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Biosynthesis of testosterone occurs mainly in the testicular Leydig cells. Nur77, an orphan nuclear receptor that is expressed in
response to the luteinizing hormone/cyclic adenosine monophosphate (LH/cAMP) signaling pathway, is one of the key factors
that regulate steroidogenesis in Leydig cells. The function of Nur77 is modulated through interaction with other proteins. FOXA3,
a transcription factor that is crucial for male fertility, is also expressed in Leydig cells. Here, we sought to elucidate the role of
FOXA3 in testicular steroidogenesis by focusing on its interaction with Nur77. LH/cAMP signaling induces the onset of ste-
roidogenesis in Leydig cells but has a repressive effect on the expression of FOXA3. Overexpression of FOXA3 in MA-10 Leydig
cells repressed cAMP-induced expression of Nur77 and its target steroidogenic genes (StAR, P450c17, and Hsd3f). Furthermore,
FOXA3 suppressed Nur77 transactivation of the promoter of steroidogenic genes. In mouse primary Leydig cells, adenovirus-
mediated overexpression of FOXA3 had similar effects and resulted in decreased production of testosterone. Taken together, these
results suggest the role of FOXA3 in the regulation of steroidogenic genes in Leydig cells and fine-tuning steroidogenesis in

the testis.

1. Introduction

Leydig cells in the testis produce hormones and growth
factors that are essential for the development and proper
functioning of the male reproductive system [1, 2]. Tes-
tosterone, a pivotal male hormone, is mainly produced in
testicular Leydig cells, and its production is regulated by
steroidogenic proteins, such as StAR, P450c17, and HSD3B.
Among the various transcription factors that regulate the
expression of steroidogenic genes, Nur77 plays a major role
[3, 4]. Luteinizing hormone (LH), a regulator of steroido-
genesis, induces the expression of Nur77 in Leydig cells 5],
which in turn regulates the expression of steroidogenic genes
such as steroid 21-hydroxylase, 20a-hydroxysteroid dehy-
drogenase, and P450c17 [3, 6, 7]. Nur77 directly binds to
defined regions in the promoter of rat P450c17, mouse StAR,
and human HSD3B2 and regulates their expression [3, 4, 8].
The expression and activity of Nur77 are modulated by other
cellular proteins, such as CREB, DAX1, and c-JUN, and
nuclear receptors, such as ERRy, AR, GR, and NOR1 [9-12].

Members of the forkhead box A (FOXA) subfamily
including FOXA1, FOXA2, and FOXA3 are mainly known
for their roles in the liver [13, 14]. These genes have multiple
roles in mammalian organ development [15]. Among the
Foxa subfamily of transcription factors, only Foxa3 is
expressed in the testis, mainly in Leydig and postmeiotic
germ cells [16, 17]. Foxa3 mutant mice showed abnormal
testicular development, could not support spermatogenesis,
and exhibited increased apoptosis in the germinal epithe-
lium [16]. The expression of FOXA3 is most abundant in the
nucleus of adult Leydig cells and to a lesser extent in some
Sertoli and peritubular cells [18]. FOXA3 regulates the ex-
pression of platelet-derived growth factor receptor-«
(PDGFR-a) in Leydig cells [18]. However, the function of
FOXA3, an important transcription factor associated with
male fertility, is poorly understood in testicular Leydig cells.

In the current study, we found that unlike Nur77 ex-
pression, the expression of Foxa3 is repressed during
cAMP-induced steroidogenesis in Leydig cells. This led us to
investigate the effect of FOXA3 on Nur77 expression and
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transactivation and also on testicular steroidogenesis.
FOXA3 directly represses cAMP-induced expression of
Nur77 and inhibits Nur77-mediated transactivation of its
target steroidogenic genes in Leydig cells. The repression of
steroidogenic genes results in reduced production of tes-
tosterone. Altogether, these results suggest a modulatory
effect of FOXA3 in testicular steroidogenesis.

