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ARR19 (androgen receptor corepressor-19 kDa), a leucine-
rich protein whose expression is down-regulated by luteinizing
hormone and cAMP, is differentially expressed during the
development of Leydig cells and inhibits testicular steroidogen-
esis by reducing the expression of steroidogenic enzymes. How-
ever, the molecular events behind the suppression of testicular
steroidogenesis are unknown. In the present study, we demon-
strate that ARR19 inhibits the transactivation of orphan nuclear
receptor Nur77, which is one of the major transcription factors
that regulate the expression of steroidogenic enzyme genes in
Leydig cells. ARR19 physically interacts with Nur77 and sup-
presses Nur77-induced promoter activity of steroidogenic
enzyme genes including StAR, P450c17, and 3�-HSD in Leydig
cells. Transient transfection and chromatin immunoprecipita-
tion assays revealed that ARR19-mediated reduced expres-
sion of steroidogenic enzyme genes was likely due to the
interference of SRC-1 recruitment to Nur77 protein on the
promoter of steroidogenic enzyme genes. These findings sug-
gest that ARR19 acts as a novel coregulator of Nur77, in turn
regulating Nur77-induced testicular steroidogenesis, and
may play an important role in the development and function
of testicular Leydig cells.

Steroidogenesis in testicular Leydig cells is primarily regu-
lated by the pituitary gonadotropin luteinizing hormone (LH)2
through the production of the intracellular second messenger
cAMP. LH/cAMP stimulates steroidogenesis by increasing the
expression of steroidogenic enzyme genes (1). Recently, it was
demonstrated that LH induces Nur77 gene expression in Ley-
dig cells (2), and Nur77 in turn regulates the expression of ste-
roidogenic enzyme genes (3–6) such as cytochrome P450 pro-
tein 17, the steroid 21-hydroxylase, and 20-�-hydroxysteroid
dehydrogenase (7, 8), suggesting an important role forNur77 in
testicular steroidogenesis.

Nur77 is a member of the Nur77 gene family, which also
contains 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
activation function (AF)-1 domain (9, 10). Nur77 family mem-
bers behave as endpoint effectors of theprotein kinaseA signaling
pathway acting through dimmers, and the AF-1 domain of Nur77
plays a major role in transcriptional activation, cofactor recruit-
ment, and intra- and intermolecular interactions (11–13).
Although Nur77 has been well characterized as an immediate
early response gene (2, 14–17) and for its post-translational mod-
ifications (18–22), coregulators involved inNur77 transactivation
are not fully characterized. Recently, steroid receptor coactivator
(SRC)-1 and silencingmediator for retinoid and thyroid hormone
receptors have been shown to regulate Nur77 transactivation
through direct protein-protein interactions (11, 23).
ARR19 (androgen receptor corepressor-19 kDa), also known

asCklfsf2a, is amember of the chemokine-like factor superfam-
ily (CKLFSF), a group of novel proteins that operate as a func-
tional bridge between chemokines and the members of the
transmembrane 4 superfamily. In humans, CKLFSF2 is
expressed abundantly in the testis and has two counterparts in
the mouse, Cklfsf2a and Cklfsf2b. Cklfsf2a and Cklfsf2b have
similar expression patterns and amino acid identities of 47.6
and 45.5%, respectively, with human CKLFSF2 (24). Mouse
Cklfsf2a/ARR19 was originally cloned as a potential androgen
response gene in the testis and was further characterized as a
novel androgen receptor (AR) corepressor (25). The ARR19
gene encoding a hydrophobic leucine-rich 19-kDa protein is
abundantly expressed in the testis andmoderately in othermale
reproductive organs such as the prostate (24, 25).
Previously, we reported that ARR19 is differentially

expressed during the development of testicular Leydig cells. It is
highly expressed in the earlier stages of Leydig cell develop-
ment, with progressively less expression at later stages. The
expression of the ARR19 gene is regulated by LH/cAMP signal-
ing via the GATA-1 transcription factor together with cAMP
response element-binding protein-binding protein (26). When
overexpressed in adult testis, ARR19 acts as an anti-steroido-
genic factor by inhibiting the expression of steroidogenic
enzyme genes, which results in a decrease of steroidogenesis
(26). However, the mechanisms underlying the inhibition of
steroidogenesis by ARR19 are unknown.
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In the present study, we propose a molecular mechanism by
which ARR19 inhibits the steroidogenesis in testicular Leydig
cells. In mouse testis as well as Leydig cell lines, ARR19 inhib-
ited the production of testosterone via down-regulating the
expression of steroidogenic enzyme genes. Further studies
showed that ARR19 repressed Nur77-induced promoter activ-
ity of steroidogenic enzyme genes through physical interaction
with Nur77, which interfered with the binding of Nur77 to its
coactivator SRC-1. These findings suggest that ARR19 acts as a
corepressor of Nur77 and inhibits testicular steroidogenesis by
suppressing the Nur77-induced expression of steroidogenic
enzyme genes and that ARR19 may play an important role in
the development and function of testicular Leydig cells.

