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Steroidogenesis in the testis is regulated by a negative feedback mechanism through the hypothalamus-
pituitary-testis axis. Recent studies suggest that besides this long-loop regulation, testicular steroidogen-
esis is also locally regulated by androgen. However, the molecular mechanism behind this additional
regulatory pathway has been poorly addressed. In the present study, we demonstrate that liganded
androgen receptor (AR) suppresses the transcriptional activity of Nur77 on steroidogenic enzyme gene
promoters, affecting testicular steroidogenesis. AR physically interacts and colocalizes with Nur77 in
the nucleus in the presence of androgen. AR inhibits Nur77 transactivation by competing mainly with
Androgen . .. .1
Nur77 coactivators such as SRC-1 for Nur77 binding. These results suggest that androgen, through binding to
AR AR, directly acts as a signal inhibiting the expression of steroidogenic enzyme genes in Leydig cells, even-
tually resulting in decreased testicular steroidogenesis. These findings strongly support the hypothesis
that androgen acts locally to regulate testicular steroidogenesis, and may provide its action mechanism.

Keywords:
Steroidogenesis
Local regulation

Leydig cell

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Androgens, which are mainly produced in testicular Leydig
cells, are essential for male sexual differentiation, maintenance of
spermatogenesis, and expression of male secondary sex character-
istics. The biosynthesis of testosterone is dependent on both acute
and chronic stimulation of Leydig cells by the pituitary luteinizing
hormone (LH). Testosterone can regulate release of the hypotha-
lamic gonadotropin-releasing hormone (GnRH), the signal that
initially stimulates the pituitary to synthesize and release LH. This
negative feedback loop is referred to as the hypothalamic-pitui-
tary-gonadal (HPG) axis. Previous studies, however, have shown
that testosterone represses the cAMP-induced de novo synthesis
of P450c17 protein and accumulation of its mRNA in mouse Leydig
cells, which occurs in an AR-dependent manner [1,2].

Steroidogenesis in Leydig cells is initiated with cholesterol
transfer into the mitochondria, which is mediated by the steroido-
genic acute regulatory (StAR) protein. In the mitochondria, choles-
terol is converted to pregnenolone by the cholesterol side chain
cleavage enzyme (P450scc). Pregnenolone is then transported to
the endoplasmic reticulum and converted sequentially to proges-
terone by 3B-hydroxysteroid dehydrogenase/A5—A4 isomerase
(3B-HSD), to 17-hydoxyprogesterone, and then to androstenedione
by 17a-hydroxylase/Cq7_50 lyase (P450c17), and finally to testos-
terone by 17-hydroxyateroid dehydrogenase.
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The steroidogenic-enzyme genes are generally regulated at the
transcriptional level. The orphan nuclear receptor Nur77 and SF-1
are major transcription factors which are known to regulate steroi-
dogenic-enzyme genes [3,4]. Nur77 family members regulate the
expression of steroidogenic-enzyme genes such as steroid
21-hydroxylase, P450c17, and 20-hydroxysteroid dehydrogenase
[5]. Nur77 binding regions within the gene promoter of rat
P450c17 [6], Star [7], and human 3B-HSD2 have been defined [8].
In addition, LH treatment has been shown to trigger the expression
of Nur77 in Leydig cells [9].

Nur77 is a member of the Nur77 gene family, which also con-
tains the orphan nuclear transcription factors Nurr-1 and NOR-1.
These factors have similar structural features of the conserved
DNA binding domain (DBD) and ligand binding domain (LBD),
but retain a variable sequence in the N-terminal AF-1 domain.
Nur77 family members behave as endpoint effectors of the protein
kinase A (PKA) signaling pathway acting through dimmers, and the
AF-1 domain of Nur77 plays a major role in transcriptional
activation, cofactor recruitment, and intra- and intermolecular
interactions. Although Nur77 has been well characterized as an
immediate early response gene and for its posttranslational
modifications [10,11], coregulators involved in Nur77 transactiva-
tion are not fully characterized. Some proteins including steroid
receptor coactivator (SRC)-1, silencing mediator for retinoid and
thyroid hormone receptors (SMRT) have been shown to regulate
Nur77 transactivation through direct protein-protein interactions
[12,13].

