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Abstract

Leydig cells represent the steroidogenic lineage of mammalian testis, which produces tes-
tosterone. Genetic evidence indicates the requirement of Notch signaling in maintaining a
balance between differentiated Leydig cells and their progenitors during fetal development.
In primary Leydig cells, Notch1 expression decreases with testicular development, while the
expression of its ligand, Jagged1, remains relatively unchanged, suggesting that the roles of
Jagged1 extend beyond Notch signaling. In addition, Jagged1 is known to be processed
into its intracellular domain, which then translocate to the nucleus. In this study, we investi-
gated the effect of Jagged1 intracellular domain (JICD) on steroidogenesis in Leydig cells.
The independent overexpression of JICD in MA-10 Leydig cells was found to inhibit the
activity of cAMP-induced Nur77 promoter. In addition, JICD suppressed Nur77 transactiva-
tion of the promoter of steroidogenic genes such as P450scc, P450c17, StAR, and 3B-HSD.
Further, adenovirus-mediated overexpression of JICD in primary Leydig cells repressed the
expression of steroidogenic genes, consequently lowering testosterone production. These
results collectively suggest that steroidogenesis in testicular Leydig cells, which is regulated
by LH/cAMP signaling, is fine-tuned by Jagged1 during testis development.

Introduction

Leydig cells represent the steroidogenic lineage in the testis and drive male-specific develop-
ment of germ cells and secondary sex differentiation by producing the male sex hormone tes-
tosterone. Progenitor cells in the developing testis, whose population is maintained by active
Notch signaling, give rise to fetal Leydig cells. Notch signaling restricts fetal Leydig cell differ-
entiation by promoting progenitor cell fate. The inhibition of Notch signaling or deletion of its
downstream target, Hesl, results in an increase in the number of mature Leydig cells [1]. The
Notchl1 ligand, Jagged], is also an important regulator that maintains fetal Leydig progenitors
in the undifferentiated state, which is guided by the level of interstitial testosterone [2].

Notch is a transmembrane receptor known to mediate intercellular communication
required for cell fate determination, stem cell maintenance, and differentiation [3]. The mam-
malian Notch family includes four Notch receptors (Notch1-Notch4), which interact with sev-
eral ligands such as delta-like 1 (DII1), DII3, D14, Jagged1, and Jagged2. Subsequent to ligand
binding, Notch is activated by y-secretase-dependent proteolysis to release the Notch
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intracellular domain (NICD) [4-6]. The translocation of NICD into the nucleus and associa-
tion with the constitutive DNA-binding protein, CSL, activates the transcription of down-
stream targets Hes1, Hes5, and Hes7 as well as Heyl, Hey2, and HeyL [7-10]. Jaggedl isa
well-known ligand of Notch receptors. In addition, Jagged1 is processed into the Jagged1 intra-
cellular domain (JICD) sequentially by a-secretase and presenilin/y-secretase action. This
leads to the nuclear translocation of JICD as a signaling fragment, thereby triggering signal
responses for Notch inhibition [11]. Jagged] is also a transcriptional target of Notch3 and con-
tributes to its transcriptional autoactivation in lymphoma cells [12]. Several recent studies
have reported the Notchl-independent activities of Jagged1 [13-16].

Various transcription factors regulate the expression of steroidogenic genes [17]. Nur77, an
orphan nuclear receptor, which is also known as NR4A1, NGFIB, TR3, and NAK]1, is a major
transcription factor that controls steroidogenic gene expression in Leydig cells [17, 18]. Nur77,
along with Nurrl and Norl, are members of the NR4A family of nuclear receptors [19]. There
are three functional domains in Nur77, namely, the N-terminal transactivation (activation
fragment-1, AF-1), DNA binding, and C-terminal ligand-binding domains. The ligand-bind-
ing domain contains another transactivation domain (activation fragment-2, AF-2) [20, 21].
Nur77 binds as a homo- or hetero-dimer to the Nur77 response element (NurRE) and as a
monomer to the NGF1-B response element (NBRE) [22, 23]. LH regulates steroidogenesis in
Leydig cells and induces the expression of Nur77 [24], which, in turn, regulates the expression
of multiple steroidogenic genes including steroid 21-hydroxylase, 20a-hydroxysteroid dehy-
drogenase, and 17ca-hydroxylase (P450c17) [17, 25, 26]. Previous studies have reported Nur77
binding at a defined region within the promoters of rat P450c17 [17], mouse steroidogenic
acute regulatory (StAR) [27], and human 3B-hydroxysteroid dehydrogenase (33-HSD) type 2
[28]. Recent studies suggest Jagged1 to be an angiogenic target of Nur77 [14].

In the present study, we investigated the role of Jagged1 in testicular Leydig cells. The
expression of Notchl in Leydig cells decreased substantially with testis development, while
that of Jagged1 remained partly unchanged. cAMP-mediated stimulation of mouse primary
Leydig cells showed an inverse relationship between the expression of Nur77 and Jagged1. Fur-
thermore, Jagged1 intracellular domain (JICD) overexpression in primary Leydig cells was
found to downregulate the expression of steroidogenic genes and decrease testosterone pro-
duction. Altogether, these results suggest that Jagged1, beyond its conventional role in Notch
signaling, is involved in modulating testicular steroidogenesis.

Results
Differential expression of Notch signaling genes during testis development

Notch signaling genes, such as Notchl, Hes1, and Jaggedl, were expressed in the testis, with
their expression being differentially regulated during testis development. The expression of
Notchl and its target gene Hesl was downregulated, while that of its ligand Jaggedl was upre-
gulated (Fig 1A). However, this expression pattern represents the whole testis, which includes
different types of testicular cells. Therefore, we investigated the expression patterns specific to
Leydig cells by using primary Leydig cells isolated from the testis at the indicated age (Fig 1B).
Although Notchl expression pattern showed a slight change, the overall trend of decreasing
expression with testis development was maintained. However, the expression patterns of Jag-
gedl and Hesl were clearly different. Jagged1 expression appeared almost unchanged, with a
partial decrease at 6 weeks. Therefore, the steep rise in Jagged I expression in the whole testis
clearly stems from the contribution of germ cells, as previously reported [29]. Similarly, Hes!I
expression remained almost constant along with a subtle reduction with testis development,
except the increase observed at 4 weeks. Contrastingly, while 38-HSD expression in primary
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Fig 1. Expression of Notch signaling genes in mouse testis. Expression of Notchl, Jaggedl, HesI, and 38-HSD in the whole testis (A) and primary
Leydig cells (B) isolated from the testis of mice at the indicated age, as quantified by real-time PCR. The mRNA expressions were normalized to B-
actin expression. Statistical significance was confirmed using one-way ANOVA with Tukey’s significant difference (P<0.05) for three independent
experiments combined together. The letters a, b, and ¢ denote significant difference relative to 3, 4 and 5 weeks, respectively.

https://doi.org/10.1371/journal.pone.0244553.9001

Leydig cells showed a substantial increase during puberty, its expression in the whole testis
decreased due to a concomitant decrease in the relative proportion of Leydig cells (compared
to germ cells) during testis development.

