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Activating signal cointegrator 1 (ASC-1) harbors an autonomous transactivation domain that contains a
putative zinc finger motif which provides binding sites for basal transcription factors TBP and TFIIA,
transcription integrators steroid receptor coactivator 1 (SRC-1) and CBP-p300, and nuclear receptors, as
demonstrated by the glutathione S-transferase pull-down assays and the yeast two-hybrid tests. The ASC-1
binding sites involve the hinge domain but not the C-terminal AF2 core domain of nuclear receptors. None-
theless, ASC-1 appears to require the AF2-dependent factors to function (i.e., CBP-p300 and SRC-1), as
suggested by the ability of ASC-1 to coactivate nuclear receptors, either alone or in cooperation with SRC-1 and
p300, as well as its inability to coactivate a mutant receptor lacking the AF2 core domain. By using indirect
immunofluorescence, we further show that ASC-1, a nuclear protein, is localized to the cytoplasm under
conditions of serum deprivation but is retained in the nucleus when it is serum starved in the presence of ligand
or coexpressed CBP or SRC-1. These results suggest that ASC-1 is a novel coactivator molecule of nuclear
receptors which functions in conjunction with CBP-p300 and SRC-1 and may play an important role in
establishing distinct coactivator complexes under different cellular conditions.

The nuclear receptor superfamily is a group of ligand-de-
pendent transcriptional regulatory proteins that function by
binding to specific DNA sequences named hormone response
elements in the promoters of target genes (reviewed in refer-
ence 36). The superfamily includes receptors for a variety of
small hydrophobic ligands, such as steroids, T3, and retinoids,
as well as a large number of related proteins that do not have
known ligands, referred to as orphan nuclear receptors. Func-
tional analysis of nuclear receptors has shown that there are
two major activation domains. The N-terminal domain (AF1)
contains a ligand-independent activation function, whereas the
extreme C-terminal helix of the ligand binding domain (LBD)
serves as an integral component of the ligand-dependent trans-
activation function AF2, which also includes several essential
helixes in broad parts of the LBD. This C-terminal AF2 core
region, which is relatively highly conserved among nuclear
receptors, undergoes an allosteric change upon ligand binding,
and deletion or point mutations in this region often impair
transcriptional activation without changing ligand and DNA
binding affinities (36).

Transcriptional activation of nuclear receptors appears to
involve at least two separate processes: derepression and acti-
vation. Repression is mediated in part by the interaction of
unliganded receptors with corepressors such as the nuclear
receptor corepressor (N-CoR) (8) and SMRT (20). However,
ligand binding triggers the dissociation of these corepressors
and the concomitant recruitment of coactivators. These puta-
tive receptor-interacting coactivators include RIP-140 and
RIP-160 (5, 6), ERAP-140 and ERAP-160 (17), TIF1 (28),

TRIP1 (30), ARA70 (55), CBP and its functional homolog
p300 (16), steroid receptor coactivator 1 (SRC-1) (42, 54),
xSRC-3 (25), AIB1 (1), TIF2 (50), RAC3 (34), ACTR (9),
TRAM-1 (47), and p/CIP (48). In particular, the last eight
proteins are highly related to each other and can enhance
transcriptional activation by several nuclear receptors. These
coactivators are postulated to function in transmitting the sig-
nal of ligand-induced conformational change to the basal tran-
scription machinery. As expected, many coactivators fail to
interact with nuclear receptors mutated for the C-terminal
AF2 core region (6, 28, 50). Recently, chromatin remodeling
by cofactors was also suggested to contribute, through histone
acetylation-deacetylation, to receptor-mediated transcriptional
regulation (49, 52, 56). Accordingly, SRC-1 (46) and its homo-
logue ACTR (9), along with CBP-p300 (3, 41), were shown to
contain histone acetyltransferase activities and form a complex
with histone acetyltransferase protein P/CAF (53). In contrast,
it was shown that SMRT (20) and N-CoR (8), nuclear receptor
corepressors, form complexes with Sin3 and histone deacety-
lase proteins (19, 40).

CBP and p300 define a distinct class of coactivator mole-
cules, functionally interacting with many different transcription
factors, including nuclear receptors, CREB, NF-kB, bHLH fac-
tors, p53, STATs, AP-1, and SRF-TCF (reviewed in reference
16). In particular, CBP and p300 have been found to interact
directly with nuclear receptors in a ligand- and AF2-dependent
manner (7, 18, 23, 54). Interestingly, CBP-p300 was recently
found to interact with SRC-1 (54) and form a complex with a
series of cellular proteins with molecular masses ranging from
44 to 270 kDa (11). SRC-1 and p/CIP were recently shown to
coactivate multiple transcription factors, including CREB and
STATs (48), NF-kB (39), AP-1 (32), and SRF (26). Based on
this broad spectrum of action, these proteins (i.e., CBP-p300
and SRC-1) were renamed transcription integrators.
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Herein, we describe the initial characterizations of a novel
protein, ASC-1, originally isolated based on its association with
nuclear receptors (31). ASC-1 is a transcription coactivator of
nuclear receptors, associating with specific components of the
RNA polymerase II complex, the hinge domain of nuclear
receptors, and transcription integrators SRC-1 and CBP-p300.
Strikingly, ASC-1, a nuclear protein, localizes to the cytoplasm
under conditions of serum starvation but is retained in the
nucleus when serum starved in the presence of ligand or co-
expressed CBP or SRC-1, raising an interesting possibility that
ASC-1 may play an important role in establishing distinct co-
activator complexes under different cellular conditions.

