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The interferon (IFN)-induced signal transduction and transcription activation complex, ISGF3, is assem-
bled from three proteins, STAT1, STAT2, and IRF9. Of these components, STAT2 provides a fundamental and
essential transcriptional activation function for ISGF3. In the present study, we show that ISGF3-mediated
transcription is dependent on STAT2 interactions with DRIP150, a subunit of the multimeric Mediator
coactivator complex. Other Mediator subunits, DRIP77 and DRIP130, were found either to bind STAT2
without augmenting ISGF3 transcriptional activity or to enhance ISGF3 transcription without binding STAT?2,
but only DRIP150 both enhanced IFN-dependent transcription and coimmunoprecipitated with STAT2. En-
dogenous DRIP150 and STAT2 were able to interact in solution, and DNA affinity chromatography and
chromatin immunoprecipitation assays demonstrated that DRIP150 binds to the mature, activated ISGF3-
DNA complex and is recruited to target gene promoters in an IFN-dependent fashion. IFN-dependent recruit-
ment of DRIP130 to an ISGF3 target promoter and SRB10-STAT2 coprecipitation suggest indirect association
with a multisubunit Mediator complex. The site of STAT2 interaction was mapped to DRIP150 residues 188
to 566, which are necessary and sufficient for interaction with STAT2. Expression of this DRIP150 fragment,
but not DRIP150 fragments outside the STAT2 interaction region, suppressed ISGF3-mediated transcriptional
activity in a dominant-negative fashion, suggesting a direct functional role of this domain in mediating
STAT2-DRIP150 interactions. These findings indicate that the IFN-activated ISGF3 transcription factor
regulates transcription through contact with DRIP150 and implicate the Mediator coactivator complex in

IFN-activated gene regulation.

Alpha interferon (IFN-a) and IFN-B, collectively referred to
as IFN in this paper, trigger a cascade of signal transduction
events that leads to the rapid activation of a gene transcription
program that regulates the cellular innate antiviral immune
response and influences adaptive immunity (5, 53). Binding of
IFN to cell surface receptors leads to the tyrosine phosphory-
lation of the cytoplasmic signal transducer and activator of
transcription (STAT) proteins STAT1 and STAT?2. In combi-
nation with a third protein, a DNA binding subunit called
interferon regulatory factor 9 (IRF9), the activated STAT pro-
teins assemble into a heterotrimeric complex, the IFN-stimu-
lated gene factor 3 (ISGF3) (for reviews, see references 1, 10,
17, 25, and 28). The ISGF3 complex rapidly enters the nucleus,
where it binds to conserved IFN-stimulated response element
(ISRE) sequences in the promoters of target IFN-stimulated
gene (ISG) loci, increasing their transcription rates. While the
cell-signaling events downstream of the IFN receptor have
been well characterized, the mechanisms by which nuclear
ISGF3 communicates with and galvanizes the activation of the
RNA polymerase II holoenzyme complex remain unclear.

Numerous studies examining transcriptional mechanisms in
Saccharomyces cerevisiae and metazoan systems have revealed
that enhancer-binding transcription activators recruit multi-
protein nuclear coactivator complexes possessing diverse cat-
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alytic activities to the promoter initiation region. A single
activator may simultaneously or sequentially recruit an assort-
ment of coactivators (31, 37, 42) that can direct specific local
chromatin modifications that alter promoter accessibility
and/or directly interact with RNA polymerase and its associ-
ated proteins at the transcriptional initiation region (40, 58).
Recruited nucleosome modification enzymes such as histone
acetyltransferases (HATS) are frequently associated with chro-
matin-remodeling coactivator complexes. For ISGF3, IRF9
contributes DNA binding specificity but is transcriptionally
inert in the absence of STAT proteins (60; J. F. Lau, T. A.
Kraus, J.-P. Parisien, and C. M. Horvath, unpublished data),
and the C-terminal STAT] transcriptional activation domain is
dispensable for ISGF3 transcriptional activity (39). Instead,
the C terminus of STAT2 provides the transcriptional activity
of ISGF3, and current evidence suggests that it provides es-
sential transcriptional activation domain contact surfaces for
the recruitment of transcriptional coactivators (47). The
STAT2 C terminus is known to interact with the CBP/p300
HAT proteins (4, 43, 44), and more recent evidence indicates
that interactions between STAT2 and a GCN5/TAF,;130-con-
taining TATA-binding protein-free transcription complex are
also used for mediation of ISGF3-dependent transcription
(45).