Expression of Jagged1 in cAMP-stimulated Leydig cells

Leydig cells initiate steroidogenesis by expressing steroidogenic genes upon induction by LH/
cAMP signaling. To investigate the responsiveness of Jagged1 expression to LH/cAMP signal-
ing, we stimulated primary Leydig cells isolated from adult mice with cAMP for different time
periods and compared the expression of JaggedI with that of Nur77, a major transcription fac-
tor that regulates the expression of steroidogenic genes, across the experimental conditions.
Jaggedl expression was strongly repressed at 2 h, restored by 6 h, and showed a subtle increase
by 12 h (Fig 2A). Meanwhile, Nur77 expression was strongly induced at 2 h and decreased
thereafter. Compared to primary Leydig cells, the time-dependent decrease in cAMP-induced
Nur77 expression was greater in MA-10 cells (Fig 2B). MA-10 cells also showed ~50 and 70%
decrease in Jaggedl expression by 2 and 4 h, respectively. The restoration of Jagged! expression
in MA-10 cells was delayed and restored to 75% of the original level by 24 h. This repression
and induction pattern of JaggedI could be inversely related to the marked elevation in Nur77
expression at 2 h and subsequent reduction till 24 h, which indicates that the regulation of Jag-
gedl and Nur77 is possibly interconnected.

JICD represses the activity of cAMP-induced Nur77 promoter and its
target steroidogenic promoters

Jagged1 is reportedly processed into the membrane-bound and subsequently nucleus-localiz-
ing JICD. Nucleus-localizing proteins can regulate the expression of certain genes by interact-
ing with transcription factors. Further, the inversely related expression patterns of Jaggedl and
Nur77 in cAMP-stimulated Leydig cells allowed the exploration of the effect of JICD on Nur77
promoter activity. Transient transfection analysis revealed the suppression of cAMP-induced
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Fig 2. Jagged 1 and Nur77 expression shows an inverse relationship. Expression of Jaggedl and Nur77 at different
time points after ;cAMP (200 uM) induction in primary Leydig cells isolated from 6-week-old mice (A) and MA-10
cells (B), as quantified by real-time PCR. Nur77 expression at 2 h and Jagged1 expression at 0 h were considered 100%
for relative comparison. Both Nur77 and Jagged1 expression were normalized to B-actin. Statistical significance was
confirmed using one-way ANOVA with Tukey’s significant difference (P<0.05). The letter a, b, ¢, d, and e denote
significant difference relative to 0 h, 2 h, 4 h, 6 h, and 12 h, respectively.

https://doi.org/10.1371/journal.pone.0244553.g002

Nur77 promoter activity by JICD overexpression in MA-10 cells (Fig 3A). Nur77 expression is
regulated by various extracellular stimuli, and certain transcription factors that mediate this
regulation have been identified [30]. Among them, cAMP response element-binding protein
(CREB) has been reported to regulate Nur77 expression upon cAMP induction in Leydig cells
[31-33]. Therefore, we assessed the effect of JICD on CREB transactivation using a CRE-Luc
reporter. JICD inhibited cAMP-activated CREB transcriptional activity in a dose-dependent
manner (Fig 3B). JICD-mediated CREB inhibition was further confirmed with respect to the
Nur77 promoter using CREB siRNA. CREB siRNA repressed the activity of Nur77 promoter
similar to the effect exerted by JICD overexpression (~ 25%) (Fig 3C). There was an additive
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Fig 3. Jagged1 intracellular domain (JICD) represses CREB-responsive Nur77 promoter activity. JICD represses cAMP-induced
Nur77 promoter activity (A); CREB-responsive promoter is repressed by JICD in a dose-dependent manner (B); and Nur77 promoter
activity is decreased by CREB knockdown using siRNA in the presence and absence of JICD overexpression (C). All experiments were
performed using MA-10 cells transfected with the indicated constructs. For determining statistical significance, t-test was performed
relative to cAMP-induced controls. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.

https://doi.org/10.

1371/journal.pone.0244553.9003
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effect when both CREB siRNA and JICD were transfected. These results suggest that JICD
represses CRE-dependent activation of Nur77 promoter.

The downregulation of Nur77 expression due to JICD-mediated inhibition of Nur77 pro-
moter activity in Leydig cells would decrease the activity of Nur77-target promoters. As
expected, JICD overexpression resulted in the repressed activity of Nur77-target promoters,
such as NurRE- and NBRE-containing promoters (Fig 4A) and steroidogenic promoters
including StAR and 3B-HSD (Fig 4B), in cAMP-stimulated MA-10 cells.

JICD represses Nur77 transactivation

Although JICD-mediated repression of Nur77-target promoters might be due to the downre-
gulation of Nur77 expression induced by JICD in cAMP-stimulated Leydig cells, JICD could
also directly interfere, in part, in the transactivation of Nur77. To investigate this possibility,
we overexpressed JICD along with Nur77 in MA-10 Leydig cells, in lieu of cAMP-mediated
stimulation. Interestingly, JICD overexpression inhibited Nur77-induced Nur77-target pro-
moters, such as NurRE, NBRE, P450c17, StAR, and 33-HSD, in a dose-dependent manner
(Fig 5A and 5B). These results suggest that JICD can independently repress Nur77 transactiva-
tion, resulting in the downregulation of steroidogenic genes in testicular Leydig cells.

JICD downregulates the expression of steroidogenic genes in primary
Leydig cells

JICD, as we identified, represses the activity of Nur77 promoter, and therefore, it exerts a simi-
lar action on its target gene promoters. Furthermore, JICD represses the transactivation of
Nur77, resulting in a dual repressive effect on Nur77-target promoters. To confirm the action
of JICD in testicular Leydig cells, we infected primary Leydig cells isolated from adult mice
with JICD-expressing adenovirus (Ad-JICD), thereby analyzing the effect of JICD on the
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Fig 4. Jagged1 intracellular domain (JICD) regulates the activity of steroidogenic gene promoters. Strong
repression of the expression of Nur77-target NBRE and NurRE promoters (A) and downregulation of the expression
of Nur77-target steroidogenic gene promoters (B) by JICD overexpression in cAMP-stimulated Leydig cells. All
experiments were performed using MA-10 cells transfected with the indicated constructs. Statistical significance was
evaluated using t-test performed relative to cAMP-induced controls. *, P<0.05; **, P<0.01; ***, P<0.001; ****,
P<0.0001.

https://doi.org/10.1371/journal.pone.0244553.g004
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Fig 5. Jagged1 intracellular domain (JICD)-mediated repression of Nur77 transactivation in steroidogenic gene promoters. Repression
of Nur77 transactivation in Nur77-target NBRE and NurRE promoters (A) and steroidogenic promoters (B) by JICD overexpression in a
dose-dependent manner. All experiments were performed using MA-10 cells transfected with the indicated constructs. For determining
statistical significance, t-test was performed relative to cAMP-induced controls. *, P<0.05; **, P<0.01; ***, P<0.001.

https://doi.org/10.1371/journal.pone.0244553.9g005

expression of endogenous steroidogenic genes. Consistent with the results of the promoter-
reporter assays in MA-10 cells, the expression of steroidogenic genes, such as P450scc,
P450c17, StAR, and 33-HSD, were significantly decreased in a dose-dependent manner in Ad-
JICD-infected cells compared to cells infected only with the GFP-expressing adenovirus (Ad-
GFP) (Fig 6). However, the repression of Nur77 expression due to JICD overexpression was
minimal. These results suggest that JICD represses the expression of steroidogenic genes in
Leydig cells predominantly by directly inhibiting Nur77 transactivation.

