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The orphan nuclear receptor steroidogenic factor 1 (SF-1) is a critical developmental regulator in the
urogenital ridge, because mice targeted for disruption of the SF-1 gene lack adrenal glands and gonads. SF-1
was recently shown to interact with DAX-1, another orphan receptor whose tissue distribution overlaps that of
SF-1. Naturally occurring loss-of-function mutations of the DAX-1 gene cause the human disorder X-linked
adrenal hypoplasia congenita (AHC), which resembles the phenotype of SF-1-deficient mice. Paradoxically,
however, DAX-1 represses the transcriptional activity of SF-1, and AHC mutants of DAX-1 lose repression
function. To further investigate these findings, we characterized the interaction between SF-1 and DAX-1 and
found that their interaction indeed occurs through a repressive domain within the carboxy terminus of SF-1.
Furthermore, we demonstrate that DAX-1 recruits the nuclear receptor corepressor N-CoR to SF-1, whereas
naturally occurring AHC mutations of DAX-1 permit the SF-1-DAX-1 interaction, but markedly diminish
corepressor recruitment. Finally, the interaction between DAX-1 and N-CoR shares similarities with that of the
nuclear receptor RevErb and N-CoR, because the related corepressor SMRT was not efficiently recruited by
DAX-1. Therefore, DAX-1 can serve as an adapter molecule that recruits nuclear receptor corepressors to

DNA-bound nuclear receptors like SF-1, thereby extending the range of corepressor action.

Members of the nuclear receptor superfamily of transcrip-
tion factors are critical players in a myriad of developmental,
physiologic, and neoplastic processes (reviewed in references
7, 31, 39, 40, and 50). The modular structural motifs within
nuclear receptors provide functional regions responsible for
their activities. The domain structure typically consists of an
amino-terminal ligand-independent activation domain (activa-
tion function 1 [AF-1], or domain A/B) that is usually not
conserved among nuclear receptor subfamilies; a conserved
DNA binding domain (DBD) (domain C), consisting of two
zinc-binding modules; an intervening hinge region (domain
D); and a carboxy-terminal ligand binding domain (domain E).
Domain E participates in receptor hetero- or homodimeriza-
tion (8, 46), as well as in transcriptional repression and ligand-
induced transcriptional activation (4, 12, 16, 22, 37). In fact,
domains D and E serve as the interface for a multitude of
cooperating proteins whose purpose is to transduce activating
or repressive transcriptional signals (reviewed in reference 23).
Corepressor molecules N-CoR (nuclear receptor corepressor)
and SMRT (silencing mediator of retinoid and thyroid recep-
tors) usually dissociate from receptor when ligand is bound
(12, 22, 33). N-CoR and SMRT repress transcription by re-
cruiting a complex of proteins, including mSin3A and mRPD3
(HDACT1), which in turn deacetylate histones (1, 20, 45). Or-
phan nuclear receptors, which have no known high-affinity
endogenous ligands, also interact with corepressor molecules
(19, 66, 67), but the mechanisms which regulate those interac-
tions are not known. While it is possible that the associations
are constitutive, it is likely that unknown ligands and/or other
interactive proteins influence these interactions.

The nuclear receptor steroidogenic factor 1 (SF-1) is an
orphan receptor, and it is able to bind DNA with high affinity
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as well as activate transcription as a monomer (63). While
25-hydroxycholesterol has been shown to potentiate SF-1 ac-
tivity (34), no high-affinity-specific ligand has been isolated.
The SF-1 gene is expressed constitutively in specific endocrine
tissues: the hypothalamus, anterior pituitary, adrenal gland,
gonads, and placenta (26, 27, 29, 51). The importance of SF-1
is underscored by its ability to regulate the expression of many
genes characteristic of these tissues. For instance, experiments
with cultured cell lines have shown that each steroidogenic
enzyme gene and the steroidogenic acute regulatory protein
are regulatable by SF-1 (3, 11, 13, 21, 25, 27, 36, 41-43, 49, 58,
64, 70). Moreover, SF-1 is a regulator of the genes encoding
Miillerian inhibitory substance in vitro and in vivo (17, 55), the
a-subunit of the gonadotropins (6), the B-subunit of luteinizing
hormone (18, 32, 35), the adrenocorticotropin receptor (10),
the prolactin receptor (24), and oxytocin (62). Furthermore,
SF-1 is of particular interest biologically because of its integral
role in mammalian development: it serves as a critical regula-
tor of the development of the adrenal glands, gonads, and
ventromedial hypothalamus; additionally, it is a dominant co-
ordinator of the steroidogenic cell phenotype (14, 26, 38, 51,
57). Much remains unknown about SF-1, however, such as
target genes in the developing urogenital ridge, as well as the
molecules which modify its activity at specific spatial and tem-
poral locations in development. Such molecules could contrib-
ute to the diversity of functions exhibited by this transcription
factor.