Additional conduits for transmission of regulatory signals
from the activator at distal enhancer sites to the RNA poly-
merase preinitiation complex are also required downstream of
chromatin reorganization. Biochemical and genetic elucidation
of the structure and function of yeast and metazoan Mediator
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complexes provides an additional paradigm for transcriptional
activation through activator-RNA polymerase communication
(22, 36, 40). Mediator is a transcriptional regulatory complex
that contains more than 25 distinct polypeptide subunits.
Mammalian homologues of yeast Mediator subunits, which
were originally characterized in S. cerevisiae as essential com-
ponents of RNA polymerase II holoenzyme preparations, have
been identified in association with a variety of transcription
activators such as thyroid hormone receptor (TR) and vitamin
D3 receptor (VDR) (for reviews, see references 22 and 48).
Originally copurified with TR as the TRAP complex (12),
many related Mediator complexes have been identified in as-
sociation with various activators and have been variously
named DRIP (51), ARC (41), NAT (59), CRSP (52), and PC2
(35); in this report, the individual Mediator polypeptides are
referred to as DRIP subunits. In mammalian cells, Mediator
complexes have been identified as being essential for most
nuclear hormone receptor (NR) signaling pathways, including
those mediated by the estrogen, peroxisome proliferator-acti-
vated, and glucocorticoid receptors (GRs) (8, 9, 13, 16, 24).
The available evidence suggests that Mediator complexes are
modular in organization and function as a bridge between the
distal transcription activator and the RNA polymerase II com-
plex that is positioned at the transcription initiation site (re-
viewed in references 6, 36, and 48). Transcription factor acti-
vation domains recruit the Mediator through direct contact
with one or more subunit protein surfaces, and modular sub-
units of mammalian Mediators have been proposed (21, 35).
Consistent with this notion, the mammalian Mediator has been
characterized as providing a unifying mechanism by which di-
verse transcriptional activators can gain access to and regulate
the RNA polymerase II preinitiation complexes (3, 6, 27, 36).

A wealth of biochemical and genetic evidence has demon-
strated the essential role of Mediator in gene regulation. As an
essential component of the RNA polymerase holoenzyme,
yeast Mediator is required for almost all transcriptional events.
It possesses acetyltransferase activity (34) and the ability to
enhance the phosphorylation of the RNA polymerase II C-
terminal domain (CTD) that connects transcription initiation
with elongation (26). The magnitude and diversity of Mediator
complex involvement in mammalian transcription are not yet
completely understood (40). Nevertheless, a select number of
transcription regulators in addition to NRs have been found to
signal through the Mediator for gene regulation. For instance,
TR and VDR use DRIP205 to access Mediator while DRIP77
is the contact subunit for p53 (23, 49). DRIP77 is just one of
several Mediator subunits used by herpes simplex virus VP16
(20, 23, 41). GR recruits Mediator through DRIP150 interac-
tions (16), while another Mediator protein, DRIP130, has been
implicated in adenovirus E1A and RAS-dependent signaling
pathways (7, 36). The Mediator complex is also essential for
the regulation of SREBP and NF-«B (41) as well as for SP1-
dependent transcriptional events (52).

Given the strong implication of the importance of Mediator
proteins in the functions of many transcription activators, a
potential role for this coactivator complex in STAT-mediated
transcription was examined in the IFN model system. The
results indicate that increased expression of some Mediator
subunits potentiates IFN-inducible, ISGF3-dependent tran-
scription. One of these ISGF3-coactivating subunits, DRIP150,
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is capable of contacting STAT2, but neither STAT1 nor
STAT3 coimmunoprecipitated with the tested DRIP proteins.
DNA affinity chromatography experiments revealed DRIP150
recruitment by the ISGF3 complex in an IFN-dependent fash-
ion, and chromatin immunoprecipitation assays demonstrated
that IFN-dependent DRIP150 recruitment occurs at physio-
logical target loci. Furthermore, coprecipitation of STAT2
with the distinct Mediator subunit, SRB10, and IFN-depen-
dent recruitment of DRIP130 to ISGF3 targets support a role
for the Mediator complex in IFN signaling. Mapping the site of
DRIP150-STAT2 interaction revealed an essential and dis-
crete domain of DRIP150 between amino acid residues 188
and 566 that binds to STAT2. Furthermore, expression of this
STAT2-binding DRIP150 fragment specifically inhibits IFN-
induced transcription in a dominant-negative fashion, empha-
sizing the importance of this DRIP150 region in the mediation
of functional contacts with ISGF3 via STAT2. Together, these
results demonstrate the specific STAT2-DRIP150 interactions
that are required for ISGF3-dependent transcriptional re-
sponses, providing a mechanism for direct communication be-
tween ISGF3 and the RNA polymerase II holoenzyme.

MATERIALS AND METHODS

Cell culture and transfection. Human embryonic kidney 293T and HeLa (S3)
cells were maintained in Dulbecco’s modified Eagle medium supplemented with
10% Cosmic calf serum (HyClone). Transfection of cells with cDNAs was carried
out by standard CaPO, procedures as described previously (2, 29). To establish
stable transformants, parental HeLa cells were transfected with 5 pg of FLAG-
DRIP150 ¢cDNA and cultured in G418 for selection of drug-resistant transfor-
mants as described previously (19). Treatment of cells with IFN was carried out
as indicated by using 1,000 U of IFN-a/ml as described previously (18). HeLa S3
cells stably expressing FLAG-SRB10 were the generous gift of Wei Gu (Colum-
bia University) and were used as described previously (14).