JICD modulates steroidogenesis in testicular Leydig cells

The repression of steroidogenic gene expression by JICD allowed us to test the effect of JICD
on the production of testosterone in primary Leydig cells. We infected primary Leydig cells
with either Ad-JICD or Ad-GFP (as a control). After stimulation of these cells with cAMP for
48 h, media were collected and the extent of testosterone production was estimated. There was
more than 50% reduction in testosterone level upon Ad-JICD infection compared to the corre-
sponding Ad-GFP control (Fig 7). Collectively, these results suggest that JICD modulates tes-
ticular steroidogenesis by controlling Nur77-induced expression of steroidogenic genes in
Leydig cells.

Discussion

Multiple signaling pathways and nuclear factors regulate testicular steroidogenesis in Leydig
cells in a negative or positive manner [25, 34, 35]. The major pathway for testicular steroido-
genesis is the CAMP-dependent protein kinase A signaling pathway, controlled by the pituitary
gonadotropin, LH, in Leydig cells. In this study, we demonstrated the direct modulation of tes-
ticular steroidogenesis by JICD. Jagged 1, a well-known ligand of Notch1, has been
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Fig 6. Jagged1 intracellular domain (JICD) represses the expression of steroidogenic genes in mouse primary Leydig cells. Primary Leydig cells
isolated from 5-6 weeks old mice were infected with GFP-expressing adenovirus (Ad-GFP) or JICD-expressing adenovirus (Ad-JICD) and stimulated
with 200 uM cAMP for 4 h. Adenovirus-mediated overexpression of JICD repressed Nur77 expression partially, but it strongly inhibited the
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normalized to GAPDH. Ad-GFP-transduced sample was considered the control. Statistical significance was confirmed using one-way ANOVA with
Tukey’s significant difference (P<0.05). The letter a and b denote significant difference relative to Ad-GFP(X) and Ad-JICD (0.5X), respectively.

https://doi.org/10.1371/journal.pone.0244553.9006

predominantly reported as a regulator of progenitor Leydig cells. The roles of Jagged1 [2] and
Hesl [1] in the regulation and maintenance of the progenitor niche are also well documented.
The constitutively active expression of Notch driven by SfI-cre mice (Rosa™*""; Sf1-cre) does
not restrict Sertoli cell differentiation, but the number of Leydig cells is acutely reduced due to
differentiation failure [1]. A conditional deletion of Jagged1 is known to trigger the conversion
of interstitial cells to differentiated Leydig cells [2]. These studies delineate the role of Notch
signaling in the maintenance of progenitor Leydig cells. However, to the best of our knowl-
edge, no previous study has explored the role of Notchl, Jaggedl, and Hesl in testicular
steroidogenesis.
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Fig 7. Jagged1 intracellular domain (JICD) inhibits testosterone production. Primary Leydig cells isolated from
adult mice were infected with JICD-expressing adenovirus (Ad-JICD) or GFP-expressing adenovirus (Ad-GFP;
control) and treated with 200 uM cAMP for 48 h. Media were collected to analyze testosterone level by
radioimmunoassay. Statistical significance was evaluated by t-test relative to Ad-GFP-transduced samples. ***,
P<0.001; ****, P<0.0001.

https://doi.org/10.1371/journal.pone.0244553.g007
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The expression of Notchl in the whole testis or primary Leydig cells decreases with testicu-
lar development, which coincides with its predominant function in the maintenance of pro-
genitor Leydig cells. However, Jaggedl expression in the whole testis and isolated testicular
Leydig cells is markedly different due to the contribution from spermatids in the whole testis
[29]. The constant level of JaggedI during Leydig cell differentiation and maturation at around
3-5 weeks could be linked to the proper balance of steroidogenic gene expression during tes-
ticular development and maturation. Similar repressive effects of CKLFSF2A and CKLFSF2B
on testicular steroidogenesis have been previously reported [36, 37]. Therefore, the differential
expression pattern of Jaggedl and Notchl in testicular Leydig cells suggests a role of Jagged1
independent of Notchl.

LH/cAMP-mediated induction of Nur77 is considered important for the stimulation of ste-
roidogenesis. During cAMP-mediated induction of steroidogenesis in primary Leydig cells,
Jaggedl expression is maintained in a repressed manner in contrast to the strong induction of
Nur77 expression. During the time period of 4-6 h when Jagged1 expression is restored, the
first phase of Nur77-mediated induction of the expression of its target steroidogenic genes is
completed. This inverse pattern of expression between Jaggedl and Nur77 during first 4 h sug-
gests the contrasting action of these genes during induction of steroidogenesis by LH/cAMP
signaling. The restoration of Jagged1 can be considered to fine tune the expression of Nur77
and steroidogenesis at that point of time, which is evident by consistent decrease in Nur77
expression. Since the isolated primary Leydig cells are natural cells, their sensitivity to external
conditions could contribute to the steep repression of JaggedI expression within 2 h and
markedly fast reversal to its basal level by 4-6 h. This repression and reversal pattern were sim-
ilar, albeit with differential sensitivity, in primary and MA10 Leydig cells.

Jagged] is regulated post-translationally to produce multiple active protein isoforms,
including the full length Jagged1, membrane-bound C-terminal fragment, and processed
intracellular domain with nuclear localization [38]. JICD displays functions independent of
canonical Notch signaling. Vimentin binds to the distinct PDZ sequence of JICD and provides
a force-generating mechanism to ensure efficient trans-endocytosis and Notch activation [39].
This positive correlation between Jaggedl and vimentin has been established in leucocytes and
tissues of the kidney, breast, blood, heart, muscle, and testis. JICD-mediated Notch inhibition
diminishes cell proliferation in neonatal cardiomyocytes and promotes maturation [11]. JICD
has also been shown to regulate cell transformation and proliferation [40, 41]. The transcrip-
tion factor AP1, along with the soluble form of JICD, can activate gene expression [41]. Inter-
estingly, JICD can directly interact with NICD and is known to accelerate the degradation of
NICD through the Fbw7-dependent proteasomal pathway [42]. JICD inhibition of Nur77
transactivation, implied in the present study, extends the list of Jagged1 functions independent
of the conventional Notch signaling pathway.

The adenovirus-mediated overexpression of JICD in primary Leydig cells significantly
repressed Nur77 expression (Fig 6), although the level of repression was lower than that of its
target genes. Nur77 expression is directly repressed through JICD-mediated inhibition of
CRE-dependent promoter activity. In contrast, the target genes are subjected to a dual repres-
sive effect; first, due to the reduced availability of Nur77, and second, on account of the
repressed transactivation of available Nur77. Although we could not find the exact mechanism
for the inhibition of Nur77 transactivation in the current study, we previously observed such
an inhibition on steroidogenic gene promoters either by direct protein-protein interaction
[37] or by reduction in the protein stability of Nur77 [43]. Testicular testosterone production
is regulated by numerous biochemical components present in Leydig cells, all of which con-
tribute partially toward the maintenance of optimal steroidogenesis. Cholesterol is transported
by StAR protein into the inner mitochondria where it is converted to pregnenolone by
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P450scc. Pregnenolone is further catalyzed to progesterone by 3p-HSD and then to 17-hydro-
xyprogesterone and androstenedione by P450c17. Finally, the product is converted to testos-
terone by 17B-hydroxysteroid dehydrogenase (178-HSD) [44, 45]. Therefore, the reduced
expression of these steroidogenic genes by a dual repressive effect of JICD on Nur77 results in
reduced testosterone production in primary Leydig cells transduced with Ad-JICD. In addi-
tion to steroidogenesis, Nur77 has been reported to be associated with Jagged1. TR3/Nur77 is
a critical mediator in pathological angiogenesis [46, 47], in which TR3/Nur77-induced expres-
sion of integrins regulates the expression of Jaggedl and DII4 [14].

