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Genetic and experimental evidence points to a critical involvement of the atypical mammalian orphan
receptor DAX-1 in reproductive development and steroidogenesis. Unlike conventional nuclear receptors,
DAX-1 appears not to function as a DNA-bound transcription factor. Instead, it has acquired the capability to
act as a transcriptional corepressor of steroidogenic factor 1 (SF-1). The interplay of DAX-1 and SF-1 is
considered a central, presumably ligand-independent element of adrenogonadal development and function that
requires tight regulation. This raises a substantial interest in identifying its modulators and the regulatory
signals involved. Here, we uncover molecular mechanisms that link DAX-1 to the ubiquitin modification system
via functional interaction with the E3 ubiquitin ligase RNF31. We demonstrate that RNF31 is coexpressed with
DAX-1 in steroidogenic tissues and participates in repressing steroidogenic gene expression. We provide
evidence for the in vivo existence of a corepressor complex containing RNF31 and DAX-1 at the promoters of
the StAR and CYP19 genes. Our data suggest that RNF31 functions to stabilize DAX-1, which might be linked
to DAX-1 monoubiquitination. In conclusion, RNF31 appears to be required for DAX-1 to repress transcrip-
tion, provides means to regulate DAX-1 in ligand-independent ways, and emerges as a relevant coregulator of
steroidogenic pathways governing physiology and disease.

DAX-1 (dosage-sensitive sex reversal, adrenal hypoplasia
congenita critical region on the X chromosome, gene 1;
NR0B1) is an atypical member of the nuclear receptor (NR)
family. It has key roles in the development and maintenance of
reproductive functions and steroid hormone biosynthesis in
mammals. The human DAX-1 gene was originally identified on
the basis of duplications of an X-linked locus, DSS, involved in
sex determination (3). Furthermore, mutations in DAX-1 cause
the X-linked form of adrenal hypoplasia congenita, an inher-
ited disorder of adrenal gland development that is commonly
associated with hypogonadotropic hypogonadism during
pubertal maturation (35, 51). Genetic and experimental evi-
dence has revealed an antagonistic relationship between
DAX-1 and another NR family member, steroidogenic factor 1
(SF-1; NR5A1), which is coexpressed with DAX-1 throughout
the hypothalamic-pituitary-adrenogonadal axis (26, 32). Mul-
tiple studies, including the characterization of transcriptional
functions and the phenotypic analysis of knockout mouse mod-
els (1, 37), suggest that SF-1 primarily acts as a transcriptional

activator while DAX-1 appears to act as a repressor of gene
transcription. Major steroidogenic targets include cytochrome
P450s (e.g., CYP19 aromatase), cholesterol transporters (e.g.,
steroidogenic acute regulator protein StAR), and hydroxysteroid
dehydrogenases. The interplay between DAX-1 and SF-1 is
considered a central element in adrenogonadal function that
requires tight regulation, raising a substantial interest in iden-
tifying its modulators and the underlying molecular mecha-
nisms.

Our current understanding of DAX-1 action is crucially
linked to the unique position of this protein within the NR
family. Although DAX-1 has a putative ligand-binding domain
(LBD), recent structural studies show that the ligand-binding
pocket is absent and thus support a model in which DAX-1
relies entirely on ligand-independent regulatory mechanisms
(40). Furthermore, DAX-1 lacks the characteristic NR zinc-
finger DNA-binding domain but has instead a unique N-ter-
minal repeat domain. This multifunctional domain mediates
direct interactions with NRs via LXXLL motifs (53), carries
RNA binding ability, and binds to single-stranded promoter
regions (26, 30). While the biological relevance of these in-
triguing functions remains to be clarified, it is the specific
interaction with SF-1 in conjunction with the intrinsic repres-
sor function that classifies DAX-1 as a true corepressor of gene
transcription. The demonstration that naturally occurring mu-
tations related to adrenal hypoplasia congenita abolish DAX-1
repressor activity (18) by causing misfolding and cytoplasmic
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accumulation of DAX-1 (27) emphasizes that DAX-1 repres-
sion is critical for appropriate reproductive development and
steroidogenesis. Peculiarities of DAX-1, in comparison to
other repressing NRs, include a requirement of LBD helix 12
for the recruitment of corepressors such as N-CoR and Alien
(2, 9). However, it remains unclear whether these corepressors
are involved in SF-1 antagonism in vivo, thus specifying a need
for further investigations to characterize components of the
DAX-1 corepressor complex.

Considering the importance of posttranslational modifi-
cations in regulating NR function and the possible lack of
ligand regulation in the case of DAX-1, surprisingly little is
known as to what extent posttranslational modifications im-
pact DAX-1 function. Covalent and reversible conjugation
of ubiquitin or ubiquitin-like proteins, such as SUMO, has
emerged as a common topic in discussions of transcriptional
pathways (13, 21). A specific conjugation event is usually a
three-step process involving an E1 activating enzyme, one of
several E2 conjugating enzymes, and one of hundreds of E3
ligases, which confer substrate specificity. Recent studies in
the NR field point to a requirement of polyubiquitination-
dependent proteasomal degradation for efficient ligand-
dependent transcription and coregulator exchange, while
SUMOylation appears linked to transcriptional repression
(11, 39). These studies collectively emphasize that coregu-
lators are crucial and probably primary targets for the re-
cruitment of E3 ligases to NRs. In an effort to identify novel
regulatory components of DAX-1 action, we describe here
specific connections to the ubiquitin modification system via
RNF31, a member of the ring-between-ring (RBR) family of
E3 ubiquitin ligases. Our study provides evidence that
RNF31 associates with DAX-1, is expressed in steroidogenic
tissues, triggers DAX-1 ubiquitination and stabilization, and
participates in the repression of endogenous steroidogenic
target genes by participating in a chromatin-bound core-
pressor complex. Thus, RNF31 appears to be required for
DAX-1 to repress transcription and provides means to reg-
ulate DAX-1 function via ubiquitination. This highlights
RNF31 as a physiologically relevant coregulator of steroi-
dogenic pathways.

MATERIALS AND METHODS

Cell culture, stable, and transient transfections. The NCI-H295R (H295R)
adrenocortical carcinoma cell line (ATCC CRL-2128) was maintained in Dul-
becco’s modified Eagle’s medium-F12 medium (1:1; Gibco, Invitrogen) supple-
mented with 2.5% Nu-Serum (BD Bioscience) and 1% ITS� culture supplement
(BD Bioscience). COS-7 and HeLa cells were grown in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 10% fetal bovine serum and 2
mM L-glutamine (Invitrogen). Cells were transfected using Lipofectamine 2000
(Invitrogen) as instructed by the manufacturer. The green fluorescent protein
(GFP)–DAX-1-expressing Flp-In 293 cell line was generated using the Flp-In
system (Invitrogen) in accordance with the manufacturer’s instructions.

