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Nuclear receptors (NRs) regulate target gene transcription through the recruitment of multiple coactivator
complexes to the promoter regions of target genes. One important coactivator complex includes a p160
coactivator (GRIP1, SRC-1, or ACTR) and its downstream coactivators (e.g., p300, CARM1, CoCoA, and Fli-I),
which contribute to transcriptional activation by protein acetylation, protein methylation, and protein-protein
interactions. In this study, we identified a novel NR coactivator, GAC63, which binds to the N-terminal region
of p160 coactivators as well as the ligand binding domains of some NRs. GAC63 enhanced transcriptional
activation by NRs in a hormone-dependent and GRIP1-dependent manner in transient transfection assays and
cooperated synergistically and selectively with other NR coactivators, including GRIP1 and CARM1, to
enhance estrogen receptor function. Endogenous GAC63 was recruited to the estrogen-responsive pS2 gene
promoter of MCF-7 cells in response to the hormone. Reduction of the endogenous GAC63 level by small
interfering RNA inhibited transcriptional activation by the hormone-activated estrogen receptor. Thus, GAC63
is a physiologically relevant part of the p160 coactivator signaling pathway that mediates transcriptional
activation by NRs.

Steroid and thyroid hormones, retinoic acid, and vitamin D
play important roles in the regulation of growth, development,
and homeostasis. The biological functions of these hormones
are mediated by nuclear receptors (NRs), a family of ligand-
regulated transcription factors (18, 26). Nuclear receptors
share similar structural features, including an N-terminal acti-
vation domain of variable length, a central highly conserved
DNA-binding domain (DBD), and a C-terminal ligand binding
domain (LBD). Most NRs have two transcriptional activation
domains, the N-terminal activation function AF-1 and the C-
terminal activation function AF-2. Ligand binding causes NRs
to undergo conformational changes which potentiate their
ability to bind and recruit multiple coactivator complexes to
the promoters of target genes (8, 20). Each coactivator com-
plex constitutes a signal transduction pathway which transmits
the activating signal from the NRs to specific downstream
targets in the transcription machinery. For example, the Swi/
Snf complex participates in the remodeling of chromatin con-
formation around the promoter by means of an ATPase activ-
ity; the p160 coactivator complex contains enzymes which
contribute to chromatin remodeling by catalyzing posttransla-
tional modifications of histones and other proteins; and the
TRAP/DRIP/mediator complex helps to recruit and activate
RNA polymerase II.

The p160 coactivator family has three members, SRC-1,
GRIP1/TIF-2, and AIB1/ACTR/RAC3/pCIP/TRAM1 (8, 20,
29). The p160 coactivators have a central NR interaction do-
main consisting of three leucine-rich motifs; a C-terminal re-
gion containing two activation domains, AD1 and AD2; and an
N-terminal basic helix-loop-helix/Per-Arnt-Sim (bHLH-PAS)

domain. The C-terminal activation domains AD1 and AD2
recruit secondary coactivators which lie downstream in the
signaling pathway and transmit the activation signal from the
enhancer element-bound NR to the transcription machinery.
AD1 recruits the related histone acetyltransferases p300 and
CBP (6, 25, 30), while AD2 recruits the protein arginine meth-
yltransferases CARM1 and PRMT1 (5, 13). These histone-
modifying enzymes are recruited to the target gene promoters
through their interaction with p160 coactivators, which bind to
hormone-activated NRs (4, 24). They contribute to transcrip-
tional activation by acetylating or methylating histones, coac-
tivators, transcription factors, and presumably other unknown
proteins. The N-terminal bHLH-PAS domain is the most con-
served region among the p160 coactivators (1). In various
proteins, this motif is involved in DNA binding, ligand binding,
and protein-protein interactions (9, 10). In p160 coactivators, it
functions as an additional activation domain, AD3, by recruit-
ing downstream coactivators, including CoCoA and Fli-I (11,
15). Thus, the p160 coactivators contribute to transcriptional
activation by serving as bridges between NRs and downstream
secondary coactivators.

The N-terminal bHLH-PAS domain of p160 coactivators is
large enough (about 350 amino acids) to have multiple inter-
action surfaces. Here we report the identification of another
protein, GRIP1-associated coactivator 63 (GAC63), as a novel
63-kDa NR coactivator, which interacts with both the GRIP1
N-terminal region and some NRs, cooperates synergistically
but selectively with other NR coactivators and is required for
optimal transcriptional activation by estrogen receptor �
(ER�). GAC63 thus represents a new component of the p160
coactivator signal transduction pathway.