EXPERIMENTAL PROCEDURES

Animals and Treatment—FVB mice (postnatal days 14, 21,
24, 28, 42, and 56) were purchased from Daehan Laboratories
(Daejeon, Republic of Korea). The selection of mouse ages was
based on previous reports of the development of adult Leydig
cells (27). The animals were sacrificed by CO2 asphyxiation,
and the testes were extracted for several analyses. For Western
blot analysis, 14-day-old mice were injected intraperitoneally
with 10 IU of human chorionic gonadotrophin (hCG; Sigma-
Aldrich) for 6 h. ForWestern blot analysis, radioimmunoassay,
and chromatin immunoprecipitation (ChIP) assay, 42-day-old
mouse testes were infected with 5 � 107 particles of recombi-
nant adenovirus harboring green fluorescent protein (Ad-GFP)
or ARR19 (Ad-ARR19) in a phosphate-buffered saline (0.01 M,
pH 7.2) for defined time periods. Adenovirus was delivered to
the testes under a dissecting microscope using glass micropi-
pettes. Ethical treatment of the animals followedNational Insti-
tutes of Health standards.
Plasmids—Mammalian expression vectors of ARR19, red

fluorescent protein (RFP)-ARR19, Nur77, GFP-Nur77,
Nur77�AF2, SF-1, SRC-1, and SRC-2 and reporter plasmids
NurRE-luc, SF-1RE-luc, and Gal4-tk-Luc have been previously
described (25, 28), as have mouse StAR(�2200/�3)-Luc, rat
P450c17(�1561/�1)-Luc, and mouse 3�-HSD(�4700/�40)-
Luc (29).
Cell Culture and Transient Transfection Assay—MA-10

mouse Leydig cells were maintained in RPMI 1640 medium
supplemented with 25 mM HEPES, 2 mM L-glutamine, 15%
horse serum, and antibiotics. R2C rat tumor cells were main-
tained in F10medium supplementedwith 15%horse serumand
2.5% fetal bovine serum.HeLa cells weremaintained inDulbec-
co’s modified Eagle’s medium supplemented with 10% fetal
bovine serum and antibiotics. All of the cells were cultured at
37 °C in an atmosphere containing 5%CO2. For hormone treat-
ments, MA-10 cells were plated in medium containing 10%
charcoal-stripped serum and 8-bromo-cAMP (Sigma-Aldrich),
or LH was added to the medium 48 h later. Transfections were
conducted using Lipofectamine Plus (Invitrogen) for MA-10
and HeLa cells in accordance with the manufacturer’s recom-
mendations. The cells were plated in 24-well plates and were
transfectedwith expression vectors, reporter gene, and the lacZ
expression plasmid, pCMV� (Clontech, Sunnyvale, CA), as a
control for transfection efficiency. The total amount of DNA
was kept constant by the addition of appropriate amounts of

pcDNA3 empty vector. After 24 h of incubation, the cells were
harvested in a lysis buffer containing 0.1%Triton X-100 and 0.2 M

Tris-HCl (pH 8.0). Luciferase and �-galactosidase activities
were assayed as described previously (13). The levels of lucifer-
ase activity were normalized by �-galactosidase activity.
Purification of Primary Leydig Cells—Purification of mouse

Leydig cells was carried out as described previously (30) with
some modifications. The animals were anesthetized prior to
decapitation. Six testes/set (14, 21, 24, 28, and 56 days) were
removed, and the testicular cells were dispersed by treating the
decapsulated testes with collagenase (0.25 mg/ml; Sigma-Al-
drich) in M199 medium (Invitrogen) at room temperature for
20 min with gentle shaking. After incubation, the dispersed
tissues were diluted with M199 medium, and the solution was
filtered. Interstitial cells were precipitated by centrifugation of
the filtrate and washed once with M199 and twice with phos-
phate-buffered saline (28).
Preparation of Recombinant Adenovirus—For the ectopic

expression of mouse ARR19, an adenoviral delivery systemwas
used (31). Briefly, HA-tagged ARR19 cDNA was cloned into
pAdTrack-CMV shuttle vector. Homologous recombination
was performed by transforming adEasy-BJ5138-competent
cells with pAdTrack-CMV-ARR19 together with adenoviral
gene carrier vector. The recombinant viruses were selected,
amplified in HEK-293 cells, and purified by cesium chloride
density centrifugation. The number of virus particles was cal-
culated by measuring optical density at 260 nm (A260) as previ-
ously reported (26).
Western Blot Analysis—The cell lysates were prepared in

radioimmune precipitation assay cell lysis buffer (50 mM Tris-
HCl, pH 8.0, 100 mM NaCl, 1% Nonidet P-40, 5 mM EDTA, pH
8.0, 1 mM Na3VO4, 1 mM Na4P2O7, 1 g/ml aprotinin, 0.1 g/ml
leupeptin, 1 g/ml pepstanin, and 0.1 mM phenylmethylsulfonyl
fluoride) andwere separated via SDS-PAGE. The proteins were
transferred onto nitrocellulose transfer membranes and were
subsequently subjected to Western blot analysis using anti-
ARR19, anti-P450c17, anti-P450scc, anti-3� HSD, anti-StAR,
anti-Nur77, anti SF-1, anti-SRC-1, or anti-actin (Santa Cruz
Biotechnology, Inc.) antibody. The signals were then visualized
using an ECL kit (Amersham Biosciences). Actin signals were
used as a loading control.
Coimmunoprecipitation—MA-10 cells were treatedwith 300

�Mof 8-bromo-cAMP for 2 h, and nuclear extract was prepared
and preincubated with anti-Nur77 or anti-ARR19 antibody for
4 h at 4 °C. Protein A/G-agarose beads were added, and the
mixturewas incubated for 4 h at 4 °C.Antibody complexeswere
pelleted and washed three times with radioimmunoprecipita-
tion assay buffer containing protease inhibitors (20 �g/ml leu-
peptin, 10 �g/ml pepstatin A, 2 �g/ml aprotinin, and 1 mM

phenylmethylsulfonyl fluoride). The pellets were resuspended
in loading buffer and analyzed by SDS-PAGE and subsequent
immunoblotting using anti-ARR19 and anti-Nur77 antibodies.
ChIP Assay—Testes from 6-week-oldmice infected with Ad-