Plasmids. All derivatives expressing RNF31 (pGAD-hRNF31, pEYFP-
RNF31, pRFP-RNF31, pFlag-RNF31, and pMyc-RNF31) or DAX-1 (pGBT9-
DAX-1, pFlag-DAX-1, pFlag-DAX-1-ubiquitin, and pEGFP-DAX-1) were
made according to standard PCR-based cloning procedures using human RNF31
(ATCC 6611620) and human DAX-1 (53) cDNAs as templates. PCR fragments
were inserted into pGAD (Clontech), pEYFP-C2 (modified from C1; Clontech),
pFlag or pMyc (modified from pcDNA3; Invitrogen), pGBT9 (Clontech), or
pEGFP-C2 by using EcoRI sites. Ubiquitin wild-type (WT)- and K0R mutant-
expressing plasmids were generated by PCR-based cloning and inserted into
either pcDNA3-His or pcDNA3-3xHA expression vectors. Identities of all plas-
mids were verified by sequencing.

Other plasmids used were pSG5-hDAX-1, pGEX4T-1-hDAX-1 N, pGEX4T-
1-hDAX-1 C, and pGEX4T-1-hDAX-1 R3 (53); pcDNA-SF-1 (kindly provided
by K. L. Parker); pCMV-HA-ubiquitin (kindly provided by D. Bohmann);
pcDNA-HA ubiquitin WT (kindly provided by A. M. Weissman); pcDNA-His6-
ubiquitin (kindly provided by D. Xirodimas [50]); UbcH1, UbcH5, UbcH7, and
UbcH8-GFP (kindly provided by H. Ardley [33]); and pGL2 (Promega)-derived
luciferase reporter plasmids pStAR-LUC (kindly provided by D. M. Stocco) and
pCYP19-LUC (kindly provided by C. D. Clyne and E. R. Simpson).

Antibodies. An anti-human DAX-1 antibody was raised in a rabbit (AgriSera)
toward an N-terminal peptide (amino acids [aa] 163 to 193) and affinity purified
on an peptide column. An anti-RNF31 antibody was raised in a rabbit (AgriSera)
against glutathione S-transferase (GST)–human RNF31 C terminus (aa 670 to
1072) and validated using RNF31 overexpression and small interfering RNAs
(siRNAs). Other antibodies used were anti-DAX-1 2F4 (mouse monoclonal [51);
anti-RNF31 (rabbit polyclonal; Abcam); anti-SF-1 (rabbit polyclonal; Upstate);
anti-StAR (rabbit polyclonal; Affinity Bioreagents); anti-Flag F7425 (rabbit poly-
clonal), anti-Flag F4042 (mouse monoclonal), and anti-�-actin A5316 (mouse
monoclonal; all from Sigma-Aldrich); anti-Myc 9E10 (mouse monoclonal; Santa
Cruz); anti-GFP antibody (rabbit polyclonal; Invitrogen); and anti-hemaggluti-
nin (anti-HA, mouse monoclonal; Covance).

Protein-protein interaction assays. (i) Yeast two-hybrid assays. Yeast two-
hybrid screenings were performed using pGBT9-human DAX-1 WT (aa 1 to
470) and pGBT9-DAX-1 N (aa 2 to 199) as bait and an activation domain
(pGAD)-tagged mouse embryo day 16.5 library in the Saccharomyces cerevisiae
AH109 strain (BD Biosciences/Clontech). For the yeast two-hybrid quantitative
assays, the Y187 strain was cotransformed with pGAD-RNF31 and pGBT9-
DAX-1 variants, and liquid �-galactosidase assays were performed according to
the manufacturer’s instructions.

(ii) Coimmunoprecipitations. COS-7 cells were transfected with the indicated
constructs. Whole-cell extract preparation and coimmunoprecipitation were per-
formed as previously described (17).

(iii) GST pull-down assays. Bacterially expressed GST–DAX-1 N (aa 1 to
199), C (aa 200 to 470), and R3 (aa 115 to 199) fusion proteins were batch
purified using glutathione Sepharose 4B (GE Healthcare). Beads were washed,
and in vitro-translated [35S]methionine-labeled RNF31 was added. After being
incubated and washed, proteins were eluted by boiling in sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis loading buffer and separated by SDS-
polyacrylamide gel electrophoresis. Radiolabeled RNF31 was detected using
autoradiography film (GE Healthcare).

Expression analysis. (i) ISH. Five oligonucleotide probes homologous to
mouse and rat RNF1 mRNAs (nucleotides 319 to 350, 663 to 695, 1070 to 1103,
2220 to 2253, and 2459 to 2492; GenBank accession number AB385175) and
three probes homologous to mouse and rat Dax-1 mRNAs (nucleotides 20 to 52,
107 to 140, and 243 to 276; GenBank accession number NM_007430) were used
for in situ hybridization (ISH). Several probes against nonrelated mRNAs with
known expression patterns and with similar lengths and GC contents were used
as controls. The addition of a 100-fold excess of nonlabeled probes quenched all
signal. The ISH was carried out as described in detail previously (42).

(ii) Immunohistochemistry. Immunohistochemistry was performed as de-
scribed previously (38). Briefly, paraffinized sections of mouse adrenals were
subjected to antigen retrieval by boiling in 10 mM citric acid, pH 6.0, and then
left undisturbed for 30 min. Sections were incubated in 3% hydrogen peroxide
for 15 min and then blocked with 3% bovine serum albumin in TBST (0.1 M
Tris-HCl, pH 7.6, 154 mM NaCl, 0.01% Tween 20). Both anti-RNF31 (rabbit
polyclonal) and anti-DAX-1 (mouse monoclonal) were diluted 1:100 in TBST
and incubated overnight at 4°C. Sections were then incubated with either bio-
tinylated goat anti-rabbit (1:200; Dako) or goat anti-mouse (1:200; Dako) sec-
ondary antibodies for 1 h at room temperature.

(iii) Immunocytochemistry. Cells were fixed in 1.5% formaldehyde, permeab-
ilized with phosphate-buffered saline–Triton X-100 (0.2%) and blocked with 1%
goat serum (Jackson ImmunoResearch). Anti-Flag (1:1,000) was detected with
Alexa Fluor 488 goat anti-rabbit immunoglobulin G (Molecular Probes) after
incubation for 1 h, and nuclear DNA was stained using DAPI (4�,6-diamidino-
2-phenylindole; 1:500). Images in Fig. 2A to C were visualized using a TCS SP
multiband confocal imaging system (Leica), and images in Fig. 2D and E were
visualized on a Leica ASMDW instrument.

Ubiquitination assays. (i) His-ubiquitin pull-down assays. COS-7 cells in
10-cm dishes were transfected with 1 �g pcDNA3-His-ubiquitin, 1 to 2 �g
pcDNA3-Flag-DAX-1, and 3 �g pcDNA3-Myc-RNF31 or pcDNA3-Myc-RNF31
deletion constructs in the indicated combinations. siRNA-treated HeLa cells
were transfected with 2 �g Flag–DAX-1 and 1 �g His-ubiquitin 48 h after siRNA
treatment. Twenty-four hours after transfection, cells were lysed, and His-ubiq-
uitin-conjugated proteins were purified as described in reference 50, with a few
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modifications. Briefly, cells were lysed in a 6 M guanidine-HCl-containing buffer,
25 �l HIS-select magnetic Ni-nitrilotriacetic acid beads (Sigma Aldrich) were
added, and samples were incubated 4 h at room temperature. Beads were then
washed four times for 5 min each in 1-ml wash buffers and eluted in 50 �l of
elution buffer (50). Eluates were analyzed by Western blotting using an anti-Flag
(DAX-1) rabbit polyclonal antibody.