Plasmids. The construction of FLAG epitope-tagged DRIP77, DRIP130, and
DRIP150 ¢cDNAs has been described elsewhere (50). FLAG-DRIP150 carboxyl-
terminal truncation mutants were constructed from full-length pcDNA3 FLAG-
DRIP150 by using the following unique restriction sites: Xhol for pcDNA3
FLAG-DRIP150 Al, EcoRI for pcDNA3 FLAG-DRIP150 A2, Scal for pcDNA3
FLAG-DRIP150 A3, Bg/lI for pcDNA3 FLAG-DRIP150 A4, and Notl for
pcDNA3 FLAG-DRIP150 A5. The FLAG-DRIP150 fragments were constructed
by using a PCR-based method and cloned into pcDNA3 by using BarmHI and
Notl restriction sites. FLAG-DRIP150 fragments containing the following amino
acids were constructed with the indicated primers: 188 to 566 (top, 5'-GGGGG
ATCCGACCCAATTACCAAAATTG-3'; bottom, 5'-GGGCGGCCGCACTA
GTACTTGTACGACAGTTG-3"), 566 to 1000 (top, 5'-GGGGGATCCTACA
AGTACTACTTTATGTC-3'; bottom, 5'-GGGCGGCCGCACTAGAGCTGC
GATATTAAAGAA-3"), and 1000 to 1457 (top, 5'-GGGGGATCCATATCGC
AGCTCCAGCC-3'; bottom, 5'-GGGCGGCCGCACTATGGACGCCCAACA
G-3").

Reporter gene assays. Luciferase assays were carried out according to the
manufacturer’s instructions (Promega) and were normalized to total protein
concentrations measured from lysis extracts. For detection of ISRE-dependent
luciferase activity, 293T cells were transiently cotransfected with vectors express-
ing various DRIP subunits or FLAG-DRIP fragments and a reporter gene
plasmid containing 5 copies of the ISG54 ISRE element upstream of a TATA
box and firefly luciferase open reading frame.

Immunoprecipitations, DNA affinity purification, and protein assays. Poly-
clonal antisera to STAT2 (C-20), RNA polymerase II (CTD), and DRIP130
(CRSP130) antibodies were obtained from Santa Cruz Biotechnology, and
FLAG epitope antibodies were obtained from Sigma; these were all used ac-
cording to the manufacturers’ instructions. Polyclonal DRIP150 antibodies were
prepared against the DRIP150 peptide sequences KTGKQTRTNAKRKLSD
and SNQDARRRSVNEDDNPP (D. Burakov and L. P. Freedman, unpublished
data). To immunoprecipitate endogenous or FLAG epitope-tagged proteins,
total extracts were prepared with whole-cell extract buffer (50 mM Tris [pH 8.0],
280 mM NaCl, 0.5% IGEPAL, 0.2 nM EDTA, 2 mM EGTA, 10% glycerol, 1
mM dithiothreitol) supplemented with a protease inhibitor cocktail (Complete;
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Roche) and incubated either with specific antibodies overnight or with M2-
FLAG affinity agarose bead slurry for 4 h at 4°C. Specific antibody-protein
complexes were purified by adding salmon sperm DNA-protein A agarose slurry
(Upstate Biotechnology) for 1 h at 4°C. Beads were then washed with whole-cell
extract buffer, incubated with protein loading buffer, separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to
nitrocellulose filters. For ISRE DNA affinity purification assays, 1 wg of double-
stranded biotinylated oligodeoxynucleotides encompassing a high-affinity ISRE
from the human ISG15 promoter (upper, 5'-GATCAGTTTCGGTTTCCGAT
C-3'; lower, 5'-GATCGGAAACCGAAACTGATC-3'; MWG Biotech) were co-
incubated with 500 pg of HeLa nuclear extracts in modified whole-cell extract
buffer (with 100 mM NaCl) at 4°C for 4 h. DNA-binding protein complexes were
washed three times with whole-cell extract buffer, eluted in SDS sample buffer,
fractionated by SDS-PAGE, and transferred to nitrocellulose filters. All Western
immunoblotting analyses were prepared for chemiluminescent detection accord-
ing to the manufacturer’s protocol (NEN Renaissance).

ChIP assay. Chromatin immunoprecipitation (ChIP) was performed essen-
tially as described by the protocol accompanying the ChIP assay kit (Upstate
Biotechnology), with slight modifications. Briefly, following treatment with IFN,
10° human cervical carcinoma HeLa cells or HeLa cells stably expressing FLAG-
DRIP150 were incubated for 10 min at 37°C in culture medium containing 1%
formaldehyde. Cells were then washed two times with phosphate-buffered saline
and collected by scraping with 5 ml of buffer (100 mM Tris-HCl [pH 9.4], 10 mM
dithiothreitol). To prepare extracts, cells were lysed in lysis buffer (0.25% Triton
X-100, 0.5% NP-40, 10 mM EDTA, 0.5 mM EGTA, 10 mM Tris [pH 8.0])
supplemented with protease inhibitor cocktail (Complete; Roche). Cell lysates
were then sonicated to yield chromatin fragments of approximately 500 bp as
determined by agarose gel electrophoresis. Cellular debris was removed by
centrifugation for 10 min at 20,800 X g. The sonicated protein extracts were
diluted 1:10 in dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA,
16.7 mM Tris-HCI [pH 8.1], 150 mM NaCl) and then precleared with 80 wl of
protein A Sepharose beads-sheared salmon sperm slurry (Upstate Biotechnol-
ogy) for 1 h at 4°C. Immunoprecipitation was then performed with the appro-
priate antibodies overnight at 4°C. Immune complexes were isolated by the
addition of 60 wl of protein A Sepharose beads-sheared salmon sperm slurry for
1 h. The beads were washed extensively, and cross-links were reversed by incu-
bation in elution buffer (1% SDS, 0.1 M NaHCO3;) for 6 h at 65°C. DNA was
extracted with phenol-chloroform, ethanol precipitated, and dissolved in 50 .l of
H,O. The input and precipitated DNA were analyzed by radioactive PCR using
primers encompassing two ISRE binding sites on the human ISG54 promoter
(ISG54 promoter: top, 5'-GAGGAAAAAGAGTCCTCTA-3'; bottom, 5'-AGC
TGCACTCTTCAGAAT-3"). PCR products were separated by 5% polyacryl-
amide gel electrophoresis and detected by autoradiography.

