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A B S T R A C T

The aim of the study was to investigate the effects of estrogen receptors (ESR1 and ESR2) on the expression of the
proteins involved with proliferation (CCND1) and differentiation (CDKN1B and CTNNB) of Sertoli cells from rat
in different stages of development. ESR1-selective agonist PPT, but not ESR2-selective agonist DPN, increased
CCND1 expression in Sertoli cells from 5- and 15-day old rats. PPT did not have any effect on CCND1 expression in
Sertoli cells from 20- and 30-day-old rats. DPN, but not PPT, increased CDKN1B expression in Sertoli cells from
15-, 20-, 30-day-old rats. DPN did not have any effect on Sertoli cells from 5-day-old rats. 17β-estradiol (E2) and
PPT enhanced the [Methyl-3H] thymidine incorporation in Sertoli cells from 15-day-old rats, whereas the
treatment did not have any effect in 20-day-old rats. E2 and DPN, but not PPT, increased non-phosphorylated
CTNNB expression in Sertoli cells from 20-day-old rats. This upregulation was blocked by ESR2-selective
antagonist PHTPP. The activation of ESR1 and ESR2, respectively, plays a role in the proliferation and differ-
entiation of Sertoli cells in a critical period of testicular development. Furthermore, in Sertoli cells from 20-day-
old rats, upregulation of non-phosphorylated CTNNB by E2/ESR2, via c-SRC/ERK1/2 and PI3K/AKT, may play a
role in the interaction between Sertoli cells and/or in cell-germ cell adhesion and/or in the stabilization and
accumulation of CTNNB in the cytosol. CTNNB could be translocated to the nucleus and modulate the tran-
scriptional activity of specific target genes. The present study reinforces the important role of estrogen in normal
testis development.
1. Introduction

Sertoli cells provide an environment for the development of germ
cells (reviewed by Sharpe et al., 2003; Griswold 2018). A reduction in the
proliferation of Sertoli cells from neonatal rat causes a change in the
number of Sertoli cells and spermatids in the adult (Orth et al., 1988).
The rise of the proliferation in the Sertoli cells in the neonatal period of
the rat or mouse increases spermatids number and maintains the sper-
matid/Sertoli cell ratio (Simorangkir et al., 1995; Meachem et al., 1996;
Auharek et al., 2011). The number of Sertoli cells defines and predicts
population sizes of germ and Leydig cells in the adult mouse testis
(Rebourcet et al., 2017). Thus, changes in the number/proliferation of
Sertoli cells have consequent effects on fertility and health.

The differentiation of Sertoli cells is associated with a cessation of
proliferation, establishment of the blood-testis barrier, changes in the
expression of proteins, and the capacity to sustain spermatogenesis
(reviewed by Sharpe et al., 2003; Tarulli et al., 2012; Griswold 2018).
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The dynamics of the proliferation and differentiation of Sertoli cells
seem to be controlled by a complex arrangement of hormones and growth
factors (reviewed by Lucas et al., 2014a; Meroni et al., 2019). Among
them, actions of FSH (follicle stimulating hormone) (Griswold et al.
1975, 1977), insulin family of growth factors (Villalpando et al., 2008),
activin (Matzuk et al., 1995), androgens (Buzzard et al., 2003; Hazra
et al., 2013), thyroid hormones (Buzzard et al., 2003), retinoic acid
(Buzzard et al., 2003; Nicholls et al., 2013) and estrogens (Lucas et al.,
2014b) must be highlighted (reviewed by Lucas et al., 2014a; Meroni
et al., 2019). The main signal transduction pathways such as
cyclic-AMP/PKA (cyclic adenosine monophosphate/protein kinase A),
ERK1/2 (extracellular signal-regulated kinase 1/2) (Cr�epieux et al.,
2001; Lucas et al., 2008), PI3K/AKT (phosphatidylinositol 3-kinase/AKT
serine/threonine kinase) (Musnier et al., 2009), and mTORC1/p70SK6
(CREB-regulated transcription coactivator/protein70-S6-kinase-1) (Riera
et al., 2012) are involved in the proliferation of the Sertoli cell (reviewed
by Lucas et al., 2014a; Meroni et al., 2019).
October 2020
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

http://www.cell.com/heliyon
mailto:journal_logo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2020.e05363&domain=pdf