ARR19 orAd-GFP for 0, 6, and 12 h, aswell as noninfectedmice
were dissected out, choppedup, and cross-linkedwith 1% form-
aldehyde for 15 min at room temperature on a rotating plat-
form. The cross-linking reaction was stopped by adding glycine
to a final concentration of 0.125 M for 5 min at room tempera-
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ture (32). R2C cells infected with Ad-ARR19 or Ad-GFP for 1
and 6 h were cross-linked with 1% formaldehyde. After incu-
bating with TSE I buffer (100 mM Tris-HCl, pH 9.4, and 10 mM

dithiothreitol) at 30 °C, the cells were washed and processed for
ChIP assays as described previously (29). Anti-Nur77, anti-
SRC-1, and anti-ARR19 were used for immunoprecipitation.
Immunoprecipitated DNA was then subjected to PCRs using
either rat P450c17 primers (sense, 5�-GATCTGAATGGCTC-
CTATGC-3�, and antisense, 5�-ATCCTCCCAGAGGCAAA-
TGC-3�), which amplify a 253-bp region (�553 to �281) span-
ning the Nur77/SF-1-binding site of the rat P450c17 gene
promoter, or mouse P450c17 primer pairs (sense, 5�-TTTCA-
GGGGCCAGAAGGTG-3�, and antisense, 5�-TCCTCCCAG-
AGGCAAATGC-3�), which amplify a 541-bp region (�837 to
�296) spanning putative Nur77- and SF-1-binding sites of the
mouse P450c17 gene promoter. As a negative control, PCRwas
done using �-actin primer pairs (sense, 5�-GAGACCTTCAA-
CACCCCAGCC-3�, and antisense, 5�-CCGTCAGGCAGCT-
CATAGCTC-3�), which amplify a 362-bp region spanning
exon 4 of the �-actin gene (29).
Radioimmunoassay—The testosterone concentrations were

measured by RIA. The dissected testes were homogenized in
phosphate-buffered saline, and steroids were extracted three
times with three volumes of diethyl ether. Exponentially grow-
ing R2C cells were cultured in F10 medium supplemented with
15% charcoal-stripped fetal bovine serum.Culturemediumwas
collected for RIA at several time points following infection with
Ad-GFP or Ad-ARR19. In animal experiments, the testes were
isolated from 6-week-oldmice 24 h after infection of testis with
Ad-GFP or Ad-ARR19. The experiment was repeated three
times, and the assay procedureswere followed as described pre-
viously (29).
Real Time PCR—Real time PCR was performed using a

LightCycler as described previously (33).

RESULTS

ARR19 Inhibits the Expression of Steroidogenic Enzymes in
R2C Leydig Cells and Mouse Testis—We have previously sug-
gested that ARR19 functions as an anti-steroidogenic factor
(26). To investigate the regulation of steroidogenic enzyme
expression by ARR19 in detail, we attempted to determine the
effect of adenovirus-mediated overexpression of ARR19 in R2C
rat Leydig cells, which are constitutively steroidogenic. As
shown in Fig. 1, the levels of steroidogenic enzymes P450c17
and P450scc began to decrease 2–4 h following infection with
Ad-ARR19. Thereafter, the decrease was progressive, and
enzyme activities were nearly undetectable at 24 h post-infec-
tion. In contrast, the protein level of ARR19was increased at 2 h
post-infectionwithAd-ARR19 andwasmaximal at 4–6 h post-
infection. Interestingly, StAR and 3�-HSD protein levels rap-
idly decreased upon expression of ARR19 protein, reaching the
lowest point at �4 h following Ad-ARR19 infection. Thereaf-
ter, their expression recovered closely to preinfection levels by
24 h. However, levels of Nur77 protein, a key regulator of the
expression of steroidogenic enzymes, and its coactivator SRC-1
protein were not affected by the overexpression of ARR19. We
also examined the effect of ARR19 overexpression on the syn-
thesis of testosterone by infecting R2C Leydig cells with Ad-

ARR19 or Ad-GFP as a control (Fig. 1B). As expected, the tes-
tosterone level in the cultured medium of Ad-ARR19-infected
R2C cells was lower than that of the controls (Ad-GFP and
noninfected), reaching �50% of the control levels after 36 h of
viral infection.
In an attempt to confirm the effect of ARR19 protein on the

expression of steroidogenic enzyme genes and the synthesis of
testosterone in vivo, we infected the testis of 6-week-old mice
with Ad-ARR19 or the control Ad-GFP for 24 h (Fig. 1C). As
expected, the protein levels of P450c17 and P450scc were
almost completely abrogated at 24 h of Ad-ARR19 infection. In
contrast, 3�-HSDand StARprotein levelswere little changed at
24 h, probably because of regaining the protein expression of
3�-HSD and StAR at later time points after Ad-ARR19 infec-
tion, as seen in Ad-ARR19-infected R2C cells (Fig. 1A). There