RESULTS

Enhancement of IFN-induced transcription by Mediator
subunit expression. The expression of transcriptional coacti-
vating proteins by plasmid transfection can often enhance spe-
cific activator-dependent transcription responses as a conse-
quence of increased coactivator concentration. To specifically
test whether Mediator proteins play a role in IFN-activated
transcriptional responses, several DRIP protein subunits
(DRIP77, DRIP130, DRIP150, and DRIP205) were expressed
by cDNA transfection in 293T cells in the context of an ISGF3-
dependent, IFN-responsive reporter gene assay (Fig. 1A). Two
of the expressed proteins, DRIP130 and DRIP150, elicited
modest increases in IFN-dependent ISRE-luciferase activity.
DRIP130 provided an approximately 2.5-fold stimulation in
activity compared with that of the control, whereas DRIP150
coexpression provided a twofold induction. By contrast, ex-
pression of DRIP77 or DRIP205 did not potentiate transcrip-
tional responses upon cytokine treatment. This result sug-
gested a functional interaction between ISGF3 and Mediator
complexes that could be augmented by increasing the cellular
abundance of limiting subunits.

To more carefully examine the ISRE-stimulatory effects of
both DRIP130 and DRIP150, dose-response curves for both
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FIG. 1. (A) IFN-induced transcription is enhanced by expression of
Mediator subunits. Expression vectors for the DRIP proteins indicated
(2 ng) were transfected with ISRE-luciferase, and cells were treated
for 6 h with 1,000 U of IFN-a/ml. Extracts were normalized for total
protein. Values shown are the averages plus standard deviation (SD)
from triplicate experiments. (B) Dose-dependent enhancement of
ISRE-luciferase activity by DRIP150 expression. Cells were trans-
fected with reporter genes and increasing amounts of DRIP150 ex-
pression plasmid as indicated. Dose-dependent enhancement was ob-
served until a point where inhibitory effects were observed, presumably
due to squelching by saturation of Mediator complexes at higher
DRIP150 levels. Extracts were normalized for total protein. Values
shown are averages plus SD from triplicate experiments.

proteins were evaluated. Consistent with the single dose used
in the experiment presented in Fig. 1A, stimulation of IFN-
dependent transcription was enhanced by an increase in the
expression of either DRIP130 (Fig. 1B) or DRIP150 (Fig. 1C).
This enhancement of ISGF3-dependent transcription reached
a maximum value at 1 to 2 pg of transfected DRIP130 cDNA
and at 2 pg of DRIP150 cDNA, after which an increase in
either the DRIP130 or DRIP150 concentration reduced their
respective luciferase reporter gene output. This type of satu-
ration effect is typical of proteins that are subunits of multi-
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FIG. 2. Interaction of STAT2 with DRIP proteins. (A) STAT2 interacts with DRIP77 and DRIP150. 293T cells were transfected with 5 pg of
c¢DNAs for FLAG-tagged DRIP subunits (DRIP77, DRIP130, and DRIP150) or control FLAG vector (C) in the presence (+STAT) or absence
(—STAT) of cotransfected STAT1 (top), STAT2 (middle), or STAT3 (bottom) cDNAs (1.5 ng). At 48 h posttransfection, whole-cell lysates were
prepared and subjected to anti-FLAG immunoprecipitation. Immune complexes were separated by SDS-PAGE and then subjected to anti-STAT
immunoblotting. The panel at far left shows DRIP expression assayed by anti-FLAG immunoblotting, the set of six panels at center shows STAT
levels in 1% of cell extracts, and the set of six panels at right shows FLAG immunoprecipitations probed with anti-STAT sera. (B) In
vitro-translated DRIP150 interacts with STAT2. FLAG epitope-tagged STAT2 was expressed in 293T cells, purified and immobilized on FLAG
antibody-immobilized Sepharose beads, and incubated with in vitro-translated DRIP150. Sepharose bead-protein complexes were washed exten-

sively and resolved on SDS-PAGE and subjected to autoradiography.

protein complexes and may suggest that the transcription en-
hancement effect of increased DRIP130 and DRIP150
expression is a consequence of allowing STAT?2 to have greater
access to the multiprotein Mediator complex.