C. Macheroni et al. Heliyon 6 (2020) e05363
Concerning the role of estrogen and estrogen receptors (ERs), ESR1
(ERα) and ESR2 (ERβ), in male reproduction, Esr1KO rats or mice are
infertile with reductions in testis weight and cauda epididymal sperm
(Rumi et al., 2014). However, Esr1KO rat had lower testosterone con-
centration, in contrast to Esr1KO mice, despite showing elevated LH
levels. The Esr2KO rats were fertile and lacked reproductive tract ab-
normalities (Rumi et al., 2017), which is consistent with most observa-
tions from Esr2KO mice (Couse et al., 2000; Krege et al., 1998; Antal
et al., 2008). Studies, using knockout or transgenic animal models, have
shown that ESR1 is essential for male fertility, and that loss of the
extranuclear pool of the ESR1 is sufficient to induce extensive male
reproductive abnormalities and infertility (reviewed by Hess and Cooke,
2018).

In fact, in Sertoli cells from 15-day-old rats, our laboratory has shown
that the interaction of 17β-estradiol (E2) with ESR1 promotes cell pro-
liferation, through the activation of NF-kB (nuclear factor-kB) in PI3K-
and ERK1/2-dependent manner, and increase of the CCND1 (Cyclin D1).
In contrast, the interaction of E2 with ESR2 promotes cell cycle arrest and
cell differentiation, through the activation of CREB (cAMP response
element-binding protein) in PI3K-dependent manner, and this leads to an
increase of CDKN1B (p27kip1), GATA1 (zinc finger transcription factor)
and DMRT1 (doublesex and mab-3 related transcription factor-1) (Lucas
et al., 2014b), which are proteins related with cell cycle arrest and cell
differentiation. However, the ratio of ESR1/ESR2 expression in the basal
level (control, without treatment) favors a predominant expression of
ESR1 (Lucas et al., 2014b). Furthermore, E2 and ESR1-selective agonist
PPT enhanced the [Methyl-3H] thymidine incorporation in these cells,
indicating a proliferative effect of E2 through ESR1 at this stage of
development (15-day-old rats) (Lucas et al. 2008, 2014b).

It is important to understand the role of estrogen on the proliferation
and differentiation of the Sertoli cells during the development of the
animals. The aim of the present study was to investigate the role of each
estrogen receptor in the regulation of the proteins involved with prolif-
eration CCND1 and differentiation CDKN1B and CTNNB (β-catenin) of
Sertoli cells from rat in different stages of development.

2. Materials and methods

2.1. Sertoli cell culture

All experimental procedures performed in these studies were con-
ducted according to guidelines for the care and use of laboratory animals
as approved by the Research Ethical Committee from Escola Paulista de
Medicina-Universidade Federal de S~ao Paulo (#3723240815/2015). In
these studies, were used 280 rats at different stages of development. The
testes from 5-, 15-, 20- and 30-day-old rats were removed and decapsu-
lated, and Sertoli cells were prepared as previously described by Skinner
and Fritz (1985) with slight modification (Grima et al., 1997; Lucas et al.
2008, 2010), using serial enzymatic digestions and a hypotonic shock to
eliminate germ cell contamination (Lucas et al., 2008). Previous studies
from our laboratory evaluated the purity of rat Sertoli cell primary cul-
tures using a combination of the morphological and immunocytochem-
istry analyses and confirmed the absolute predominance of Sertoli cells
(94–98%) (Lucas et al., 2008). For CTNNB analysis, freshly isolated
Sertoli cells from 20-day-old rats were plated on Matrigel (BD Bio-
sciences, San Jose, CA, USA)-coated 6-well plate at 0.5 � 106 cells/cm2

(Li et al., 2009). The cells were 90%–95% confluent, and the number of
viable cells in each culture was more than 90%, as determined by trypan
blue exclusion. Each assay, using the cells from rats at different stages of
development, was performed on the same day.