MATERIALS AND METHODS

Antibodies and plasmids. A monoclonal antibody against hemagglutinin (HA)
epitope and fluorescein isothiocyanate (FITC)-rhodamine-conjugated antibodies
as well as rabbit polyclonal antibodies against retinoic acid receptor alpha (RARa)
were purchased from Boehringer (Mannheim, Germany). A rabbit polyclonal
antibody was raised and affinity purified against the ASC-1 zinc finger region (the
ASC-1 residues 125 to 237). A PCR-amplified fragment encoding a full-length
ASC-1 was cloned into EcoRI and XhoI restriction sites of pJ3H (kind gift of
J. K. Chung at KAIST, Korea) to express HA-tagged ASC-1 in mammalian cells.
ASCdn, a mutant ASC-1 deleted for the zinc finger region (the ASC-1 residues
165 to 216), was constructed by using two-step PCR procedures (2). LexA, B42,
T7, glutathione S-transferase (GST), and Gal4 fusion vectors to express ASC-1,
ASCDN, ASCDNDC, p300-N, p300-C, and CBP-C were constructed by inserting
appropriate PCR fragments into EcoRI and XhoI/SalI sites of p202PL (2), pJG4-
5 (2), pcDNA3 (Invitrogen, San Diego, Calif.), pGEX4T-1 (Amersham Pharma-
cia Biotech), and pCMX-GAL4-N (kind gift of Ron Evans at the Salk Institute),
respectively. PCR fragments encoding the TRb1 residues 164 to 265 and 260 to
444 were inserted into EcoRI and SalI sites of p202PL to express LexA–TR-D
and LexA–TR-E, respectively. LexA vectors to express B42, retinoid X receptor
(RXR)-DEF, thyroid hormone receptor (TR)-DEF, TR-DEF459, SRC-C and
SRC-D as well as T7 vectors to express SMRT, SRC-1, SRC-C, and SRC-D were
as previously described (2, 20, 29, 32, 33, 39). GST-vectors encoding RXR,
RXRDAF2, RAR, TR, estrogen receptor alpha (ERa), SRC-1, CBP-1, CBP-5,
TBP, and TFIIA, the mammalian expression vectors for Gal4-VP16, p300,
SRC-1, TR, RAR, ERa, and RXR, the transfection indicator construct pRSV–
b-gal as well as the reporter constructs TREpal-LUC, ERE-LUC, DR5-LUC,
and Gal4-TK-LUC were as previously described (29, 32, 39, 57).

Northern and Western blot analyses. An RNA blot (Clontech, Palo Alto,
Calif.) containing 2 mg of poly(A)1 (polyadenylated) RNA from various human
tissues was hybridized with a random-primed 32P-labeled DNA probe (encom-
passing amino acids 125 to 237 of ASC-1) and exposed on X-ray film, as de-
scribed (2). Western analyses were done as previously described (2).

GST pull-down assays. Approximately 2 to 4 mg of the GST fusions or GST
alone expressed in Escherichia coli was bound to glutathione-Sepharose-4B
beads (Pharmacia, Piscataway, N.J.), and incubated with labeled proteins ex-
pressed by in vitro translation by using the TNT-coupled transcription-transla-
tion system, with conditions as recommended by the manufacturer (Promega,
Madison, Wis.). Specifically bound proteins were eluted from beads with 40 mM
reduced glutathione in 50 mM Tris (pH 8.0) and analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography as
described (2). Where total nuclear extracts were used, Western analysis was
exploited to confirm specific bindings as indicated (see Fig. 4B).

Yeast two-hybrid test. For the yeast two-hybrid tests, plasmids encoding LexA
fusions and B42 fusions were cotransformed into Saccharomyces cerevisiae
EGY48 containing the lacZ reporter plasmid, SH/18-34 (2). Plate and liquid
assays of b-gal expression were carried out as described (29). Similar results were
obtained in more than two similar experiments.

Immunofluorescence. Rat-1 fibroblast cells were microinjected with HA-
tagged ASC-1 plasmid (25 mg/ml) and fixed at indicated times after serum
starvation, followed by indirect immunostaining with anti-HA antibody and
FITC-rhodamine-conjugated antibodies as previously described (21). The image
was photographed with a Zeiss AxioplanII camera equipped with PIXERA.