In summary, we have shown for the first time that Jagged1, known for a Notch ligand, plays
an independent role in testicular Leydig cells. Jagged1 undergoes proteolytic processing similar
to Notchl to release JICD, which can translocate to the nucleus and regulate Nur77 transcrip-
tion. It also inhibits Nur77 transactivation, further repressing the expression of steroidogenic
genes. This suppressive regulation of steroidogenic gene expression by JICD results in reduced
testosterone production. Altogether, Jagged1, modulates steroidogenesis in testicular Leydig
cells, fine-tuning the level of testicular testosterone during testis development.

Material and methods
Animals and treatment

ICR and C57BL/6 mice were purchased from a commercial supplier (Dae-han Laboratories,
Daejeon, Republic of Korea) and maintained at 22+3°C with a humidity level between 40%
and 60% in a 12:12 h light-dark cycle with food and water ad libitum. The selection of mouse
of a certain age was based on previous studies that reported the development of adult Leydig
cells [48]. Total 74 mice were used; 12 mice of 3 weeks, 9 each of 4 and 5 weeks and 54 mice of
6 weeks. The mice were sacrificed by CO, asphyxiation followed by cervical dislocation, and
then their testes were dissected. Ethical treatment of the animals was performed according to
National Institutes of Health standards. All animal procedures were approved by Institutional
Animal Care and Use Committee (AICUC) of Chonnam National University (Permit Num-
ber: 2012-44)

Plasmids

The mammalian expression vectors, pPCDNA-Flag-JICD and pCDNA-Nur77, and reporter
plasmids, NBRE-luc, Nur77 promoter-luc, StAR-luc, Cre-luc, 38-HSD-luc, and P450c17-luc,
were described previously [49-53].

Cell culture and purification of primary Leydig cells

The MA-10 mouse Leydig cell line was a generous gift from Dr. Mario Ascoli (University of
Iowa, Iowa) [54]. MA-10 cells were maintained in RPMI 1640 medium (containing 25 mM
HEPES) supplemented with 15% horse serum and antibiotics [55]. All cells were cultured at
37°Cin a 5% CO, atmosphere. Primary mouse Leydig cells were isolated as previously
described [43]. Briefly, testicular cells were dispersed by treating decapsulated mouse testes
with collagenase type I (0.25 mg/mL, Life technologies Corporation, New York, USA), which
was maintained at room temperature for 20 minutes with gentle shaking and were tapped at
every 5 minutes to disperse the testicular tubules. Interstitial cells were prepared by filtering
the testicular cells with a 40 um cell strainer (BD Biosciences, San Jose, CA). The cells were
then washed twice with M199 medium, collected after centrifugation and plated in RPMI 1640
medium (containing 25 mM HEPES) supplemented with 15% horse serum and antibiotics.
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When needed, Leydig cells were activated by treating 200 uM cAMP for the indicated time
period.

Adenovirus infection

Primary Leydig cells from 6-week-old mice were plated in RPMI 1640 medium (25 mM
HEPES) containing 5% charcoal stripped serum and antibiotics. After 24 h, cells were infected
with Ad-GFP or Ad-JICD and kept for 16 h further. Culture media was then replaced and cells
were incubated for 48 h including 200 uM cAMP treatment for last 4 h. After collection, cells
were washed with PBS and processed for RNA isolation. Further qPCR was performed with
total RNA for quantification of gene expression.

Radioimmunoassay (RIA)

To measure testosterone levels, serum-free culture medium of primary mouse Leydig cells,
infected with Ad-GFP or Ad-JICD and treated with cAMP for 48 h, was collected. This
medium was separated by centrifugation at 10000g for 5 min at 4°C and then stored at -70°C
for performing testosterone assays. Testosterone concentration was measured by RIA as
described previously [56]. The inter- and intra-assay coefficients of variation for the testoster-
one estimation were 8.7% and 9.3%, respectively [57].

Transfection assay

MA-10 cells were transiently transfected using Lipofectamine 2000 (Life Technologies Corpo-
ration, Carlsbad, CA, USA) transfection reagent, according to the manufacturer’s instructions.
For luciferase 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, pPCMV (Clontech, USA) or pSV--gal (Promega Corporation,
Wisconsin, USA). The total amount of DNA was maintained by adding the pcDNA3 empty
vector. Luciferase and p-galactosidase activities were assayed as described previously [58]. The
measured luciferase activity was normalized to lacZ expression. For siRNA experiments,
CREB siRNA 5'-UACAGCUGGCUAACAAUGG-3" and a negative control siRNA (catalog no.
1003, Bioneer Corporation, Daejeon, Republic of Korea) were used.

Quantitative PCR

Total RNA was prepared from mouse testes, primary Leydig cells, and MA-10 cells using TRI
reagent (Molecular Research Center, Inc. Cincinnati, USA) according to the manufacturer’s
instructions. Reverse transcription reactions were performed with 2 pg of total RNA using
M-MLV reverse transcriptase (Promega). Quantitative PCR was performed with TOPreal
qPCR 2X PreMIX SYBR green with high ROX (Enzynomics, Daejeon, Republic of Korea)
using StepOnePlus™ Real-Time PCR System (Applied Biosystems, Carlsbad, CA) according
to the manufacturer’s instructions. The primers used for real-time PCR are listed in S1 Table.

Statistical analysis

To identify significant differences, data were analyzed using GraphPad Prism version 8.0 (San
Diego, CA) Single comparisons between two experimental groups were analyzed using an
unpaired Student’s t-test or one-way ANOVA. Data are presented as the mean + SEM of at
least three independent experiments. For all statistical analyses, P < 0.05 was considered
significant.

PLOS ONE | https://doi.org/10.1371/journal.pone.0244553 December 30, 2020 10/14


https://doi.org/10.1371/journal.pone.0244553

PLOS ONE

Jagged1 in testicular steroidogenesis

Supporting information

S1 Table. List of gene-specific oligomers used for quantitative PCR.
(DOCX)

Acknowledgments

We thank Dr. Mario Ascoli (University of Iowa, Iowa) for kindly providing the MA-10 mouse
Leydig cells.

Author Contributions

Conceptualization: Sudeep Kumar, Keesook Lee.

Data curation: Sudeep Kumar, Hee-Sae Park, Keesook Lee.
Formal analysis: Sudeep Kumar, Hee-Sae Park, Keesook Lee.
Funding acquisition: Keesook Lee.

Methodology: Sudeep Kumar.

Supervision: Hee-Sae Park, Keesook Lee.

Writing - original draft: Sudeep Kumar.

Writing - review & editing: Sudeep Kumar, Hee-Sae Park, Keesook Lee.

References

1. TangH, Brennan J, Karl J, Hamada Y, Raetzman L, Capel B. Notch signaling maintains Leydig progeni-
tor cells in the mouse testis. Development (Cambridge, England). 2008; 135(22):3745-53. Epub 2008/
10/18. hitps://doi.org/10.1242/dev.024786 PMID: 18927153; PubMed Central PMCID: PMC3653410.