2. Materials and Methods

2.1. Animals. C57BL/6 mice (6-week-old) were purchased
from a commercial supplier (Dae-han Laboratories, Dae-
jeon, Korea) and maintained in a 12:12h light-dark cycle
with food and water ad libitum. The mice were sacrificed by
CO, asphyxiation, following which their testes were dis-
sected. The animals were treated ethically according to the
National Institutes of Health standards. All animal proce-
dures were approved by the Institutional Animal Care and
Use Committee (AICUC) of Chonnam National University
(Permit Number: 2012-44).

2.2. Plasmids and Chemicals. pcDNA-Nur77, reporter
plasmid Nur77 promoter (—413/-34)-luc, NurRE-luc,
mouse StAR (—1533/+34)-luc, mouse P450c17 (-1040/+3)-
luc, mouse 3B-HSD (-4700/+40)-luc, and CRE-luc have
been described previously [5, 9]. pcDNA3-Foxa3 and ade-
noviral (Ad) vectors encoding GFP only (Ad-only) and GFP
with Foxa3 (Ad-Foxa3) have been described previously [19].
8Br-cAMP was purchased from Sigma-Aldrich (St Louis,
MO, USA).

2.3. Cell Culture, Transient Transfection, and Luciferase Assay.
MA-10 cells (kind gift from Dr. Mario Ascoli; University of
Towa, IA, USA) [20] were maintained in Roswell Park
Memorial Institute 1640 (RPMI 1640) medium (Hyclone,
UT, USA), supplemented with 25mM HEPES, 2mM
L-glutamine, 15% horse serum, and antibiotics. All cells were
cultured at 37°C under an atmosphere of 5% CO,. For lu-
ciferase assay, MA-10 cells were plated in media containing
5% charcoal-stripped serum 24 h prior to transfection and
transfected with expression vectors, a reporter gene, and the
control lacZ expression plasmid, pSV-f-gal (Promega
Corporation, WI, USA). Transfection was performed using
Lipofectamine 2000 (Life Technologies Corporation,
Carlsbad, CA, USA) according to the manufacturer’s in-
structions. The total amount of transfected DNA was kept
constant by adding pcDNA3 empty vector. Luciferase and
B-galactosidase activities were assayed as described previ-
ously [21]. After 48 h, the cells were harvested and lysed in
cell lysis buffer (0.2 M Tris (pH 8.0) and 0.1% Triton X-100).
Cell lysates were used to measure the luciferase activity. The
luciferase activity was normalized to lacZ expression.

2.4. Isolation of Primary Leydig Cells. Primary mouse Leydig
cells were isolated as described previously [10]. Briefly,
decapsulated testicular cells were dispersed with collagenase
type I (0.25 mg/mL, Life technologies Corporation, Grand

International Journal of Endocrinology

Island, NY, USA) in M199/EBSS medium. The testicular
cells were maintained at 25°C for 20 min with gentle shaking
and tapped every 5min to disperse the testicular tubules.
Medium containing the cells was collected and filtered with a
40 pm cell strainer (BD Biosciences, San Jose, CA, USA). The
collected cells were washed twice with M199/EBSS medium
and pelleted by centrifugation. Finally, the cells were plated
in RPMI 1640 medium (containing 25mM HEPES) sup-
plemented with 15% horse serum and antibiotics.

2.5. Radioimmunoassay (RIA). To measure testosterone
levels, serum-free culture medium was collected from pri-
mary mouse Leydig cells that were infected with Ad-only or
Ad-FOXA3 and treated with cAMP for 48 h. Medium was
separated by centrifugation at 10,000 X g for 5 min at 4°C and
stored at —70°C until testosterone assay. Testosterone con-
centration was measured using RIA as described previously
[22]. The interassay and intraassay coeflicients of variation
for the testosterone estimation were 8.7% and 9.3%, re-
spectively [23].