Cell culture and transfections. HeLa or CV-1 cells were grown in 24-well
plates with medium supplemented with 10% fetal calf serum for 24 h and were
transfected with 100 ng of lacZ expression vector pRSV-b-gal and 100 ng of a
luciferase reporter gene, along with various expression vectors. Total amounts of
expression vectors were kept constant by adding appropriate amounts of
pcDNA3. These cells were incubated, either in the presence or absence of 0.1
mM of ligand, with medium containing 10% fetal calf serum for 36 h. Cells were
then harvested, luciferase activity was assayed as described (2), and the results
were normalized to the lacZ expression. Similar results were obtained in more
than two similar experiments.

RESULTS

Isolation of a full-length segment of cDNA encoding ASC-1.
TRIP4 was isolated as a partial clone of a protein that specif-
ically interacts with a series of nuclear receptors including TR
and RXR (31). On the basis of its ability to functionally inter-
act with nuclear receptors and other signal-dependent tran-
scription factors (unpublished data), we have renamed this
protein ASC-1. ASC-1 is encoded by an approximately 2,300-
nucleotide mRNA which is expressed in all the human and
mammalian tissues examined (Fig. 1 and results not shown).
Extensive screening of a few human cDNA libraries produced
a number of full-length cDNA clones in which the initiator
methionine is preceded by a few in-frame stop codons. Overall,
ASC-1 shows no significant homology to any gene or protein in
current databases. However, ASC-1 contains a putative zinc

FIG. 1. Expressions of ASC-1. An RNA blot (Clontech) containing 2 mg of
poly(A)1 mRNA from the indicated human tissues was hybridized with an
ASC-1 probe under standard conditions (2). Equivalent loading was verified by
hybridization with an actin cDNA probe (results not shown). S.I., small intestine;
P.B.L., peripheral blood leukocyte. Size markers are as indicated.

FIG. 2. (A) ASC-1 amino acid sequence. Two potential nuclear localization
signals are underlined. Cysteine and histidine residues are indicated in boldface
(those conserved with E1A [14] and VAC1 [51] are underlined). The positions of
the deletions in ASCDN and ASCDNDC are indicated by arrows. (B) Schematic
diagram of ASC-1 and its deletion mutants. The putative zinc finger domain is as
indicated. ASCDN consists of the ASC-1 residues 125 to 581, and ASCDNDC
includes only the putative zinc finger domain (residues 125 to 237). The zinc fin-
ger region is specifically deleted in ASCdn (i.e., the ASC-1 residues 165 to 216).
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finger motif with an arrangement of metal binding residues
similar to those of E1A (14) and a putative regulatory factor
VAC1 (51) (i.e., CX2CX12–13CX2CX4C) (Fig. 2A).

ASC-1 contains a distinct autonomous transactivation do-
main. Previous results in yeast demonstrated that the originally
isolated TRIP4 clone, referred to here as ASCDN (Fig. 2B),
was able to activate transcription when fused to LexA (31).
Since a similar transactivation was also observed with LexA
fusions to a full-length ASC-1 and ASCDNDC, which consists
only of the putative zinc finger domain (residues 125 to 237),
this transactivation function maps to the zinc finger region
(Fig. 3A). Similarly, GAL4 fusions to a full-length ASC-1 and
ASCDNDC stimulated, in a dose-dependent manner, expres-
sion of the GAL4-LUC reporter construct (13) in mammalian
cells (Fig. 3B and results not shown). This autonomous trans-
activation function associated with ASC-1, particularly in yeast,
where nuclear receptors do not exist, led us to examine if
ASC-1 directly associates with basal transcription factors TBP
and TFIIA (reviewed in reference 4). Indeed, ASC-1 readily
interacted with both proteins in vitro, whereas SRC-1 inter-
acted only with TBP (Fig. 3C). In contrast, IkBb did not
interact with either protein. Similar results were obtained with
ASCDNDC (results not shown), indicating that the zinc finger
region is sufficient for these interactions.

ASC-1 binds the hinge domain of nuclear receptors. West-
ern analysis revealed that endogenous ASC-1 in HeLa cells is,
as expected, a predominantly nuclear protein of approximately
68 kDa (Fig. 4A). In addition, HeLa nuclear extracts specifi-

cally retained GST fusions to TR, and ERa contained ASC-1,
either in the presence or absence of ligand (Fig. 4B). As pre-
viously reported (31), coexpression of the B42-ASCDN or B42-
ASCDNDC fusion protein and a LexA fusion to either the
TR-DEF or the RXR-DEF domains stimulated LacZ expres-
sion in yeast, which became further enhanced in the presence
of their ligands, T3 and 9-cis-RA (results not shown). Similar

FIG. 3. Autonomous transactivation function of ASC-1. (A) The yeast one-hybrid results. The indicated LexA-plasmids were transformed into a yeast strain
containing an appropriate lacZ reporter gene, as described (29). The results are expressed as induction fold (n-fold) over the value obtained with LexA/2, which was
given an arbitrary value of 1. The data are representative of at least two similar experiments and the standard deviations were less than 5%. (B) CV-1 cells were
transfected with lacZ expression vector and increasing amounts of Gal4–ASC-1-expression vector, along with a reporter construct Gal4-TK-LUC, as described. Similar
results were also obtained with HeLa cells and Gal4-ASCDNDC (results not shown). The results are expressed as n-fold over the value obtained with 100 ng of Gal4/N,
which was given an arbitrary value of 1. The data are representative of at least two similar experiments, and the standard deviations were less than 5%. (C) In vitro
interaction of ASC-1 with basal factors. Bacterially produced GST-TBP, GST-TFIIA, or GST alone was bound to a glutathione-agarose column and incubated with
equivalent amounts of the indicated 35S-labeled ASC-1, SRC-1, or IkBb produced by in vitro translation, as described (2). Specifically bound proteins were released
by glutathione and resolved by SDS-PAGE. Approximately 20% of the labeled proteins used in the binding reactions were loaded as inputs.