MATERIALS AND METHODS

Yeast two-hybrid screening. Yeast two-hybrid screening was performed as
described previously (11), using the N-terminal bHLH-PAS domain of GRIP1
(amino acids 5 to 479) as bait.
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Plasmids. The following plasmids were used to express GAC63 in mammalian
cells and in vitro: pSG5.HA (5) for proteins with an N-terminal hemagglutinin
(HA) epitope; pM (Clontech) for fusion proteins with an N-terminal Gal4-DBD;
and pcDNA3.1.V5.His (Invitrogen) for proteins with a C-terminal V5 epitope
and His6 tag. pGEX-5X1 vector (Amersham Pharmacia) was used to express
fusion proteins with an N-terminal glutathione S-transferase (GST) in Esche-
richia coli. cDNA fragments encoding the indicated GAC63 amino acids were
amplified by PCR with primers containing appropriate restriction sites and
inserted into vectors as follows: full-length GAC63, GAC63(1–200),
GAC63(200–370), GAC63(370–567), GAC63(1–352), and GAC63(184–567)
into EcoRI and XhoI sites of pSG5.HA; full-length GAC63, GAC63(1–134),
GAC63(1–352), GAC63(130–492), GAC63(130–567), GAC63(382–567), and
GAC63(468–567) into EcoRI and SalI sites of pM; and full-length GAC63 into
EcoRI and XhoI sites of pGEX-5X1 and pcDNA3.1.V5.His vectors.

The following plasmids were described previously: pGEX-4T1.GRIP1(5–479),
pSG5.HA-GRIP1, pSG5.HA-GRIP1(5–479), pSG5.HA-GRIP1(563–1462),
pSG5.HA-CARM1, and pCMV-p300 (11); pSV-AR and pCMV-AR encoding
human androgen receptor (AR) and luciferase reporter plasmids MMTV(ERE)-
LUC for ER, MMTV-LUC for AR, and GK1-LUC for Gal4 (5); and pSG5-HE0
encoding human ER�, pHE15 encoding ER�(1–281), and pHE19 encoding
ER�(179–595) (14, 27).

Protein-protein interaction assays. GST pull-down assays were performed as
described previously (11, 13). Coimmunoprecipitation and immunoblotting were
performed as described previously (11), using the following antibodies: anti-His-
tag (Invitrogen), anti-GAC63 antiserum 1bg (produced for this study by Zymed),
anti-ER� (HC-20; Santa Cruz Biotechnology), normal mouse or rabbit immu-
noglobulin G (IgG) (Santa Cruz Biotechnology), and anti-HA-tag (3F10;
Roche). The GAC63 antiserum was raised against a C-terminal peptide repre-
senting GAC63 amino acids 546 to 567 and affinity purified against the same
peptide.

Transient transfection assays. Transient transfection assays were performed
with CV-1 cells in 12-well plates as described previously (11). After transfection,
cells were cultured with or without 100 nM estradiol (E2) or dihydrotestosterone
(DHT) for 48 h before harvesting for luciferase activity assays. The results shown
are the means and standard deviations of triplicate points. Instead of using
typical constitutive reporter plasmids (which are generally stimulated by coacti-
vators) as internal controls, the results shown are representative of at least three
independent experiments.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed
with MCF-7 cells treated with or without 100 nM E2 for 60 min as described
previously (11, 17), using 1 �g of anti-ER� antibody, 2 �g of anti-GRIP1
antibody A300-025A (Bethyl Laboratories), 2 �g of anti-GAC63 antibody 1bg, or
2 �g of normal rabbit IgG. A total of 0.1 to 5 �l of immunoprecipitated, purified,
chromosomal DNA was used for PCR amplification, using the following primers:
pS2 (�353/�31), 5�-GGCCATCTCTCACTATGAATCACTTCTGC-3� (for-
ward) and 5�-GGCAGGCTCTGTTTGCTTAAAGAGCG-3� (reverse); and
�-actin (nucleotides 68 to 327 of GenBank file NM001101), 5�-CTCACCATG
GATGATGATATCGC-3� (forward), and 5�-ATTTTCTCCATGTCGTCCCAG
TTG-3� (reverse).