2. Defalco T, Saraswathula A, Briot A, Iruela-Arispe ML, Capel B. Testosterone levels influence mouse
fetal Leydig cell progenitors through notch signaling. Biology of reproduction. 2013; 88(4):91. Epub
2013/03/08. https://doi.org/10.1095/biolreprod.112.106138 PMID: 23467742; PubMed Central PMCID:
PMC4013875.

3. Lai EC. Notch signaling: control of cell communication and cell fate. Development (Cambridge,
England). 2004; 131(5):965-73. Epub 2004/02/20. https://doi.org/10.1242/dev.01074 PMID:
14973298.

4. De Strooper B, Annaert W, Cupers P, Saftig P, Craessaerts K, Mumm JS, et al. A presenilin-1-depen-
dent gamma-secretase-like protease mediates release of Notch intracellular domain. Nature. 1999; 398
(6727):518-22. Epub 1999/04/17. https://doi.org/10.1038/19083 PMID: 10206645.

5. HuppertSS, Le A, Schroeter EH, Mumm JS, Saxena MT, Milner LA, et al. Embryonic lethality in mice
homozygous for a processing-deficient allele of Notch1. Nature. 2000; 405(6789):966—70. https://doi.
org/10.1038/35016111 PMID: 10879540

6. Schroeter EH, Kisslinger JA, Kopan R. Notch-1 signalling requires ligand-induced proteolytic release of
intracellular domain. Nature. 1998; 393(6683):382—6. Epub 1998/06/10. https://doi.org/10.1038/30756
PMID: 9620803.

7. Kageyama R, Ohtsuka T, Kobayashi T. The Hes gene family: repressors and oscillators that orches-
trate embryogenesis. Development (Cambridge, England). 2007; 134(7):1243. https://doi.org/10.1242/
dev.000786 PMID: 17329370

8. Jarriault S, Brou C, Logeat F, Schroeter EH, Kopan R, Israel A. Signalling downstream of activated
mammalian Notch. Nature. 1995; 377(6547):355-8. Epub 1995/09/28. https://doi.org/10.1038/
37735520 PMID: 7566092.

9. Nishimura M, Isaka F, Ishibashi M, Tomita K, Tsuda H, Nakanishi S, et al. Structure, chromosomal
locus, and promoter of mouse Hes2 gene, a homologue of Drosophila hairy and Enhancer of split.
Genomics. 1998; 49(1):69-75. Epub 1998/05/08. https://doi.org/10.1006/geno.1998.5213 PMID:
9570950.

PLOS ONE | https://doi.org/10.1371/journal.pone.0244553 December 30, 2020 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0244553.s001
https://doi.org/10.1242/dev.024786
http://www.ncbi.nlm.nih.gov/pubmed/18927153
https://doi.org/10.1095/biolreprod.112.106138
http://www.ncbi.nlm.nih.gov/pubmed/23467742
https://doi.org/10.1242/dev.01074
http://www.ncbi.nlm.nih.gov/pubmed/14973298
https://doi.org/10.1038/19083
http://www.ncbi.nlm.nih.gov/pubmed/10206645
https://doi.org/10.1038/35016111
https://doi.org/10.1038/35016111
http://www.ncbi.nlm.nih.gov/pubmed/10879540
https://doi.org/10.1038/30756
http://www.ncbi.nlm.nih.gov/pubmed/9620803
https://doi.org/10.1242/dev.000786
https://doi.org/10.1242/dev.000786
http://www.ncbi.nlm.nih.gov/pubmed/17329370
https://doi.org/10.1038/377355a0
https://doi.org/10.1038/377355a0
http://www.ncbi.nlm.nih.gov/pubmed/7566092
https://doi.org/10.1006/geno.1998.5213
http://www.ncbi.nlm.nih.gov/pubmed/9570950
https://doi.org/10.1371/journal.pone.0244553

PLOS ONE

Jagged1 in testicular steroidogenesis

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Maier MM, Gessler M. Comparative analysis of the human and mouse Hey1 promoter: Hey genes are
new Notch target genes. Biochemical and biophysical research communications. 2000; 275(2):652—60.
Epub 2000/08/31. https://doi.org/10.1006/bbrc.2000.3354 PMID: 10964718.

Metrich M, Bezdek Pomey A, Berthonneche C, Sarre A, Nemir M, Pedrazzini T. Jagged1 intracellular
domain-mediated inhibition of Notch1 signalling regulates cardiac homeostasis in the postnatal heart.
Cardiovascular Research. 2015; 108(1):74—86. https://doi.org/10.1093/cvr/cvw209 PMID: 26249804

Pelullo M, Quaranta R, Talora C, Checquolo S, Cialfi S, Felli MP, et al. Notch3/Jagged1 Circuitry Rein-
forces Notch Signaling and Sustains T-ALL. Neoplasia. 2014; 16(12):1007-17. https://doi.org/10.1016/
j-ne0.2014.10.004 PMID: 25499214

Yang J, Xing H, Lu D, Wang J, Li B, Tang J, et al. Role of Jagged1/STAT3 signalling in platinum-resis-
tant ovarian cancer. Journal of cellular and molecular medicine. 2019; 23(6):4005-18. Epub 2019/04/
18. https://doi.org/10.1111/jcmm. 14286 PMID: 30993885; PubMed Central PMCID: PMC6533470.

PengJ, Zhao S, Li Y, Niu G, Chen C, Ye T, et al. DLL4 and Jagged1 are angiogenic targets of orphan
nuclear receptor TR3/Nur77. Microvascular research. 2019; 124:67-75. Epub 2019/04/02. https://doi.
0rg/10.1016/j.mvr.2019.03.006 PMID: 30930165; PubMed Central PMCID: PMC6474785.

Blackwood CA. Jagged1 is Essential for Radial Glial Maintenance in the Cortical Proliferative Zone.
Neuroscience. 2019; 413:230-8. Epub 2019/06/17. hitps://doi.org/10.1016/j.neuroscience.2019.05.
062 PMID: 31202705.

Hansamuit K, Osathanon T, Suwanwela J. Effect of Jagged1 on the expression of genes in regulation
of osteoblast differentiation and bone mineralization ontology in human dental pulp and periodontal liga-
ment cells. Journal of oral biology and craniofacial research. 2020; 10(2):233-7. Epub 2020/06/04.
https://doi.org/10.1016/j.jobcr.2019.12.003 PMID: 32489827; PubMed Central PMCID: PMC7254465.

Zhang P, Mellon SH. Multiple orphan nuclear receptors converge to regulate rat P450c17 gene tran-
scription: novel mechanisms for orphan nuclear receptor action. Molecular endocrinology (Baltimore,
Md). 1997; 11(7):891-904. Epub 1997/06/01. https://doi.org/10.1210/mend.11.7.9940 PMID: 9178749.

Maxwell MA, Muscat GE. The NR4A subgroup: immediate early response genes with pleiotropic physi-
ological roles. Nuclear receptor signaling. 2006; 4:e002. Epub 2006/04/11. https://doi.org/10.1621/nrs.
04002 PMID: 16604165; PubMed Central PMCID: PMC1402209.

Drouin J, Maira M, Philips A. Novel mechanism of action for Nur77 and antagonism by glucocorticoids:
a convergent mechanism for CRH activation and glucocorticoid repression of POMC gene transcription.
The Journal of steroid biochemistry and molecular biology. 1998; 65(1-6):59—63. Epub 1998/08/12.
https://doi.org/10.1016/s0960-0760(97)00180-5 PMID: 9699858.