FIG. 4. Expression of endogenous ASC-1 in HeLa cells. (A) HeLa cells were
fractionated into nuclear (NE) and cytosolic (S-100) fractions as described (2)
and were probed with indicated antibodies by Western analysis. a-RPB1 and a-
SRC-1 are monoclonal antibodies against the RNA polymerase II largest subunit
(8WG16) and SRC-1, respectively. (B) HeLa nuclear extracts were incubated
with bacterially expressed GST-fusions to TR and ER or GST alone either in the
presence or absence of ligand, as indicated. Specifically bound proteins were
released by glutathione, resolved by SDS-PAGE, and probed with a rabbit
polyclonal antibody against ASC-1 by Western analysis. Approximately 20% of
the nuclear extracts used in the binding reactions were loaded as an input.
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results were also obtained with a B42 fusion to the full-length
ASC-1 (Fig. 5A). These results suggested either ligand-depen-
dent interaction between ASC-1 and receptors or ASC-1-me-
diated transcriptional coactivation of ligand-dependent trans-
activation in yeast. Since the C-terminal AF2 core helix of the
receptors is the target for other ligand-dependent coactivators,
we examined whether the zinc finger region of ASC-1 contacts
this AF2 core region. However, all of the ASC-1 constructs
interacted in a T3-independent manner with LexA–TR-
DEF459, a previously described mutant TR in the AF2 core
region (29). In addition, ASC-1 didn’t show any interaction
with the N-terminal ABC domains of RXR (RXR-ABC) and
all of the ASC-1 fusions to B42 specifically bound a LexA
fusion including only the hinge region of TR (LexA–TR-D),
but did not bind a LexA fusion to the TR-LBD (LexA–TR-E).
Overall, these results suggest that ligand-independent contacts
between the ASC-1 zinc finger domain and the receptor hinge
domain are a major component of their interaction.

These results were further confirmed by direct in vitro bind-
ing. As shown in Fig. 5B, ASC-1 interacted in a ligand-inde-
pendent manner with GST fusions to RXR, RAR, TR, and
ERa, but did not bind luciferase and other control proteins
(results not shown). Similar to the yeast results with LexA–
TR-DEF459, ASC-1 interacted with RXRDAF2, a recently
described AF2 mutant (57), in a 9-cis-RA-independent fash-
ion. Similar results were also obtained with ASCDNDC (results
not shown). However, SRC-1 bound only the wild-type RXR
as well as RAR, TR, and ERa in a ligand-dependent manner,
as expected (42). N-CoR (8) and SMRT (20) bind to the hinge
regions of unliganded receptors that appear to overlap the
binding site for ASC-1. Indeed, ASC-1 interacted with TR in a
ligand-dependent manner when SMRT was added in the in
vitro binding reactions (Fig. 5C), probably due to competitive
bindings between ASC-1 and SMRT, since SMRT interacted
only with unliganded TR as previously described (20). These
results strongly suggest that the receptor–ASC-1 interactions

FIG. 5. ASC-1 interacts with nuclear receptors. (A) The indicated B42 and LexA plasmids were transformed into a yeast strain containing an appropriate lacZ
reporter gene, as described (29). TR-D and TR-E include the rat TRb1 residues 164 to 265 (the hinge domain) and 260 to 444 (the LBD), respectively. Open and
stippled boxes indicate the presence of B42 alone, whereas hatched and closed boxes indicate the presence of B42–ASC-1. Stippled and closed boxes include 1 mM T3
or 9-cis-RA. The results are expressed as induction fold (n-fold) over the value obtained with LexA/2 and B42 alone, which was given an arbitrary value of 1. The data
are representative of at least two similar experiments and the standard deviations were less than 5%. Similar results were also obtained with ASCDN and ASCDNDC.
(B) In vitro interaction of ASC-1 with nuclear receptors. Bacterially produced GST alone or GST fusions to RARa, TRb, ERa, RXR, and RXRDAF2 (57) were bound
to a glutathione-agarose column and incubated with equivalent amounts of the indicated 35S-labeled ASC-1 or SRC-1 produced by in vitro translation, as described
(2). 1, presence of 0.1 mM of each cognate ligand. Approximately 20% of the labeled proteins used in the binding reactions were loaded as inputs. (C) Ligand-
dependent interaction of ASC-1 with TR in the presence of SMRT (20). GST alone or GST-TR bound to a glutathione-agarose column was incubated with ASC-1 or
SMRT labeled by in vitro translation. 1, presence of 0.1 mM T3. Approximately 20% of the labeled proteins used in the binding reactions were loaded as inputs.