Physical associations between STAT2 and Mediator sub-
units. The transcriptional enhancement in the reporter gene
assay suggests functional interactions between IFN-activated
ISGF3 and the Mediator complex. To more directly test for
physical protein-protein interactions between ISGF3 STAT
subunits and DRIP proteins, a coimmunoprecipitation assay
was performed. Both DRIP130 and DRIP150 stimulated
ISRE-dependent transcription and were therefore candidates
for ISGF3 interaction. As a control, DRIP77, which did not
augment ISRE-luciferase transcription, was also tested. FLAG
epitope-tagged DRIP77, DRIP130, and DRIP150 proteins
were constructed and expressed in cells with or without co-
transfected expression vectors for STAT1, STAT2, or STAT3.
Lysates were prepared and immunoprecipitated with immobi-
lized FLAG antibodies. Interactions with STAT proteins were
detected by specific immunoblotting (Fig. 2A). Immunoblot-
ting for STAT2 revealed that STAT2 copurified with both
DRIP77 and DRIP150, but not DRIP130, in this assay. Impor-
tantly, none of the tested DRIP proteins coprecipitated
STAT1 or STATS3 in parallel experiments, indicating a specific
interaction with STAT?2.

Together, the coimmunoprecipitation and transcription re-
sults indicate distinct phenotypes for the tested DRIP proteins
in IFN-stimulated transcription: DRIP77 does not enhance
transcription but can associate with STAT2, DRIP130 does not
bind to STAT1 or STAT2 but enhances IFN-responsive tran-
scription, and DRIP150 both binds to STAT2 and enhances
ISGF3 transcription. While these results suggest that DRIP77
and DRIP130 may play significant roles in IFN-mediated tran-
scription, further experiments were focused on the transcrip-
tion-enhancing interaction identified for DRIP150 and
STAT?2. To further explore the interaction between STAT2
and DRIP150, the ability of immobilized FLAG-STAT2 to

precipitate radiolabeled DRIP150 produced in vitro in rabbit
reticulocyte lysates was tested (Fig. 2B). In this assay, DRIP150
was collected on STAT?2 beads but not on control beads, which
suggests a direct interaction. However, the low binding effi-
ciency in this system might reflect a low binding affinity of the
individual subunit that could be enhanced by additional Me-
diator-ISGF3 contacts or reflect a need for posttranslational
modifications.

To determine the capacity for physiologically relevant asso-
ciations, the STAT2-DRIP150 interaction was also evaluated
by immunoprecipitation of endogenous proteins from whole-
cell extracts. An immunoprecipitation assay was carried out in
which IFN-treated and untreated HeLa cell extracts were in-
cubated with polyclonal antiserum specific for DRIP150 and
immune complexes were isolated with protein A beads. Immu-
noblotting for STAT1, STAT2, and STAT3 revealed an inter-
action pattern that was in agreement with the results shown in
Fig. 2A: immunoprecipitated DRIP150 was found to interact
exclusively with STAT2 and not with STAT1 or STAT3 (Fig.
3A). No difference in the STAT2 coimmunoprecipitation by
DRIP150 was observed following IFN treatment, in agreement
with the results of other assays for interaction and in support of
the concept that IFN-induced posttranslational modifications
are not required for STAT2-DRIP150 association. Instead,
their interaction is regulated on the basis of subcellular distri-
bution.

To determine whether DRIP150 is able to bind to the ma-
ture IFN-activated ISGF3 transcription complex, double-
stranded biotinylated oligodeoxynucleotides encompassing the
ISRE element from the human ISG15 promoter were incu-
bated with nuclear extracts prepared from a HeLa cell line that
stably expresses FLAG-DRIP150. Prior to lysis, cells were left
untreated, treated with IFN-y for 18 h (a regimen that in-
creases the abundance of IRF9, a limiting factor for ISGF3
activity in HeLa cells [32]), or treated with IFN-y for 18 h
followed by a 30-min treatment with IFN-« to induce forma-
tion of the activated heterotrimeric ISGF3 complex. The bio-
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FIG. 3. ISGF3 interacts with DRIP150. (A) Interaction between endogenous DRIP150 and STAT?2. Total extracts prepared from IFNa-treated
(6 h) or untreated HeLa cells were immunoprecipitated with DRIP150-specific antibodies, and immune complexes were processed for immuno-
blotting with STAT1, STAT2, and STAT3 sera. (B) IFN-activated ISGF3 recruits DRIP150. Nuclear extracts prepared from IFNvy-treated (vy;
18 h), IFN-y- and IFN-a-treated (y+a; 18 h with IFN-y plus 30 min with IFN-a), or untreated (C) HeLa cells stably expressing FLAG-DRIP150
were incubated with double-stranded biotinylated oligodeoxynucleotides containing the ISRE from the human ISG15 promoter. DNA-protein
complexes were processed for immunoblotting with FLAG antisera for DRIP150. (C) ChIP assay reveals IFN-dependent DRIP150 recruitment
to an endogenous promoter. HeLa cells stably expressing FLAG-DRIP150 were either left untreated (—) or treated with 1,000 U of IFN-a/ml as
indicated for 30 or 60 min prior to formaldehyde cross-linking, sonication, and immunoprecipitation with indicated antibodies. DNA eluted from
immune complexes was used as the template in a 30-cycle PCR with ISG54 primers that centrally span the ISRE within a 200-bp product.

tinylated oligodeoxynucleotide-protein complexes were then
purified by incubation with streptavidin-conjugated agarose
beads, washed, and fractionated by SDS-PAGE. Treatment
with IFN-vy plus IFN-« did not significantly alter the amount of
STAT2 or FLAG-DRIP150 detected in cell extracts, but im-
munoblotting of DNA-bound fractions with FLAG antibodies
revealed that DRIP150 copurifies with ISGF3 in an IFN-a-
dependent fashion (Fig. 3B). This experiment further substan-
tiated the coimmunoprecipitation results by demonstrating in-
teraction between DRIP150 and the intact ISGF3-DNA
complex and suggests that ISGF3 might use DRIP150 to re-
cruit Mediator complexes directly to target gene promoters.