DAX-1 is an atypical orphan receptor, harboring a con-
served domain E, but instead of domains A to D, it possesses
an amino-terminal domain that harbors repetitive regions rich
in glycine and alanine residues. The gene encoding DAX-1 was
positionally cloned as the gene mutated in X-linked adrenal
hypoplasia congenital (AHC), a birth defect characterized by
adrenal insufficiency and hypogonadotropic hypogonadism at
puberty (44, 68). The expression of DAX-1 (for dose-sensitive
sex reversal-AHC critical region on the X chromosome, gene
1) in the mouse overlaps that of SF-1, namely, the hypothala-
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mus, pituitary, adrenal gland, and gonads (28, 59). Further-
more, the similarity of the phenotype of AHC patients to that
of mice who lack SF-1 suggests that these receptors cooperate
in development. Paradoxically, DAX-1 is an inhibitor of ste-
roidogenesis, because it suppresses transcriptional activation
by SF-1 through direct physical interaction (30), and DAX-1
serves as a DNA-bound repressor in some promoter contexts
(69). Because the developmental and physiologic roles of
DAX-1 and SF-1 appear to be interrelated, it is important to
determine what mechanism DAX-1 employs to repress tran-
scription.

To dissect the transcriptional activity of the SF-1-DAX-1
complex, we have localized the domain within SF-1 through
which DAX-1 interacts. Furthermore, we have found that
DAX-1 recruits the nuclear receptor corepressor N-CoR to
SF-1, which otherwise do not interact. However, AHC muta-
tions of DAX-1 do not readily recruit N-CoR to SF-1, thus
decreasing their ability to repress SF-1 activity. These findings
extend the range of corepressor action by demonstrating that a
nuclear receptor normally refractory to repression by N-CoR
(i.e., SF-1) is susceptible in the presence of DAX-1. DAX-1 is
therefore a potentially important variable in corepressor sig-
naling.

MATERIALS AND METHODS

Plasmids. All cloning that employed PCR was performed with the high-fidelity
KlenTaq polymerase enzyme (5). DAX-1 was cloned by reverse transcription-
PCR from mouse adrenal gland total RNA into pBSKS (Stratagene). The tem-
plate was sequenced, compared to the mouse DAX-1 sequence (2, 59), and then
used for cloning into subsequent vectors. Murine SF-1 cDNA was obtained and
used as previously described (14, 15, 65). Murine RARa ¢cDNA was obtained
from S. Adler (Washington University, St. Louis, Mo.). pPCMX-N-CoR (amino
acids 1 to 2453) was obtained from A. Hoérlein (DKFC, Heidelberg, Germany);
pCMX-N-CoR (amino acids 1510 to 2453) was obtained from M. Lazar (Uni-
versity of Pennsylvania). pPCMX-SMRT was obtained from J. D. Chen (Univer-
sity of Massachusetts). GAL4 DBD (amino acids 1 to 147) fusions were made in
the pM vector series (52). Fragments of the SF-1 ligand binding domain (LBD)
(amino acids 120 to 462, 120 to 451, 120 to 447, 120 to 437, 120 to 380, 120 to 277,
220 to 462, 226 to 462, 230 to 462, and 245 to 462), DAX-1 LBD (amino acids 256
to 472 and 256 to 369), or RAR« (amino acids 162 to 462) were generated by
PCR and cloned in frame into the appropriate pM vector. Full-length or mutant
c¢DNAs were expressed from the pCMVneo vector (9). For VP16 fusions, full-
length DAX-1 (amino acids 1 to 472), partial DAX-1 (amino acids 1 to 369), or
N-CoR (amino acids 1550 to 2453) was amplified by PCR and cloned down-
stream of and in frame with VP16 (residues 411 to 487), which harbors a
synthetic Kozak initiator methionine within pCMVneo. The SMRT gene (en-
coding amino acids 565 to 1495) was amplified with a primer providing a syn-
thetic initiator methionine and cloned upstream of VP16 in pCMVneo. Point
mutagenesis of DAX-1 was performed by inverse PCR, after which template
DNA was removed by digestion with Dpnl (New England Biolabs, Inc.). Mutants
R267P and F449D of DAX-1 correspond to the human DAX-1 numbering; for
the mouse sequence used in these studies, the mutations are actually R269P and
F451D.

Transfected SF-1 activity was measured from the SF-1 luciferase reporter
(SF-1/Luc), which harbors two SF-1 binding sites (5'-TCA AGGTCA) spaced by
five nucleotides upstream of the prolactin minimal promoter and the luciferase
reporter gene (a derivative of pPrl36 [15]). For GAL4 fusions, activity was
measured from the plasmid AGKI (obtained from P. Webb, University of Cali-
fornia, San Francisco), which harbors five GAL4 binding sites upstream of the
thymidine kinase minimal promoter and luciferase (15).

Transfections. CV-1 monkey kidney cells were grown in Dulbecco’s modified
Eagle medium, 10% fetal bovine serum, and antibiotics at 5% CO,. JEG-3
human choriocarcinoma cells were maintained in minimal essential medium with
Earle’s salts, 10% fetal bovine serum, and antibiotics at 5% CO,. Transfections
were performed in 12-well plates (cells plated at 5 X 10*well 24 h prior to
addition of DNA) by calcium phosphate precipitation in CV-1 media, and JEG-3
cells were placed in 10% CO, for 3 h prior to the addition of DNA. Cells were
harvested 48 h after the addition of DNA (1 pg of total DNA per well), and
lysates were analyzed for luciferase activity as previously described (15). For each
experiment, transfections were performed at least five times in duplicate. All
data sets presented yielded =10% variation between duplicates. In each case, the
results presented are of one representative experiment. All luciferase activities
were normalized to B-galactosidase activity, derived from a cotransfected pRSV-
B-gal plasmid. For two-hybrid experiments performed with GAL4 DBD fusions,
all fold activities were corrected for background reporter activity derived from
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expression plasmids cotransfected with GAL4 DBD alone (pM2 vector). For
experiments performed with native SF-1, fold activation levels were corrected for
background activity derived from expression plasmids cotransfected with nonre-
combinant pCMVneo.