2.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR). Reverse transcription reactions were performed with
2ug of total RNA using M-MLV reverse transcriptase
(Promega, Madison, WI, USA). Quantitative PCR was
performed with TOPreal qPCR 2X PreMIX, SYBR green
with high ROX (Enzynomics, Daejeon, Republic of Korea)
using the StepOnePlus'™ Real-Time PCR System (Applied
Biosystems, Carlsbad, CA) according to the manufacturer’s
instructions. The primer sequences of the genes are listed in
the Supplementary Table 1.

2.7. Statistical Analysis. To identify significant differences,
data were analyzed using Graph Pad Prism version 5.0.
Single comparisons between two experimental groups were
performed using the unpaired Student’s ¢-test. The data are
presented as the mean + SEM of at least three independent
experiments. P<0.05 was considered statistically
significant.

3. Results

3.1. Decreased Expression of Foxa3 mRNA in cAMP-Induced
MA-10 Leydig Cells. Leydig cells start steroidogenesis by
expressing steroidogenic genes following induction by LH/
cAMP signaling. To investigate the responsiveness of
FOXA3 to LH/cAMP signaling, we stimulated MA-10 cells
with cAMP for different time periods and compared it with
the expression of Nur77. The expression of Foxa3 was re-
pressed at 2 h, further repressed at 4 h, and then restored at
6h point of cAMP stimulation (Figure 1(a)). In contrast,
Nur77 expression was strongly induced at 2 h and decreased
thereafter (Figure 1(b)).

3.2. FOXA3 Represses cAMP-Induced Promoter Activity of
Nur77 and Its Target Steroidogenic Genes. The opposite
expression pattern of Foxa3 and Nur77 in response to cAMP



International Journal of Endocrinology

Foxa3
150 -

100 -

50 +

Relative gene expression
*
*
*

0 4
(Hrs) 0 2 4 6

(a)

Nur77
150 -

100 -

3k 3k sk sk

50 4

3k 3k 3k sk

Relative gene expression

0 -
(Hrs) 0 2 4 6

(b)

FiGure 1: Expression of Foxa3 mRNA decreases during cAMP induction in MA-10 Leydig cells. Time-dependent expression of Foxa3
decreases up to 4 hours and is restored at 6h (A), whereas the expression of Nur77 is strongly induced at 2h and then decreases (B) in
cAMP-induced MA-10 cells. Nur77 expression at 2h and Foxa3 expression at 0 h were considered 100% for relative comparison. The gene
expression level was normalized to that of $-actin. For statistical significance, the t-test has been performed. *P < 0.05; **P < 0.01; ***P < 0.001.

stimulation at 2h and 4h in MA-10 Leydig cells (Figure 1)
led us to investigate the effect of FOXA3 on Nur77 promoter
activity using transient transfection. We found that the
cAMP-induced Nur77 promoter activity was repressed by
FOXA3 overexpression in MA-10 cells (Figure 2(a)). A
promoter containing the Nur77 response element (NurRE-
Luc) was also repressed in a dose-dependent manner by
FOXA3 (Figure 2(b)). As expected, Nur77 target steroido-
genic gene promoters including StAR, P450c17, and 33-HSD
were repressed by FOXA3 in a dose-dependent manner
(Figure 2(c)). Taken together, FOXA3 suppresses cAMP-
induced activity of Nur77 and its target steroidogenic gene
promoters.

3.3. FOXA3 Inhibits the Transactivation of CREB, Which
Regulates Nur77 Promoter Activity. We investigated the
effect of FOXA3 on the transactivation of CREB, which
regulates Nur77 expression upon cAMP induction in Leydig
cell [24], using a CRE-Luc reporter. FOXA3 inhibited
cAMP-activated CREB transcriptional activity in a dose-
dependent manner, repressing the expression of CRE-Luc
(Figure 3(a)). Furthermore, overexpression of FOXA3 re-
duced Creb expression in MA-10 cells (Figure 3(b)). These
results suggest that FOXA3 represses the cAMP-induced
Nur77 promoter through the inhibition of CREB tran-
scriptional activity and expression.