Quantitative real-time PCR (QPCR) reactions were performed with 2 �l of
immunoprecipitated chromosomal DNA on a Stratagene Mx3000P Instrument,
using SYBR green to detect PCR products. The following primer pairs were
used: pS2 (�353/�31 relative to the transcription start site), 5�-GGCCATCTC
TCACTATGAATCACTTCTGC-3� (forward) and 5�-GGCAGGCTCTGTTTG
CTTAAAGAGCG-3� (reverse); and �-actin (nucleotides 68 to 327 of GenBank
file NM001101), 5�-CTCACCATGGATGATGATATCGC-3� (forward) and 5�-
ATTTTCTCCATGTCGTCCCAGTTG-3� (reverse).

RNA interference. RNA interference experiments were performed as de-
scribed previously (11) using Lipofectamine 2000 (Invitrogen). Small interfering
RNA (siRNA) oligonucleotides for GAC63 and scrambled oligonucleotides
(same nucleotide composition with scrambled sequence) were synthesized by the
USC Norris Comprehensive Cancer Center Microchemical Core Laboratory and
annealed to form duplexes. The following siRNA sequences were used: si-
GAC63, 5�-GAACCUCUCCAAGUAAGAGdTdT-3� (sense) and 5�-CUCUU
ACUUGGAGAGGUUCdTdT-3� (antisense); and scrambled siRNA, 5�-UUC
UCCGAACGUGUCACAUdTdT-3� (sense) and 5�-AUGUGACACGUUCGG
AGAAdTdT-3� (antisense).

Reverse transcription-QPCR (RT-QPCR) was also performed. Total MCF-7
cell RNA was extracted with Trizol reagent (Invitrogen) and subjected to reverse
transcription by using an iScript cDNA Synthesis kit (Bio-Rad). Two microliters
of RT product was subjected QPCR analysis. The primers used were as follows:
GAC63, 5�-AAGCCCTGAAGCTCTTGCCAG-3� (forward) and 5�-CCGAGC
ATTCCTACGAAGTTC-3� (reverse); pS2, 5�-CATGGAGAACAAGGTGATC

TG-3� (forward) and 5�-CTTCTGGAGGGACGTCGATGG-3� (reverse); and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 5�-TCTGGTAAAGTG
GATATTGTTG-3� (forward) and 5�-GATGGTGATGGGATTTCC-3� (re-
verse).

RESULTS

Isolation of GAC63. From a yeast two-hybrid screen of a
mouse 17-day embryo cDNA library, using the N-terminal
fragment of GRIP1 (amino acids 5 to 479) as bait (Fig. 1A), we
identified a C-terminal fragment of a mouse protein (amino
acids 184 to 567) which is apparently orthologous to HUEL
(human embryo lung protein; accession number AF006621).
The full-length HUEL sequence is available—but only the
C-terminal sequence of its mouse orthologue. Using a 3�
primer from the mouse cDNA sequence and a 5� primer de-
signed from the mouse genomic sequence (using the transla-
tion start site of the human cDNA sequence as a positioning
guide), we PCR amplified the full-length mouse cDNA
sequence corresponding to HUEL from a mouse 17-day-em-
bryo cDNA library. There are 87% nucleotide identity and
89% amino acid identity (for the complete coding regions)
between mouse and human sequences. Because of its binding
to GRIP1 and NR coactivator activity (see below), we named
it GRIP1-associated coactivator 63 (GAC63; GenBank acces-
sion number AY682914).

Full-length GAC63 has a continuous open reading frame of
1,704 bp, which encodes a predicted protein of 567 amino acids
with a calculated molecular mass of 63 kDa. Affinity-purified
antibodies against the predicted C-terminal peptide of GAC63
recognized a 63-kDa endogenous protein in several mamma-
lian cell lines (data not shown). The human orthologue of
GAC63, HUEL, is expressed in a wide range of normal human
fetal and adult tissues, as well as cancer cell lines (22). GAC63
has several recognizable motifs, including an LXXLL motif
reminiscent of an NR binding sequence, a zinc finger-like mo-
tif, an acidic region, and two leucine zipper-like domains (Fig.
1B). The C-terminal amino acid sequence 239 to 533 of

FIG. 1. Functional domains of GRIP1 and GAC63. The N-termi-
nal bHLH-PAS domain of GRIP1 was used as bait in a yeast two-
hybrid screen. Numbers indicate amino acids. NID, nuclear receptor
interaction domain; AD1 and AD2, activation domains; LXXLL,
leucine-rich motif; LZ, leucine zipper-like motif.
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GAC63 has stretches of homology to cation efflux family pro-
teins (pfam01545.11 in the NCBI Conserved Domains data-
base) (19).