Physical interaction assay. All proteins were translated in vitro with the TT
in vitro transcription-translation kit (Promega), in the presence of [**S]Met
(DuPont/NEN). Partial N-CoR was translated from pCMX-N-CoR (amino acids
1510 to 2453). GAL4 DBD fusions of DAX-1 were translated from pCITE 3
(Novagen, Inc.). Protein A-agarose beads (Gibco BRL, Inc.) were incubated
overnight at 4°C with mouse anti-GAL4 DBD antibody (sc-510 [Santa Cruz]) at
a final concentration of 15 wg/ml. After being washed in immunoprecipitation
(IP) buffer (20 mM HEPES-KOH [pH 7.9], 100 mM KCI, 1 mM EDTA, 5%
glycerol, 0.5% Nonidet P-40, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride), beads were incubated for 20 min with 500 g of bovine serum albumin
per ml at 4°C. Three microliters of each in vitro-translated protein was incubated
at 4°C in 200 pl of IP buffer. After 20 min, 30 pl of blocked antibody-protein
A-agarose conjugate was added to each reaction mixture, which was allowed to
incubate at 4°C rocking for 2 h. Beads were washed four times with IP buffer and
incubated for 5 min with 30 wl of 2X sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) loading buffer at 70°C, and eluates were electro-
phoresed. After signal enhancement, gels were dried down and exposed to film.

Western blotting. COS-1 cells were seeded in six-well plates in CV-1 media at
1.5 X 10° cells/well. Twenty-four hours later, cells were transfected with expres-
sion vectors encoding GAL4 DBD-DAX-1 LBD fusion proteins. Forty-eight
hours after the addition of DNA, cells were lysed in radioimmunoprecipitation
assay buffer (1X phosphate-buffered saline, 0.1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride).
Ten micrograms of total cell lysate was subjected to SDS-PAGE, transferred to
nitrocellulose, and blotted with the anti-GAL4 DBD antibody used above, by
using a horseradish peroxidase-conjugated goat anti-mouse secondary antibody.
The signal was developed by enhanced chemiluminescence (Amersham) and
exposed to film for 5 min.

RESULTS

Repression of SF-1 by DAX-1 requires an SF-1-repressive
domain between residues 437 and 447. To assess the ability of
DAX-1 to repress SF-1 transcriptional activation, we cotrans-
fected JEG-3 human choriocarcinoma cells with wild-type SF-1
and increasing concentrations of mouse DAX-1 (DAX-1 does
not bind to an SF-1 response element [data not shown and
reference 30]). In addition, we employed two mutated versions
of DAX-1 which correspond to naturally occurring human
mutations that cause AHC (R267P and del 369 [44]). With an
SF-1-responsive reporter, wild-type DAX-1 was a potent re-
pressor of SF-1 activity, whereas the naturally occurring
DAX-1 mutants were much less potent SF-1 repressors (Fig.
1A).

Because SF-1 does not possess an AF-1 domain (domain
A/B), it relies entirely on the carboxy terminus (domains D and
E) to modulate transcription. Having characterized two re-
gions responsible for transcriptional activation (15), we used
progressive truncations to unveil regions that mediate trans-
repression. These experiments illustrated that the region in-
cluding SF-1 amino acids 277 to 451 possesses repressive ac-
tivity (data not shown). To determine if repression of SF-1 by
DAX-1 requires this portion of the SF-1 LBD, we transfected
full-length SF-1 (amino acids 1 to 462), the AF-2-AH deletion
(amino acids 1 to 451), or the truncation (amino acids 1 to 277)
into JEG-3 cells and determined their abilities to be repressed
by DAX-1 (wild type). Full-length SF-1 (amino acids 1 to 462)
or SF-1 (amino acids 1 to 451) is repressed by DAX-1, but SF-1
(amino acids 1 to 277) is not (Fig. 1B). DAX-1 could similarly
repress fusions of these SF-1 truncations to the VP16 activa-
tion domain (data not shown), a heterologous domain that
fully restores transcriptional activation of SF-1 derivatives
which lack the carboxy-terminal AF-2-AH (14). Because
DAX-1 is unable to repress SF-1 which lacks this carboxy-
terminal domain (between residues 277 and 451), DAX-1 most
likely mediates repression of SF-1 through this region.