The interaction between STAT2 and DRIP150 clearly en-
ables DRIP150 to be recruited to the ISGF3-DNA complex.
To directly test whether this interaction facilitates DRIP150
recruitment to endogenous ISGF3 target gene promoters,
formaldehyde cross-linking ChIP experiments were conducted
to test the coprecipitation of DRIP150 and STAT2, along with
endogenous promoter DNA, in an IFN-dependent reaction.
HeLa cells stably expressing FLAG-DRIP150 were left un-
treated or treated with IFN-a for 30 or 60 min, cross-linked
with formaldehyde, and then sonicated to yield DNA frag-
ments. The sonicated lysate was subjected to immunoprecipi-
tation with antibodies specific for either STAT2 or DRIP150,
and DNA-protein immune complexes were purified with pro-
tein A beads. Following reversal of the cross-links, a fraction of
the eluted DNA was subjected to PCR analysis using primers
specific for the ISRE region of the ISG54 promoter. Copuri-
fication of ISG54 DNA was observed with either STAT2 or
DRIP150 immunoprecipitation but only in cells that had been
stimulated with IFN (Fig. 3C). For both protein immunopre-
cipitations, the amount of PCR-amplified product decreased
between the 30- and 60-min time points, which is consistent
with the known transient nature of ISGF3 activation kinetics.
These results clearly demonstrate IFN-dependent recruitment
of DRIP150 to the ISG54 promoter in a physiologically mean-
ingful context.

While the results suggest that the Mediator complex might
associate with STAT?2, it remains formally possible that
DRIP150 functions independently in IFN responses as an

ISGF3 coactivator. To investigate the possibility of indirect
association with other Mediator subunits, the ability of STAT2
to associate with the SRB10 protein was examined. Whole-cell
extracts from a stable FLAG-SRBI0 cell line (14) were immu-
noprecipitated with FLAG antibodies, and the immune com-
plexes were analyzed by STAT2 immunoblotting. STAT2 co-
precipitation was observed in the SRB10 immune complexes
but not in control precipitations (Fig. 4A). The interaction
between SRB10 and STAT2 was similar to the DRIP150-
STAT?2 interaction in that it was independent of IFN signals in
these whole-cell extracts. To further support the concept of
Mediator complex recruitment by ISGF3, ChIP assays were
carried out with antiserum specific for DRIP130 to test IFN-
responsive recruitment to a target promoter. As our data in-
dicate that DRIP130 does not directly bind to STATI or
STAT?2, recruitment of this subunit to the promoter would be
indicative of an indirect association via the Mediator complex.
The ISG54 promoter was detected in DRIP130 immune com-
plexes in an IFN-dependent fashion, as were STAT2 and
DRIP150 (Fig. 4B), supporting a model for recruitment of the
multiprotein Mediator or a modular subunit of Mediator by
ISGF3. The detection of DRIP150 and DRIP130 at the ISG54
promoter correlates with the IFN-dependent appearance of
RNA polymerase II at the promoter (Fig. 4C), suggesting a
link between Mediator recruitment and transcriptional activa-
tion at the ISG54 locus.

STAT?2 interaction site maps to DRIP150 amino acids 188 to
566. To further characterize the DRIP150-STAT?2 interaction
and to define the amino acids that mediate this interaction, C-
terminally truncated DRIP150 proteins were tested for STAT2
coprecipitation. Amino-terminal fragments of DRIP150 that
include amino acids 1 to 566 retained the ability to precipitate
STAT2, but an amino-terminal fragment consisting of amino
acids 1 to 200 failed to coprecipitate STAT2 (Fig. SA). This
result indicates that amino acids between residues 200 and 566
in the DRIP150 protein are necessary for interaction with
STAT2.

To determine whether these amino acids constitute a dis-
crete STAT2 binding site, DRIP150 fragments encompassing
amino acids 188 to 566, 566 to 1000, and 1000 to 1454 were
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FIG. 4. Association of ISGF3 with other Mediator subunits. (A) SRB10 coprecipitates STAT2. Coimmunoprecipitation analysis was carried out
as described in the legend to Fig. 3, except that a FLAG-SRBI10 stably transformed cell line was used and immunoprecipitations were performed
with FLAG antibody. (B) IFN-dependent, indirect recruitment of DRIP130 to ISG54 promoter. The ChIP assay was carried out as described in
the legend to Fig. 3, except that HeLa cells that were unstimulated (0) or treated with IFN for 30 min (30) were used. Cont, control.
(C) IFN-dependent RNA polymerase II (Pol II) recruitment to ISG54 promoter. The ChIP assay was carried out with antisera specific for the RNA

polymerase II CTD. Input = 5% of DNA prior to precipitation.

expressed independently and subjected to STAT?2 binding as-
says (Fig. 5B). Only the fragment encompassing amino acids
188 to 566 coprecipitated STAT?2, indicating that this region of
DRIP150 contains a modular interaction domain that is nec-
essary and sufficient for binding to STAT2.