Interaction of GAC63 with GRIP1 and NRs. To confirm the
interaction between GAC63 and GRIP1 in vitro, we performed
GST pull-down assays. GST-GRIP1N (amino acids 5 to 479)
attached to glutathione–Sepharose-4B beads efficiently bound
full-length GAC63, while GST attached to beads did not (Fig.
2A). Conversely, GST-GAC63 bound specifically to full length
GRIP1 and SRC-1 synthesized in vitro (data not shown).
These results suggest that GAC63 binds directly to the N-
terminal region of p160 coactivators.

To test for binding in vivo, we employed coimmunoprecipi-
tation assays, using COS-7 cells expressing HA-tagged GRIP1
and GAC63 from transiently transfected plasmids. GRIP1,
detected by Western blotting with antibodies against HA tag,
was precipitated by antibodies against GAC63 but not by nor-
mal IgG (Fig. 2B). In addition, GRIP1(5–479) but not
GRIP1(563–1462) also coimmunoprecipitated with GAC63
(Fig. 2C). Thus, GAC63 binds to GRIP1 in vivo through the
GRIP1 N-terminal region.

We also tested whether GAC63 binds to NRs. In GST pull-
down assays, ER� and AR, translated in vitro with or without
the appropriate ligand (E2 for ER and DHT for AR), bound

efficiently and specifically to GST-GAC63 (Fig. 3A). The in-
teraction of ER with GST-GAC63 was enhanced modestly by
E2 treatment. These findings suggest that GAC63 binds to at
least some NRs directly in vitro, in the absence or presence of
hormone. In transiently transfected COS-7 cell extracts, weak
binding of GAC63 to ER was detected without E2 when anti-
bodies against ER were used for immunoprecipitation (Fig.
3B). No enhancement of binding was detected in the presence
of E2. In additional GST pull-down assays, GAC63 bound to a
DBD-LBD fragment of ER (in the presence or absence of E2)
but bound weakly or not at all to an AF1-DBD fragment of
ER, indicating that the ER LBD is the primary binding site for
GAC63 (Fig. 3C).

GAC63 is an NR coactivator which cooperates selectively
with other NR coactivators. Since GAC63 binds to NRs and
the NR coactivator GRIP1, we tested whether GAC63 is in-
volved in NR-regulated transcriptional activation. In tran-
siently transfected CV-1 cells, GRIP1 enhanced the hormone-
dependent activity of ER� (Fig. 4A, assays 1 and 5). Increasing
amounts of GAC63 expression plasmid enhanced ER activity
only slightly (assays 2 to 4) but cooperated synergistically with
GRIP1 as a coactivator (assays 6 to 8). Similar results were
obtained with AR (Fig. 4B). In addition to GRIP1, GAC63
also cooperated synergistically with the other two p160 family

FIG. 2. GAC63 binds GRIP1 in vitro and in vivo. (A) In GST
pull-down assays, GST fusion proteins of GRIP1N (amino acids 5 to
479) were bound to beads and incubated with in vitro-translated
GAC63. Bound proteins were eluted and analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and autofluorography.
(B) COS-7 cells were transfected with 2 �g of pcDNA3.1-GAC63-
V5.His plasmid and 3 �g of pSG5.HA-GRIP1 plasmid. Cell extracts
were immunoprecipitated with anti-GAC63 antibody or normal rabbit
IgG. The immunoprecipitated proteins were detected by immunoblot-
ting with anti-HA antibody. (C) COS-7 cells were transfected with 2 �g
of pcDNA3.1-GAC63-V5.His plasmid and 2 �g of pSG5.HA-
GRIP1(5–479) or pSG5.HA-GRIP1(563–1462). Cell extracts were im-
munoprecipitated with anti-His-tag antibody. The precipitated pro-
teins were detected by immunoblotting with anti-HA antibody.