To determine if SF-1 amino acids 277 to 451 are in fact
required for a physical interaction between SF-1 and DAX-1,
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FIG. 1. Repression of SF-1 transactivation by DAX-1 requires the most
carboxy-terminal repressive domain within SF-1. (A) JEG-3 cells were cotrans-
fected with full-length SF-1 (50 ng) and increasing amounts of the wild type,
mutant R267P, or mutant del 369 DAX-1 (0, 5, 15, or 100 ng), along with 250 ng
of the SF-1/Luc reporter, which harbors two SF-1 response elements upstream of
the prolactin minimal promoter TATA box. (B) JEG-3 cells were cotransfected
with empty expression vector (control), full-length SF-1 (amino acids 1 to 462),
SF-1 (amino acids 1 to 451), or SF-1 (amino acids 1 to 277) (30 ng) in the
presence or absence of exogenous wild-type DAX-1 (10 ng) and 250 ng of
SF-1/Luc reporter. Luciferase activities were measured and standardized as
described in Materials and Methods.

we performed two-hybrid experiments with CV-1 cells by co-
transfecting GAL4-SF-1 carboxy-terminal fusions along with
the entire DAX-1 cDNA fused to the VP16 activation domain.
In addition, we utilized fusions of VP16 and the two DAX-1
AHC mutants used above to confirm that they were in fact
capable of interacting with SF-1 (30). As measured by activity
from the GALA4 reporter, fusions of GAL4 DBD to SF-1 amino
acids 120 to 462, 120 to 451, and 120 to 447 were all capable of
strong interactions with all three versions of DAX-1 (only
VP16-DAX-1 [wild type] is shown for the GAL4-SF-1 [amino
acids 120 to 462] construct) (Fig. 2A). The magnitude of the
SF-1-DAX-1 interaction was diminished with the AHC-induc-
ing mutants of DAX-1, but could be partially overcome by
increasing the amount of VP16-DAX-1 mutant (only the
higher concentration of VP16-DAX-1 mutants is shown). In
addition, SF-1 LBD fusions which lack AF-2-AH exhibited
enhanced interaction with DAX-1, which is a feature that other
nuclear receptor-corepressor interactions have manifested
(19). The fusion protein containing SF-1 amino acids 120 to
442 interacted weakly with all three VP16-DAX-1 partners,
and those containing SF-1 amino acids 120 to 437 or 120 to 380
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FIG. 2. Interaction between SF-1 and DAX-1 requires two domains within
SF-1. CV-1 cells were cotransfected with fusions of GAL4 DBD and SF-1
carboxy terminus (20 ng), fusions of VP16 and DAX-1 (wild type [amino acids 1
to 472]), DAX-1 (R267P), or DAX-1 (del 369) (50 or 200 ng), and 250 ng of
GALA4 reporter. (A) Fusions of GAL4 DBD with SF-1 amino acids 120 to 462,
120 to 451, 120 to 447, 120 to 442, 120 to 437, or 120 to 380 were tested with a
two-hybrid assay against all three forms of VP16-DAX-1. Only activity from
VP16-DAX-1 (wild type) is shown for GAL4-SF-1 (amino acids 120 to 462). (B)
Fusions of GAL4 DBD with SF-1 amino acids 120 to 462, 220 to 462, 226 to 462,
230 to 462 or 245 to 462 were tested in a two-hybrid assay against VP16-DAX-1
(wild type). Luciferase activities were measured and standardized as described in
Materials and Methods. Fold activities were calculated by determining the de-
gree of enhancement by VP16-DAX-1 of the activity of each GAL4-SF-1 con-
struct compared to the degree of enhancement observed with GAL4 DBD (see
Materials and Methods). (C) Schematic diagram of SF-1, demonstrating the
DBD, T/A box, PID, R domain, and AF-2-AH. See text for details.

did not interact at all with VP16-DAX-1 (wild type or mutant).
Thus, the SF-1 region circumscribed by amino acids 437 to 447
(termed the R domain [YLYHKHLGNEM)) is required for
interaction with, and therefore repression by, DAX-1. Further-
more, while strong interactions occur between SF-1 and
DAX-1 AHC mutants, a component of the diminished repres-
sion of SF-1 by AHC mutants of DAX-1 may also be attribut-
able to attenuated interaction with SF-1 (see Discussion).
Previously, we determined that two distinct domains within
the SF-1 carboxy terminus were required for the interaction of
SF-1 with and potentiation by the coactivator SRC-1 (15).
Therefore, we questioned whether or not the interaction of
SF-1 with DAX-1 involved an analogous arrangement of mul-
tiple domains. To determine if additional regions from the
hinge or LBD of SF-1 were required for interaction with
DAX-1 in concert with the R domain, we made progressive
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FIG. 3. DAX-1 acts as a repressor of transcription when tethered to DNA.
Expressors driving GAL4 DBD alone or fusions of GAL4 DBD and DAX-1
(amino acids 256 to 472, 256 to 472 [R267P], and 256 to 369) (20 ng) were
transfected with 250 ng of GAL4 reporter as described in Materials and Meth-
ods. Fold repression relative to the activity that observed with GAL4 DBD is
given in parentheses. Luciferase activities were determined and standardized as
described above.

amino-terminal truncations from the SF-1 hinge or LBD,
maintaining the natural stop codon at the carboxy terminus
(after residue 462). Using the two-hybrid assay with CV-1 cells,
we demonstrated that fusions of GAL4 DBD to SF-1 residues
120 to 462, 220 to 462, and 226 to 462 were able to interact with
VP16-DAX-1 (wild type), as well as with the VP16 fusion to
mutants of DAX-1 (Fig. 2B and data not shown). However,
fusions of the GAL4 DBD to SF-1 residues 230 to 462 or 245
to 462 were unable to interact with VP16-DAX-1 (Fig. 2B).
Therefore, in addition to the R domain of SF-1, residues 226 to
230 (ELILQ) are required for the interaction between SF-1
and DAX-1. Interestingly, we had previously shown that resi-
dues 187 to 245 of SF-1 are required for the interaction be-
tween SF-1 and the coactivator SRC-1 (15). Further delimita-
tion of this domain has shown that the SF-1-SRC-1 interaction
in fact requires the same residues (226 to 230) as those re-
quired for the SF-1-DAX-1 interaction (49a). Thus, the region
between amino acids 226 and 230 (proximal interactive domain
[PID]) mediates interactions with both SRC-1 and DAX-1 (see
Discussion). A schematic of the SF-1 functional domains in-
corporates these regions (Fig. 2C).