6326 KIM ET AL. MOL. CELL. BIOL.



are ligand-dependent in vivo, as these corepressor molecules
are ubiquitously expressed in most tissues (8, 20).

ASC-1 binds to integrators SRC-1 and CBP-p300. Surpris-
ingly, ASC-1 was also found to associate with transcription
integrator SRC-1 (26, 32, 39, 48) in yeast (Fig. 6A). In partic-
ular, the interaction was mapped to a subregion of SRC-1 (i.e.,
SRC-D, residues 759 to 1141), encompassing the previously
defined CBP-p300 binding domain (18, 23, 42, 54). Consistent
with these yeast results, ASC-1 also interacted with SRC-D
(residues 759 to 1141) but not with SRC-C (residues 568 to
779) in vitro, whereas liganded RXR interacted only with
SRC-C (Fig. 6B), as previously described (42). In addition,
ASC-1 associated with transcription integrator CBP-p300 (16)
in yeast (Fig. 6C). ASC-1 interacted with p300-C (the p300
residues 2041 to 2157) and CBP-C (the CBP residues 1868 to
2441) but not with p300-N (the p300 residues 1 to 117), local-
izing the interaction domain to a subregion of CBP-p300 that
includes the previously defined SRC-1 binding sites (i.e., the
p300 residues 2041 to 2157) (18, 23, 42, 54). These yeast results
were also confirmed by direct in vitro bindings, in which ASC-1
interacted with CBP-5 (residues 1891 to 2441) but not with
CBP-1 (residues 1 to 450), whereas p65 interacted with both
(Fig. 6D), as previously reported (15). Similar results were also

obtained with ASCDN and ASCDNDC (results not shown),
indicating that the zinc finger region is sufficient for all of these
interactions.

The zinc finger region of ASC-1 forms a ternary complex
with CBP, SRC-1, and RXR. It was surprising that a relatively
small region of the ASC-1 (residues 125 to 237) encompassing
the putative zinc finger motif was found to be responsible for
interactions with receptors, SRC-1, CBP-p300, and basal fac-
tors. In addition, ASC-1 interacted with a region in SRC-1 that
encompasses the CBP-p300-interaction domain (54). Similarly,
ASC-1 interacted with a region in CBP-p300 that was previ-
ously shown to contain the SRC-1 binding site (54). Thus, we
examined whether the zinc finger region of ASC-1 is able to
form a ternary complex with these proteins. CBP-C (the CBP
residues 1868 to 2441) contains the SRC-1 binding domain,
whereas SRC-D (the SRC-1 residues 759 to 1141) includes the
CBP-p300 binding domain. However, CBP-C and SRC-D do
not include the domains interacting with nuclear receptors. As
shown in Fig. 7, radiolabeled CBP-C, a full-length RXR, and
SRC-D efficiently bound to a GST fusion to ASCDNDC but
not GST alone in vitro. Inclusion of increasing amounts of
unlabeled RXR disrupted bindings of radiolabeled RXR and
ASCDNDC, as expected, but not the ASCDNDC-CBP-C and

FIG. 6. ASC-1 interacts with SRC-1–CBP-p300. (A) The indicated B42 and LexA plasmids were transformed into a yeast strain containing an appropriate lacZ
reporter gene, as described (29). SRC-C and SRC-D include the SRC-1 residues 568 to 779 and 759 to 1141, respectively. Open boxes indicate B42 alone, whereas
stippled, hatched, and closed boxes indicate the presence of B42 fusions to ASC-1, ASCDN, and ASCDNDC, respectively. The results are expressed as induction fold
(n-fold) over the value obtained with LexA/2 and B42 alone, which was given an arbitrary value of 1. The data are representative of at least two similar experiments
and the standard deviations were less than 5%. (B) GST alone, GST-ASC-1, or GST-RXR bound to a glutathione-agarose column was incubated with SRC-C or SRC-D
labeled by in vitro translation. 1, presence of 0.1 mM 9-cis-RA. Approximately 20% of the labeled proteins used in the binding reactions were loaded as inputs. (C)
The indicated B42 and LexA plasmids were transformed into a yeast strain containing an appropriate lacZ reporter gene, as described (29). CBP-C includes the CBP
residues 1868 to 2441, whereas p300-N and p300-C include the p300 residues 1 to 117 and 2041 to 2157, respectively. Open boxes indicate B42 alone, whereas stippled,
hatched, and closed boxes indicate the presence of B42 fusions to p300-N, p300-C, and CBP-C, respectively. The results are expressed as n-fold over the value obtained
with LexA/2 and B42 alone, which was given an arbitrary value of 1. The data are representative of at least two similar experiments and the standard deviations were
less than 5%. (D) GST alone, GST-CBP-1, or GST-CBP-5 bound to a glutathione-agarose column was incubated with ASC-1 or p65 labeled by in vitro translation.
Approximately 20% of the labeled proteins used in the binding reactions were loaded as inputs.
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ASCDNDC-SRC-D interactions (Fig. 7A). These results dem-
onstrate that the zinc finger region of ASC-1 (i.e., ASCDNDC)
and RXR can form a ternary complex with either CBP-C or
SRC-D. Similarly, ASCDNDC and SRC-D were found to form
a ternary complex with CBP-C or RXR (Fig. 7B). In particular,
it was notable that the CBP-C-ASCDNDC interactions became
further stimulated in the presence of SRC-D. From these re-
sults, we concluded that the zinc finger region of ASC-1 is
capable of forming a ternary complex with CBP, SRC-1, and
RXR.