STAT2-binding fragment of DRIP150 acts as an ISGF3-
specific inhibitor. The DRIP150 binding-site mapping results
indicate that the STAT2-DRIP150 interaction is mediated by
DRIP150 amino acids 188 to 566. To evaluate the functional
importance of this interaction in the context of IFN-responsive

A. DRIP150 B. DRIP150
FL [ 45+ a2 1188 566 1000 1454
T — FL [
82 [ I 25 s RsSeh) Fa—
T  ——— s566-1000 (I
1000-1454 [N
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566 1000 1454
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We: STAT2 Nallcall <STAT2
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FIG. 5. STAT?2 interacts with DRIP150 amino acids 188 to 566. (A) DRIP150 amino acids 200 to 566 are necessary for STAT2 binding.
Full-length and C-terminal truncation mutants of FLAG-tagged DRIP150 were expressed in 293T cells along with STAT2, and lysates were
immunoprecipitated with immobilized FLAG M2 antibody. Immunoblotting for STAT2 revealed that association is lost with truncation between
amino acids 200 and 566. V, FLAG vector with no insert. (B) DRIP150 amino acids 188 to 566 are sufficient for STAT2 binding. The experiment
was performed as described for panel A but with isolated DRIP150 segments. Only amino acids 188 to 566 were found to bind STAT2. WB,
Western blot.
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FIG. 6. STAT2-binding fragment of DRIP150 inhibits ISGF3 tran-
scription. (A) Expression of the DRIP150 fragment containing amino
acids 188 to 566, but not the fragments containing amino acids 566 to
1000 or 1000 to 1454, inhibits IFN induction of ISRE-luciferase re-
porter. (B and C) The DRIP150 fragment containing amino acids 188
to 566 inhibited ISRE-dependent transcription in a dose-dependent
manner (B) but had no effects on cytomegalovirus-LacZ expression
(C). Extracts were normalized for total protein. Values shown are
averages plus SD from triplicate experiments.

transcription, experiments were carried out to test the ability of
the isolated DRIP150 fragment to disrupt STAT2-dependent
transcription in a dominant-negative fashion, a common test
for validating protein interactions that has previously been
shown to be effective for analysis of STAT-interacting partners
(18, 55). Expression of the DRIP150 fragment containing
amino acids 188 to 566 in cells blocked IFN-activated tran-
scription, but expression of the DRIP150 fragments containing
amino acids 566 to 1000 or 1000 to 1454 had no effect on
ISGF3 activity (Fig. 6A). The inhibition of ISGF3-dependent
transcription by expression of the DRIP150 fragment contain-
ing amino acids 188 to 566 was dose dependent in ISRE-
luciferase assays (Fig. 6B), but no inhibition of a cotransfected
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cytomegalovirus promoter-LacZ reporter gene was detected
(Fig. 6C). This finding confirms the specificity of the DRIP150
fragment for inhibition of ISGF3 transcriptional responses
and further supports the functional importance of STAT2-
DRIP150 interactions in IFN-responsive, ISGF3-dependent
transcription.

DISCUSSION

Gene regulation by enhancer-binding transcription factors
typically requires transcriptional coactivators that function in
histone modification, chromatin remodeling, and/or communi-
cation with RNA polymerase II (31, 42). The importance of
some HAT activities in IFN-responsive, ISGF3-mediated tran-
scription has been established previously (4, 43-45). In the
present study, we demonstrate that IFN-activated ISGF3 also
utilizes contact with DRIP150 to promote target gene tran-
scription. Apparently, ISGF3-dependent transcription of IFN-
stimulated genes relies on the recruitment of distinct types of
transcriptional coactivators to the target promoter. In one
model, a subset of coactivator proteins with associated histone-
modifying activity is initially recruited by ISGF3 to repackage
the chromatin template and/or reposition nucleosomes. This
reorganization could then facilitate further coactivator recruit-
ment by ISGF3 to induce transcriptional initiation and RNA
polymerase II holoenzyme processivity, both of which are ac-
tivities that have been associated with Mediator complexes (38,
40, 46).

Several distinct ISGF3-directed DRIP protein activities
were identified in our experiments. DRIP77 bound to STAT2
but did not enhance transcription. As the inability to enhance
IFN-responsive transcription is inconsistent with a direct co-
activation role for DRIP77, it is possible that DRIP77 repre-
sents a Mediator subunit dispensable for ISGF3 activity, per-
haps playing a more central supporting or structural role to
stabilize the interactions between ISGF3 and the Mediator
complex. Conversely, DRIP130 potentiates IFN-driven tran-
scription but does not interact with STAT?2 in binding assays.
In this case, rather than contributing to specific interactions
with ISGF3, DRIP130 may represent a limiting factor needed
for Mediator function or may play a distinct role in delivering
activating signals to the RNA polymerase. The function of
DRIP150 in IFN signaling that was revealed by our study can
be explained more directly. DRIP150 not only interacts with
STAT?2 and ISGF3 but also potentiates IFN-mediated tran-
scription; therefore, it was analyzed in more detail in this study.
Together, these findings suggest that DRIP150 is a STAT2-
specific coactivator and might represent an important Media-
tor interface for ISGF3-specific transcription.