DAX-1, but not AHC mutants, recruits N-CoR to SF-1.
DAX-1 represses SF-1 by interacting with specific domains
within SF-1, but the mechanism of repression by DAX-1 is
unclear. While the ability of AHC mutants to interact with
SF-1 is partially abrogated, the repression of SF-1 by these
mutants is more severely affected than this diminished inter-
action would produce, suggesting that AHC mutations may
also attenuate the actual repression function of DAX-1. All
AHC mutations discovered to date mutate or eliminate the
LBD of DAX-1 (44, 68), indicating that the DAX-1 LBD may
transduce a repression function. To determine if DAX-1 LBD
acts as a repressor of transcription when bound directly to
DNA, we fused DAX-1 LBD (amino acids 256 to 472) to
GAL4 DBD (amino acids 1 to 147) and compared its tran-
scriptional activity to that of GAL4 DBD alone on a GAL4
reporter in CV-1 cells. Additionally, we transfected fusions of
GAL4 DBD and DAX-1 LBD that correspond to naturally
occurring AHC mutations (amino acids 256 to 472 [R267P]
and 256 to 369). As shown in Fig. 3, GAL4-DAX-1 (amino
acids 256 to 472) represses basal transcriptional activity, but
fusions of DAX-1 which harbor AHC LBD mutations do not
readily repress. Thus, the DAX-1 LBD harbors a repression
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FIG. 4. DAX-1 LBD interacts with N-CoR. (A) CV-1 cells were cotrans-
fected with fusions of GAL4 DBD and RAR« (amino acids 162 to 462) or
DAX-1 LBD (amino acids 256 to 472, 256 to 472 [R267P], or 256 to 369 [del
369]) (20 ng), fusions of VP16 and N-CoR (1550 to 2453) or SMRT (565 to 1495)
(20 or 800 ng), and 200 ng of GALA4 reporter. Luciferase activities were measured
and standardized as described in Materials and Methods. Fold activities were
calculated by determining the degree of enhancement by VP16-N-CoR or VP16-
SMRT of the activity of each GAL4-DAX-1 (or GAL4-RAR«) construct, com-
pared to the degree of enhancement observed with GAL4 DBD (see Materials
and Methods). (B) In vitro interaction between N-CoR and nuclear receptors.
The experiment was performed as described in Materials and Methods. Precip-
itation of N-CoR (amino acids 1510 to 2453) by RARa (as well as 1/10 loaded
input N-CoR) was exposed to film for 15 min. Precipitation of N-CoR by the
DAX-1 wild type (amino acids 256 to 472) or mutant (amino acids 256 to 369)
was exposed to film for 2 h. Where indicated, 1077 M arRA was added to
transfection media or to the protein incubation. M, molecular mass.

function, and mutations of DAX-1 that cause AHC disturb this
repressive ability. A Western blot demonstrates the equivalent
stability of these transfected GAL4-DAX-1 fusions (see Fig.
6E). A similar blot demonstrated the equivalent stability of the
GALA4-SF-1 fusions described above (data not shown).

The mechanism of transcriptional repression by DAX-1 is
unknown. Several nuclear receptors repress transcription
through a mechanism that involves the recruitment of the
nuclear receptor corepressors N-CoR and SMRT (see the in-
troduction). To determine if DAX-1 shares this function, we
performed two-hybrid experiments with CV-1 cells by using
GAL4-DAX-1 LBD (amino acids 256 to 472) and VP16-N-
CoR (amino acids 1550 to 2453) or VP16-SMRT (amino acids
565 to 1495) fusion proteins. These fragments of N-CoR or
SMRT harbor regions previously shown to be required for
interaction with nuclear receptors (54, 56). For a positive con-
trol, we utilized a GAL4-RAR« fusion, which demonstrates a
>20-fold interaction with VP16-N-CoR or VP16-SMRT in the
absence of ligand (all-frans-retinoic acid [arfRA]), but no inter-
action in the presence of ligand. While wild-type DAX-1 LBD
interacts with N-CoR, two mutants of DAX-1 with mutations
which correspond to the AHC-inducing mutations (amino ac-
ids 256 to 472 [R267P] and 256 to 369) do not (Fig. 4A).
Interestingly, DAX-1 (wild type) and SMRT do not readily
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FIG. 5. DAX-1 potentiates two-hybrid interaction between SF-1 and N-CoR.
CV-1 cells were cotransfected with GAL4 DBD fusions of the SF-1 carboxy
terminus (amino acids 120 to 462, 120 to 447, 120 to 437, or 230 to 462) (20 ng),
VP16-N-CoR (20 ng [Fig. 5]); increasing amounts of wild-type, mutant R267P,
or del 369 DAX-1 (0, 5, 10, 15, or 100 ng); and GAL4 reporter (250 ng).
Luciferase activities were measured and standardized as described in Materials
and Methods. Fold activities were calculated by determining the degree of
enhancement by VP16-N-CoR of the activity of each GAL4-SF-1 construct in
the presence or absence of DAX-1 constructs compared to the degree of en-
hancement observed with GAL4 DBD (see Materials and Methods).