Chawla A, Repa JJ, Evans RM, Mangelsdorf DJ. Nuclear receptors and lipid physiology: opening the X-
files. Science (New York, NY). 2001; 294(5548):1866—70. Epub 2001/12/01. https://doi.org/10.1126/
science.294.5548.1866 PMID: 11729302.

Steinmetz AC, Renaud JP, Moras D. Binding of ligands and activation of transcription by nuclear recep-
tors. Annual review of biophysics and biomolecular structure. 2001; 30:329-59. Epub 2001/05/08.
https://doi.org/10.1146/annurev.biophys.30.1.329 PMID: 11340063.

Wilson TE, Fahrner TJ, Milbrandt J. The orphan receptors NGFI-B and steroidogenic factor 1 establish
monomer binding as a third paradigm of nuclear receptor-DNA interaction. Molecular and cellular biol-
ogy. 1993; 13(9):5794-804. Epub 1993/09/01. https://doi.org/10.1128/mcb.13.9.5794 PMID: 8395013;
PubMed Central PMCID: PMC360322.

Philips A, Lesage S, Gingras R, Maira MH, Gauthier Y, Hugo P, et al. Novel dimeric Nur77 signaling
mechanism in endocrine and lymphoid cells. Molecular and cellular biology. 1997; 17(10):5946-51.
Epub 1997/10/07. hitps://doi.org/10.1128/mcb.17.10.5946 PMID: 9315652; PubMed Central PMCID:
PMC232442.

Song KH, Park JI, Lee MO, Soh J, Lee K, Choi HS. LH induces orphan nuclear receptor Nur77 gene
expression in testicular Leydig cells. Endocrinology. 2001; 142(12):5116—23. Epub 2001/11/20. https://
doi.org/10.1210/endo.142.12.8525 PMID: 11713204.

Stocco CO, Lau LF, Gibori G. A calcium/calmodulin-dependent activation of ERK1/2 mediates JunD
phosphorylation and induction of nur77 and 20alpha-hsd genes by prostaglandin F2alpha in ovarian
cells. The Journal of biological chemistry. 2002; 277(5):3293-302. Epub 2001/11/24. https://doi.org/10.
1074/jbc.M110936200 PMID: 11719525.

Wilson TE, Mouw AR, Weaver CA, Milbrandt J, Parker KL. The orphan nuclear receptor NGFI-B regu-
lates expression of the gene encoding steroid 21-hydroxylase. Molecular and cellular biology. 1993; 13
(2):861-8. Epub 1993/02/01. https://doi.org/10.1128/mcb.13.2.861 PMID: 8380897; PubMed Central
PMCID: PMC358969.

Martin LJ, Tremblay JJ. Glucocorticoids antagonize cAMP-induced Star transcription in Leydig cells
through the orphan nuclear receptor NR4A1. Journal of molecular endocrinology. 2008; 41(3):165-75.
Epub 2008/07/04. https://doi.org/10.1677/JME-07-0145 PMID: 18596066.

PLOS ONE | https://doi.org/10.1371/journal.pone.0244553 December 30, 2020 12/14


https://doi.org/10.1006/bbrc.2000.3354
http://www.ncbi.nlm.nih.gov/pubmed/10964718
https://doi.org/10.1093/cvr/cvv209
http://www.ncbi.nlm.nih.gov/pubmed/26249804
https://doi.org/10.1016/j.neo.2014.10.004
https://doi.org/10.1016/j.neo.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25499214
https://doi.org/10.1111/jcmm.14286
http://www.ncbi.nlm.nih.gov/pubmed/30993885
https://doi.org/10.1016/j.mvr.2019.03.006
https://doi.org/10.1016/j.mvr.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/30930165
https://doi.org/10.1016/j.neuroscience.2019.05.062
https://doi.org/10.1016/j.neuroscience.2019.05.062
http://www.ncbi.nlm.nih.gov/pubmed/31202705
https://doi.org/10.1016/j.jobcr.2019.12.003
http://www.ncbi.nlm.nih.gov/pubmed/32489827
https://doi.org/10.1210/mend.11.7.9940
http://www.ncbi.nlm.nih.gov/pubmed/9178749
https://doi.org/10.1621/nrs.04002
https://doi.org/10.1621/nrs.04002
http://www.ncbi.nlm.nih.gov/pubmed/16604165
https://doi.org/10.1016/s0960-0760%2897%2900180-5
http://www.ncbi.nlm.nih.gov/pubmed/9699858
https://doi.org/10.1126/science.294.5548.1866
https://doi.org/10.1126/science.294.5548.1866
http://www.ncbi.nlm.nih.gov/pubmed/11729302
https://doi.org/10.1146/annurev.biophys.30.1.329
http://www.ncbi.nlm.nih.gov/pubmed/11340063
https://doi.org/10.1128/mcb.13.9.5794
http://www.ncbi.nlm.nih.gov/pubmed/8395013
https://doi.org/10.1128/mcb.17.10.5946
http://www.ncbi.nlm.nih.gov/pubmed/9315652
https://doi.org/10.1210/endo.142.12.8525
https://doi.org/10.1210/endo.142.12.8525
http://www.ncbi.nlm.nih.gov/pubmed/11713204
https://doi.org/10.1074/jbc.M110936200
https://doi.org/10.1074/jbc.M110936200
http://www.ncbi.nlm.nih.gov/pubmed/11719525
https://doi.org/10.1128/mcb.13.2.861
http://www.ncbi.nlm.nih.gov/pubmed/8380897
https://doi.org/10.1677/JME-07-0145
http://www.ncbi.nlm.nih.gov/pubmed/18596066
https://doi.org/10.1371/journal.pone.0244553

PLOS ONE

Jagged1 in testicular steroidogenesis

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44,

Martin LJ, Tremblay JJ. The human 3beta-hydroxysteroid dehydrogenase/Delta5-Delta4 isomerase
type 2 promoter is a novel target for the immediate early orphan nuclear receptor Nur77 in steroidogenic
cells. Endocrinology. 2005; 146(2):861-9. Epub 2004/10/23. https://doi.org/10.1210/en.2004-0859
PMID: 15498889.

Murta D, Batista M, Silva E, Trindade A, Henrique D, Duarte A, et al. Dynamics of Notch pathway
expression during mouse testis post-natal development and along the spermatogenic cycle. PloS one.
2013; 8(8):e72767. Epub 2013/09/10. https://doi.org/10.1371/journal.pone.0072767 PMID: 24015274;
PubMed Central PMCID: PMC3755970.

Kurakula K, Koenis DS, van Tiel CM, de Vries CJ. NR4A nuclear receptors are orphans but not lone-
some. Biochimica et biophysica acta. 2014; 1843(11):2543-55. Epub 2014/07/01. https://doi.org/10.
1016/j.bbamcr.2014.06.010 PMID: 24975497.

Inaoka Y, Yazawa T, Uesaka M, Mizutani T, Yamada K, Miyamoto K. Regulation of NGFI-B/Nur77
gene expression in the rat ovary and in leydig tumor cells MA-10. Molecular reproduction and develop-
ment. 2008; 75(5):931-9. Epub 2008/01/01. https://doi.org/10.1002/mrd.20788 PMID: 18163434.