Androgen action is mediated by androgen receptor (AR), which
is a ligand-inducible transcription factor [14]. AR consists of three
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functional domains: the N-terminal transactivation domain (A/B
domain), the central DBD, and LBD [15]. The precise function of
AR in Leydig cell is unknown; however, several studies have dem-
onstrated that androgens negatively regulate the cAMP-induced
expression of P450c17 via an AR-mediated mechanism [1,2]. Re-
cent studies also have shown that testicular StAR expression is
inhibited by androgens in vitro and in vivo, likely via a local feed-
back mechanism [7,16].

In this study, to understand the mechanism by which androgen
regulates the expression of steroidogenic enzymes in the testis, we
investigated the effect of androgen on the transactivation of Nur77,
a major transcription factor for steroidogenic enzyme gene expres-
sion. We have shown that androgen-bound AR physically interacts
with Nur77, and inhibits Nur77 transactivation through competi-
tive binding with Nur77 coactivators, which results in the down-
regulation of steroidogenic enzyme gene expressions in mouse
Leydig cells. These results strongly support the idea of androgen’s
local action on testicular steroidogenesis.

2. Materials and methods
2.1. Plasmids

The expression plasmids of Nur77, AR, SRC-1, NurRE-luc, NBRE-
luc, GST-Nur77, GST-Nur77 domain mutants, and GST-mAR
domain mutants were previously described [17-20]. The reporter
plasmids (StAR (—2200/+3)-luc, WT (—4473 to 399) P450c17-luc,
and 3B-HSD (—4470/+40)-luc) and cDNA probes (StAR, P450c17,
and 3B-HSD) were previously described [21]. GFP-Nur77 and
RFP-mAR were constructed by cloning the genes into Xhol/BamHI
sites in pEGFP-C1 and pHcRed1-C1 vector (CLONTECH),
respectively.

2.2. Cell culture

mLTC-1 cells were maintained in RPMI 1640 medium (Invitro-
gen) supplemented with 10% fetal bovine serum (FBS), and R2C
cells were maintained in F-10 nutrient medium (Invitrogen) sup-
plemented with 15% horse serum (HS) and 5% FBS. COS-7 cells
were maintained in DMEM supplemented with 10% FBS. All cells
were cultured at 37 °C in 5% CO, [22].

2.3. Preparation of primary Leydig cells

Purification of mouse Leydig cells was carried out according to
the method previously described [23] with some modification. Ani-
mals were anesthetized and then decapitated. Eight testes per
genotype were removed and testicular cells were dispersed by
treating the decapsulated testis with collagenase (0.25 mg/ml, Sig-
ma) in M199 media (Invitrogen) at room temperate for 20 min
with gentle shaking. After incubation, the dispersed tissues were
diluted with M199 and the solution was filtered. Interstitial cells
were precipitated by centrifugation of the filtrate and washed once
with M199 and twice with PBS. Cells were maintained in RPMI
1640 medium supplemented with 15% horse serum. Enrichment
for Leydig cells was estimated by 3B-HSD cytochemistry [16].

2.4. Northern blot analysis and qRT-PCR

Total RNA was extracted from R2C, and primary Leydig cells
using Tri reagent (Molecular Research Center, Inc.). Total RNA
(20 pg) was separated on a 1.2% denaturing agarose gel, trans-
ferred onto a Zeta probe nylon membrane (Bio-Rad) in 10 X SSC,
and immobilized under UV light. Northern blot analysis was con-
ducted as previously described [24]. Quantitative analysis of StAR

and P450c17 gene expression in primary Leydig cells was assessed
by qRT-PCR as previously described [25].

2.5. Radioimmunoassay (RIA)

The levels of progesterone and testosterone were measured by
radioimmunoassay. The assay procedure was performed as previ-
ously described [21], using labeled progesterone (1,2,6,7-3H-pro-
gesterone, 96 Ci/mol) and testosterone (1,2,6,7-3H-testosterone,
96 Ci/mole) obtained from NEN. R2C cells were seeded and
cultured with 15% charcoal-stripped FBS (CSS). Two sets of stan-
dard and samples were routinely included in each assay.