FIG. 3. GAC63 binds NRs in vitro and in vivo. (A) GST pull-down
assays were performed as in Fig. 2A. Full-length ER� and AR were
translated in vitro and incubated with GST or GST-GAC63 in the
absence or presence of E2 or DHT. (B) COS-7 cells were transfected
with 2 �g of pSG5.HA-GAC63 plasmid and 2 �g of pHE0 plasmid
(encoding human ER�). Cell extracts were immunoprecipitated with
anti-ER� antibody or normal rabbit IgG. The precipitated proteins
were detected by immunoblotting with anti-HA antibody. (C) In GST
pull-down assays, in vitro-translated ER� 1–281 (containing AF-1 and
DBD) or 178–595 (containing DBD and LBD) was incubated with
GST-GAC63 in the absence or presence of E2.

VOL. 25, 2005 NUCLEAR RECEPTOR COACTIVATOR GAC63 5967



members, SRC-1e and ACTR (data not shown). The synergis-
tic coactivator function between GRIP1 and GAC63 was not
observed when the N-terminal 562 amino acids of GRIP1
(containing the GAC63 binding site) were deleted (Fig. 4C).

We employed transient transfection assays with low levels of
NR expression vector, since these low-NR conditions are char-
acterized by a stringent requirement for multiple coactivators
and facilitate the observation of synergistic interaction among
multiple coactivators (13, 16). As shown previously under these
conditions (16), GRIP1 and the combination of GRIP1 and
CARM1 slightly enhanced reporter gene activity, while the
combination of GRIP1, CARM1, and p300 caused a dramatic
synergistic enhancement of ER-dependent reporter gene ac-
tivity (Fig. 5, assays 1, 2, 5, and 8 to 10). The combination of
GRIP1, CARM1, and GAC63 also produced a dramatic syn-
ergy of coactivator function, which was entirely dependent on
the presence of GRIP1 (assays 6 and 7). However, the combi-
nation of GRIP1, p300, and GAC63 produced no synergy
(assay 11). Thus, GAC63 cooperates selectively with other
specific coactivators to enhance ER function.

Functional domains of GAC63. Most coactivators have two
types of functional domains: signal input domains to receive
the signal from the upstream pathway components with which
they interact and signal output or activation domains to trans-
mit the signal to downstream components of the pathway (24).
To look for the signal input domains, we employed GST pull-
down assays to map the GRIP1 binding domain. Among sev-
eral GAC63 fragments synthesized in vitro, fragments of the
N-terminal region (amino acids 1 to 200 and 200 to 370) bound
to GST-GRIP1(5–479) but a GAC63 C-terminal fragment
(amino acids 370 to 567) failed to bind (Fig. 6A). Thus, GAC63
has two independent binding sites for GRIP1, located in the

FIG. 4. GRIP1-dependent NR coactivator function of GAC63.
(A) CV-1 cells were transfected with 200 ng of mouse mammary tumor
virus MMTV(ERE)-LUC reporter plasmid; 10 ng of pHE0; 50 ng of
pSG5.HA-GRIP1; and 50, 100, or 200 ng of pSG5.HA-GAC63 and
grown with or without E2. After 48 h, cell extracts were tested for
luciferase activity. RLU, relative light units. (B) CV-1 cells were trans-
fected with 200 ng of MMTV-LUC reporter plasmid, 10 ng of pSV-
AR, 50 ng of pSG5.HA-GRIP1, and 200 ng of pSG5.HA-GAC63 and
grown with or without DHT before luciferase assays. (C) CV-1 cells
were transfected with 200 ng of MMTV(ERE)-LUC reporter plasmid,
10 ng of pHE0, 100 ng of pSG5.HA-GRIP1, or 50 ng of
pSG5.GRIP1(563–1462) and 200 ng of pSG5.HA-GAC63 and grown
with E2. After 48 h, cell extracts were tested for luciferase activity.

FIG. 5. Synergy among GRIP1, CARM1, and GAC63. CV-1 cells
were transfected with 200 ng of MMTV(ERE)-LUC reporter plasmid,
0.2 ng of pHE0, 50 ng of pSG5.HA-GRIP1, 200 ng of pSG5.HA-
CARM1, 200 ng of pCMV-p300, and 200 ng of pSG5.HA-GAC63 and
treated with E2 before harvest and luciferase assays. RLU, relative
light units.
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N-terminal and central regions of GAC63, which serve as sig-
nal input domains.