(ii) Ubiquitin immunoprecipitation assays. Myc-RNF31 and Flag–DAX-1
were coexpressed with HA-tagged ubiquitin, K0R mutant ubiquitin, or HA alone
in COS-7 cells. Cell extracts were prepared under denaturing conditions, diluted
to lower detergent concentrations, and subjected to immunoprecipitation using
anti-Flag rabbit polyclonal antibody (Sigma-Aldrich) and protein A-Sepharose
(GE Healthcare) for 4 h at 4°C. After being washed, precipitates were eluted by
boiling in SDS sample buffer and analyzed by Western blotting using indicated
antibodies.

Protein stability assays. H295R cells were seeded in six-well plates 24 h before
transfection. Cells were transfected with 0.5 �g pCDNA3-Flag-RNF31 or
pCDNA3-Flag. Cycloheximide (100 �M) was added to all samples 24 h post-
transfection. Samples were harvested in radioimmunoprecipitation assay buffer
at designated time points. Equal amounts of protein were analyzed by Western
blotting.

siRNA and qPCR. Cells were transfected with Dharmafect I (Dharmacon) and
50 to 100 nM siRNAs as instructed by the manufacturer. Oligonucleotides used
were siGENOME SMARTpool RNF31 D-0021419 (siRNF31), nontargeting
control D-001206-14 (siLUC), nontargeting control D-001210-01 (siCONTROL),
siGENOME NR0B1 D-003409-03, and siGENOME SMARTpool NR5A1
M-003429 (siSF-1), all from Dharmacon. Samples were harvested 72 h after
transfection and analyzed for protein levels using Western blot analysis with
indicated antibodies or for mRNA levels using quantitative PCR (qPCR). For
qPCR, total RNA was prepared using the RNeasy minikit (Qiagen) according to
the manufacturer’s instructions. RNA concentrations were determined on a
Nanodrop (ND-1000) machine. cDNA was synthesized using Superscript III
(Invitrogen) reverse transcriptase and random hexamer primers. All qPCR ex-
periments were run on an ABI 7500 instrument with SYBR green technology.
qPCR data were analyzed with the comparative ��CT method using 18S rRNA
to normalize the expression data. Values are presented as changes relative to the
negative control siRNA values, which were set to 1. Results from representative
experiments with standard deviations are shown. Primer pairs were designed in
Primer Express (ABI) and were as follows: for human RNF31, forward primer
ACCCCCTATTGAGAGAGATTGCT and reverse primer TGGAGCCTGGG
ACAGAGG; for mouse RNF31, forward primer TGCAGTGGCTGCTAC
AACG and reverse primer GTTAGGGTCTGGACATTTATTCTTGG; for hu-
man StAR, forward primer TGGGCATCCTTAGCAACCA and reverse primer
GGGACCACTTTACTCATCACTTTGT; for mouse StAR, forward primer TT
TAAGGTGAGCGAGGGCA and reverse primer CCGGGATGGTTCTATCA
GAAAC; for human CYP19, forward primer TGAGGATCCCTTTGGACGAA
and reverse primer AATAACCTTGGATTTTAACCACGATAG; for mouse
CYP19, forward primer GCCCAATGAATTTACCCTTGAA and reverse
primer TACCTGTAGGGAACATTCTTCTCAAA; for human SF-1, forward
primer TTTGTCTGCCTCAAGTTCATCATC and reverse primer CAGGAAC
TTCAAATCCAGGCTG; and for 18S rRNA, forward primer GGGAGCCTG
AGAAAC and reverse primer GGGTCGGGAGTGGGT.

For luciferase assays, siRNA-treated cells were transfected 48 h after siRNA
treatment with 250 ng promoter construct and 150 ng �-galactosidase reporter
(internal control). Forty-eight hours later, cells were analyzed for luciferase and
�-galactosidase activity. Luciferase values were normalized against �-galactosi-
dase values and compared to the negative control siRNA value, which was set to
1. Representative values with standard deviations are shown.

ChIP assay. siRNA-treated H295R cells in 10-cm dishes were cross-linked in
1% formaldehyde for 15 min at room temperature. Cross-linking was quenched
in 125 mM glycine for 5 min, and cells were washed and harvested in phosphate-
buffered saline. Cell pellets were resuspended in lysis buffer (50 mM HEPES, pH
7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1%
SDS, complete protease inhibitors [Roche]) and sonicated to generate DNA
fragments with sizes between 0.2 and 0.8 kb. Lysates were then subjected to
chromatin immunoprecipitation (ChIP) as described in reference 41. Isolated
DNA and inputs were analyzed by PCR and qPCR. Antibodies used were
anti-DAX-1(rabbit polyclonal, raised in-house); anti-SF-1 (Upstate); anti-
RNF31 (rabbit polyclonal; Abcam); anti-RNA polymerase II (Pol II) H-224,
anti-CREB/CREM H-74 X-12, anti-C/EBP� H7, and anti-CBP A-22 (all from
Santa Cruz); and SRC2 (T73620; Transduction Laboratories). Primers for PCR
analysis were as follows: for pStAR, forward primer CCCCACAAACGGC
CAAA and reverse primer CCATCACTCACTGTGCAAAGGA; for pCYP19,
forward primer ACTAGAGATGGCCTGAGTGAGTCA and reverse primer

TTGGGCATCGTTGAGGTCTT; and StAR exon 7 (negative control), forward
primer TTGCTTTATGGGCTCAAGAATG and reverse primer GGAGACCC
TCTGAGATTCTGCTT.

RESULTS

Identification of RNF31 as a DAX-1-associated protein. To
identify DAX-1-associated proteins, we performed yeast two-
hybrid screenings using either WT human DAX-1 or the N
terminus as bait and repeatedly identified cDNAs encoding
RNF31 (aliases, ZIBRA, FLJ10111, PAUL, and HOIP). Do-
main analysis revealed that RNF31 contains a C-terminal RBR
motif characteristic of E3 ubiquitin ligases of the RBR family
(12), various putative ubiquitin-binding motifs including a cen-
tral ubiquitin-associated (UBA) domain and three Zn_RBZ
domains (zinc finger domains, Ran-binding protein type), and
an N-terminal PUB (putative AAA ATPase-binding) domain
(Fig. 1A).

The interaction between DAX-1 constructs (Fig. 1B) and
RNF31 was verified and further characterized by yeast two-
hybrid analysis (Fig. 1C), coimmunoprecipitations from mam-
malian cell extracts (Fig. 1D), and GST pull-down assay (Fig.
1E). The RNF31-binding domain of DAX-1 was mapped to
the N-terminal repeat domain (Fig. 1C and E), with the third
repeat being sufficient for interaction. This repeat region is not
present in conventional NRs but shares limited homology to
the N terminus of the orphan receptor SHP (NR0B2). In
agreement with this, RNF31 was shown to interact with SHP
but failed to interact with the DAX-1 target receptors SF-1,
LRH-1, and estrogen receptor � (Fig. 1F). Finally, the DAX-
1-binding region of RNF31 was mapped to a central region (aa
193 to 670) (Fig. 1C), not overlapping with the RBR domain or
conserved in other RBR E3s (12).