2.6. Transient transfection assay

Transfections were carried out using SuperFect (Qiagen) and
Lipofectamine Plus (Invitrogen) transfection reagent for COS-7
and mLTC-1 cells according to the manufacturers’ specifications,
respectively. Cells were plated in 24-well plates with CSS medium
and transfected with the appropriate amounts of expression
plasmids. The total amount of DNA was kept constant by adding
appropriated amounts of pCDNA3 empty vector. After 24 h of
transfection, cells were treated with ligand or vehicle for 24 h.
The cells were lysated using lysis buffer for mLTC-1 [9] and COS-
7 cells [24] as described previously. Luciferase and p-galactosidase
activities were assayed as described previously [24]. Levels of lucif-
erase activity were normalized to the B-gal expression.

2.7. Fluorescence

COS-7 cells were plated onto gelatin-coated coverslips the day
before transfection in 6-well plates and incubated in 5% CSS
DMEM. Cells were transfected with GFP-Nur77, RFP-mAR using
SuperFect. After 18 h transfection, cells were treated with 10 nM
DHT for 4 h. For fluorescent microscopy, the cells were fixed in
2% para-formaldehyde (pH 7.4) for 10 min [26]. Cells were visual-
ized with a confocal microscope (ZEISS, Laser Scanning Micro-
scope). Images were captured and analyzed using LSM 5 PASCAL
software.

2.8. Glutathione-S-transferase (GST) pull-down assay

GST alone and GST fusion proteins were expressed in Esche-
richia coli BL21 cells and isolated with Glutathione-Sepharose 4B
beads (Amersham Biosciences). Immobilized GST fusion proteins
were incubated with 3°S-methionine labeled proteins produced
by in vitro translation using the TNT-coupled transcription—
translation system (Promega). Binding reactions were carried out
as previously described [17]. Following gel electrophoresis, radio-
labeled proteins were visualized by autoradiography.

2.9. Co-immunoprecipitation (Co-IP) assay and Western blot analysis

In vivo co-immunoprecipitation assays were performed with
R2C cells cultured in complete media as previously described
[17]. The cells were harvested with RIPA cell lysis buffer. Lysates
were incubated with anti-AR and anti-Nur77 polyclonal antibodies
(Santa Cruz) overnight at 4 °C and subsequently with protein A
agarose bead slurry. Agarose beads were washed with RIPA buffer
at 4 °C and bound proteins were separated by SDS-PAGE. Proteins
on the gels were transferred to a Protran nitrocellulose transfer
membrane (Schleicher & Schuell Bioscience), and subjected to
Western blot analysis with anti-AR and anti-Nur77 antibodies. Sig-
nals were detected with an ECL kit (Amersham Biosciences).
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2.10. Statistical analysis

A Student’s t test was used for statistical analyses. Data are
shown as the means + standard error of the mean (SEM). P < 0.05
was used as the criterion for determination of statistical signif-
icance.

3. Results

3.1. Androgens suppress the expression of steroidogenic enzyme genes
in Leydig cells

cAMP-induced P450c17 gene expression was previously shown
to be repressed by androgens in testicular Leydig cells [1,2]. In or-
der to investigate the effect of androgens on the expression of
other steroidogenic enzyme genes, R2C cells were treated with var-
ious concentrations of DHT for different time periods. The mRNA
levels of all tested steroidogenic enzyme genes such as StAR, 3B-
HSD, and P450c17 were decreased after 1 h treatment with 1 uM
DHT, while such an effect was detected only after 6 h treatment
with 0.1 uM DHT (Fig. 1A). Nur77 mRNA and protein levels were
not altered by the treatment of androgen (Fig. 1A and data not
shown). As expected, cAMP-induced StAR and P450c17 mRNA
levels were decreased by DHT treatment also in mouse primary
Leydig cells (Fig. 1B). In consistent with androgen effect on the
expression of steroidogenic enzymes, the production of steroids,
progesterone and testosterone, was reduced by DHT treatment in
R2C cells (Fig. 1C). These results suggest that androgens suppress
the expression of steroidogenic enzyme genes in Leydig cells, sup-
porting previous findings [1,2,7,16].