ASC-1 relocates between nucleus and cytosol, depending on
different cellular conditions. The HA-tagged, overexpressed
ASC-1 was normally found exclusively in the nucleus, as ex-
pected (results not shown). In contrast, it accumulated in the
cytoplasm in a time-dependent manner when deprived of se-
rum (Fig. 8A). ASC-1 was found throughout the cytoplasm and
nucleus after 6 h of serum starvation, whereas it was found
mostly in the cytoplasm after 24 to 48 h of starvation. Inter-
estingly, when 9-cis-RA or serum was added after 24 h of
serum starvation, ASC-1 was found exclusively in nucleus 24 h
later (Fig. 8A). Similarly, the cytoplasmic accumulation was
not observed when cells were serum starved for 24 h in the
presence of ligand or coexpressed CBP or SRC-1, resulting in
nuclear localization of ASC-1 (Fig. 8B). Similar results were
also obtained with charcoal-stripped serum (results not shown).
Taken together, these results indicate that localization of
ASC-1 is tightly regulated under different cellular conditions,
and ASC-1 can directly associate with CBP, SRC-1, and ligan-
ded receptors in vivo.

ASC-1 as a novel transcription coactivator of nuclear recep-
tors. To assess the functional consequences of these interac-
tions, ASC-1 was cotransfected into CV-1 cells along with a
reporter construct, TREpal-LUC. Increasing amounts of
cotransfected ASC-1 enhanced the 9-cis-RA-dependent acti-
vation of this reporter in a dose-dependent manner, with co-
transfection of 100 ng of ASC-1 increasing the activation ap-
proximately fivefold. Consistent with the specific interactions
of ASC-1 with SRC-1 and CBP, the ASC-1-enhanced level of
the reporter gene expression was further stimulated by cotrans-
fected SRC-1 or by the CBP homologue p300 (Fig. 9A).

A mutant ASC-1 deleted for the zinc finger domain (ASCdn)
showed a strong dominant-negative phenotype; coexpression
of ASCdn impaired the 9-cis-RA-dependent activation of the
reporter, either in the presence or absence of additional wild-
type ASC-1. Similar dominant-negative phenotypes were also
observed with ASCDNDC (results not shown). These results
strongly attest to the importance of ASC-1 in the nuclear
receptor transactivation function in vivo. Interestingly, ASC-1
was not able to coactivate the RXRDAF-driven transactiva-
tions (Fig. 9B), indicating that ASC-1 has to function in con-
junction with AF2-dependent coactivators, such as CBP and
SRC-1. Similar results were also obtained with a series of
different reporter constructs responsive to ERa, TR, RAR, or
RXR in various cell types (Fig. 9C, D, and E and results not
shown). In contrast, the basal expression of the reporter in the
absence of ligand remained relatively constant with increasing
amount of cotransfected ASC-1. Similarly, ASC-1 did not af-
fect expression of the control plasmids pRSV–b-gal or TK-
LUC (results not shown), or GAL4-VP16-mediated transacti-
vation of the GAL4-LUC reporter construct (13) (Fig. 9F).
These results demonstrated that ASC-1 is a bona fide tran-
scription coactivator molecule of nuclear receptors.

DISCUSSION

Transcription coactivators (reviewed in reference 45) can
function not only to transmit the signal of ligand-induced con-
formational change to the basal transcription machinery but
also to modulate chromatin structure. In this report, we have
described the initial characterization of ASC-1, which shows
various properties consistent with its role as a novel transcrip-
tion coactivator molecule of nuclear receptors. These include
associations with nuclear receptors (Fig. 4 and 5), the basal
transcription machinery (Fig. 3), and transcription integrators
CBP and SRC-1 (Fig. 6), an autonomous transactivation func-
tion (Fig. 3), and coactivation of transactivation mediated by
nuclear receptors (Fig. 9).