Analysis of tissue distribution and coexpression. To inves-
tigate whether RNF31 is coexpressed with DAX-1 in steroido-
genic target tissues, we determined its mRNA and protein
expression in mouse, rat, and human tissues (Fig. 2; see Fig. S2
in the supplemental material). Immunohistochemistry re-
vealed that RNF31 protein is expressed and coexpressed with
DAX-1 in the rodent adrenal cortex (Fig. 2A; see Fig. S2A and
B in the supplemental material). Coexpression is particularly
evident in the outer layer of the cortex (zona glomerulosa), a
known site of DAX-1 expression and function (34), while no
expression of RNF31 is evident in the medulla or capsule. At
the subcellular level, RNF31 seems to be expressed in both the
nucleus and cytoplasm, consistent with the intracellular dy-
namics of overexpressed RNF31 (see below).

ISH revealed coexpression of RNF31 and DAX-1 mRNA in
the seminiferous epithelium of rodent testes (Fig. 2B, upper
panel). Coexpression was made further evident by analyzing
dipped sections, showing seminiferous tubuli at a higher mag-
nification (Fig. 2B, lower panel) and during postnatal testis
development toward puberty (see Fig. S2C in the supplemental
material).

Multiple tissue Northern blots revealed the presence of a
�4-kb mRNA in various human tissues, including testes (high
levels), ovaries, and prostates (Fig. 2C). qPCR analysis con-
firmed that RNF31 mRNA is expressed in human steroido-
genic tissues and in the adrenocortical cell line H295R, the
only human steroidogenic cell line known to express DAX-1
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(Fig. 2D). Western blot analysis confirmed expression of RNF31
protein in adrenal H295R cells but also revealed its presence in a
variety of DAX-1-negative human cell lines (Fig. 2E).

A variety of experimental methods were utilized to investi-
gate the intracellular localization of RNF31 and its possible
colocalization with DAX-1 (Fig. 3). We observed that RNF31
upon overexpression seemed to be primarily (�90% of trans-
fected cells) localized in the cytoplasm (Fig. 3A). As both
immunohistochemistry (Fig. 2A; see Fig. S2A and B in the

supplemental material) and subcellular fractionations (data
not shown) suggest that endogenous RNF31 is found in both
nuclear and cytoplasmic compartments, we considered that
RNF31 could be subject to active nuclear export mechanisms.
This was confirmed as yellow fluorescent protein-tagged
RNF31 relocalized from the cytoplasm to the nucleus follow-
ing incubation with the export inhibitor leptomycin B (LMB)
(Fig. 3A). In agreement with previous observations, DAX-1
localization was not affected by LMB. Consistent with RNF31

FIG. 1. RNF31 associates with DAX-1. (A) Domain structure of human RNF31 (aa 1 to 1072). PUB, putative AAA ATPase-binding domain;
ZnF_RBZ, putative zinc-finger ubiquitin-binding domain; RING-IBR-RING, E3 ubiquitin ligase domain. (B) Domain structures of human DAX-1
(WT, aa 1 to 470) and derivatives used for interaction assays. N, N-terminal domain consisting of three repeats (R1 to R3); C, C-terminal repressor
domain homologous to the NR LBD; R3, third repeat region. (C) Gal4–DAX-1 WT, N terminus, or C terminus constructs were tested for
interaction with GAD-RNF31 variants in a yeast two-hybrid liquid �-galactosidase assay. Relative �-galactosidase units represent absolute units
relative to the value for the GAD negative control (Gal4 activation domain only). The expression of RNF31 constructs was verified by Western
blotting (see Fig. S1 in the supplemental material). (D) COS-7 cells were cotransfected with DAX-1, Flag-RNF31, or Flag as indicated. Whole-cell
extracts were subjected to immunoprecipitation (IP) using a rabbit polyclonal anti-Flag (�Flag) antibody and analyzed by Western blotting with
anti-DAX-1 (�DAX) and anti-Flag mouse monoclonal antibodies. (E) Glutathione-Sepharose-bound GST–DAX-1 constructs and GST alone
were probed for interaction with in vitro-translated 35S-labeled RNF31 in a GST pull-down assay. (F) pGAD-RNF31 was tested for interaction
with various NRs by using a yeast two-hybrid liquid �-galactosidase assay. Relative �-galactosidase units represent absolute units relative to the
value for the GBT9 negative control (empty vector). ER�, estrogen receptor �.
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FIG. 2. Expression of RNF31 in tissues and cell lines. (A) Paraffin-embedded mouse adrenal glands were stained with RNF31 rabbit polyclonal
or anti-DAX-1 mouse monoclonal antibody. (B) ISH of specific RNF31 or DAX-1 oligonucleotide probe on sections of mouse testes. The lower
panels show dipped sections at higher magnifications. (C) Northern blots containing mRNA from a panel of human tissues were probed with
32P-labeled RNF31 and �-actin cDNAs. S. muscle, skeletal muscle. (D) RNF31 mRNA expression levels in commercially available human RNA
from adrenals and ovaries as well as in the H295R human adrenocortical carcinoma cell line were quantified. Tissues and cell line samples were
analyzed in quadruplicate. Mean relative expression levels (	 standard errors of the means) in ovaries and the H295R cell line were compared
to the expression level in adrenals, which was set to 1.0. (E) Whole-cell extracts from a panel of cell lines were analyzed by Western blots using
anti-RNF31 (�RNF31) and anti-�-actin (��-Actin) antibodies. Lanes: 1, overexpressed human RNF31 in COS-7 cells (RNF31); 2, monkey kidney
(COS-7); 3, human hepatoma (Huh7); 4, human kidney (HEK293); 5, human cervix (HeLa); 6, human adrenal cortex (H295R); 7, human breast
cancer (MCF-7); 8, human breast cancer (T47D); 9, human colon cancer (SW-480); 10, human ovary (OVCAR-3); 11, human prostate cancer
(LNCaP).
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being actively exported, we identified a high-probability nu-
clear export signal (aa 151-LEVLLLRTELSLLL; underlined
residues represent matches to the accepted nuclear export
signal consensus [24]).

To monitor the assumed dynamic interplay of RNF31 with
DAX-1, we generated a Flp-In 293 cell line stably expressing
GFP–DAX-1. Due to single-copy integration via Flp-In recom-
bination, DAX-1 levels and localization appear to be uniform
(Fig. 3B) and thus mimic the endogenous situation (see Fig.
S3C in the supplemental material). We then overexpressed
RNF31 in this cell line and observed colocalization, with GFP–
DAX-1 primarily in the cytoplasm (data not shown). However,
in LMB-treated GFP–DAX-1-expressing cells, colocalization
of RNF31 was observed in the nucleus (Fig. 3C). We then
essentially confirmed the results mentioned above by using
transient expression in COS-7 cells (Fig. 3D and E) combined
with quantitative single-cell analysis (see Fig. S3A and B in the
supplemental material). In the majority of these cells, DAX-1
and RNF31 colocalized in the cytoplasm (Fig. 3D); however,
we also observed nuclear colocalization in the absence of LMB
in approximately 10% of cells. These cells expressed only small
amounts of both RNF31 and DAX-1, indicating that the level
of overexpression affects the observed localization pattern. In
light of this, the focus-like structures present in some cells (Fig.
3C and D) may be a consequence of overexpression, especially
since similar foci are not observed with endogenous DAX-1,
which is uniformly distributed in H295R cells (Fig. 3C).