3.4. FOXA3 Downregulates the Expression of Nur77 and Its
Target Steroidogenic Genes. Overexpression of FOXA3
downregulates the promoter activity of Nur77. Therefore, we
investigated the expression of Nur77 and its target ste-
roidogenic genes following cAMP induction in MA-10 cells.
Consistent with the repressed promoter activity found in the
promoter-reporter assays, mRNA expression of Nur77 and
its target steroidogenic genes including StAR, P450c17, and
Hsd3b were all repressed following overexpression of
FOXA3 (Figure 4).

3.5. FOXA3 Inhibits Nur77-Mediated Transactivation of
Steroidogenic Gene Promoters. FOXA3 represses the ex-
pression of Nur77 and consequently inhibits the expression
of its target steroidogenic genes (Figure 4). However, we
cannot rule out the possibility that FOXA3 directly interferes
with Nur77-mediated transactivation of its target genes. To
assess this, we performed luciferase reporter assay using
promoters of the target genes and exogenous Nur77 ex-
pression. All the target promoters including Nur-RE-luc,
StAR-luc, P450c17-luc, and 33-HSD-luc were strongly re-
pressed following overexpression of FOXA3 (Figure 5),
suggesting that FOXA3 inhibits Nur77 transactivation. The
repression of Nur77 transactivation may be through direct
or indirect interaction of FOXA3 with Nur77.

3.6. FOXA3 Represses the Expression of Nur77 and Its Target
Steroidogenic Genes in Mouse Primary Leydig Cells.
FOXAS3 represses the activity of the Nur77 promoter and
thus of its target gene promoters (Figure 2). Furthermore,
FOXA3 represses the transactivation of Nur77 (Figure 5),
resulting in a dual repressive effect on Nur77 target pro-
moters. To confirm the role of FOXA3 in testicular Leydig
cells, we isolated primary Leydig cells from adult mice,
infected them with FOXA3-expressing adenovirus (Ad-
FOXA3), and analyzed the effect of FOXA3 on the ex-
pression of endogenous steroidogenic genes. Consistent
with the results of the promoter-reporter assays in MA-10
cells, the expression of Nur77 and steroidogenic genes in-
cluding StAR and Hsd3b were significantly decreased when
compared to that in cells infected with only GFP-expressing
virus (Ad-GFP) (Figure 6(a)). These results suggest that
FOXA3 represses the expression of steroidogenic genes in
Leydig cells by reducing the expression of Nur77 and
inhibiting Nur77 transactivation.

3.7. FOXA3 Modulates Steroidogenesis in Testicular Leydig
Cells. Repression of steroidogenic gene expression by
FOXA3 prompted us to evaluate the effect of FOXA3 on the
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FIGURE 2: FOXA3 represses cAMP-induced promoter activity of Nur77 and its target steroidogenic genes. FOXA3 strongly represses cAMP-
induced promoter activity of Nur77 (A) and Nur77 responsive element Nur-RE (B) in a dose-dependent manner. Nur77 target ste-
roidogenic gene promoters are also repressed by overexpression of FOXA3 in cAMP-stimulated MA-10 Leydig cells (C). Cells were
transfected with different reporter constructs, SV-40 f8-gal, and indicated concentration of FOXA3 (X represents 100 ng of the expression
construct and 2X and 4X represent the fold amounts of (X)) for 48 h that included overnight cAMP induction (200 uM). Luciferase activity
was normalized to -galactosidase activity. The cAMP-induced controls were considered 100% for comparison, and the ¢-test was performed
to analyze statistical significance. *P < 0.05; P < 0.01; **P < 0.001; ****P <0.0001.