Martin LJ, Boucher N, EI-Asmar B, Tremblay JJ. cAMP-induced expression of the orphan nuclear
receptor Nur77 in MA-10 Leydig cells involves a CaMKI pathway. Journal of andrology. 2009; 30
(2):134—45. Epub 2008/10/07. https://doi.org/10.2164/jandrol.108.006387 PMID: 18835829.

Fass DM, Butler JE, Goodman RH. Deacetylase activity is required for cAMP activation of a subset of
CREB target genes. The Journal of biological chemistry. 2003; 278(44):43014-9. Epub 2003/08/27.
https://doi.org/10.1074/jbc.M305905200 PMID: 12939274.

Manna PR, Stocco DM. Regulation of the steroidogenic acute regulatory protein expression: functional
and physiological consequences. Current drug targets Immune, endocrine and metabolic disorders.
2005; 5(1):93—108. Epub 2005/03/22. https://doi.org/10.2174/1568008053174714 PMID: 15777208.

Ascoli M, Fanelli F, Segaloff DL. The lutropin/choriogonadotropin receptor, a 2002 perspective. Endo-
crine reviews. 2002; 23(2):141-74. Epub 2002/04/12. https://doi.org/10.1210/edrv.23.2.0462 PMID:
11943741.

Kumar S, Kang H, Park E, Park HS, Lee K. The expression of CKLFSF2B is regulated by GATA1 and
CREB in the Leydig cells, which modulates testicular steroidogenesis. Biochimica et biophysica acta
Gene regulatory mechanisms. 2018; 1861(12):1063-75. Epub 2018/10/16. https://doi.org/10.1016/j.
bbagrm.2018.10.002 PMID: 30321752.

Qamar |, Gong EY, Kim Y, Song CH, Lee HJ, Chun SY, et al. Anti-steroidogenic factor ARR19 inhibits
testicular steroidogenesis through the suppression of Nur77 transactivation. The Journal of biological
chemistry. 2010; 285(29):22360-9. Epub 2010/05/18. https://doi.org/10.1074/jbc.M109.059949 PMID:
20472563; PubMed Central PMCID: PMC2903400.

Azimi M, Brown NL. Jagged1 protein processing in the developing mammalian lens. Biology open.
2019; 8(3). Epub 2019/03/21. https://doi.org/10.1242/bio.041095 PMID: 30890522; PubMed Central
PMCID: PMC6451331.

Antfolk D, Sjoqvist M, Cheng F, Isoniemi K, Duran CL, Rivero-Muller A, et al. Selective regulation of
Notch ligands during angiogenesis is mediated by vimentin. Proceedings of the National Academy of
Sciences of the United States of America. 2017; 114(23):E4574—e81. Epub 2017/05/24. https://doi.org/
10.1073/pnas.1703057114 PMID: 28533359; PubMed Central PMCID: PMC5468602.

Ascano JM, Beverly LJ, Capobianco AJ. The C-terminal PDZ-ligand of JAGGED1 is essential for cellu-
lar transformation. The Journal of biological chemistry. 2003; 278(10):8771-9. Epub 2002/12/24.
https://doi.org/10.1074/jbc.M211427200 PMID: 12496248.

LaVoie MJ, Selkoe DJ. The Notch ligands, Jagged and Delta, are sequentially processed by alpha-
secretase and presenilin/gamma-secretase and release signaling fragments. The Journal of biological
chemistry. 2003; 278(36):34427-37. Epub 2003/06/27. https://doi.org/10.1074/jbc.M302659200 PMID:
12826675.

Kim MY, Jung J, Mo JS, Ann EJ, Ahn JS, Yoon JH, et al. The intracellular domain of Jagged-1 interacts
with Notch1 intracellular domain and promotes its degradation through Fbw7 E3 ligase. Experimental
cell research. 2011; 317(17):2438—46. Epub 2011/08/09. https://doi.org/10.1016/j.yexcr.2011.07.014
PMID: 21820430.

Park E, Kumar S, Lee B, Kim KJ, Seo JE, Choi HS, et al. Estrogen receptor-related receptor gamma
regulates testicular steroidogenesis through direct and indirect regulation of steroidogenic gene expres-
sion. Molecular and cellular endocrinology. 2017; 452:15-24. Epub 2017/05/10. https://doi.org/10.
1016/j.mce.2017.05.002 PMID: 28479375.

Payne AH, Hales DB. Overview of steroidogenic enzymes in the pathway from cholesterol to active ste-
roid hormones. Endocrine reviews. 2004; 25(6):947—-70. Epub 2004/12/08. https://doi.org/10.1210/er.
2003-0030 PMID: 15583024.

PLOS ONE | https://doi.org/10.1371/journal.pone.0244553 December 30, 2020 13/14


https://doi.org/10.1210/en.2004-0859
http://www.ncbi.nlm.nih.gov/pubmed/15498889
https://doi.org/10.1371/journal.pone.0072767
http://www.ncbi.nlm.nih.gov/pubmed/24015274
https://doi.org/10.1016/j.bbamcr.2014.06.010
https://doi.org/10.1016/j.bbamcr.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/24975497
https://doi.org/10.1002/mrd.20788
http://www.ncbi.nlm.nih.gov/pubmed/18163434
https://doi.org/10.2164/jandrol.108.006387
http://www.ncbi.nlm.nih.gov/pubmed/18835829
https://doi.org/10.1074/jbc.M305905200
http://www.ncbi.nlm.nih.gov/pubmed/12939274
https://doi.org/10.2174/1568008053174714
http://www.ncbi.nlm.nih.gov/pubmed/15777208
https://doi.org/10.1210/edrv.23.2.0462
http://www.ncbi.nlm.nih.gov/pubmed/11943741
https://doi.org/10.1016/j.bbagrm.2018.10.002
https://doi.org/10.1016/j.bbagrm.2018.10.002
http://www.ncbi.nlm.nih.gov/pubmed/30321752
https://doi.org/10.1074/jbc.M109.059949
http://www.ncbi.nlm.nih.gov/pubmed/20472563
https://doi.org/10.1242/bio.041095
http://www.ncbi.nlm.nih.gov/pubmed/30890522
https://doi.org/10.1073/pnas.1703057114
https://doi.org/10.1073/pnas.1703057114
http://www.ncbi.nlm.nih.gov/pubmed/28533359
https://doi.org/10.1074/jbc.M211427200
http://www.ncbi.nlm.nih.gov/pubmed/12496248
https://doi.org/10.1074/jbc.M302659200
http://www.ncbi.nlm.nih.gov/pubmed/12826675
https://doi.org/10.1016/j.yexcr.2011.07.014
http://www.ncbi.nlm.nih.gov/pubmed/21820430
https://doi.org/10.1016/j.mce.2017.05.002
https://doi.org/10.1016/j.mce.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28479375
https://doi.org/10.1210/er.2003-0030
https://doi.org/10.1210/er.2003-0030
http://www.ncbi.nlm.nih.gov/pubmed/15583024
https://doi.org/10.1371/journal.pone.0244553

PLOS ONE

Jagged1 in testicular steroidogenesis

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Stocco DM. StAR protein and the regulation of steroid hormone biosynthesis. Annual review of physiol-
ogy. 2001; 63:193-213. Epub 2001/02/22. https://doi.org/10.1146/annurev.physiol.63.1.193 PMID:
11181954.