3.2. Androgen/AR inhibits the transactivation of Nur77, decreasing the
promoter activity of steroidogenic enzyme genes

Although androgen affects the expression of steroidogenic en-
zyme genes, no androgen response element has been defined in
their promoters. Since Nur77 has been well demonstrated to regu-
late the promoter activity of steroidogenic enzyme genes, we
checked the possibility of indirect action of androgen by investigat-
ing the cross-talk of androgen/AR with Nur77. As shown in Fig. 2A,
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AR suppressed the transactivation of Nur77 in a dose-dependent
manner. Interestingly, there was a ligand-independent effect of
AR on Nur77 transactivation, although it was much less compare
to its ligand-dependent effect. This was probably due to minor
translocation of AR to the nucleus in the absence of ligand because
of overexpression, or residual androgens left in the charcoal-
stripped serum. Otherwise, some Nur77 might be retained in the
cytoplasm by interacting with AR localized in the cytoplasm in
the absence of ligand. AR specificity of Nur77 suppression was ad-
dressed by transient transfection assays. As shown in Fig. 2B, AR
and ER, but not GR and RXR, were able to inhibit the transactiva-
tion of Nur77. These results suggest that Nur77 cross-talks with
AR with a certain level of specificity.

AR was also able to suppress the transactivation of Nur77 on the
natural steroidogenic enzyme promoters, StAR (Fig. 2C) and
P450c17 (Fig. 2D), in a dose-dependent manner. To confirm the
AR action through Nur77 on the P450c17 promoter, a reporter
fused to a defined Nur77 binding site of P450c17 promoter and
minimal thymidine kinase promoter was tested. As shown in
Fig. 2E, AR suppressed the transactivation of Nur77 on WT
(—447/-399) P450c17-luc promoter, which contained only a
Nur77/SF-1 binding site. There results imply that transcription of
steroidogenic enzyme genes enhanced by Nur77 is suppressed by
androgen/AR in Leydig cells.

3.3. AR physically interacts with Nur77 in vitro and in vivo

To investigate whether the functional interaction of AR with
Nur77 is due to physical interaction, we performed GST pull-down
assays. >>S-methionine labeled Nur77 was incubated with GST-AR
deletion mutants (TAU, AF-1+DBDh, DBDh, and LBD) (Fig. 3A, left),
or 3>S-methionine labeled full-length Nur77 and Nur77 deletion
mutants (N-term, C-term, and AAF-2) were incubated with the
GST-AR DBDh (Fig. 3A, right). As shown in Fig. 3A, full-length
Nur77 bound AR AF-1+DBDh and DBDh, but not TAU and LBD.
Full-length Nur77, Nur77 N-term, and Nur77 AAF-2, but not
Nur77 C-term, interacted with AR DBDh. The data suggest that
Nur77 directly interacts with AR through Nur77 N-term and AR
DBDh.
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Fig. 1. Androgen suppresses the expression of steroidogenic enzyme genes in Leydig cells. Rat Leydig cell line R2C (A and C) and mouse primary Leydig cells (B) cultured in
CSS medium were collected at the indicated time after treatment with 0.1 or 1 uM DHT. Northern blot (A) and real-time PCR analysis (B) were performed with total RNAs
using a specific cDNA probe and primer set, respectively. The expression of GAPDH and B-actin were used as an internal control. Progesterone and testosterone levels in cell

culture media were measured by RIA. *P < 0.05; ***P < 0.001.
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Fig. 2. Inhibition of Nur77 transactivation by AR in Leydig cells. mLTC-1 cells were cotransfected with Nur77 expression plasmid and the indicated reporter, together with
increasing amounts of indicated nuclear receptor plasmid. Ligand (10 nM DHT for AR, 100 nM estradiol for ER, 100 nM dexamethasone for GR, and 100 nM retinoic acid for
RXR) was added and luciferase activity was measured after 24 h of ligand treatment. Error bars indicate standard deviation.
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Fig. 3. Physical interaction between Nur77 and AR in vitro and in vivo. (A, left) 3°S-methionine-labeled Nur77 produced by in vitro translation was allowed to interact with
GST fusion proteins of AR deletion mutants (TAU, AF-1 + DBD, DBDh and LBD) in the presence of 10 nM DHT. (A, right) 3S-methionine-labeled Nur77 full-length and deletion
mutant (N-term, C-term, AAF-2) proteins produced by in vitro translation were allowed to interact with GST fusion proteins of AR DBDh. Labeled protein (20%) used in the
binding reaction was loaded as input. (B) R2C cell extracts were used for co-immunoprecipitation experiments with anti-AR and anti-Nur77 antibodies.
Immunoprecipitations and Western blot analysis were performed as described in Section 2. Inputs are shown for the expression level of each protein. (C) Nur77 colocalizes
with liganded AR in the nucleus. COS-7 cells transfected with GFP-Nur77 and RFP-AR were treated with or without 10 nM DHT for 4 h. Fluorescence was analyzed with a laser