CRE-Luc Creb Foxa3
150 150 150
=] =
o ** 2 S
h~1 7] 7]
2 3 3
*g 100 alOO- alOO-
1 1
- : . :
3 2 2
s % * % &
E 50 E 50 'g 50 S
o g =}
2 E :
~ ~
0 - 0 0 -
FOXA3 - - X 2X 4X 4X FOXA3 - X 2X FOXA3 - X 2X
[1 Vehicle
B cAMP
(a) (b)

FIGURE 3: FOXA3 represses cAMP-induced CREB transactivation and expression in MA-10 cells. FOXA3 strongly inhibits cAMP-induced
CREB transactivation of a CRE-dependent promoter in MA-10 cells. Cells were transfected with a CRE-Luc reporter, SV-40 f-gal, and
indicated concentration of FOXA3 (X represents 100 ng of the expression construct) for 48 h that included overnight cAMP induction
(200 uM). Luciferase activity was normalized to f}-galactosidase activity (A). FOXA3 represses CREB expression in MA-10 cells. Foxa3 and
Creb expression were quantified using QRT-PCR. The gene expression level was normalized to that of GAPDH. Cells were transfected with
indicated concentrations of FOXA3 (X represents 200 ng of the expression construct) for 48 h that included cAMP induction (200 M) for
4h (B). Statistical significance was assessed using the t-test. *P <0.001; ** P < 0.0001.
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FIGURE 4: FOXA3 regulates the expression of Nur77 and steroidogenic genes. Expression of Nur77 and steroidogenic genes in MA-10 cells
transfected with pcDNA3-only or pcDNA3-FOXA3 (X represents 200 ng of the expression construct). After 44 h of transfection, cells were
treated with 200 uM cAMP for 4 h. Gene expression was quantified by qRT-PCR, and the gene expression level was normalized to that of
GAPDH. The t-test was performed to analyze statistical significance. *P <0.01; P <0.001; **P <0.0001 compared to cAMP-induced
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FIGURE 6: FOXA3 represses cAMP-induced expression of steroidogenic genes in primary Leydig cells. mRNA expression of steroidogenic
genes in primary Leydig cells (A). Mouse primary Leydig cells were transduced with Ad-FOXA3 or Ad-GFP as control. After wash, the cells
were further cultured for 48 h that included 4 h of cAMP (200 uM) induction. The gene expression level was normalized to that of GAPDH.
Testosterone production was significantly reduced by FOXA3 (B). Cells were transduced in a similar manner and maintained in 200 yM of
cAMP for 48 h Culture medium was harvested for RIA assay. The t-test was performed to analyze statistical significance. *P < 0.05; **P < 0.0;

P <0.001.

production of testosterone in primary Leydig cells. We
infected primary Leydig cells with either Ad-FOXA3 or Ad-
GFP as a control. Following stimulation of the cells with
cAMP for 48 h, media were collected and testosterone levels
were analyzed. There was a significant reduction in the level
of testosterone following Ad-FOXA3 infection compared to
Ad-GFP control infection (Figure 6(b)). Together, these
results suggest that FOXA3 modulates testicular steroido-
genesis by controlling Nur77-induced expression of ste-
roidogenic genes in Leydig cells.

4. Discussion

Testicular steroid production in Leydig cells is positively or
negatively regulated by several signaling pathways and
transcription factors [25, 26]. Among these, LH/cAMP
stimulation is a major regulatory pathway for testicular
steroidogenesis, which rapidly induces the expression of
Nur77 to upregulate the expression of the steroid-producing
genes [5]. In this study, we investigated the role of Foxa3, the
only member of the Foxa subfamily that is expressed in the
testis. Foxa3 mRNA is expressed between postnatal days 6
and 70 during testicular development [16]. Its expression in
the Leydig cells has major physiological importance com-
pared to that in the spermatids as no histological difference
was observed in the spermatids during the first wave of
spermatogenesis in Foxa3 null mice.