FIGURE 1. Inhibition of the expression of steroidogenic enzymes by ade-
novirus-mediated overexpression of ARR19 in R2C Leydig cells and
mouse testis. A, the expression of steroidogenic enzymes was inhibited by
ARR19 overexpression in R2C cells. R2C cells were infected with Ad-ARR19 or
control Ad-GFP for the indicated time periods. Whole cell lysates were sub-
jected to Western blot analysis with anti-P450c17, anti-P450scc, anti-StAR,
anti-3� HSD, anti-ARR19, anti-Nur77, anti-SRC-1, and anti-actin antibodies.
B, testosterone biosynthesis was inhibited by ARR19 overexpression in R2C
cells. The cells were grown in medium supplemented with 15% charcoal-
stripped serum that was either noninfected or infected with Ad-ARR19 or
control Ad-GFP. The media were collected at different time points (0, 24, and
36 h) for RIA. C, the expression of steroidogenic enzymes was down-regulated
by the overexpression of ARR19 in mouse testis. Testes of two 6-week-old
mice (lanes #1 and #2) were infected with Ad-ARR19 or control Ad-GFP at a
concentration of 5 � 106 virus particles/testis and were dissected out after
24 h. Whole testis extracts were prepared and subjected to Western blot
analyses with the indicated antibodies. D, the biosynthesis of testosterone
was inhibited by ARR19 overexpression in mouse testis. Testes of 6-week-old
adult mice were infected with Ad-ARR19 or control Ad-GFP for 24 h as in
C. Testis extracts were subjected to RIA to measure testicular testosterone
levels.
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weremarginal changes in the levels of endogenous ARR19 pro-
tein, which is abundantly expressed in the haploid germ cells of
adult testis (25) and 2–3 kDa smaller than the HA-tagged exog-
enous form expressed from Ad-ARR19 (data not shown). In
Ad-ARR19-infected testes, the level of testosterone was signif-
icantly reduced to �60% that of the control Ad-GFP-infected
testes by 24 h of viral infection (Fig. 1D). Collectively, these
results support the suggestion that ARR19 inhibits the produc-
tion of testosterone in Leydig cells through the suppression of
steroidogenic enzyme gene expressions.
ARR19 and Nur77 Expression Is Inversely Correlated in Tes-

ticular Leydig Cells—The overexpression of ARR19 inhibited
the synthesis of testosterone inmouse testis, but the underlying
mechanism was not elucidated. To explore the mechanism, we
first correlated the developmental expression pattern of ARR19
with those of steroidogenic gene regulators such as Nur77 and
SF-1, using primary Leydig cells isolated from testes at postna-
tal days 14, 21, 28, and 56 (Fig. 2A). ARR19 expression was high
at day 14, gradually decreased tomoderate levels at days 21 and
28, and was almost totally abrogated at day 56. On the other
hand, Nur77 expression was detectable at day 21 and gradually
increased thereafter. Interestingly, the expression of ARR19
and Nur77 proteins was overlapped during the prepubertal-
early pubertal stage (34), opening a possibility of their func-
tional interaction. In the case of SF-1, expression was evident at
day 14 and thereafter increased a little to the adult stage. These
results suggest that there is an inverse correlation between the
expression of anti-steroidogenic factor ARR19 and steroido-
genic gene regulators, especially Nur77, during the develop-
ment of adult Leydig cells.
The serum level of LH is increased during puberty, and LH is

a major stimulus for the biosynthesis of testosterone as well as
the differentiation of Leydig cells in the testis (28, 35). Previous
studies have shown that LH rapidly increases the expression of
Nur77 in Leydig cells (28), whereas we have shown that it rap-
idly decreases the expression of ARR19 (26). Therefore, we
compared the regulation ofARR19 expression by LHwith those
of Nur77 and SF-1 at the same time in MA-10 cells (Fig. 1B).
Western blot analysis showed that ARR19 expression was sig-
nificantly decreased in a time-dependentmanner in LH-treated

MA-10 Leydig cells (Fig. 2B). At 4 h of LH treatment, the
ARR19 protein had almost vanished, and no protein was
detected thereafter to 12 h. In contrast, Nur77 expression was
dramatically increased by LH, as previously reported (28).
Nur77 protein was detected at 2 h of LH treatment, and its level
was gradually increased to 12 h. Meanwhile, the basal expres-
sion of SF-1 was found to be high inMA-10 cells, and LH treat-
ment seemed tomarginally increase the SF-1 protein level at 2 h
of LH treatment, which remained constant thereafter. These
results were clearly indicative of an inverse regulation ofARR19
and Nur77 expression by LH in Leydig cells.
To evaluate further this inverse regulation in vivo, 14-day-old

micewere injected intraperitoneallywith hCG/LH for up to 6 h,
and whole testis extracts were analyzed for the expression of
ARR19, Nur77, and SF-1 (Fig. 2C). Consistent with the results
using MA-10 Leydig cells, the expression of ARR19 was mark-
edly inhibited at 3 h of hCG treatment and was completely
abrogated within 6 h. On the other hand, Nur77 expressionwas
detected at 3 h of treatment andwas increased at 6 h. There was
no significant change in the expression of SF-1 with hCG injec-
tion. Altogether, these findings strongly suggest an inverse cor-
relation between the regulations of ARR19 and Nur77 expres-
sion by LH/hCG in testicular Leydig cells.
ARR19 Inhibits Nur77 Transactivation—The gene regula-

tion of ARR19 and Nur77 by LH was observed to be inversely
correlated (Fig. 2). Although Nur77 induces the expression of
steroidogenic enzyme genes in Leydig cells (3, 4, 5, 36), ARR19
was presently found to down-regulate the expression of the
steroidogenic enzymes, P450c17, StAR, and 3�-HSD (Fig. 1).
To determine whether ARR19 affects the transcriptional activ-
ity of Nur77, we performed transient transfection analyses with
the reporter construct NurRE-luc and expression vectors of
Nur77 and ARR19 in MA-10 cells. As shown in Fig. 3A, coex-
pression of increasing amounts of ARR19 with a constant
amount of Nur77 expression vector caused the progressive and
significant repression of Nur77 transactivation in a dose-de-
pendent manner. ARR19 also inhibited the transactivation of
SF-1 when tested with the reporter SF-1RE-luc, but ARR19
repression of SF-1 transactivation was less than that with
Nur77 (Fig. 3B). These results suggest that ARR19 acts as a
novel coregulator of Nur77, affecting theNur77-mediated gene
regulation of steroidogenic enzymes in Leydig cells.
ARR19 Suppresses Nur77-induced Promoter Activity of Ste-