Plasmids encoding GAC63 fragments fused to Gal4-DBD
were cotransfected with the Gal4-responsive GK1-LUC (lucif-
erase) reporter plasmid to look for GAC63 domains with au-
tonomous activation activity. Full-length GAC63 and the N-
terminal and central fragments of GAC63 did not show any
autonomous transcription activity. However, the C-terminal
fragment of GAC63(468–567), containing the acidic region,
exhibited a weak autonomous activation activity (Fig. 6B).
Gal4 DBD fused to GAC63 fragments 130 to 567, 382 to 567,
and 468 to 567, all expressed at similar protein levels, while
expression of Gal4 DBD fused to full length GAC63 was four
to five times lower (Fig. 6B). The Gal4 DBD fusions of full-
length GAC63 and GAC63(130–567) failed to activate the
reporter gene even when the amount of plasmid encoding
these proteins was increased twofold or fourfold (data not
shown). The lack of activity of full-length GAC63 and the
longer GAC63 C-terminal fragments in this assay suggests that
the C-terminal activation domain is regulated by other do-
mains of GAC63. The C-terminal activation domain of GAC63
may serve as a signal output domain.

Recruitment of GAC63 to an estrogen-regulated promoter.
GAC63 binds to some NRs and to NR coactivator GRIP1 (Fig.
2 and 3) and functions as an NR coactivator when GAC63 is
overexpressed in transient transfection assays (Fig. 4 and 5).
To test whether endogenous GAC63 is recruited to a native,
chromosomally integrated, estrogen-regulated promoter in re-
sponse to E2, we employed ChIP assays to examine the pS2
promoter in MCF-7 breast cancer cells. As previously reported
(11, 21), ER� and GRIP1 were recruited to the pS2 promoter
region after a 60-min E2 treatment. Similarly, endogenous
GAC63 was also recruited to this promoter in a hormone-
dependent manner (Fig. 7A). Normal IgG served as a negative
control, and the input chromatin levels from hormone-treated
and untreated cells were equivalent. The recruitment of ER,
GRIP1, and GAC63 was specific for the pS2 promoter, since
PCRs with primers for the �-actin coding region failed to
produce a signal from the same immunoprecipitated chroma-
tin fractions. Real-time QPCR analysis confirmed the hor-
mone-dependent recruitment of endogenous GAC63 to the
native, chromosomally integrated pS2 gene promoter (Fig.
7B).

GAC63 is required for efficient gene activation by ER. Over-
expression of GAC63 enhances ER-regulated reporter gene
expression (Fig. 4). To test for a physiological role of endog-
enous GAC63 in the process of transcriptional activation by
endogenous ER, we employed siRNA experiments to decrease
the expression of endogenous GAC63. MCF-7 cells were trans-
fected with an ER-responsive reporter plasmid, with or with-
out GAC63-specific siRNA or scrambled-sequence siRNA,
and treated with E2. The GAC63 siRNA specifically reduced
the level of endogenous GAC63 protein but had no detectable
effect on the level of endogenous �-actin or ER� protein (Fig.

FIG. 6. GRIP1 binding and activation domains of GAC63. (A) The
indicated GAC63 fragments were translated in vitro and tested in GST
pull-down assays for binding to GST or GST-GRIP1(5–479). (B) CV-1
cells were transfected with 200 ng of GK1-LUC reporter plasmid and
200 ng of the indicated pM plasmid encoding Gal4 DBD or Gal4 DBD
fused to GAC63 or the indicated GAC63 fragment. Cell extracts were
tested for luciferase activity and also by immunoblotting using anti-
GAC63 antibodies. RLU, relative light units.

FIG. 7. Recruitment of endogenous GAC63 to an endogenous E2-
regulated promoter. (A) MCF-7 cells were grown with or without E2
for 60 min and analyzed by ChIP assays, using the indicated antibodies
for immunoprecipitation and primers flanking the estrogen response
element in the pS2 promoter for PCR analysis of the immunoprecipi-
tated DNA. The results shown are representative of five independent
experiments. (B) Real-time QPCR analysis of immunoprecipitated
MCF-7 chromosomal DNA using primers for the pS2 promoter was
performed with 2 �l of 1:10-diluted samples. The results are shown as
percentage of input, are the mean and standard deviation from tripli-
cate reactions, and are representative of two independent experiments.
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8A, lower panels). The scrambled-sequence siRNA did not
affect the level of GAC63, �-actin, or ER� protein. The ex-
pression of the transiently transfected estrogen-dependent re-
porter gene was inhibited by 60 to 80% by two different
amounts of the GAC63-directed siRNA but only 0 to 40% by
equivalent amounts of the scrambled-sequence siRNA (Fig.
8A, upper panel). Reduction of endogenous GAC63 levels by
siRNA also compromised the induction of endogenous pS2
gene expression by E2, as observed by RT-QPCR (Fig. 8B).
The effect on endogenous pS2 gene expression was specific,
since the results shown are normalized to the level of GAPDH
transcripts. These data indicate that endogenous GAC63
makes important contributions to the ability of endogenous
ER and coactivators to activate transcription of target genes.

