promoters,
such antagonism should not occur in cells that lack STATI.
To test this prediction, U3A cells that lack STAT1 (4) were
transfected with an AP-1/ets-dependent promoter and
treated with combinations of TPA and IFN-vy. As illustrated
in Fig. 5, treatment of these cells with IFN-y had no effect
on AP-1/ets-dependent transcription. In contrast, 2fTGH
parental cells, which contain STATI1, were similar to the
other cells tested in these studies in that IFN-y treatment
resulted in inhibition of AP-1/ets activity. Thus, AP-1/ets
antagonism requires activated STATI.

DISCUSSION

Macrophages develop specialized immunologic and homeo-
static functions in response to specific combinations of cyto-
kines, colony-stimulating factors, and other regulatory mol-
ecules. Thus, information provided by these molecules must
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FiG. 4.

Interactions of STAT1a with CBP (4) STAT1« interacts with CBP in cells. 293 cells were transfected with a vector directing expression

of an epitope (FLAG)-tagged form of CBP and then treated with IFN-vy or vehicle for 15 min, and whole-cell lysates were prepared. Lysates were
immunoprecipitated with an anti-STAT1 antiserum (lanes 2 and 3) or preimmune serum (lane 4). Immunoprecipitates or unprecipitated lysate (lane
1) were resolved by SDS/PAGE, transferred to nitrocellulose membranes, and subjected to Western blotting using an anti-CBP antiserum. (B)
IFN-vy-dependent interactions of STAT1« with the N terminus of CBP. The indicated regions of CBP were linked in frame to the DNA binding
domain of GAL4 and transfected into 293 cells. Cells were subsequently treated with IFN-vy or vehicle for 15 min, and whole-cell lysates were
prepared. Lysates were immunoprecipitated with an anti-STAT1 antiserum and subjected to Western blotting using an anti-GAL4 DNA binding
domain antibody. (C) Direct interactions of STAT1a with the N terminus of CBP. 3°S-labeled STAT1a or STAT1AC truncated at amino acid 705
were produced by translation in vitro and incubated with GST-CBP1-451, GST-CBP-bromo domain, or GST alone. After washing and SDS/PAGE,

specifically associated proteins were detected by autoradiography.
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FiG. 5. AP-1/ets inhibition requires STAT1. The luciferase re-
porter gene containing three copies of the composite AP-1/ets
element described in Fig. 1E was transfected into U3A cells that lack
STAT1 or parental 2fTGH cells that contain functional STAT1. Cells
were treated with TPA and/or IFN-v, as indicated, before assay for
relative luciferase activity. Error bars are standard deviations

be integrated at the level of transcription to achieve appro-
priate physiologic responses. Recent studies have suggested
several potential mechanisms of cross-talk between these
pathways that could mediate integrative functions proximal
to the level of transcriptional activation (34-36). The studies
presented in this manuscript support the existence of an
additional nuclear mechanism for integration of the JAK/
STAT and Ras/AP-1 signaling pathways, based on differ-
ential recruitment of CBP-containing and p300-containing
coactivator complexes. Thus, the transcriptional outcomes to
simultaneous stimulation of two or more signal transduction
pathways will depend on the abundance of these factors and
their relative affinities for CBP and p300. Indeed, some of
the antiviral and growth inhibitory properties of IFNs result
from competition between STAT factors and other classes of
transcription factors for interaction with CBP and p300.
Because AP-1 and ets factors contribute to transcriptional
activation of some viral immediate/early genes, inhibition of
AP-1/ets activities by IFN-vy could thus potentially account
for some of its antiviral properties. The importance of this
level of regulation between pathways is confirmed by failure
of inhibition of AP-1/ets activities in cells lacking STATI.
The recent observation that haplo insufficiency of CBP is the
apparent cause of the Rubenstein-Taybi Syndrome (37),
characterized by mental retardation, dysmorphic facial fea-
tures, and broad thumbs, also supports the idea that CBP
levels are both limiting and critical for normal development.
In concert, the present studies indicate that competition
between various classes of regulated transcription factors for
interaction with p300 and CBP, initially suggested to provide
the basis for AP-1 antagonism by nuclear receptors (18),
surprisingly represents a general mechanism for integration
of additional signal transduction pathways required for
establishing specific cellular phenotypes.
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