roidogenic Enzyme Genes—To confirm the significance of the
repressive function of ARR19 on Nur77 transactivation, the
inhibitory effect of ARR19 on Nur77 target promoters such as
P450c17, StAR, and 3�-HSD was examined by transient trans-
fection assays using reporter constructs in MA-10 cells (Fig. 3,
C–E). Consistent with the previous results, ARR19 coexpres-
sion repressed Nur77-induced promoter activity of P450c17,
3�-HSD, and StAR genes in a dose-dependent manner. These
results suggest that ARR19 suppresses the expression of ste-
roidogenic enzyme genes through the repression of Nur77
transactivation on steroidogenic enzyme promoters in Leydig
cells.
ARR19 Interacts with Nur77 in Vivo and in Vitro—To deter-

mine whether ARR19-mediated repression of Nur77 transacti-
vation involves physical interaction of ARR19 with Nur77, we

FIGURE 2. Inverse relationship between ARR19 and Nur77 expression in
testicular Leydig cells. A, ARR19 expression was down-regulated during the
development of Leydig cells, whereas the expression of Nur77 was up-regu-
lated. Primary Leydig cells were isolated from 14-, 21-, 28-, and 56-day-old
mouse testes, and Western blot analyses were performed using anti-ARR19,
anti-Nur77, and anti-SF-1 antibodies, together with anti-actin antibody as a
control. B, inverse regulation of ARR19 and Nur77 expression by LH in MA-10
Leydig cells. MA-10 cells were treated with 50 ng/ml of LH and harvested at
different times for Western blot analyses with the indicated antibodies.
C, inverse regulation of ARR19 and Nur77 expression by hCG/LH in the testis.
Fourteen-day-old mice were injected with hCG for 0 – 6 h, and whole testis
extracts were prepared for Western blot analyses.
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performed coimmunoprecipitations using MA-10 cells treated
with cAMP for 2 h. As shown in Fig. 4A, ARR19 coimmunopre-
cipitated with Nur77 in cAMP-treated cells expressing both
ARR19 and Nur77, but not in untreated cells expressing only
ARR19.
To analyze further the physical interaction between ARR19

and Nur77 and the protein domains necessary for their inter-
action, we performed yeast two-hybrid assays using a series of
deletion constructs of Nur77 and ARR19 (Fig. 4, B and C). The
AF-1 domain of Nur77 (Nur77-AB; amino acids 1–254) or
DNA-binding domain (Nur77-CD; amino acids 255–354)
alone did not interact with ARR19, whereas Nur77-CDE
(amino acids 255–601) containing the LBD and AF-2 domain
of Nur77 fully interacted with ARR19 (Fig. 4B). However,
Nur77-�AF2, the deletion construct of the Nur77 AF-2
domain, did not interact with ARR19, suggesting the essential
role of theAF-2 domain ofNur77 in its interactionwithARR19.
Similar yeast two-hybrid assays with ARR19 deletion con-
structs revealed that ARR19-LZ (amino acids 51–107) contain-
ing the leucine zipper domain was able to interact with Nur77
more avidly than the full-length ARR19, whereas other
domains were not (Fig. 4C). Altogether, these results suggest
that the AF2 domain of Nur77 and the leucine-zipper domain
of ARR19 mediate the interaction between ARR19 and Nur77.

To confirm further the involve-
ment of the AF-2 domain of Nur77
in the interaction with ARR19, we
tested the ARR9-mediated repres-
sion with Nur77 full-length and
Nur77-�AF2 (Fig. 4D). Both effi-
ciently induced the expression of
the reporter NurRE-Luc. However,
the transcriptional activity of the
full-length Nur77 was repressed by
ARR19, whereas the activity of
Nur77-�AF2 was not (Fig. 4D). A
similar experiment conducted using
GAL4-Nur77 and GAL4-Nur77-
�AF2 together with GAL4-tk-Luc
reporter also revealed the ARR19-
mediated repression of the full-
length Nur77, but not Nur77-�AF2
(Fig. 4E). Taken together, these
results demonstrate that the AF-2
domain of Nur77 is required for the
physical and functional interaction
with ARR19.
ARR19 Colocalizes with Nur77 in

the Nucleus—To examine the sub-
cellular localization of ARR19 and
Nur77, we performed transient
transfection analyses using RFP-
fused ARR19 (RFP-ARR19) and
GFP-fused Nur77 (GFP-Nur77)
proteins (Fig. 5A). Fluorescence of
cells expressing RFP-ARR19 or
GFP-Nur77 alone revealed ARR19
distribution in the cytoplasm as well

as the nucleus, whereas the GFP-Nur77 protein was localized
solely to the nucleus. Coexpression of RFP-ARR19 protein
with GFP-Nur77 showed that the distributions of ARR19
and Nur77 in the nucleus overlapped extensively. ARR19-
induced repression of Nur77 transactivation was also
observed with GFP-Nur77 and RFP-ARR19 fusion proteins
in MA-10 cells (Fig. 5B). These results suggest that ARR19
protein colocalizes with Nur77 and modulates the transcrip-
tional activity of Nur77.
ARR19 Competes with SRC-1 for Binding to Nur77—It has

been reported that SRC-1 and SRC-2 can directly bind to the
AF-2 and AF-1 domains of Nur77, respectively, and enhance
the transcriptional activity of Nur77 (11, 23). Because the AF-2
domain of Nur77 is the binding site for both SRC-1 and ARR19
(Fig. 4) despite their contrasting functions, we hypothesized
that ARR19-mediated repression of Nur77 transactivation
might be through a competition with SRC-1 for binding to
Nur77. To investigate this hypothesis, we conducted transient
transaction analyses with NurRE-Luc reporter together with
expression vectors of Nur77, Nur77-�AF2, ARR19, SRC-1, and
SRC-2. As shown in Fig. 6A, cotransfection of SRC-1 and SRC-2
enhanced Nur77 transactivation, and the expression of ARR19
protein repressed the SRC-1-enhanced, but not the SRC-2-en-
hanced, Nur77 transactivation in a dose-dependent manner.