Taken together, the data above indicate that RNF31 and

DAX-1 are coexpressed in steroidogenic cells of the adrenal
and testis and that RNF31 localization and colocalization with
DAX-1 are dynamically regulated at the intracellular level.

Characterization of DAX-1 ubiquitination. RNF31 is an
enigmatic member of the RBR family of putative E3 ubiquitin
ligases, and the physiological substrates and mechanism of
RNF31 ligase activity have not yet been described (12). As our
interaction and expression studies suggest DAX-1 to be a phys-
iologically relevant RNF31 substrate, we next addressed the
role of RNF31 in ubiquitination of DAX-1 (Fig. 4; see Fig. S4
in the supplemental material).

Initially, we observed that coexpression of RNF31 with
DAX-1, followed by direct SDS lysis (to prevent deubiquitina-
tion and degradation), revealed the presence of potentially
monoubiquitinated DAX-1 species (Fig. 4A). Independent ex-
periments confirmed that RNF31 increased the appearance of
higher-molecular-weight DAX-1 species in a concentration-
dependent manner (see Fig. S4A in the supplemental mate-
rial).

To provide direct evidence that the modified DAX-1 species
corresponds to ubiquitin conjugation, we coexpressed His-
tagged ubiquitin and Flag-tagged DAX-1 with or without Myc-
tagged RNF31 and isolated His-ubiquitin-conjugated proteins
under denaturing conditions. After extensively washing, we
eluted and analyzed the ubiquitinated proteins by Western blot
analysis using a Flag (DAX-1)-specific antibody (Fig. 4B).
Ubiquitin conjugation was detected in the RNF31-containing
samples. Interestingly, we observed a dominant band at the

FIG. 3. Intracellular localization analysis of RNF31 and DAX-1. (A) Yellow fluorescent protein (YFP)-RNF31 (yellow) was expressed in
COS-7 cells in the absence (left) or presence (right) of 5 nM of the nuclear export inhibitor LMB. DAPI (blue) shows staining of nuclear DNA.
(B) Nuclear localization of GFP–DAX-1 upon stable integration in Flp-In 293 cells. (C) Flag-RNF31 (red) was transfected to GFP–DAX-1-
containing Flp-In 293 cells. Cells were treated with 5 nM LMB and analyzed for colocalization (yellow) of DAX-1 and RNF31. Representative
images show colocalization in the nucleus in distinct loci (upper panels) or uniformly distributed (lower panels). (D and E) COS-7 cells were
transfected with red fluorescent protein (RFP)-RNF31 (red) and GFP–DAX-1 (green). Cells were fixed, and nuclear DNA was stained with DAPI
(blue). (D) Mainly cytoplasmic colocalization (yellow) is representative of cells with high expression levels of RFP-RNF31 and GFP–DAX-1. (E) A
more even distribution is representative of cells with low expression levels.
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expected size of monoubiquitinated DAX-1, suggesting that
this might be the preferential type of modification (Fig. 4B). In
these and other assays, the mobility shift of the dominant band
was consistent with that observed with an artificial DAX-1–
ubiquitin fusion protein (see Fig. S4D in the supplemental
material).

Addressing the question whether endogenous levels of
RNF31 are sufficient to ubiquitinate DAX-1, we transfected
Flag–DAX-1 and His-ubiquitin to HeLa cells, which contain
detectable levels of RNF31 endogenously (Fig. 2E) and have
been previously utilized to identify RNF31 biochemically (22).
The HeLa cells were pretreated with control or RNF31-spe-
cific siRNA oligonucleotides, the latter treatment resulting in
efficient knockdown of RNF31 protein. After isolating His-
ubiquitinated proteins, we could detect ubiquitinated DAX-1
in control cells but not in RNF31-deficient cells, demonstrating
that endogenous RNF31 is sufficient and necessary to ubiquiti-
nate DAX-1 (Fig. 4E).

To determine which of the RNF31 domains are involved in
DAX-1 ubiquitination, we generated RNF31 derivatives lack-

ing the C-terminal RBR domain (implicated in ubiquitin liga-
tion), the UBA domain (potentially implicated in interactions
with ubiquitin or ubiquitin-like domains in proteins), or parts
of the central DAX-1-binding region (see Fig. S4C in the
supplemental material). We found that both the RBR and the
substrate-binding domains are required, while the UBA do-
main appears dispensable or even inhibitory, for efficient
DAX-1 ubiquitination (Fig. 4A and B). Control Western blots
and coimmunoprecipitation experiments showed that all
RNF31 derivatives are expressed and that the ubiquitination-
deficient RNF31 derivative lacking the RBR ubiquitin ligase
domain interacts with DAX-1 in a manner comparable to that
of full-length RNF31 (see Fig. S4B in the supplemental mate-
rial).

The involvement of the RBR domain pointed at yet another
aspect that needed to be investigated to support RNF31 func-
tion as E3 ubiquitin ligase. Usually, E3s transfer ubiquitin from
E2 ubiquitin-conjugating enzymes (Ubc proteins) to the sub-
strate in a process where direct binding between the E3 cata-
lytic domains (i.e., the RBR domain) and E2 Ubc is necessary.

FIG. 4. RNF31 promotes monoubiquitination of DAX-1 in an RBR domain-dependent manner. �, anti; *, monoubiquitinated DAX-1.
(A) Flag–DAX-1 was expressed with the indicated RNF31 derivatives in COS-7 cells. Whole-cell extracts were analyzed by Western blotting. The
presence of an extra signal �10 kDa (*) above WT Flag–DAX-1 indicates possible monoubiquitination of DAX-1. (B) COS-7 cells were
transfected with His-ubiquitin, Flag–DAX-1 and indicated Myc-RNF31 constructs. His-ubiquitinated (His-Ub) proteins were isolated from
denatured whole-cell extracts. Isolated proteins and input samples (whole-cell extracts) were analyzed by Western blotting with anti-Flag (DAX-1)
antibody. Signal in His-Ub pull-down lanes corresponds to ubiquitinated DAX-1. (C) Flag–DAX-1 and Myc or Myc-RNF31 were expressed with
either His-ubiquitin or a lysine-less ubiquitin mutant incapable of forming ubiquitin chains (His-ubiquitin K0R). His-tagged proteins were isolated
and analyzed together with whole-cell extracts by Western blot analysis to detect the presence of DAX-1. (D) Flag–DAX-1, Myc-RNF31, and
either HA-ubiquitin or HA-ubiquitin K0R were expressed in COS-7 cells. Whole-cell extracts were prepared and Flag–DAX-1 was immunopre-
cipitated (IP) using an anti-Flag rabbit polyclonal antibody. Precipitates were analyzed by Western blotting with an anti-HA mouse monoclonal
antibody to detect ubiquitinated DAX-1. Both a short exposure and a long exposure of the Western blot are shown. The DAX-1 blot represents
input samples. (E) HeLa cells were treated with either control or RNF31-specific siRNA for 48 h before transfection for 24 h with Flag–DAX-1
and His-ubiquitin. DAX-1 expression and knockdown of RNF31 were analyzed by Western blotting using �-actin as loading control. Ubiquitinated
proteins were isolated and analyzed by Western blotting with anti-Flag (DAX-1) antibody. (F) His-ubiquitinated proteins were isolated from cells
transfected with His-ubiquitin, Myc-RNF31, and indicated Flag–DAX-1 C-terminal deletion constructs. Results were analyzed by Western blotting
using anti-Flag (DAX-1) antibody.
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To identify the E2 cooperating with RNF31, Flag-RNF31 was
coexpressed with GFP-tagged E2s, and coimmunoprecipita-
tions were performed. Interaction was observed with UbcH8
but not with Ubc7, UbcH7, or UbcH1 (see Fig. S4E in the
supplemental material). RNF31 selectivity toward UbcH8 was
further confirmed by intracellular localization analysis. In the
absence of Flag-RNF31, both UbcH7 and UbcH8 were pre-
dominantly nuclear (see Fig. S4F in the supplemental mate-
rial). Coexpression with RNF31 changed the pattern of
UbcH8, resulting in cytoplasmic colocalization, while UbcH7
was unchanged (see Fig. S4G in the supplemental material).
We conclude that UbcH8 is likely to cooperate with RNF31 in
executing substrate ubiquitination, consistent with this E2 be-
ing implicated in binding to other RBR-type E3 ligases (33).