scanning confocal microscope.

To examine in vivo interaction between Nur77 and AR,
co-immunoprecipitation assays were performed using R2C
cells, which express both Nur77 and AR endogenously (Fig. 3B).
The data revealed that AR was efficiently co-immunoprecipitated
with Nur77. These results suggest that Nur77 interacts with AR
in vivo.

3.4. AR is colocalized with Nur?77 in the nucleus in an androgen-
dependent manner

Distribution of transcriptional coregulators may give an
insight into their mechanism of action. To establish subcellular
localization of Nur77 and AR under different cellular conditions,
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GFP-Nur77 and RFP-AR were transiently transfected into COS-7
cells. Nur77 was predictably localized in the nucleus, and the pres-
ence of 10 nM DHT did not affect its localization (Fig. 3C, left). On
the other hand, AR was present in the cytoplasm without androgen
and translocated into the nucleus upon addition of androgen
(Fig. 3C, middle). The overlay revealed a nice colocalization of
Nur77 and AR in the nucleus in an androgen-dependent fashion
(Fig. 3C, right). These results support the possibility that AR protein,
translocated into the nucleus in the presence of androgen, modu-
lates Nur77 transactivation.

3.5. AR inhibits Nur77 transactivation through competition with
coactivators for Nur77 binding

To explore the mechanism by which AR functions as a corepres-
sor of Nur77, we first investigated the effect of AR on the DNA
binding activity of Nur77 by electrophoretic mobility shift assay
(EMSA) using purified GST-Nur77 protein, in vitro translated AR
protein, and the NurRE oligonucleotide as a probe. AR protein did
not interfere with the formation of NurRE-Nur77 complex (data
not shown), implying no effect of AR on the DNA binding activity
of Nur77.

We then examined the possibility that AR interferes with the
interaction between Nur77 and its coactivators. As shown in
Fig. 4A, SRC-1, known as a Nur77 coactivator [12], relieved the
AR-mediated suppression of Nur77 transactivation in a dose-
dependent manner, suggesting that AR and Nur77 coactivators
compete for the modulation of Nur77 transactivation. Further-
more, AR was able to repress the SRC-1-mediated enhancement
of Nur77 transactivation (Fig. 4B). A similar competition between
AR and SRC-2 (GRIP-1) coactivator for the modulation of Nur77
transactivation was also observed although the effect was less than
with SRC-1 (data not shown).

To investigate whether the functional competition between AR
and coactivators for the modulation of Nur77 transactivation is due
to the competition for the physical interaction with Nur77, we per-
formed GST pull-down assays using GST-Nur77 fusion protein and
35S-methionine labeled SRC-1 and AR proteins. As shown in Fig. 4C,
the amount of SRC-1 protein bound to GST-Nur77 was decreased,
while the amount of AR protein bound to GST-Nur77 was
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increased, with the addition of an increased amount of AR protein.
The in vivo competition between SRC-1 and AR for Nur77 binding
was also investigated by co-immunoprecipitation using COS-7 cells
transfected with different amounts of AR expression plasmid. As
expected, the amount of SRC-1 protein bound to Nur77 decreased
with an increased amount of AR protein bound to Nur77 (Fig. 4D).
All together, these results suggest that AR inhibits Nur77 transac-
tivation by interfering with the interaction between Nur77 and
its coactivators.