DISCUSSION

GAC63 is a novel NR coactivator. Hormone-activated NRs
bound to their specific enhancer elements transmit their acti-
vating signal through a complex array of coactivator proteins.
Each coactivator complex functions as a branched signal trans-
duction pathway to conduct the activating signal to multiple
specific targets in the chromatin and transcription machinery
(8, 20, 24). The number of putative nuclear receptor coactiva-
tors discovered over the last decade has now exceeded 200
(B. W. O’Malley and R. M. Evans, Nuclear Receptor Signaling
Atlas; http://www.nursa.org/index.cfm), suggesting that the co-
activator machinery responsible for this signal transduction is
extremely large and complex. While the specific molecular
contributions and physiological relevance of most of these pro-
teins remain unknown, analysis of the more well-studied coac-
tivators indicates that each complex of coactivators and each
component within a specific coactivator complex have specific
tasks to perform. For example, the Swi/Snf and p160 coactiva-
tor complexes both contribute to chromatin remodeling, but by
different mechanisms; and the TRAP/DRIP/mediator complex
apparently helps to recruit and activate RNA polymerase II.

In this study, we have identified GAC63 as a new NR coac-
tivator which associates with and cooperates synergistically
with the p160 coactivators. Overexpressed GAC63 enhances
NR function in transient transfection assays (Fig. 4 to 5). In
addition, endogenous GAC63 is recruited, along with ER� and
GRIP1, in an E2-dependent manner to the estrogen-respon-
sive pS2 promoter (Fig. 7). Reduction of the endogenous
GAC63 level compromises the ability of hormone-activated
ER� to activate gene transcription (Fig. 8). By these criteria,
GAC63 is a physiologically relevant NR coactivator.

The human orthologue of GAC63, HUEL, is expressed in a
wide range of human fetal and adult tissues and cancer cell
lines (22). The presence of highly homologous cDNA se-
quences in Drosophila suggests that GAC63/HUEL is con-
served over large evolutionary distances. GAC63/HUEL has
several potential nuclear localization signals and is primarily
cytoplasmic in interphase cells, but it undergoes translocation
to the nucleus during the S phase of the cell cycle (23). The
mouse chromosomal location is 5C3.1 (from LocusLink on the
NCBI website), and the human HUEL gene is located at chro-
mosome 4p12-13, a common site of loss of heterozygosity in a
variety of cancers (22). The N-terminal region of HUEL
(amino acids 127 to 196) has substantial homology with the

FIG. 8. Requirement of endogenous GAC63 for ER-mediated
gene expression. (A) MCF-7 cells were transfected with 200 ng of
MMTV(ERE)-LUC reporter plasmid and 90 (�) or 120 (��) pmol of
siRNA duplex against GAC63 or scrambled-sequence siRNA duplex.
After 48 h, cells were treated with 100 nM E2 and then harvested after
an additional 24 h for luciferase assays (upper panel). Cell extracts
were also tested by immunoblotting using anti-GAC63 antibody; the
membrane was stripped and reprobed with antibody against �-actin
(lower panels). In a similar experiment, in which GAC63 expression
was dramatically reduced, ER� protein levels were measured (lower
panels). The results shown are representative of four independent
experiments. RLU, relative light units. (B) MCF-7 cells were trans-
fected with 120 pmol of siRNA duplex against GAC63 or scrambled-
sequence siRNA duplex. After 72 h, cells were treated with 100 nM E2
or left untreated for an additional 24 h before harvest. mRNAs were
analyzed by RT-QPCR to measure the levels of GAC63, pS2, and
GAPDH transcripts. Results shown for GAC63 and pS2 transcripts are
normalized by the levels of GAPDH transcripts and are representative
of four independent experiments.
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minimal DNA binding region (amino acids 139 to 219) of the
XPA protein (23), which is involved in DNA repair and is one
of the proteins mutated in xeroderma pigmentosum. While the
importance of this homology remains to be investigated, the
highly conserved nature of this region between GAC63/HUEL
and XPA, along with the highly conserved nature of this region
in XPA proteins from diverse eukaryotic species (23), suggests
an important function for this domain.