FIGURE 3. Inhibition of Nur77 transactivation on the promoter of steroidogenic enzyme genes by
ARR19. A, upper panel, MA-10 cells were cultured on 24-well plates and transfected with 150 ng of
NurRE-Luc reporter, 50 ng of pcDNA3-Nur77, 100 ng of pCMV-�-galactosidase, and increasing amounts
(50, 100, and 200 ng) of pcDNA-HA-ARR19. After 36 h, the cells were harvested, and luciferase activities
were determined and normalized with �-galactosidase activity for the transfection efficiency. Lower panel,
expression levels of Nur77 and ARR19 protein were ascertained by Western blot analyses of 50 �g of
cellular extracts from the transient transfections. B, upper panel, MA-10 cells were transfected with 150 ng
of SF-1RE-Luc reporter, 50 ng of pcDNA3-SF-1, 100 ng of pCMV-�-galactosidase, and increasing amounts
(50, 100, and 200 ng) of pcDNA-HA-ARR19. Luciferase activities were determined and normalized as in A.
Lower panel, expression levels of SF-1 and ARR19 protein were ascertained by Western blot analyses as
described in A. C–E, MA-10 cells were transiently transfected with 150 ng of the indicated reporter, StAR-
Luc (C), P450c17-Luc (D), and 3�-HSD-Luc (E), together with pcDNA-Nur77 and an increasing amount of
ARR19 expression vector (50, 100, and 200 ng). Luciferase activities were determined and normalized as
described for A.
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FIGURE 4. Physical interaction between ARR19 and Nur77. A, physical interaction of ARR19 with Nur77 in IP assays. Protein extracts were prepared from MA-10 cells
treated with or without 300 �M of cAMP for 2 h, and immunoprecipitated with anti-Nur77 antibody (IP: Nur77), anti-ARR19 antibody (IP: ARR19), or IgG (IP: IgG) as a
negative control. Immunoprecipitates were analyzed by Western blot analyses with anti-ARR19 and anti-Nur77 antibodies. B, mapping of the Nur77 domain respon-
sible for its interaction with ARR19 using a yeast two-hybrid system. EGY48 yeast cells were transformed with LexA-ARR19 and B42-Nur77 full-length or deletion
constructs (upper panel). Transformants were selected, and the �-galactosidase activity was measured. The values are the means � S.D. from five independent
transformants. B42-AR DNA-binding domain and hinge (DBDh) was used as a positive control for the interaction with ARR19. C, mapping of the ARR19 domain
responsible for its interaction with Nur77. B42-Nur77 was coexpressed with LexA-ARR19 full-length or deletion constructs (upper panel), and yeast two-hybrid assays
were performed as described in B. D, the AF-2 domain of Nur77 is essential for the interaction with ARR19. MA-10 cells were cotransfected with 200 ng of NurRE-Luc
reporter, 50 ng of pcDNA3-Nur77 or pcDNA3-Nur77-�AF2, 100 ng of pCMV-�-galactosidase, and 100 or 300 ng of pcDNA-HA-ARR19. The luciferase activity was
normalized with �-galactosidase activity. E, MA-10 cells were transfected with 250 ng of Gal4-tk-Luc reporter, 100 ng of pCMV-GAL4-Nur77 full-length or pCMV-GAL4-
Nur77-�AF2, and 100 or 200 ng of pcDNA-HA-ARR19.
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Further, the ARR19-mediated suppression of Nur77 transacti-
vation was relieved by coexpression of SRC-1 in a dose-depen-
dent manner (Fig. 6B). As expected, there was no significant
enhancement or repression of Nur77-�AF2 transactivation by

SRC-1 or ARR19 in contrast to the full-length Nur77 (Fig. 6C).
Altogether, these results suggest that ARR19 represses Nur77
transactivation through competition with the Nur77 coactiva-
tor SRC-1.

ARR19 was previously reported
to recruit histone deacetylase 4 to
repress the transactivation of AR
in the prostate (25). Thus, we also
investigated the involvement of
histone deacetylase in the ARR19-
mediated repression of Nur77
transactivation using the histone
deacetylase inhibitor trichostatin
A. The results showed that the
repressive effect of ARR19 on
Nur77 transactivation remained
unchanged in the presence of tri-
chostatin A, suggesting no in-
volvement of histone deacetylases
(data not shown).
ARR19 Competes with SRC-1 for

the Association with Nur77 on the
Promoter of the P450c17 Gene—To
examinewhetherARR19 can inhibit
the association of SRC-1 with
Nur77 on the promoter of P450c17
gene, we performed ChIP assays
with R2C Leydig cells and 6-week-
old mouse testes, both of which
were infected with Ad-ARR19 to
overexpress ARR19 protein (Fig.
7A). In R2C cells infected with Ad-
ARR19, the association of SRC-1
with the promoter of the P450c17
gene was significantly reduced in
a time-dependent manner, being
completely abolished at 6 h of viral
infection, whereas the association of
ARR19 was rapidly increased (Fig.
7A). The association of Nur77 on
P450c17 promoter was hardly
changed by Ad-ARR19 infection. In
control cells infected with Ad-GFP,
the association of SRC-1 as well as
Nur77 showed no change.
To confirm such a competitive

association between SRC-1 and
ARR19 onto the P450c17 pro-
moter in animals, we conducted
ChIP assays with 6-week-old
mouse testes infected with Ad-
ARR19 or Ad-GFP as a control and
dissected after 0, 6, and 12 h (Fig.
7B). Consistent with the results
observed in R2C Leydig cells, the
association of SRC-1 on the
P450c17 promoter was reduced
in a time-dependent manner,