120-462 120-447 120-437 230-462

-S515100 - - -
.- 5 15100

interact, which is analogous to the relationship between RevErb
(as well as RORa) and these corepressors (references 19 and
67 and as described below). Furthermore, the interaction be-
tween DAX-1 and N-CoR is weaker than that between unli-
ganded RARa and N-CoR, requiring a higher concentration
of added VP16-N-CoR to obtain an interaction, which could
indicate that the complex between DAX-1 and N-CoR is
weaker and may require additional stabilizing proteins (see
Discussion).

The two-hybrid interaction in mammalian cells between
DAX-1 and N-CoR was confirmed with a physical interaction
assay. An in vitro-translated N-CoR fragment (amino acids
1510 to 2453) was tested for binding to GAL4 DBD fusions of
DAX-1 in a coimmunoprecipitation assay with an anti-GAL4
DBD antibody. As demonstrated with two-hybrid interaction,
the GAL4-DAX-1 wild type (amino acids 256 to 472) precip-
itates N-CoR more readily than the GAL4-DAX-1 mutant
(amino acids 256 to 369), but less readily than RAR« (Fig. 4B).
The in vitro relationship between wild-type and mutated
DAX-1 is similar to that between unliganded and liganded
RARa (incubated with 1077 M atRA). The interaction be-
tween N-CoR and RARw in vitro is more robust than that
between N-CoR and DAX-1, because the N-CoR and DAX-1
lanes were exposed to film for a longer period.

Thus far, we have demonstrated that GAL4 fusions of
DAX-1 interact with the corepressor N-CoR. To determine if
wild-type DAX-1 is able to recruit N-CoR to SF-1, we per-
formed a modified two-hybrid experiment between SF-1 and
N-CoR. We tested several of the previously employed GAL4
DBD fusions of SF-1 (amino acids 120 to 462, 120 to 447, 120
to 437, and 230 to 462) for the ability to interact with fusions
of VP16 and N-CoR (amino acids 1550 to 2453) in the pres-
ence or absence of exogenous full-length wild-type or mutated
DAX-1. The SF-1 LBD (amino acids 120 to 462) was unable to
significantly interact with N-CoR, unless wild-type DAX-1 was
added, which permitted an ~20-fold increase (Fig. 5). On the
other hand, AHC mutants of DAX-1 were not able to poten-
tiate the SF-1-N-CoR interaction, even at high concentrations
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of added mutant DAX-1. Fusion of SF-1 amino acids 120 to
447, a sequence which lacks AF-2-AH, permitted very weak
interaction with N-CoR in the absence of added DAX-1, but
this interaction was enhanced when DAX-1 was added. Finally,
the DAX-1-enhanced SF-1-N-CoR interaction explicitly re-
quires the same domains of SF-1 which are required for an
SF-1-DAX-1 interaction, because removal of the R domain
(achieved with the amino acids 120-to-437 construct) or the
PID (achieved with the amino acid 230-to-462 construct) ab-
rogates interaction between SF-1 and N-CoR in the presence
or absence of added DAX-1 (Fig. 5). In a control experiment,
added full-length N-CoR did not modify the two-hybrid inter-
action between GAL4-SF-1 and VP16-DAX-1 (data not
shown). It is important to note that the potentiation of the
SF-1-N-CoR interaction requires low levels of added DAX-1
and less VP16-N-CoR than the direct DAX-1-N-CoR two-
hybrid assay.

Conservation of interactive motifs confirms DAX-1-N-CoR
interaction. The specific interaction of DAX-1 with N-CoR but
not SMRT also occurs with nuclear receptors RevErb and
RORa, which were shown to interact with both N-CoR and
SMRT in glutathione S-transferase precipitation assays but
with only N-CoR in DNA-dependent binding assays (19, 67).
To determine if RevErb and DAX-1 employ a similar mecha-
nism of corepressor recruitment, we examined the two N-CoR-
interactive domains delimited within RevErb LBD (amino ac-
ids 407 to 418 and 602 to 614 [66, 67]) and compared them to
regions within DAX-1 that might be involved with a DAX-1-
N-CoR interaction (Fig. 6A). The amino-terminal interactive
domain of RevErb LBD shares homology with two residues
within the DAX-1 LBD that are mutated in some AHC kin-
dreds (44), R267 (conserved within RevErb as K412) and V269
(conserved with RevErb as V414). Furthermore, the R267P
DAX-1 mutant is incapable of efficient SF-1 repression as well
as N-CoR recruitment (Fig. 2A and 6). The carboxy-terminal
N-CoR interactive domain of RevErb shares three conserved
residues within the carboxy terminus of DAX-1, which is often
deleted in AHC kindreds. Strikingly, mutation of a conserved
Phe residue in this domain of DAX-1 (F449D) abrogates the
repression function of GAL4-DAX-1 (amino acids 256 to 472)
and completely abolishes the two-hybrid interaction between
DAX-1 and N-CoR (Fig. 6B and data not shown). Moreover,
DAX-1’s ability to potentiate the two-hybrid interaction be-
tween GAL4-SF-1 (amino acids 120 to 462) and VP16-N-CoR
is diminished when DAX-1 (F449D) is added in lieu of wild-
type DAX-1 (Fig. 6C). Finally, DAX-1 (F449D) is a less potent
repressor of SF-1-mediated transcriptional activation in JEG-3
cells than wild-type DAX-1, behaving similarly to the AHC
DAX-1 mutants (Fig. 6D). All three assays confirm the re-
quired integrity of this carboxy-terminal domain for repression
by DAX-1. Therefore, RevErb and DAX-1 probably employ
similar motifs to interact with N-CoR, and their conservation
supports the specificity of corepressor recruitment exhibited by
each of them. To confirm that each mutation of DAX-1 does
not diminish the stability of the resulting proteins, we per-
formed Western blotting of transfected fusions of GAL4 DBD
and wild-type DAX-1, as well as mutants R267P, del 369, and
F449D. These of DAX-1 mutants do not diminish protein
stability (Fig. 6E). Therefore, the inability of DAX-1 mutants
to repress SF-1 and recruit N-CoR reflects an impairment in
the execution of normal DAX-1 function.