Mechanism of GAC63 coactivator function. While GAC63
bound directly to ER� and AR (Fig. 3), its functional depen-
dence on GRIP1 and on the N terminus of GRIP1 which binds
GAC63 (Fig. 4 and 5) suggests that GAC63 acts as a secondary
coactivator; i.e., the interaction of GAC63 with NRs appears
insufficient for its coactivator function, while the interaction
with GRIP1 is essential. The interaction of GAC63 with the
N-terminal region of GRIP1 is mediated by two different re-
gions of GAC63, the N-terminal and central regions, which can
independently bind to GRIP1 (Fig. 6A). However, an N-ter-
minal deletion mutant of GAC63 lacking amino acids 1 to 183
still functions in cooperation with GRIP1 as a coactivator for
ER (data not shown). Thus, the GRIP1 binding site in the
N-terminal region of GAC63, which contains a zinc finger-like
motif, is not essential for the coactivator function of GAC63;
this implies that the GRIP1 binding site in the central region of
GAC63 is sufficient to anchor GAC63 to GRIP1 and thus
indirectly to the DNA-bound NR. Perhaps the two GRIP1
binding domains represent redundant functions in this partic-
ular assay system. An LXXLL motif in the C-terminal region
of GAC63 (amino acids 461 to 465) and other related se-
quences in the central region could represent an NR binding
site(s). The importance of these for GAC63 coactivator activity
remains to be determined.

The fact that reduction of the endogenous level of GAC63
compromises the activity of ER� (Fig. 8) suggests that GAC63
activates unique downstream targets that are important for
transcriptional activation. This conclusion is also supported by
the specific coactivator synergy between GAC63 and CARM1
(Fig. 5), which would not be expected if GAC63 and CARM1
shared the same downstream targets. The weak activation do-
main at the C terminus of GAC63 (Fig. 6B) may function as a
signal output domain which contacts a downstream component
of the signaling pathway or the transcription machinery.

Multiple contributions of the p160 coactivator complex to
the transcriptional activation process. The large size and high
degree of conservation of the bHLH-PAS domains of p160
coactivators (350 amino acids with 60% amino acid sequence
identity among the three family members) suggest that this
domain has many different interaction surfaces. In fact, several
different proteins have already been reported to interact phys-
ically and functionally with p160 bHLH-PAS domains. Among
these, proteins such as MEF-2C and TEF4 are DNA-binding
transcriptional activator proteins which use p160 proteins as
primary coactivators (3, 7); the sites they bind to on the p160
coactivators serve as signal input domains. In contrast, the
requirement for the N-terminal bHLH-PAS domain of GRIP1
for its coactivator function demonstrates that this region also
serves as a third activation or signal output domain (designated
AD3) for p160 coactivators (11); AD3 complements the two
C-terminal activation domains, AD1 and AD2, which bind
CBP/p300 and CARM1/PRMT1, respectively. The secondary

coactivators that mediate downstream signaling for the AD3
domain include CoCoA (11), Fli-I (15), and GAC63, which are
apparently recruited to the promoter through their interaction
with the bHLH-PAS domains of p160 coactivators. Three
other proteins with properties of coactivators also bind to
the N-terminal bHLH-PAS regions of p160 coactivators:
hMMS19, an ER AF-1 coactivator (28); cyclin T1, a compo-
nent of the transcription elongation factor p-TEFb (12); and
BAF57, a subunit of the Swi/Snf complex (2). ANCO-1, which
represses the activity of hormone-activated NRs, has also re-
cently been reported to bind p160 bHLH-PAS domains (31).
Thus, the bHLH-PAS domains of p160 coactivators are versa-
tile protein interaction domains containing many interaction
surfaces which serve diverse functions.

The fact that CoCoA, Fli-I, and GAC63 have no obvious
sequence homology and completely different structural ele-
ments—CoCoA has a large coiled-coil domain, Fli-I contains
gelsolin-like motifs and leucine-rich repeats, and GAC63 has a
zinc finger-like motif and leucine zipper-like motifs—suggests
that they recognize different surfaces or epitopes of the p160
N-terminal domain and contribute as coactivators by activating
different downstream targets in the chromatin and transcrip-
tion machinery. The nature of the downstream targets and the
specific components of the transcription machinery which are
regulated by CoCoA, Fli-I, and GAC63 are currently under
investigation in our lab.
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