2.2. Western blot analysis for detection of CCND1, CDKN1B, ERK1/2 and
AKT

Primary Sertoli cell cultures from 5-, 15-, 20- and 30-day-old rats
were incubated in the absence (vehicle; control, C) and presence of E2
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(0,1 nM, Sigma Chemical Co.), ESR1-selective agonist PPT (4,40,400-(4-
propyl)-(1H)-pyrazole-1,3,5-triyl) trisphenol; 10 nM; Tocris Bioscience,
Bristol, UK), or ESR2-selective agonist DPN (2,3-bis(4-hydroxyphenyl)-
propionitrile; 10 nM; (Tocris Bioscience) for 24 h at 35 �C (Lucas et al.
2008, 2014b). The agonists are highly selective at these concentrations,
as previously reported (Stauffer et al., 2000; Meyers et al., 2001; Lucas
et al., 2008; Pisolato et al., 2016). Western blot assays for CCND1,
CDKN1B and ACT (actin) were performed as previously described by
Lucas et al. (2014b). Briefly, total cell lysates (40 μg of protein/lane)
were resolved in 12% or 15% SDS/PAGE, transferred to PVDFmembrane
and probed with rabbit polyclonal antibody raised against a synthetic
peptide conjugated to keyhole limpet hemocyanin derived from residues
near the C-terminus of CCND1 (#2922, Cell Signaling Technology,
1:500); rabbit polyclonal antibody raised against a synthetic peptide
derived from residues near the N-terminus of CDKN1B of human origin
(N-20, Santa Cruz, 1:300); rabbit antibody raised against a synthetic
peptide derived from residues 20–33 of actin with N-terminus added
lysine (A5060, Sigma Aldrich, Co.). The results were normalized based
on the expression of ACT and plotted (mean � SEM) in relation to con-
trol, C (¼ 1). Western blot assays for total and phosphorylated ERK1/2
and AKT were performed as previously described (Lucas et al., 2008;
Royer et al., 2012). Total cell lysates (40 μg of protein/lane) were
resolved in 10% SDS/PAGE, transferred to PVDF membrane and probed
with rabbit polyclonal antibody raised against a synthetic peptide
derived from the sequence of rat MAPK3/1 (p44/p42 MAP kinase,
ERK1/ERK2, #9102; Cell Signaling Technology, 1:1000) or
anti-phospho-MAPK3/1 antibody (Thr202/Tyr204, #9101; Cell
Signaling Technology, 1:2000); rabbit monoclonal antibody produced by
immunizing animals with a synthetic peptide corresponding to residues
in the C-terminal sequence of mouse AKT (AKT [pan], Cell Signaling
Technology, 1:3000) or rabbit polyclonal antibody by immunizing ani-
mals with a synthetic phospho-peptide (KLH-coupled) corresponding to
residues surrounding Ser473 of mouse AKT (p-AKT, Ser473, Cell
Signaling Technology, 1:1000). The results were normalized based on the
expression of total ERK1/2 or total AKT in each sample and plotted
(mean � SEM) in relation to control (C ¼ 1).

2.3. Incorporation of [Methyl-3H] thymidine assays

Primary Sertoli cell cultures from 15- and 20-day-old rats were
initially incubated with 2 μCi/ml [Methyl-3H] thymidine for 6 h at 35 �C.
Afterward, the cells were incubated in the absence (vehicle; control, C)
and presence of E2 (0.1 nM; Sigma Chemical Co.), PPT (10 nM; Tocris
Bioscience), or DPN (10 nM; Tocris Bioscience) for 24 h at 35 �C.
Incorporation of [Methyl-3H] thymidine into cellular DNA was estimated
as previously described (Lucas et al. 2008, 2014b). Results (mean� SEM)
were expressed in relation to control (basal levels of [Methyl-3H]
thymidine incorporation, C ¼ 100%).