DISCUSSION

DAX-1 is a structurally unique nuclear receptor whose gene
is mutated in the human disorder AHC. The amino-terminal
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FIG. 6. Conservation of N-CoR-interactive domains within DAX-1 and
RevErb. (A) Two of the three previously delimited domains within RevErb
required for interaction with N-CoR (66, 67) share similarities with regions of
DAX-1 which are mutated in AHC and which are also required for interaction
with N-CoR. Arrows demarcate residues analyzed in this study: R267 of DAX-1
is mutated in some AHC kindreds (R267P), and F449 is one of three shared
residues in the carboxy-terminal-interactive domain of RevErb (B, C, and D).
(B) Mutation F449D prevents the two-hybrid interaction between DAX-1 and
N-CoR. A two-hybrid experiment was performed and results were analyzed as
described in the legend to Fig. 5A (500 ng of VP16-N-CoR used in this exper-
iment). (C) Mutation F449D in the context of full-length DAX-1 abrogates the
potentiation of the two-hybrid SF-1-N-CoR interaction. Ten nanograms of
DAX-1 (wild type [WT]) or F449D was transfected with 20 ng of VP16-N-CoR,
20 ng of GAL4-SF-1 (120 to 462), and 200 ng of GAL4 reporter. (D) Mutant
F449D of DAX-1 is not a potent repressor of SF-1 transactivation. Fifty nano-
grams of SF-1 expressor was cotransfected with 20 ng of DAX-1 (wild-type) or
DAX-1 (F449D) mutant, along with 250 ng of SF-1/Luc reporter. The experi-
ment was analyzed as described in the legend to Fig. 2A. (E) Western blotting
(performed as described in Materials and Methods with anti-GAL4 DBD anti-
body) demonstrates expression levels of GAL4 DBD-DAX-1 mutant fusions.
Lanes: 1, GAL4-DAX-1 (amino acids 256 to 472); 2, GAL4-DAX-1 (amino
acids 256 to 472 [R267P]); 3, GAL4-DAX-1 (amino acids 256 to 369); 4, GALA—
DAX-1 (amino acids 256 to 472 [F449D]). MW, molecular mass.

region of DAX-1 does not harbor a classical DBD, but instead
possesses a structurally uncharacterized region that binds
DNA (69). The conserved LBD (domain E) is usually deleted
or mutated in AHC-inducing DAX-1 alleles (44, 68). Because
nuclear receptor domains D and E provide surfaces for inter-
actions with a variety of proteins, including coactivators, core-
pressors, and molecules with unidentified function (23), do-
main E of DAX-1 may be an important target for molecules
which influence fundamental developmental and physiologic
processes. The results presented herein demonstrate that
DAX-1is able to repress transcriptional activation by SF-1 and
is also able to interact with the nuclear receptor corepressor
N-CoR. Collectively, less-repressive AHC mutations in DAX-1
leave intact the ability to bind DNA (69) as well as interact
with SF-1 (shown herein and within reference 30) but disrupt
the ability of DAX-1 to interact with N-CoR. Therefore, a
primary responsibility of DAX-1 in the developing adrenal
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FIG. 7. Schematic model of mechanism of DAX-1 repression of SF-1. SF-1,
bound to its response element on DNA, recruits DAX-1, requiring the PID and
the R domain within the carboxy terminus of SF-1. To interact with SF-1, DAX-1
employs its structurally degenerate DBD (30). DAX-1 in turn recruits N-CoR to
DNA, requiring at least two conserved regions within DAX-1 LBD, either of
which is mutated or eliminated in different AHC kindreds. Other molecules may
stabilize or modify the interaction among the three proteins, depending on the
cell or promoter context.

gland may be to recruit N-CoR, or a related corepressor, to
appropriate target promoter contexts. Absence of corepressor
recruitment may in turn result in aberrant maturation of the
adrenocortical phenotype. While seemingly paradoxical, the
requirement for transcriptional repression in development has
precedence, particularly in Drosophila melanogaster with pro-
teins such as Kriippel (47, 53). While corepressors may be
presumed to play critical roles in cycling physiologic cascades,
as well as in genetic mechanisms that protect against neoplastic
events, loss-of-function studies of mice targeted for deletion of
N-CoR and/or SMRT could also unveil developmental roles in
the genesis of many tissue types.