FIGURE 5. Colocalization of ARR19 with Nur77 into the nucleus. A, HeLa cells were transfected with RFP-
ARR19, GFP-Nur77, or both simultaneously. RFP-fused ARR19 and GFP-fused Nur77 proteins were detected
with red and green fluorescence, respectively, using confocal microscopy. The images were captured and
merged using Leica TCS NT software. B, MA-10 cells were transfected with GFP-Nur77 alone or together with
increasing amounts of RFP-ARR19 (50, 100, and 200 ng), and Nur77 transactivation was measured by the
expression of the luciferase reporter gene.

FIGURE 6. Competition of ARR19 with SRC-1 for binding to the AF-2 domain of Nur77. A, SRC-1-enhanced
Nur77 transactivation is repressed by ARR19 expression. MA-10 cells were cotransfected with 200 ng of NurRE-
Luc reporter, 50 ng of pcDNA3-Nur77, 100 ng of pcDNA-SRC-1 or pcDNA-SRC-2, 100 ng of pCMV-�-galactosid-
ase, and increasing amounts (100, 200, and 300 ng) of pcDNA-HA-ARR19. After 36 h, the cells were harvested,
and luciferase activities were determined and normalized with �-galactosidase activity. B, ARR19 suppression
of Nur77 transactivation is relieved by SRRC-1 expression. MA-10 cells were cotransfected with 200 ng of
NurRE-Luc reporter, 50 ng of pcDNA3-Nur77, 200 ng of pcDNA-HA-ARR19, 100 ng of pCMV-�-galactosidase,
and increasing amounts (100, 200, and 300 ng) of pcDNA-SRC-1 or pcDNA-SRC-2. C, ARR19 and SRC-1 compete
for the AF-2 domain of Nur77 for their action. MA-10 cells were cotransfected with 200 ng of NurRE-Luc
reporter, 50 ng of pcDNA3-Nur77 or pcDNA-HA-Nur77�AF2, 100 ng of pCMV-�-galactosidase, 200 ng of
pcDNA-SRC-1, and 200 or 300 ng of pcDNA-HA-ARR19.
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whereas ARR19 association was increased. Their inverse
associations with P450c17 promoter were completed within
12 h of Ad-GFP infection in the testis. The in vivo interaction
of Nur77 with ARR19 under physiological conditions was
confirmed by ChIP assays in primary Leydig cells isolated
from 24-day-old testes, which coexpressed ARR19 and
Nur77 endogenously (Fig. 2A and data not shown). As
expected, the endogenous ARR19 and Nur77 proteins were
together recruited onto the P450c17 promoter (Fig. 7C).
Altogether, the results suggest that ARR19 competes with
SRC-1 for binding with Nur77 on the promoter of steroido-
genic enzyme genes when they are expressed together during
the prepubertal-early pubertal stage, suppressing the expres-

sion of steroidogenic enzymes and
consequently inhibiting testicular
steroidogensis.

DISCUSSION

Regulation of testicular steroido-
genesis in Leydig cells is mediated
through multiple signaling path-
ways and nuclear factors that gener-
ate both positive and negative
effects on steroidogenic response (8,
37–39). The cAMP-dependent pro-
tein kinase A signaling pathway is a
major pathway for testicular ste-
roidogenesis, which is primarily
controlled by the pituitary gonado-
tropin LH in Leydig cells. LH stim-
ulates the production of secondary
intracellular messenger cAMP to
regulate the expression of steroido-
genic enzymes directly or indirectly
for the synthesis of testosterone (1).
In this study, we have demonstrated
that ARR19 regulates the expres-
sion of steroidogenic enzymes in
Leydig cells through interaction
with Nur77. Nur77 is induced rap-
idly in response to LH/cAMP and is
a major regulatory factor for the
expression of steroidogenic enzyme
genes. Other factors have been also
implicated in the control of testicu-
lar steroidogenesis by regulating
Nur77 transactivation. For example,
DAX-1 and NF-�B activated by the
proinflammatory cytokine tumor
necrosis factor-� interact with
Nur77 and suppressNur77-induced
expression of steroidogenic enzyme
genes, resulting in the inhibition of
steroidogenesis in Leydig cells (33,
13). Similarly to the case of ARR19,
the expression of DAX-1 is down-
regulated by LH signal in Leydig
cells, whereas LH up-regulates

Nur77 gene expression (28). DAX-1 and NF-�B bind to Nur77
competing with SRC-1 for Nur77 binding and block SRC-1-
mediated enhancement of Nur77 transactivation (28, 29). The
interference of SRC-1 recruitment is also the mechanism that
suppresses the transcriptional activity of Nur77 by ARR19. A
variety of Nur77 coregulators have been reported to date. How-
ever, the physiological roles of these coregulators are still poorly
understood in animals. It will be interesting to investigate
whether and when such Nur77 coregulators act in Leydig cells
to modulate testicular steroidogenesis.
ARR19-mediated regulation of Nur77 transactivation

occurred under the reciprocal regulation of ARR19 and Nur77
expression in Leydig cells during the prepubertal-early pubertal