As a complex of more than 25 polypeptides, the Mediator
possesses multiple surfaces for protein interactions, some of
which have been demonstrated to contact transcriptional acti-
vators and others that more directly regulate RNA polymerase.
The ability to contact a variety of transcription regulators is a
key feature of the Mediator that provides this complex with the
capacity to influence a wide array of transcription activation
events. In the case of IFN signaling mediated by ISGF3, our
results indicate that DRIP150 provides a specific connection
between the Mediator and STAT2, which is supported by the
finding of STAT?2 within SRB10 immune complexes and the



VoL. 23, 2003

indirect IFN-dependent recruitment of DRIP130 to ISGF3
target promoter DNA.

Interestingly, neither STAT1 nor STAT3 could interact with
any of the DRIP proteins tested in coimmunoprecipitation
assays, suggesting that target genes regulated by these STAT
proteins might access the Mediator through untested subunits
or might recruit Mediator indirectly through other promoter-
binding regulators. Recent studies have suggested that the
latter possibility may indeed be the case for some examples of
STAT-dependent gene transcription. Both VDR and GR re-
quire interactions with Mediator for optimal function. STAT1
interactions with the ligand-bound VDR were reported to be
important in the regulation of IFN-y signaling (61), while in a
similar manner, STAT3 and STATS5 have been demonstrated
to act synergistically with GR on target promoters (56, 57, 62).
Thus, while ISGF3 directly recruits Mediator via STAT2-
DRIP150 interaction, other STAT transcription factors may
communicate with the Mediator complex indirectly through
interactions with other promoter-specific activators.

The results of the immunoprecipitation assays demonstrate
that the interaction between ISGF3 and DRIP150 can occur in
the absence of IFN stimulation, suggesting that the STAT2-
DRIP150 interaction is regulated at the level of nuclear-cyto-
plasmic distribution. In unstimulated cells, STAT2 is exclu-
sively cytoplasmic, but the Mediator complex has been purified
from and functions in the nucleus. Therefore, STAT2 and
DRIP150 are compartmentally separated until ISGF3 translo-
cates to the nucleus in response to IFN stimulation. Once
STAT?2 and DRIP150 are both present in the nucleus, func-
tional interaction can take place, as demonstrated by our ob-
servation that DRIP150 can bind to intact ISGF3 in its DNA-
bound state in vitro and is recruited to endogenous loci in vivo
in response to IFN. This mechanism for regulation of Mediator
interactions is distinct from that used by some NRs that are
constitutively nuclear and bound to DNA. In these cases, li-
gand binding reverses interactions with repressor complexes
and promotes the recruitment of positive coactivators, includ-
ing Mediator (15, 31).

The DRIP150 protein is one of the phylogenetically con-
served subunits that is common to yeast and metazoan Medi-
ators. The yeast DRIP150 orthologue, RGR1, possesses ~22%
overall identity and ~41% similarity to mammalian DRIP150.
RGR1, first identified in a genetic screen for genes important
in the regulation of glucose metabolism, is essential for both
positive and negative regulation of most transcriptional events
in S. cerevisiae (11, 30, 33). The recruitment of an additional
subset of Mediator proteins is also dependent on RGR1, and
accordingly, null mutants for this locus have been found to be
lethal (30), demonstrating the importance of this protein for
basic regulation required for cell viability. More recently, RNA
interference of the DRIP150/RGR1 homologue in the nema-
tode Caenorhabditis elegans has been shown to disrupt general
transcriptional events required for embryonic development,
suggesting that this Mediator subunit might also be required
for diverse transcription events in higher organisms (54). The
human DRIP150 protein has been purified in several distinct
Mediator complexes, highlighting again the central role of this
protein. Our investigation has localized the STAT?2 interaction
site on DRIP150 between residues 188 and 566. This region
can interact with STAT2 in isolation and, when expressed
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alone, can act as an effective dominant-negative inhibitor of
IFN-mediated transcription. These results specifically define a
region within a single Mediator subunit that is a critical inter-
face for IFN signaling. Computer-aided informatic analysis of
this region of DRIP150 did not reveal any homologies to
known proteins or protein interaction domains and predicted a
mostly alpha-helical structure with leucine repeats within res-
idues 280 to 310. The lack of homology to known proteins
suggests a novel STAT?2 interaction domain within this region
of DRIP150 that is distinct from the region demonstrated to
interact with the GR, DRIP150 residues 1360 to 1454 (16).
Through these separate interaction surfaces, DRIP150 con-
nects at least two distinct activating signals to the Mediator
complex, a reasonable means by which to increase the diversity
of Mediator-requiring events while maintaining a high degree
of specificity for multiple transcription activators. By facilitat-
ing interactions with more than one transcription regulator,
Mediator subunits may serve as platforms for integrating var-
ious signaling pathways for transcriptional output. In addition,
recent findings from structural studies and targeted disruptions
suggest a modular nature for the murine Mediator, creating
further potential for increased combinatorial diversity (6, 21).
Connecting the Mediator, a coactivation complex newly linked
to IFN-dependent transcription, to the control of specific tar-
get genes, particularly those involved in innate antiviral immu-
nity, represents an important challenge for future investiga-
tions.
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