The interaction among SF-1, DAX-1, and N-CoR requires a
number of domains within each molecule. To interact with
DAX-1, SF-1 requires at least two domains: a carboxy-terminal
repressive domain (R domain [amino acids 437 to 447]) and a
PID that was previously shown to be required for transcrip-
tional activation by SF-1 through interaction with the SRC-1
family of coactivators (reference 15 and data not shown). Thus,
the PID (which lies within the amino terminus of domain E) is
required for SF-1 to interact with both the activator and re-
pressor molecules. It is not known whether the interactions
between SF-1 and SRC-1 or SF-1 and DAX-1 are mutually
exclusive. The PID may fold as part of a tertiary structure that
allows other motifs within SF-1 to fold correctly and serve as
interfaces with other regulatory molecules. The role of in-
tramolecular contacts in the generation of higher-order struc-
tures within nuclear receptor LBDs has strong precedence
among the retinoid and thyroid receptors (8, 48, 61). To inter-
act with SF-1, DAX-1 uses its DBD (30), while the repression
function of DAX-1 is mediated by at least two regions of the
LBD, both of which are required to recruit N-CoR to DNA.
Interestingly, both the R domain of SF-1 and the carboxy-
terminal N-CoR interaction domain within DAX-1 (Fig. 6A)
lie within helix 11 of the LBD, according to alignments and
structural analyses of RXRa and RARY (8, 48). The sequences
of these regions within SF-1 and DAX-1 are not identical,
however, which is consistent with the distinct function of these
two domains. A schematic model for the interaction among
SF-1, DAX-1, and N-CoR is shown in Fig. 7. The attenuated
ability of DAX-1 AHC mutants to repress SF-1 clearly arises
because of a loss of repressive function by the DAX-1 LBD
(Fig. 3), which is in turn caused by an inability to recruit
N-CoR (Fig. 4 and 5). However, our results also suggest that a
component of the weakened repression of SF-1 by AHC mu-
tants of DAX-1 may be due to a diminished ability to interact
with SF-1 (Fig. 2B). Indeed, the interaction among SF-1,
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DAX-1, and N-CoR may be interdependent and could involve
other nuclear proteins that govern the stability of the putative
complex.

Despite the clear ability of wild-type DAX-1 to interact with
N-CoR, the magnitude of interaction was nevertheless lower
than that of unliganded RARa with N-CoR in two-hybrid as
well as physical interaction assays. There are several potential
explanations for this finding. First, the interaction may be sta-
bilized in cells by unknown proteins involved in DAX-1 or
N-CoR signaling. Second, posttranslational modification, such
as phosphorylation, of DAX-1 or N-CoR may modify the in-
teraction. Third, unknown N-CoR and SMRT family members
could serve as higher-affinity targets for DAX-1. Irrespective of
the precise reason, influences over receptor-corepressor inter-
action most likely extend beyond the known roles of ligand-
induced conformational changes, as well as polarity depen-
dence of DNA response elements (12, 22, 33). For those
receptors which may have no high-affinity endogenous ligand,
other factors are likely to hold influence. These factors could
plausibly play roles in specific cell types under particular phys-
iologic conditions, allowing for greater DAX-1-N-CoR inter-
action in vivo.

Recent studies have shown that DAX-1 is a transcriptional
repressor and inhibitor of steroidogenesis (30, 68, 69). Never-
theless, the AHC phenotype (which is caused by loss-of-func-
tion mutations of DAX-1) suggests that the role of DAX-1 in
the developing and mature urogenital ridge, as well as the
hypothalamus and pituitary, most likely also influences pro-
cesses outside the regulation of steroidogenesis. Because
DAX-1 is able to repress transcription when bound to hairpin
structures of DNA (69), or when indirectly bound through
another transcription factor, like SF-1, its scope of action is
likely to be fairly large. Because DAX-1 has been shown to be
an inhibitor of retinoid transcriptional activation as well (68),
it will be interesting to determine if the DBD of DAX-1 per-
mits interaction with other receptors, extending its range of
action even further. Therefore, the expression of DAX-1 could
be a critical determinant of nuclear function, and it is not
surprising that DAX-1 expression is dynamically regulated. For
example, its expression in the developing gonads appears to
diminish at certain developmental periods (28, 59). Further-
more, expression of DAX-1 in the testicular Sertoli cell is
cyclical and is inhibited by cyclic AMP (60).

The ability of DAX-1 to repress transcription when bound
directly or indirectly to DNA indicates that the mechanism of
repression utilized by DAX-1 may be conserved in either case.
This is further supported by the fact that all known AHC
mutations of DAX-1 mutate or delete the LBD, and as a
group, these mutations appear to disrupt the ability to interact
with N-CoR. Thus, DAX-1 is likely to play important roles in
nuclear receptor corepressor signaling. However, it is conceiv-
able that DAX-1 uses different repressive mechanisms in par-
ticular cellular and/or promoter contexts. Alternatively,
DAX-1 could under certain conditions activate transcription,
because it does harbor a conserved AF-2-AH. Therefore,
DAX-1 probably has functions outside the realm of SF-1 reg-
ulation, and their delineation will be important for our under-
standing of the role of DAX-1 in organogenesis, steroidogen-
esis, and reproductive function.
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