The interactions of ASC-1 with nuclear receptors are ligand
independent in vitro (Fig. 5B), whereas inclusion of SMRT
(20) in the binding reactions resulted in ligand-dependent in-
teractions of ASC-1 with receptors (Fig. 5C). The hinge do-
main of nuclear receptor is a major determinant in interactions
with ASC-1 (Fig. 5A) as well as SMRT (20). Since SMRT is
released from liganded nuclear receptors and ASC-1 is still
able to bind to liganded receptors, the receptor–ASC-1 bind-
ings should become ligand dependent in vivo, where SMRT is
ubiquitously expressed. The indirect immunofluorescence re-
sults are also consistent with this notion (Fig. 8). However, it
was intriguing that the relatively strong basal interactions of
ASC-1 with receptors were further stimulated by ligand in
yeast, whereas the interactions of ASC-1 with TR-DEF459, a
previously described AF2 mutant TR (29), were not. These
results may have been caused simply by ligand-induced stabi-
lization of receptor conformation to facilitate the ASC-1–re-
ceptor interactions in yeast. Alternatively, proteins functionally
homologous to SMRT, an AF2-dependent coactivator such as
SRC-1–CBP-p300, or both may exist in yeast, and ASC-1 may
cooperate with these putative yeast proteins to mediate the
ligand- and AF2-dependent coactivation of nuclear receptors
in yeast. In this regard, it is notable that our database search
revealed the highly conserved ASC-1 homologues in the higher
eukaryotes Caenorhabditis elegans and Schizosaccharomyces
pombe as well as a relatively distant ASC-1 homologue in S.
cerevisiae (results not shown).

Recent biochemical studies suggest that transcription coac-
tivators function as a complex with other related proteins (45).

FIG. 7. ASC-1 forms a ternary complex with RXR, CBP, and SRC-1. GST
alone or GST-ASCDNDC bound to a glutathione-agarose column was incubated
with CBP-C, RXR, or SRC-D labeled by in vitro translation. Increasing amounts
of RXR (A) or SRC-D (B), in vitro translated in the absence of [35S]methionine,
was added to the binding reaction as a competitor, as indicated. Approximately
20% of the labeled proteins used in the binding reactions were loaded as inputs.
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Thus far, several groups of such distinct macromolecular com-
plexes have been described. The TAF components of TFIID
(reviewed in reference 4) and the SRB-MED components
bound to polymerase II (reviewed in reference 38) comprise
those that are ultimately associated with the general transcrip-
tion machinery. B-cell-specific OCA-B (35), a group of distinct
nuclear proteins named thyroid hormone receptor associated
proteins (TRAPs) (12), and a transcriptionally active nuclear
complex that interacts only with liganded vitamin D receptor
(VDR) (DRIPs) (43) define a group of coactivator complexes
with rather specific functions. TRAPs purified from HeLa cells
grown in the presence of thyroid hormone (T3) were found to
markedly activate transcription by liganded TR in vitro,
whereas DRIPs consisting of a complex of at least 10 different

proteins ranging from 65 to 250 kDa were found to coactivate
the VDR-dependent transactivation. The DRIPs were distinct
from the CBP-p300 complex, although like these coactivators,
their interaction also required the AF2 transactivation motif of
VDR (43). Finally, the CBP-p300 coactivator complex defines
a distinct coactivator complex that directly binds and coacti-
vates a wide spectrum of different transcription factors. In
particular, CBP-p300 was found to be complexed with SRC-1
(18, 23, 42, 54) and a series of cellular proteins with molecular
masses ranging from 44 to 270 kDa (11). Purification and
analysis of various proteins in this group revealed that they are
components of the human SWI-SNF complex and that p270 is
an integral member of this complex. In addition, different
classes of mammalian transcription factors—nuclear receptors,

FIG. 8. Association of ASC-1 with SRC-1, CBP, and liganded receptor in vivo. (A) Time-dependent accumulation of ASC-1 to cytoplasm in serum-starved cells.
Rat-1 fibroblast cells were microinjected with HA-tagged ASC-1 plasmid (25 mg/ml) and fixed at indicated times during serum starvation, followed by indirect
immunostaining with anti-HA antibody and FITC-rhodamine-conjugated antibodies as previously described (21). Serum (10%) or 0.1 mM 9-cis-RA was added to the
media following 24 h of serum starvation and was observed 24 h later by indirect immunostaining, as indicated. The image was photographed with a Zeiss AxioplanII
camera equipped with PIXERA. The picture is representative of approximately 50 injected cells which gave similar results. Similar results were also obtained with HeLa
cells (results not shown). (B) Inhibition of cytoplasmic accumulation of ASC-1 by ligand, SRC-1, or CBP in serum-starved cells. Rat-1 fibroblast cells were microinjected
with either HA-tagged ASC-1 (25 mg/ml) alone, HA-tagged ASC-1 plus SRC-1 (25 mg/ml each), or HA-tagged ASC-1 plus CBP (25 mg/ml each), were serum starved
for 24 h either in the presence or absence of 0.1 mM 9-cis-RA as indicated, and were processed for immunostaining. Similar results were also obtained with HeLa cells
(results not shown).
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CREB, and STATs—were recently shown to functionally re-
quire distinct components of the CBP-p300 coactivator com-
plex, based on their platform or assembly properties (27).
RAR, CREB, and STATs were further demonstrated to re-
quire different histone acetyltransferase activities within the
CBP-p300 complex to activate transcription. Recently, p300
and CBP, despite their similarities, have been shown to have
distinct functions during retinoid-induced differentiation of
embryonic carcinoma F9 cells (24). Overall, these results sug-
gest that distinct coactivator complexes appear to exist among
CBP-p300-containing coactivator complexes in the cell, which
should be responsive to distinct activating signals and differ-
entially integrate various signaling pathways.