2.4. Immunofluorescence analysis for detection of non-phosphorylated
CTNNB

Primary Sertoli cell cultures from 20-day-old rats were grown as
described above on coverslips coated with matrigel (1:10) and placed
into 6-well plates. Sertoli cells were incubated in the absence (vehicle;
control, C) and presence of E2 (0.1 nM, Sigma Chemical Co.), PPT (10
nM; Tocris Bioscience), or DPN (10 nM; Tocris Bioscience) for 24 h at 35
�C. The cells were also untreated or pretreated with ESR2-selective
antagonist PHTPP (4-(2-phenyl-5,7-bis(trifluoromethyl)pyrazolo(1,5-a)
pyrimidin-3-yl)phenol; 10 nM; Tocris Bioscience), the selective inhibitor
of the SRC family of protein tyrosine kinases PP2 (4-amino-5-(4-chlor-
ophenyl)-7-(t-butyl) pyrazolo[3,4-d]pyrimidine; 5 nM; Calbiochem,
Darmstadt, Germany), MEK1/2 inhibitor U0126 (1,4-diamino-2,3-
dicyano-1,4-bis[2- aminophenylthio] butadiene; 20 μM; Cell Signaling
Technology), PI3K inhibitor Wortmannin (11-(acetyloxy)-
1S,6bR,7,8,9aS,10,11R,11bR-octahydro-1-(methoxymethyl)-9a,11b-



Figure 1. Effects of ESR1-selective agonist PPT and ESR2-selective agonist
DPN on the expression of CCND1 in the Sertoli cells from 5-, 15-, 20- and
30-day-old rats. A. Sertoli cells from 5-, 15-, 20- and 30-day-old rats were
incubated in the absence (C, control) and presence of PPT (10 nM) for 24 h. The
relative positions of CCND1 (top panel) and ACT (bottom panel) proteins are
shown at the right. The data shown are representative of four independent ex-
periments (top and bottom panels). See, full image in Supplemental Fig S1. Bars
represent the densitometric analysis of four independent experiments. Results
were normalized to ACT expression in each sample and plotted (mean � SEM) in
relation to control, C (¼1). *Significantly different from control (P < 0.05,
Student t-test, n ¼ 4). B. Sertoli cells from 5-day-old rats were incubated in the
absence (C, control) and presence of PPT (10 nM) or DPN (10 nM) for 24 h. The
data shown are representative of two independent experiments. See, full image
in Supplemental Fig S1. C. Sertoli cells from 5-, 15-, 20- and 30-day-old rats
were incubated in the absence of agonists (C, control, basal levels). Bars
represent the densitometric analysis of four independent experiments. Results
were normalized to ACT expression in each sample and plotted (mean � SEM).
# Significantly different from 20- or 30-day-od rats (P < 0.05, Newman-
Keuls test).
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dimethyl-3H-furo[4,3,2-de]indeno[4,5-h]-2- benzopyran-3,6,9-trione;
100 nM; Sigma Chemical Co.) or AKT inhibitor MK-2206 (8-(4-(1-ami-
nocyclobutyl)phenyl)-9-phenyl-[1,2,4]triazolo[3,4-f][1,6]naphthyridin-
3(2H)-one; 200 nM; Selleckchem, Houston, TX, USA) for 30 min. After-
ward, the cells were incubated in the absence and presence of DPN (10
nM, 24 h). The agonists, antagonist and inhibitors are highly selective, at
these concentrations, as previously reported (Stauffer et al., 2000; Mey-
ers et al., 2001; Lucas et al., 2008; Royer et al., 2012; Pisolato et al., 2016;
Lombardi et al., 2016). The medium was removed; the cells were washed
with PBS (phosphate buffered saline, 137 mM NaCl, 2.68 mM KCl, 6.03
mM Na2HPO4 and 1,47 mM KH2PO4; pH 7.4; Sigma Chemical Co.), fixed
in 2% paraformaldehyde for 20 min at room temperature and washed
with PBS containing 0.1M glycine. The immunofluorescence assays were
performed as previously described (Lombardi et al., 2016), using poly-
clonal antibody produced in rabbits by immunization with a synthetic
peptide corresponding to the region around Ser37 (Ser33/37/Thr41) of
human β-catenin (non-phosphorylated β-catenin) (#4270, Cell Signaling
Technology; 1:200). Cells were also incubated with Alexa Fluor
488-labeled secondary antibody (Molecular Probe, Life Technologies;
1:300). Nuclear staining was performed with DAPI (40,6-dia-
midino-2-phenylindole, Sigma Chemical Co.). Negative control was
performed using normal rabbit serum at the same dilution of antibody.
Immunostaining of non-phosphorylated CTNNB was visualized under a
confocal microscope Leica Microsystems TCSSP8 (Leica Inc. Wetzlar,
Germany), objective lenses of 63x. Images of the five randommicroscope
fields were captured, in duplicate, in each assay (three independent ex-
periments) and analyzed using the software LAS-AF.