In our study, the repression of Foxa3 during cAMP-induced
expression of Nur77 in MA-10 Leydig cells suggests its re-
pressive role during the steroidogenic process. This was evi-
denced by the decreased activity of Nur77 and its target
steroidogenic gene promoters, following cAMP induction,
when FOXA3 was overexpressed. CREB is a key transcription
factor that regulates the expression of numerous genes in-
cluding Nur77, during cellular development and differentiation
[27, 28]. The decreased expression of steroidogenic genes fol-
lowing overexpression of FOXA3 may be due to inhibition of

CREB transactivation as well as expression. In fact, previous
studies revealed that the presence of FOXA binding sites near
the CRE site in the promoter interferes with CREB binding and
lower CRE activity [29]. However, we did not find any FOXA
binding site close to CRE in the Nur77 promoter. Nevertheless,
similar sequences were found in the vicinity, although these
sequences were slightly different from the canonical FOXA
binding sequences reported previously.

Garon et al. reported the regulation of the PDGFR-«
promoter by FOXA3 in MLTC-1 Leydig cell lines by directly
binding to its proximal recognition site [26]. Although they
did not focus on the regulation of steroidogenic gene ex-
pression in their study, they reported that unlike the
PDGFR-a promoter, FOXA3 overexpression tended to re-
press the promoter activity of genes known to be expressed
in Leydig cells, including some steroidogenic genes such as
mCypllal, mStar, and mHsd3b1 [18]. In the present study,
our results show that the expression of steroidogenic genes is
repressed by FOXA3 through the inhibition of Nur77 ex-
pression and transactivation. However, we do not rule out
the possibility of FOXA3-induced expression of PDGFR-«
in MA-10 cells and its partial contribution to the repression
of steroidogenic genes.

Primary Leydig cells infected with adenovirus expressing
FOXA3 showed similar results as the MA-10 cell line.
Moreover, this FOXA3-mediated repression of the ste-
roidogenic genes translated to a reduced level of testicular
testosterone. Because testosterone is a vital hormone for
male reproduction, malfunction or altered expression of
FOXA3 may affect male fertility. Reduced male fertility has
been reported in Foxa3 mutant mice when mated between 3
and 8 months of age [16].

5. Conclusion

Our findings suggest a repressive function of Foxa3 during LH/
cAMP-induced expression of Nur77 and Nur77-mediated
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testicular steroidogenesis in Leydig cells, resulting in a reduced
level of testicular testosterone. Therefore, we postulate that
FOXA3 functions as a modulator to maintain the balance of
testicular testosterone by fine-tuning the expression of ste-
roidogenic genes.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Hansle Kim and Sudeep Kumar contributed equally to this
work.

Acknowledgments

The authors thank Dr. Mario Ascoli (University of Iowa) for
kindly providing the MA-10 mouse Leydig cells. This re-
search was supported by the Basic Science Research Program
through the National Research Foundation of Korea (NRF)
funded by the Ministry of Education, Science and Tech-
nology (NRF-2017R1A2B4006166 and NRE-
2020R1A2C1006705).

Supplementary Materials

Supplementary Table 1. List of gene specific oligomers used
for quantitative PCR. (Supplementary Materials)

References

[1] P.J. O’Shaughnessy, L. Willerton, and P. J. Baker, “Changes in
Leydig cell gene expression during development in the
mouse,” Biology of Reproduction, vol. 66, no. 4, pp. 966-975,
2002.

[2] A. H. Payne, G. L. Youngblood, L. Sha, M. Burgos-Trinidad,
and S. H. Hammond, “Hormonal regulation of steroidogenic
enzyme gene expression in Leydig cells,” The Journal of Steroid
Biochemistry and Molecular Biology, vol. 43, no. 8, pp. 895-
906, 1992.

[3] P. Zhang and S. H. Mellon, “Multiple orphan nuclear re-
ceptors converge to regulate rat P450c17 gene transcription:
novel mechanisms for orphan nuclear receptor action,”
Molecular Endocrinology, vol. 11, no. 7, pp. 891-904, 1997.