Qin L, Zhao D, Xu J, Ren X, Terwilliger EF, Parangi S, et al. The vascular permeabilizing factors hista-
mine and serotonin induce angiogenesis through TR3/Nur77 and subsequently truncate it through
thrombospondin-1. Blood. 2013; 121(11):2154—64. Epub 2013/01/15. https://doi.org/10.1182/blood-
2012-07-443903 PMID: 23315169; PubMed Central PMCID: PMC3596973.

Zeng H, Qin L, Zhao D, Tan X, Manseau EJ, Van Hoang M, et al. Orphan nuclear receptor TR3/Nur77
regulates VEGF-A-induced angiogenesis through its transcriptional activity. The Journal of experimen-
tal medicine. 2006; 203(3):719-29. Epub 2006/03/08. https://doi.org/10.1084/jem.20051523 PMID:
16520388; PubMed Central PMCID: PMC2118245.

Ge RS, Dong Q, Sottas CM, Papadopoulos V, Zirkin BR, Hardy MP. In search of rat stem Leydig cells:
identification, isolation, and lineage-specific development. Proceedings of the National Academy of Sci-
ences of the United States of America. 2006; 103(8):2719-24. Epub 2006/02/10. https://doi.org/10.
1073/pnas.0507692103 PMID: 16467141; PubMed Central PMCID: PMC1413776.

Chen H, Lin RJ, Schiltz RL, Chakravarti D, Nash A, Nagy L, et al. Nuclear receptor coactivator ACTR is
a novel histone acetyltransferase and forms a multimeric activation complex with P/CAF and CBP/
p300. Cell. 1997; 90(3):569-80. Epub 1997/08/08. https://doi.org/10.1016/s0092-8674(00)80516-4
PMID: 9267036.

Kamei Y, Xu L, Heinzel T, Torchia J, Kurokawa R, Gloss B, et al. A CBP integrator complex mediates
transcriptional activation and AP-1 inhibition by nuclear receptors. Cell. 1996; 85(3):403—14. Epub
1996/05/03. https://doi.org/10.1016/s0092-8674(00)81118-6 PMID: 8616895.

Blobel GA, Nakajima T, Eckner R, Montminy M, Orkin SH. CREB-binding protein cooperates with tran-
scription factor GATA-1 and is required for erythroid differentiation. Proceedings of the National Acad-
emy of Sciences of the United States of America. 1998; 95(5):2061—6. Epub 1998/04/16. https://doi.
org/10.1073/pnas.95.5.2061 PMID: 9482838; PubMed Central PMCID: PMC19248.

Lee SY, Gong EY, Hong CY, Kim KH, Han JS, Ryu JC, et al. ROS inhibit the expression of testicular ste-
roidogenic enzyme genes via the suppression of Nur77 transactivation. Free radical biology & medicine.
2009; 47(11):1591-600. Epub 2009/09/16. https://doi.org/10.1016/j.freeradbiomed.2009.09.004 PMID:
19751824.

Lee YS, Kim HJ, Lee HJ, Lee JW, Chun SY, Ko SK, et al. Activating signal cointegrator 1 is highly
expressed in murine testicular Leydig cells and enhances the ligand-dependent transactivation of
androgen receptor. Biology of reproduction. 2002; 67(5):1580—7. Epub 2002/10/23. https://doi.org/10.
1095/biolreprod.102.006155 PMID: 12390891.

Ascoli M. Characterization of Several Clonal Lines of Cultured Ley dig Tumor Cells: Gonadotropin
Receptors and Steroidogenic Responses*. Endocrinology. 1981; 108(1):88-95. https://doi.org/10.
1210/endo-108-1-88 PMID: 6257492

Park E, Kim Y, Lee HJ, Lee K. Differential regulation of steroidogenic enzyme genes by TRalpha signal-
ing in testicular Leydig cells. Molecular endocrinology (Baltimore, Md). 2014; 28(6):822-33. Epub 2014/
04/15. https://doi.org/10.1210/me.2013-1150 PMID: 24725081.

Lee SY, Park E, Kim SC, Ahn RS, Ko C, Lee K. ERalpha/E2 signaling suppresses the expression of ste-
roidogenic enzyme genes via cross-talk with orphan nuclear receptor Nur77 in the testes. Molecular
and cellular endocrinology. 2012; 362(1-2):91-103. Epub 2012/06/12. https://doi.org/10.1016/..mce.
2012.05.015 PMID: 22683664.

Suh JH, Gong EY, Hong CY, Park E, Ahn RS, Park KS, et al. Reduced testicular steroidogenesis in
tumor necrosis factor-alpha knockout mice. The Journal of steroid biochemistry and molecular biology.
2008; 112(1-3):117-21. Epub 2008/10/04. https://doi.org/10.1016/j.jsbmb.2008.09.003 PMID:
18832037.

Hong CY, Park JH, Ahn RS, Im SY, Choi HS, Soh J, et al. Molecular mechanism of suppression of tes-
ticular steroidogenesis by proinflammatory cytokine tumor necrosis factor alpha. Molecular and cellular
biology. 2004; 24(7):2593-604. Epub 2004/03/17. https://doi.org/10.1128/mcb.24.7.2593-2604.2004
PMID: 15024051; PubMed Central PMCID: PMC371106.

PLOS ONE | https://doi.org/10.1371/journal.pone.0244553 December 30, 2020 14/14


https://doi.org/10.1146/annurev.physiol.63.1.193
http://www.ncbi.nlm.nih.gov/pubmed/11181954
https://doi.org/10.1182/blood-2012-07-443903
https://doi.org/10.1182/blood-2012-07-443903
http://www.ncbi.nlm.nih.gov/pubmed/23315169
https://doi.org/10.1084/jem.20051523
http://www.ncbi.nlm.nih.gov/pubmed/16520388
https://doi.org/10.1073/pnas.0507692103
https://doi.org/10.1073/pnas.0507692103
http://www.ncbi.nlm.nih.gov/pubmed/16467141
https://doi.org/10.1016/s0092-8674%2800%2980516-4
http://www.ncbi.nlm.nih.gov/pubmed/9267036
https://doi.org/10.1016/s0092-8674%2800%2981118-6
http://www.ncbi.nlm.nih.gov/pubmed/8616895
https://doi.org/10.1073/pnas.95.5.2061
https://doi.org/10.1073/pnas.95.5.2061
http://www.ncbi.nlm.nih.gov/pubmed/9482838
https://doi.org/10.1016/j.freeradbiomed.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19751824
https://doi.org/10.1095/biolreprod.102.006155
https://doi.org/10.1095/biolreprod.102.006155
http://www.ncbi.nlm.nih.gov/pubmed/12390891
https://doi.org/10.1210/endo-108-1-88
https://doi.org/10.1210/endo-108-1-88
http://www.ncbi.nlm.nih.gov/pubmed/6257492
https://doi.org/10.1210/me.2013-1150
http://www.ncbi.nlm.nih.gov/pubmed/24725081
https://doi.org/10.1016/j.mce.2012.05.015
https://doi.org/10.1016/j.mce.2012.05.015
http://www.ncbi.nlm.nih.gov/pubmed/22683664
https://doi.org/10.1016/j.jsbmb.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18832037
https://doi.org/10.1128/mcb.24.7.2593-2604.2004
http://www.ncbi.nlm.nih.gov/pubmed/15024051
https://doi.org/10.1371/journal.pone.0244553