2.5. Protein assays

Protein concentration was determined by the Bio-Rad protein assay,
using bovine serum albumin as the standard (Bio Rad Laboratories Inc.,
Richmond, CA, USA).

2.6. Statistical analysis

Data were expressed as mean � SEM. Statistical analysis was carried
out by ANOVA (Prism software, version 5.00; GraphPad) followed by the
Newman-Keuls test for multiple comparisons or by Student t-test to
compare the differences between two data. P values<0.05 were accepted
as significant.

3. Results

3.1. Activation of ESR1 upregulates the expression of CCND1 and
proliferation of Sertoli cells from 5- and 15-day-old rats

The expression of CCND1 was higher in Sertoli cells (control, C) ob-
tained from 5- and 15-day-old rats than in 20- and 30-day old rats
(Figure 1A, top panel, Figure 1C and Supplemental Figure S1A, top
panel).

The activation of ESR1 by PPT (10 nM, 24 h) increased about 4- and
2-fold, respectively, the expression of CCND1 in Sertoli cells from 5- and
15-day old rats. PPT did not have any effect on CCND1 expression in
Sertoli cells from 20- and 30-day-old rats (Figure 1A and Supplemental
Figure S1A, top panel).

The activation of ESR2 by DPN did not have any effect on CCND1
expression in Sertoli cells from 5-day-old rats (Figure 1B and Supple-
mental Figure S1B) and, also in Sertoli cells from 15-day old rats (Royer
et al., 2012).

Taken together, these results indicate the involvement of ESR1 in the
expression of CCND1 in Sertoli cells from 5- and 15-day-old rats.

To confirm the involvement of ESR1 on the proliferation of Sertoli
cells, [Methyl-3H] thymidine incorporation assays were performed. The
basal incorporation of [methyl-3H] thymidine was higher in Sertoli cells
obtained from 15-day-old rats than in 20-day old rats (Figure 2A). In
3
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Figure 2. Effects of 17β-estradiol (E2), ESR1-selective agonist PPT and
ESR2-selective agonist DPN on the incorporation of [Methyl-3H thymidine
in the Sertoli cells from 15- and 20-day-old rats. Sertoli cells from 15- and 20-
day-old rats were initially incubated with 2 μCi/ml [Methyl-3H]thymidine for 6
h. After this incubation, A. cells were incubated in the absence of the agonists
for 24 h (basal [Methyl-3H] thymidine incorporation). B and C. cells were
incubated in the absence (C, control, basal [Methyl-3H] thymidine incorpora-
tion) and presence of E2 (0.1 nM), PPT (10 nM) or DPN (10 nM) for 24 h. Bound
radioactivity was determined and the results plotted (mean � SEM, n ¼ 3 in-
dependent experiments). *Significantly different from control (P < 0.05, Stu-
dent t-test or Newman-Keuls test).