[4] L. J. Martin, N. Boucher, C. Brousseau, and J. J. Tremblay,
“The orphan nuclear receptor NUR77 regulates hormone-
induced StAR transcription in Leydig cells through cooper-
ation with Ca2+/calmodulin-dependent protein kinase I,
Molecular Endocrinology, vol. 22, no. 9, pp. 2021-2037, 2008.

[5] K.-H. Song, J.-I. Park, M.-O. Lee, J. Soh, K. Lee, and
H.-S. Choi, “LH induces orphan nuclear receptor Nur77 gene
expression in testicular Leydig cells,” Endocrinology, vol. 142,
no. 12, pp. 5116-5123, 2001.

[6] C.O.Stocco, L. F. Lau, and G. Gibori, “A calcium/calmodulin-
dependent activation of ERK1/2 mediates JunD phosphory-
lation and induction of nur77 and20a-hsd genes by

prostaglandin F2« in ovarian cells,” Journal of Biological
Chemistry, vol. 277, no. 5, pp. 3293-3302, 2002.

[7] T. E. Wilson, A. R. Mouw, C. A. Weaver, J. Milbrandt, and
K. L. Parker, “The orphan nuclear receptor NGFI-B regulates
expression of the gene encoding steroid 21-hydroxylase,”
Molecular and Cellular Biology, vol. 13, no. 2, pp. 861-868,
1993.

[8] L.J. Martin and J. J. Tremblay, “The human 33-hydroxysteroid
dehydrogenase/A5-A4 isomerase type 2 promoter is a novel
target for the immediate early orphan nuclear receptor Nur77
in steroidogenic cells,” Endocrinology, vol. 146, no. 2,
pp. 861-869, 2005.

[9] S. Kumar, H. Kang, E. Park, H.-S. Park, and K. Lee, “The
expression of CKLFSF2B is regulated by GATA1 and CREB in
the Leydig cells, which modulates testicular steroidogenesis,”
Biochimica et Biophysica Acta (BBA) - Gene Regulatory
Mechanisms, vol. 1861, no. 12, pp. 1063-1075, 2018.

[10] E. Park, S. Kumar, B. Lee et al., “Estrogen receptor-related
receptor y regulates testicular steroidogenesis through direct
and indirect regulation of steroidogenic gene expression,”
Molecular and Cellular Endocrinology, vol. 452, pp. 15-24,
2017.

[11] K. Kurakula, D. S. Koenis, C. M. van Tiel, and C. J. M. de Vries,
“NR4A nuclear receptors are orphans but not lonesome,”
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research,
vol. 1843, no. 11, pp. 2543-2555, 2014.

[12] S. Kumar, H.-S. Park, and K. Lee, “Jaggedl intracellular
domain modulates steroidogenesis in testicular Leydig cells,”
PloS One, vol. 15, no. 12, Article ID e0244553, 2020.

[13] C. S. Lee, J. R. Friedman, J. T. Fulmer, and K. H. Kaestner,
“The initiation of liver development is dependent on Foxa
transcription factors,” Nature, vol. 435, no. 7044, pp. 944-947,
2005.

[14] J. Le Lay and K. H. Kaestner, “The Fox genes in the liver: from
organogenesis to functional integration,” Physiological Re-
views, vol. 90, no. 1, pp. 1-22, 2010.

[15] J. R. Friedman and K. H. Kaestner, “The Foxa family of
transcription factors in development and metabolism,” Cel-
Iular and Molecular Life Sciences, vol. 63, no. 19-20,
pp. 2317-2328, 2006.

[16] R. Behr, S. D. Sackett, I. M. Bochkis, P. P. Le, and
K. H. Kaestner, “Impaired male fertility and atrophy of
seminiferous tubules caused by haploinsufficiency for Foxa3,”
Developmental Biology, vol. 306, no. 2, pp. 636-645, 2007.