4. Discussion

Androgens have been suggested to regulate testicular steroido-
genesis locally in the testis, in addition to long-loop negative feed-
back regulation through the hypothalamus-pituitary-testis axis. In
this study, we speculated that the local androgen action on testic-
ular steroidogenesis might be accomplished by cross-talk between
androgen signaling and major transcription factors responsible for
the expression of steroidogenic enzyme genes. We demonstrate
that androgen represses the expression of steroidogenic enzyme
genes, including P450c17 and StAR (Fig. 1), which results from
androgen/AR-mediated suppression of Nur77 transactivation on
steroidogenic enzyme gene promoters. We also show that AR phys-
ically competes with Nur77 coactivators to modulate Nur77 trans-
activation. This study strongly supports a functional role of
androgen/AR signaling in testicular steroidogenesis.

In view of the AR-suppression of Nur77 transactivation, AR may
influence Nur77 expression, DNA binding activity, protein stability,
or interaction with coactivators. To examine whether AR affects
Nur77 expression, we did transient transfection assays using a
Nur77 promoter fused to a reporter. The results showed that AR
did not significantly alter the Nur77 promoter activity (data not
shown). The specific binding of Nur77 to NurRE was neither inter-
fered by AR coexpression in EMSA (data not shown). In addition,
androgen treatment of R2C cells or coexpression of AR with
Nur77 showed no AR effect on Nur77 protein stability (Fig. 1 and
data not shown). Instead, AR blocks the recruitment of coactivators
to Nur77 through physical interaction. The DBD domain of AR (AR~
DBD) participated in the protein-protein interaction with Nur77.
This is consistent with the previous observation that AR-DBD is
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Fig. 4. AR competes with coactivators for the modulation of Nur77 transactivation. (A) Nur77 coactivator, SRC-1, relieves AR-mediated repression of Nur77 transactivation in
a dose-dependent manner. COS-7 cells were cotransfected with AR, Nur77, and SRC-1 expression vectors. The expression level of each protein was monitored by Western blot
analysis (data not shown). (B) AR repressed SRC-1-elevated Nur77 transactivation in a dose-dependent manner. (C) In vitro translated SRC-1 and AR bind competitively to
Nur77 in GST-pull down experiments. (D) AR competed with SRC-1 for Nur77 binding in vivo.
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necessary for AR-mediated repression of cAMP-induced P450c17
expression [2]. Interestingly, Nur77 interacts with AR via its
N-terminus, which has a transactivation domain identified as
AF-1. The N-terminal AF-1 domain of Nur77 is known to be
necessary for the recruitment of cofactors such as SRC-1; thus, it
is reasonable that AR and SRC-1 compete for Nur77 binding.

AR has been reported to suppress the promoter activity of bo-
vine LHB in a gonadotrope-derived cell line [27]. The LHB promoter
contains several cis-acting elements that are highly conserved
across all mammals including the regulatory element for steroido-
genic factor 1 (SF-1). Through additional studies, AR has been
shown to suppress activity of the bovine LHB promoter through
protein-protein interaction with SF-1 [27]. We also tested the
functional interaction between AR and SF-1, another major
transcription factor that regulates the expression of steroidogenic
enzyme genes in Leydig cells. The results showed that AR inhibited
the transactivation of SF-1 in Leydig cells (data not shown) as in
gonadotrope-derived cells [27]. Therefore, AR is likely to inhibit
both Nur77 and SF-1 transactivation to suppress the expression
of steroidogenic enzymes in testicular Leydig cells.

The endocrine system consists of dynamic biological processes
involved in the regulation of a complex array of physiologic activ-
ities. The synthesis of sex steroids in male is elaboratively regu-
lated by various local factors including testicular paracrines/
autocrines in addition to the negative feedback through the hypo-
thalamic-pituitary-gonadal (HPG) axis [21,24]. Through this study
as well as previous studies, androgen has been proposed to have
autocrine effect on the steroidogenesis in Leydig cells. Since the
change of androgen level is associated with various physiological
activities, the acute response may be necessary to keep hormone
level rapidly within normal ranges.

Taken together, AR physically interacts with Nur77, and inhibits
the transactivation of Nur77 on steroidogenic enzyme gene pro-
moters, eventually resulting in decreased steroidogenesis in Leydig
cells. These findings strongly support the local action of androgen/
AR on testicular steroidogenesis, and may provide an insight into
its regulatory mechanism with regard to the steroidogenesis in
Leydig cells.
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