FIGURE 7. Recruitment of ARR19, along with Nur77, onto the promoter of P450c17 gene competing
with SRC-1. A, ChIP assays were conducted with R2C cells infected with Ad-ARR19 or control Ad-GFP for
1 and 6 h. Anti-Nur77, anti-SRC-1, and anti-ARR19 antibodies were used for immunoprecipitations. Upper
panels, chromatin immunoprecipitates were analyzed by PCR using a pair of specific primers spanning a
region containing the Nur77-binding site of the promoter of P450c17 gene. A control PCR for nonspecific
immunoprecipitation was done using primers specific for the �-actin coding region. Lower panels, real
time PCR was performed with the same samples to quantify the relative amounts of SRC-1, Nur77, and
ARR19 proteins associated with the P450c17 promoter. B, ChIP assays were done with 6-week-old mouse
testes infected with Ad-ARR19 or control Ad-GFP at a concentration of 5 � 106 virus particles/testis for 0,
6, and 12 h. Chromatin immunoprecipitates were analyzed as described in A. C, ChIP assays were per-
formed with primary Leydig cells isolated from 24-day-old mouse testes. Chromatin immunoprecipitates
were analyzed as described for A.
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stage. Leydig cells arise from undifferentiated stem cells and
subsequently undergo phase transitions through the progenitor
stage during prepuberty and the immature stage during puberty
and ultimately to the terminally differentiated adult Leydig cell
stage (40). The progenitor Leydig cells proliferate and also
exhibit certain aspects of differentiated function (41), acquiring
steroidogenic capacity with stimulation by LH (42). The ste-
roidogenic capacity of progenitor cells is very low compared
with the immature and mature Leydig cells (43). ARR19-medi-
ated regulation of Nur77 activity, with increasing expression of
Nur77 and decreasing expression of ARR19 by LH, in progeni-
tor Leydig cells may contribute to fine-tuning the acquisition of
steroidogenic capacity of Leydig cells at the intermediate differ-
entiation stage.
The orphan nuclear receptor Nur77, which is induced rap-

idly in response to LH/cAMP, has received increasing consid-
eration as an important regulator of steroidogenic enzyme
genes such as P450c17, StAR, and 3�-HSD in steroidogenic
cells including testicular Leydig cells (21, 25, 29). Another
orphan nuclear receptor, SF-1, has an important role in the
proliferation and differentiation of steroidogenic cells in
embryonic gonads and also regulates the expression of ste-
roidogenic enzyme genes in Leydig cells (4, 5, 36). The binding
elements for SF-1 and Nur77 have been found in the promoter
of steroidogenic enzyme genes. They are quite similar in their
core sequence and even overlap in some cases such as with the
p450c17 promoter (3, 6). Recently, it was shown thatNur77 and
SF-1 bind to the same binding sites in the promoter of the
mouse GnRH receptor gene (44). However, the relative impor-
tance of Nur77 and SF-1 as major regulators for the gene regu-
lation of steroidogenic enzymes in vivo may depend on the
developmental and physiological conditions of testicular Ley-
dig cells, which will be reflected in the protein levels of coregu-
lators such as ARR19 and SRC-1, as well as the Nur77 and SF-1
regulators themselves.
In the present study, we have outlined the molecular events

underlying the suppression of Nur77-induced steroidogenesis
by the anti-steroidogenic factor, ARR19, in Leydig cells. Ade-
novirus-mediated overexpression of ARR19 significantly
reduced the production of testosterone in mouse testis as well
as R2C Leydig cells, which was accompanied by reduced pro-
tein levels of steroidogenic enzymes such as P450c17, P450scc,
3�-HSD, and StAR (Fig. 1). In R2C Leydig cells, however, the
protein levels of StAR and 3�-HSD began to recover 4–6 h
after Ad-ARR19 infection and continued to increase to 24 h.
These data suggest the possibility of the biphasic nature or an
additional layer of regulation of steroidogenic enzyme gene
expression. The biphasic nature of steroidogenic enzyme gene
regulations by tumor necrosis factor-� was previously reported
in testicular Leydig cells, which was due to the biphasic activa-
tion ofNF-�Bat the levels of bothNF-�Bnuclear translocation/
DNA binding and modulation of Nur77 transactivation (45–
47), although the biological significance of the biphasic profile
of NF-�B activation remains poorly understood. Importantly,
the protein levels of P450c17 and P450scc were gradually
decreased and finally abrogated at 24 h of Ad-ARR19 infection,
suggesting the direct regulation of P450c17 and P450scc
expression by ARR19. Further studies are necessary to illumi-

nate the biphasic nature or an additional layer of regulation of
�-HSD and StAR regulation by ARR19.

A homologue of ARR19/mCklfsf2a, designated mCklfsf2b,
shares a high degree of amino acid conservation with ARR19
and is commonly expressed in the testis, prostate, spleen, and
thymus (18). Functionally, both can affect the transcription
activity of theAR inPC-3 andHeLa cells, butARR19/mCklfsf2a
acts as a repressor, whereas mCklfsf2b acts as an enhancer (25,
24). Because ARR19/mCklfsf2a and mCklfsf2b are abundantly
expressed in the testis, it would be interesting to investigate the
functional role of mCklfsf2b in male reproduction as well as
testicular steroidogenesis, which is unknown and currently
under investigation.
In summary, ARR19 acts as a novel coregulator of Nur77 and

inhibits the Nur77-induced expression of steroidogenic
enzyme genes, resulting in the suppression of testicular ste-
roidogenesis during the prepubertal-early pubertal stage.
These phenomena may have a role in fine-tuning the acquisi-
tion of steroidogenic capacity of Leydig cells at the intermediate
differentiation stage.
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