To provide further evidence for DAX-1 monoubiquitina-
tion, we compared the conjugation of WT ubiquitin to that of
a lysine-to-arginine ubiquitin mutant (the K0R mutant). The
two ubiquitin variants were cloned into the same expression
vector backbone (pcDNA-His or pcDNA-3xHA) to ensure
equal expression levels. Complementary pull-down assays (Fig.
4C) and immunoprecipitations (Fig. 4D) from denatured cell
extracts revealed conjugation of polymerization-deficient ly-
sine-less ubiquitin to DAX-1. While the interpretation of
quantitative differences is difficult due to the possible forma-
tion of mixed chains with endogenous ubiquitin, the general
patterns and mobilities of modified DAX-1 species for the two
ubiquitin variants are comparable. Interestingly, the inclusion
of the proteasome inhibitor MG132 did not significantly
change the DAX-1 expression levels or modification pattern,
arguing against DAX-1 polyubiquitination in these experi-
ments (Fig. 4D).

In support of the specificity of RNF31 toward DAX-1 ubiq-
uitination, we could not detect any modification of SF-1 or the
estrogen receptor (data not shown). This result is in agreement
with the interaction specificity of RNF31 (Fig. 1).

In initial efforts to map the DAX-1 ubiquitination sites, we
used the His-ubiquitin pull-down method and analyzed DAX-1
C-terminal deletion constructs expressing aa 1 to 353, 1 to 389,
and 1 to 454 (Fig. 4E). The results indicated that the region
between residues 353 and 389 is preferentially ubiquitinated.
This part of the DAX-1 LBD contains several lysine residues
that are conserved across species (data not shown), some of
which may be surface exposed and accessible to both modifi-
cation and interaction with coregulators.

In conclusion, our results suggest that the major DAX-1
modification observed in different experimental settings is
likely to be monoubiquitination at one or more lysine residues
(multiubiquitination) possibly located within the LBD of
DAX-1.

Effects of RNF31 on stability of endogenous DAX-1. A key
observation from the coexpression/colocalization studies was
that DAX-1 levels were often increased but never reduced or
abolished in cells expressing RNF31 (e.g., Fig. 3C and 4C; see
also Fig. S4A in the supplemental material). This would be
consistent with an involvement of RNF31 in DAX-1 monou-
biquitination, which is not linked to proteasomal degradation.
Since these experiments exclusively utilized overexpressed
DAX-1, it was necessary to confirm the relevance of endoge-
nous DAX-1. To achieve this, we used the adrenocortical car-
cinoma cell line H295R.

We initially observed that treatment of H295R cells with the
proteasome inhibitor MG132 caused an accumulation of en-
dogenous DAX-1 (Fig. 5A). This indicated that DAX-1 is
degraded in a proteasome-dependent manner, a process trig-
gered mainly by K48-linked polyubiquitination. To monitor the
turnover of endogenous DAX-1, H295R cells containing en-
dogenous or, by overexpression, elevated levels of RNF31 were
treated with the protein synthesis inhibitor cycloheximide. The
levels of DAX-1, SF-1, and actin were analyzed by Western
blotting (Fig. 5B). We found that elevated levels of RNF31
seemed to stabilize DAX-1, a result incompatible with RNF31
being responsible for proteasomal degradation of DAX-1. In
fact, the effect of overexpression of RNF31 was similar to that
of cotreatment with cycloheximide and MG132 (data not
shown). Importantly, no effect was observed for SF-1, consis-
tent with the failure of RNF31 to interact with and to ubiq-
uitinate SF-1 (Fig. 1F).

Further support for a role of RNF31 in stabilizing DAX-1
was gained using siRNA-mediated knockdown of endogenous
RNF31 levels in H295R cells (Fig. 5C). Western blot analysis
indicated that RNF31 depletion did not increase the steady-
state protein levels of DAX-1, something that would have been
expected if RNF31 was involved in DAX-1 degradation. How-
ever, in repeated independent siRNA experiments, we did
observe that DAX-1 protein levels appeared reduced upon
RNF31 knockdown (Fig. 5C). The expression of RNF31 was

FIG. 5. RNF31 stabilizes endogenous DAX-1. �, anti. (A) H295R
cells were treated with 10 �M proteasome inhibitor MG132 for 6 h and
analyzed by Western blotting with indicated antibodies. (B) H295R
cells transfected with either Flag or Flag-RNF31 were treated with
cycloheximide (CHX) 24 h posttransfection. Cells were lysed 0, 1, 3, 6,
9, and 24 h after CHX addition, and extracts were analyzed by Western
blotting using indicated antibodies. (C) H295R cells were treated with
either control (
) or RNF31-specific (�) siRNA. Endogenous pro-
teins from whole-cell extracts were analyzed by Western blotting using
indicated the antibodies. Results of independent transfections of each
oligonucleotide are shown.
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reduced but not abolished upon siRNA treatment, which may
account for its effects on DAX-1 levels being more subtle than
the effects caused by overexpression.

Consequences of RNF31 knockdown on DAX-1 target gene
expression. We utilized RNA interference to investigate if
RNF31 would affect DAX-1-dependent target gene expression
in H295R cells. siRNA-mediated knockdown of endogenous
RNF31 expression resulted in maximally 70% reduction at
both mRNA and protein levels (Fig. 6A, B, and D) compared
to the mRNA and protein levels of cells transfected with non-
silencing control siRNAs. We chose to analyze the effects of
RNF31 knockdown on transcription of the StAR and CYP19
(aromatase) genes, both classic SF-1 target genes known to be
regulated by DAX-1 (14, 19, 46, 52). Intriguingly, we observed
that RNF31 depletion resulted in increased StAR and CYP19
mRNA levels (Fig. 6A), while no significant change was seen
for SF-1 and DAX-1 mRNA levels (data not shown). Western
blot analysis further revealed that knockdown of RNF31
caused a considerable increase in StAR protein levels (Fig.