We have presented a few pieces of experimental evidence
that support direct associations of ASC-1 with SRC-1 and
CBP-p300. First, ASC-1 was shown to physically bind CBP-
p300 and SRC-1, as demonstrated by the yeast two-hybrid tests
and the GST pull-down assays (Fig. 6). Second, ASC-1 was
found to colocalize, at least under serum-starved conditions,
with CBP and SRC-1 in vivo, as demonstrated by the indirect
immunofluorescence of Rat-1 fibroblast cells (Fig. 8). Finally,
while the ASC-1 interaction domain does not include the AF-2
domain of nuclear receptors (Fig. 5), ASC-1 was shown to
cooperate with SRC-1 and p300 in coactivating transactivation
by nuclear receptors (Fig. 9A). In addition, ASC-1 was not able
to coactivate the mutant RXR that lacks the AF2 domain (i.e.,
RXRDAF2) (Fig. 9B), clearly indicating that ASC-1 has to

function in conjunction with AF2-dependent factors such as
CBP-p300 and SRC-1. These results suggest that ASC-1 may
represent an active member of the CBP-p300 complexes, along
with SRC-1 and related proteins. Alternatively, it may repre-
sent a constituent of distinct coactivator complexes that, in
turn, functionally interact with the CBP–SRC-1 complexes.
Consistent with the latter possibility, it was recently shown that
CBP, p300, and SRC-1 exist as distinct steady-state coactivator
complexes in vivo (37). In addition, we have also isolated a
novel complex of proteins from HeLa nuclei based on their
tight association with ASC-1 which exhibited a fractionation
profile distinct from that of CBP, p300, or SRC-1 and didn’t
appear to contain any of these proteins (unpublished results).

One of the most striking features of ASC-1 was its interest-
ing relocation property (Fig. 8). When deprived of serum,
ASC-1 accumulated in cytoplasm, while it was exclusively nu-
clear in the presence of ligand or coexpressed CBP or SRC-1.
However, it is not known whether this cytoplasmic accumula-
tion under conditions of serum deprivation is due to the in-
ability of newly synthesized ASC-1 to enter the nucleus or
active relocation of the existing nuclear ASC-1 to the cyto-
plasm. Nonetheless, these relocation properties raise an inter-
esting possibility that ASC-1 may play a critical role in estab-
lishing distinct coactivator complexes under different cellular
conditions (as summarized in Fig. 10). When deprived of se-
rum, for instance, coactivator complexes devoid of ASC-1 may
predominate within the nucleus (due to the cytoplasmic accu-

FIG. 9. ASC-1 potentiates gene expressions mediated by nuclear receptors. HeLa cells were transfected with b-gal expression vector and increasing amounts of
ASC-1-expression vector, either in the absence or presence of SRC-1 or p300 expression vector, along with indicated reporter constructs, as described. For specific
activation of each reporter construct, 10 ng of RXR (A), 50 ng of RXRDAF2 (B), 10 ng of ERa (C), 10 ng of TRb (D), 10 ng of RARa (E), or 50 ng of Gal4-VP16
(F) was also added. Hatched boxes indicate the presence of 0.1 mM each cognate ligand. The results are expressed as induction fold (n-fold) over the value obtained
in the absence of ligand and ASC-1, which was given an arbitrary value of 1. The data are representative of at least two similar experiments, and the standard deviations
were less than 5%. Similar results were also obtained with CV-1 cells (results not shown).
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mulation of ASC-1), which may preferentially transactivate a
set of transcription factors activated by serum starvation while
shutting down general transcription activities. Candidate genes
potentially regulated by these non-ASC-1-containing coactiva-
tor complexes include those specifically expressed at growth
arrest (10, 22, 44). It is also notable that ASC-1 is likely to
function with transcription factors other than nuclear recep-
tors, based on its associations with SRC-1 and CBP, which in
turn functionally interact with transcription factors in diverse
signaling pathways. Indeed, we have found that ASC-1 is re-
quired for transactivation by multiple transcription factors,
including AP-1 and NF-kB (unpublished data).

In conclusion, we have described a novel coactivator mole-
cule capable of associating with liganded receptors, SRC-1,
and CBP in vivo and which may play a critical role in integrat-
ing different cellular conditions into the transcription machin-
ery. Surprisingly, all of the functions of ASC-1 described in this
report appear to require only the putative zinc-binding do-
main, whereas the actions of the much larger CBP, p300, and
SRC-1 proteins are dependent on distinct interaction do-
mains for their various targets. However, it should be noted
that only some of these interactions are likely to exist with-
in the ASC-1-containing complex. Finally, it’s notable that
ASC-1 contains multiple phosphorylation sites, potentially
responsive to various signals, suggesting that ASC-1 may
directly respond to various cellular regulatory signals. Over-
all, studies of this coactivator protein should provide im-
portant insights into the multifactorial control of biological
processes under regulation of multiple signal transduction
pathways in vivo.
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