[17] K. H. Kaestner, H. Hiemisch, B. Luckow, and G. Schiitz, “The
HNF-3 gene family of transcription factors in mice: gene
structure, cDNA sequence, and mRNA distribution,” Geno-
mics, vol. 20, no. 3, pp. 377-385, 1994.

[18] G. Garon, F. Bergeron, C. Brousseau, N. M. Robert, and
J.J. Tremblay, “FOXA3 is expressed in multiple cell lineages in
the mouse testis and regulates pdgfra expression in leydig
cells,” Endocrinology, vol. 158, no. 6, pp. 1886-1897, 2017.

[19] J.-Y. Kim, H.-J. Kim, K. T. Kim et al., “Orphan nuclear re-
ceptor small heterodimer partner represses hepatocyte nu-
clear factor 3/foxa transactivation via inhibition of its DNA
binding,” Molecular Endocrinology, vol. 18, mno. 12,
pp. 2880-2894, 2004.

[20] M. Ascoli, “Characterization of several clonal lines of cultured
ley dig tumor cells: gonadotropin receptors and steroidogenic
responses,” Endocrinology, vol. 108, no. 1, pp. 88-95, 1981.

[21] C.Y.Hong,J. H. Park, R. S. Ahn et al., “Molecular mechanism
of suppression of testicular steroidogenesis by proin-
flammatory cytokine tumor necrosis factor alpha,” Molecular
and Cellular Biology, vol. 24, no. 7, pp. 2593-2604, 2004.


http://downloads.hindawi.com/journals/ije/2021/6619447.f1.docx

(22]

(23]

[24]

(25]

[26]

(27]

(28]

(29]

S.-Y. Lee, E. Park, S.-C. Kim, R.-S. Ahn, C. Ko, and K. Lee,
“ERa/E2 signaling suppresses the expression of steroidogenic
enzyme genes via cross-talk with orphan nuclear receptor
Nur77 in the testes,” Molecular and Cellular Endocrinology,
vol. 362, no. 1-2, pp. 91-103, 2012.

J. H. Suh, E.-Y. Gong, C. Y. Hong et al., “Reduced testicular
steroidogenesis in tumor necrosis factor-a knockout mice,”
The Journal of Steroid Biochemistry and Molecular Biology,
vol. 112, no. 1-3, pp- 117-121, 2008.

Y. Inaoka, T. Yazawa, M. Uesaka, T. Mizutani, K. Yamada,
and K. Miyamoto, “Regulation of NGFI-B/Nur77 gene ex-
pression in the rat ovary and in leydig tumor cells MA-10,”
Molecular Reproduction and Development, vol. 75, no. 5,
pp. 931-939, 2008.

P. R. Manna and D. M. Stocco, “Regulation of the ste-
roidogenic acute regulatory protein expression: functional
and physiological consequences,” Current Drug Targets -
Immune, Endocrine & Metabolic Disorders, vol. 5, no. 1,
pp. 93-108, 2005.

M. Ascoli, F. Fanelli, and D. L. Segaloft, “The lutropin/cho-
riogonadotropin receptor, a 2002 perspective,” Endocrine
Reviews, vol. 23, no. 2, pp. 141-174, 2002.

S. Impey, S. McCorkle, H. Chamolstad et al., “Defining the
CREB RegulonA genome-wide analysis of transcription factor
regulatory regions,” Cell, vol. 119, no. 7, pp. 1041-1054, 2004.
H. Maruoka, R. Yamazoe, R. Takahashi et al., “Molecular
mechanism of nur77 gene expression and downstream target
genes in the early stage of forskolin-induced differentiation in
PC12 cells,” Scientific Reports, vol. 10, no. 1, p. 6325, 2020.
X. Ma, L. Xu, O. Gavrilova, and E. Mueller, “Role of forkhead
box protein A3 in age-associated metabolic decline,” Pro-
ceedings of the National Academy of Sciences, vol. 111, no. 39,
pp. 14289-14294, 2014.

International Journal of Endocrinology