6B). As the siRNF31 reagent used was a pool of four different
oligonucleotides, we also investigated the effect of the individ-
ual oligonucleotides and found that all four siRNAs knocked
down RNF31 mRNA, albeit with different efficiencies (see Fig.
S5A in the supplemental material).

To investigate whether the observed effect was due to tran-
scriptional events at the established promoter regions of these
genes, we next assayed the activity of StAR and CYP19 pro-
moter-luciferase reporter plasmids in siRNA-treated H295R
cells. The results confirmed that the increases in StAR and
CYP19 mRNA levels were due to increased promoter activity
in siRNF31-treated cells compared to that in the control-
treated cells (Fig. 6C). Additionally, attempts to knock down
DAX-1 (maximally 25 to 50% mRNA reduction; data not
shown) revealed an increase of reporter activity in the case of
CYP19, supporting the concept that RNF31 and DAX-1 act in
the same transcriptional pathway.

Furthermore, we wanted to investigate if the effects of
RNF31 depletion are linked to SF-1/DAX-1 and not to addi-

FIG. 6. Knockdown of RNF31 upregulates DAX-1 steroidogenic target StAR and CYP19 genes in H295R cells. (A) H295R cells treated with
siRNA targeting RNF31 (siRNF31) or a nontargeting oligonucleotide (siLUC) for 72 h were assayed for relative RNF31, StAR, and CYP19
mRNA levels by using qPCR. Data are presented as values for the siRNF31-treated cells relative to the negative control (siLUC) value, which was
set to 1. Error bars represent standard deviations. (B) Whole-cell extracts from H295R cells treated with siRNF31 or siLUC were analyzed by
Western blotting with indicated antibodies. �, anti. (C) Luciferase reporter constructs of StAR or CYP19 promoter or luciferase reporter (Basic)
alone were transfected into H295R cells 48 h after treatment with siRNF31, siGENOME NR0B1 D-003409-03 (siDAX-1), or siCONTROL
(nontargeting oligonucleotide). Twenty-four hours after transfection, cell lysates were assayed for luciferase activity. Data are presented as
induction values relative to the negative control (siCONTROL) value, which was set to 1 for each promoter construct. Error bars correspond to
standard deviations. (D) qPCR analysis of H295R cells treated with siLUC, siRNF31, siSF-1 or siRNF31, and siSF-1. Data are presented as
described for panel A.
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tional transcription factors involved in the regulation of CYP19
and StAR expression (29, 43). We hypothesized that a simul-
taneous knockdown of SF-1 should antagonize the positive
effect of the RNF31 knockdown if RNF31 cooperates with
DAX-1 repression of SF-1. In fact, we observed this effect on
both StAR and CYP19 mRNA levels (Fig. 6D). siSF-1 reduced
the expression levels of these genes, and the reduction was not
relieved by simultaneous knockdown of RNF31. These results
indicate that RNF31 is functionally dependent on the presence
of SF-1 at the promoters. To provide additional evidence that
RNF31 cooperates with DAX-1 in repressing SF-1 target
genes, we analyzed the role of RNF31 in the mouse adreno-
cortical Y-1 cell line (see Fig. S5B in the supplemental mate-
rial). Y-1 cells share steroidogenic pathways, including that for
StAR expression, with H295R cells but do not express DAX-1
(25). We found no increase in the mRNA levels of StAR
despite efficient knockdown of RNF31 (CYP19 expression
could not be detected).

Collectively, these data demonstrate that RNA interfer-

ence-mediated reduction of endogenous RNF31 levels
causes an elevation of SF-1-dependent transcription of key
steroidogenic genes that are known to be repressed by
DAX-1 in vivo.

In vivo analysis of promoter recruitment and coregulator
assembly. To provide evidence that the transcriptional effects
observed were a consequence of RNF31 action at the promot-
ers and to further study the connection of RNF31 with DAX-1
repression, we established ChIP assays for the StAR and
CYP19 genes in H295R cells. The combination of the ChIP
assay with siRNA-mediated depletion of RNF31 or SF-1 al-
lowed us to investigate the requirement of different factors for
DAX-1 recruitment and coregulator assembly on the promot-
ers (Fig. 7A).

Under control conditions (siLUC), recruitment of SF-1 can
be readily detected, along with additional “primary” transcrip-
tion factors such as CREM/CREB or C/EBP�, which are im-
plicated in regulating StAR and CYP19 transcription (29, 43).
Consistent with basal expression of these genes, recruitment of
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FIG. 7. RNF31 is necessary for DAX-1 corepressor complex recruitment and stability at the human StAR and CYP19 promoters. (A) H295R
cells treated for 72 h with siLUC, siSF-1, or siRNF31 were subjected to ChiP using the indicated antibodies. Precipitated DNA was analyzed with
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response element.
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coactivators such as CBP and SRC2, along with RNA Pol II, is
evident. Most intriguing, however, was the recruitment of
RNF31 together with DAX-1 and SMRT (but not N-CoR;
data not shown), a core component of conventional NR core-
pressor-histone deacetylase complexes.

The depletion of RNF31 (via siRNF31) further substanti-
ated the existence of a corepressor complex, containing
RNF31, DAX-1, and SMRT, and revealed a requirement of
RNF31 for complex assembly and/or recruitment. The fact that
SF-1 remains promoter-bound suggests a dominant role of
RNF31 in determining DAX-1 recruitment and supports a
function in stabilizing DAX-1. Release of corepressors allowed
enhanced recruitment of a CBP/SRC2/Pol II coactivator com-
plex, consistent with transcriptional activation upon RNF31
depletion as indicated by the siRNA experiments (Fig. 6).

Depletion of SF-1 (via siSF-1) caused the apparent dissoci-
ation of all corepressors and coactivators despite the continu-
ous presence of other primary transcription factors (CREB/
CREM and C/EBP�) at the promoters. This is consistent with
the transcription profiling showing that the basal expressions of
both StAR and CYP19 are dependent on the presence of SF-1
(Fig. 6D). Therefore, SF-1 appears essential in mediating re-
cruitment and exchange of both corepressors, including
RNF31 and DAX-1, and coactivators.

Taken together, these data confirm the essential role of
RNF31 in mediating transcriptional repression in cooperation
with DAX-1. They indicate that RNF31 is crucial for (i) as-
sembling a corepressor complex containing DAX-1 and
SMRT, (ii) DAX-1 recruitment and stability at promoters, and
(iii) function in pathways that depend on SF-1.

DISCUSSION

The regulation of DAX-1 transcriptional activity has been
studied since the discovery of the protein in 1994. Although it
has been established that DAX-1 is a crucial component in the
regulation of steroidogenesis and in the development of ste-
roidogenic and reproductive tissues, the precise mechanisms
behind this regulation are poorly understood, both at the tran-
scriptional level and at the posttranslational level. Our study
addresses key issues regarding DAX-1 protein function, firstly
by identifying the E3 ubiquitin ligase RNF31 as a corepressor
component of DAX-1 transcription and secondly by character-
izing ubiquitination as the first example of a posttranslational
modification of DAX-1 that may be directly linked to tran-
scriptional repression. Our findings imply that RNF31 has sig-
nificant coregulatory potential in DAX-1 pathways governing
steroidogenesis.

RNF31 adds a previously unidentified component to the
intricate relationship between DAX-1 and SF-1 and emerges
as a physiologically relevant corepressor of SF-1 transcription
in steroidogenic tissues. Our data are compatible with a regu-
latory model in which RNF31 cooperates with DAX-1 in
antagonizing SF-1 activation (Fig. 7B) and describe for the first
time the in vivo existence of an SF-1 corepressor complex
consisting of DAX-1, RNF31, and SMRT at the steroidogenic
promoters of the human StAR and CYP19 genes. We demon-
strate that RNF31 is necessary for the stable association of the
DAX-1 corepressor complex with chromatin-bound SF-1,
thereby inhibiting the recruitment of coactivators and Pol II

and controlling basal transcription levels of SF-1 target genes.
Since DAX-1 is assumed to occupy the AF-2 coactivator in-
teraction surface of SF-1, RNF31 presumably antagonizes SF-1
coactivators, including acetyltransferases such as SRC proteins
or GCN5 (10, 48). We additionally provide evidence that the
presence of SF-1 at the promoters is required for recruitment
of the RNF31 corepressor complex, consistent with the obser-
vation that SF-1 knockdown abolished expression of StAR and
CYP19. This suggests that the in vivo association of DAX-1
and RNF31 with chromatin is dependent on the presence of
SF-1. The generality of this suggestions remains to be tested, as
DAX-1 may also directly bind to DNA hairpin structures in the
human and mouse StAR promoters (30, 52). As the hairpin is
located in proximity to the SF-1-binding site, one could imag-
ine that cooperative interactions of DAX-1 with SF-1 and
DNA are necessary for promoter recruitment of DAX-1 in
vivo.

It is surprising that posttranslational modifications of
DAX-1 have not been previously described, especially as the
lack of ligand binding dictates a need for alternative mecha-
nisms. In contrast, a number of studies have highlighted the
regulatory importance of such modifications in the case of
SF-1, despite indications that SF-1 may bind phospholipids
as natural ligands (23, 28). These studies suggest that phos-
phorylation and acetylation stimulate SF-1 activity (6) (15),
SUMOylation inactivates SF-1 (7), and polyubiquitination trig-
gers proteasomal degradation of SF-1 (8). Our results imply
that RNF31-dependent ubiquitination may affect the transcrip-
tional activity and the stability of DAX-1. Only lately has the
covalent and reversible ubiquitination of coregulators and NRs
been recognized to have regulatory functions beyond degrada-
tion. One example is the coactivator SRC3, which appears to
be regulated by monoubiquitination leading to increased tran-
scriptional coactivation (49). Ubiquitination certainly has the
potential for changing the interactome of a protein both by
generating new interaction surfaces and by eliminating old
interaction surfaces. Thus, the conjugation of ubiquitin to
DAX-1 adds an intriguing regulatory mechanism to consider
when investigating DAX-1 corepressor complex function in
vivo.

We have shown here that RNF31 is involved in ubiquitina-
tion of DAX-1, the first RNF31 substrate shown to be modified
among the few described candidates (5, 12). The assumption
that DAX-1 is monoubiquitinated (at one or several sites) is
consistent with the stabilizing effect of RNF31 on DAX-1 ob-
served in a variety of independent experimental systems. It is
conceivable that even subtle changes in DAX-1 function and
stability caused by RNF31 action and ubiquitination could
significantly impact the assembly of coregulator complexes on
SF-1-dependent promoters and thereby influence the tran-
scriptional outcomes. Indeed, we demonstrated that RNF31
knockdown destabilizes chromatin-bound DAX-1 complexes,
promoting coregulator exchange and allowing increased tran-
scriptional activation. Related molecular events are likely to
occur during activation of steroidogenesis (30, 47), highlighting
an important area of future investigations regarding the role of
RNF31.

The stabilizing role of RNF31 may appear provocative, given
that E3 ligases are usually assumed to catalyze polyubiquitina-
tion, which is linked to proteasomal degradation. However,
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compared to the RING and HECT families, RBR-type E3s,
including RNF31, are poorly characterized with regard to sub-
strate range, molecular mechanisms, and consequences of
ubiquitination (12). Few of the RBR members have as yet
convincingly been demonstrated to function as E3 ubiquitin
ligase on natural substrate proteins. Also, the structure and
function of the signature RBR domain is not fully understood.
In direct support of the mechanisms we propose here for
RNF31, recent reports suggest that the RBR protein Parkin,
known for its genetic association with Parkinson’s disease, can
trigger monoubiquitination (16, 20). These and additional re-
cent studies concluded that RBR E3 function does not result in
degradation of substrates but instead leads to stabilization (31,
36). Stabilization could occur via several mechanisms other
than E2-dependent monoubiquitination, including direct bind-
ing of the RBR ligase to (i) free, mono- or polyubiquitinated
substrates, (ii) free ubiquitin or polyubiquitin chains, or (iii)
other E3 ligases. Each of these scenarios is plausible for
RNF31, as it has distinct E3 ligase and ubiquitin-binding do-
mains and potentially dimerizes with other RBR ligases. In-
deed, RNF31 has been reported to associate with RNF54,
which catalyzed the formation of atypical ubiquitin chains on a
model substrate in vitro (22) and independently was implicated
in transcriptional functions (44).

Of particular significance is the identification of CYP19
(aromatase) as a target of RNF31. A major phenotype of the
DAX-1 knockout mouse model was upregulation of CYP19
gene expression in testicular Leydig cells, leading to male in-
fertility due to elevated levels of local estrogens (46). Although
StAR expression appeared unchanged in the testes of these
DAX-1 knockout mice, cellular studies and human adrenal
phenotypes strongly suggest StAR to be subject to DAX-1
repression (19, 52), consistent with our results derived from
human adrenocortical cells. This is in agreement with assump-
tions that key components and mechanisms of DAX-1 path-
ways in steroidogenic gene expression are conserved between
humans and mice (26). Considering recent indications that
DAX-1 action may not be restricted to steroidogenic pathways,
it is likely that the functional interplay of RNF31 with DAX-1
goes beyond modulation of SF-1-dependent steroidogenic
gene expression. For example, many DAX-1-containing cell
types also express LRH-1 (NR5A2), the structural and func-
tional SF-1 homologue. This not only suggests yet another
feasible target for RNF31 action, it also indicates alternative
routes to regulate steroidogenic gene expression in the
ovary, endometrium, and mammary gland, in which LRH-1
can fulfill roles of SF-1. Further, the expression and func-
tional relationship of RNF31, DAX-1, and NR5A receptors
are of substantial interest with regard to endocrine tumor-
igenesis, such as that for adrenocortical tumors (4), pituitary
adenomas, epithelial ovarian carcinoma, and prostate and
breast cancers. Notably, the first report describing the clon-
ing of human RNF31 (ZIBRA) characterizes its expression
in human breast cancer cells (45). Finally, DAX-1 is ex-
pressed in embryonic stem cells and appears to be required
for maintenance of pluripotency (32). These possibilities
raise a profound interest in the role of RNF31 during early
development, cell differentiation, and cancer, implicating
major directions for future research.
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