Figure 3. Effects of ESR1-selective agonist PPT and ESR2-selective agonist
DPN on the expression of CDKN1B in the Sertoli cells from 5-, 15-, 20- and
30-day-old rats. A. Sertoli cells from 30-, 20- and 15-day-old rats were incu-
bated in the absence (C, control) and presence of DPN (10 nM) for 24 h. The
relative positions of CDKN1B (top panel) and ACT (bottom panel) proteins are
shown at the right. The data shown are representative of four independent ex-
periments (top and bottom panels). See, full image in Supplemental Fig S3. Bars
represent the densitometric analysis of four independent experiments. Results
were normalized to ACT expression in each sample and plotted (mean � SEM) in
relation to control (C ¼ 1). *Significantly different from control (P < 0.05,
Student t-test, n ¼ 4). B. Sertoli cells from 30- and 5-day-old rats were incubated
in the absence (C, control) and presence of PPT (10 nM) or DPN (10 nM) for 24
h. The data shown are representative of two independent experiments. See, full
image in Supplemental Fig S3. C. Sertoli cells from 5-, 15-, 20- and 30-day-old
rats were incubated in the absence of agonists (C, control). Bars represent the
densitometric analysis of four independent experiments. Results were normal-
ized to ACT expression in each sample and plotted (mean � SEM). # Signifi-
cantly different from 20- or 30-day-od rats (P < 0.05, Newman-Keuls test).
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Sertoli cells from 15-day-old rats, the treatment with E2 (0.1 nM, 24 h)
and PPT (10 nM, 24 h) enhanced the [Methyl-3H] thymidine incorpo-
ration compared with control cells (C), whereas treatment with DPN (10
nM, 24 h) did not have any effect (Figure 2B), confirming the previous
study from our laboratory (Lucas et al., 2014b). On the other hand, the
treatment with E2, PPT or DPN did not have any effect on [Methyl-3H]
thymidine incorporation in Sertoli cells from 20-day-old rats (Figure 2C).
4

Taken together, these results confirm that the activation of ESR1 induces
the proliferation of the Sertoli cell from 15-day-old rats. Cell cycle arrest
was observed in Sertoli cells from 20-day-old rats (present study).
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3.2. Activation of ESR2 upregulates the expression of CDKN1B in Sertoli
cells from 20- and 30-day-old rats

The basal levels of CDKN1B were higher in Sertoli cells from 20- and
30-day-old than from 5- and 15-day-old rats (Figure 3A and B, top panel,
Figure 3C and Supplemental Figure S3A and B, top panel).
5

The activation of ESR2 by DPN (10 nM, 24 h) increased about 2-, 3-
and 1.5-fold, respectively, the expression of CDKN1B in Sertoli cells
from 30-, 20- and 15-day old rats (Figure 3A and Supplemental
Figure S3A, top panel). DPN did not have any effect on CDKN1B
expression in Sertoli cells from 5-day-old rats (Figure 3B and Supple-
mental Figure S3B, top panel).
Figure 4. Effects of 17β-estradiol (E2),
ESR1-selective agonist PPT and ESR2-
selective agonist DPN on the expression
of non-phosphorylated CTNNB in the
Sertoli cells from 20-day-old rats. Sertoli
cells from 20-day-old rats were incubated in
the absence (C, control) and presence of E2
(0.1 nM), PPT (10 nM) or DPN (10 nM) for
24 h. Immunostaining for CTNNB (green)
was detected using an antibody specific for
non-phosphorylated CTNNB and Alexa Fluor
488-labeled secondary antibody. Nuclei were
stained with DAPI (blue). Negative control
(NC) was performed using normal rabbit
serum at the same dilution of antibody. Scale
bar as indicated. The data shown are repre-
sentative of three independent experiments.
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The activation of ESR1 by PPT (10 nM, 24 h) did not have any effect
on the expression of CDKN1B in Sertoli cells from 30- and 5-day-old rats
(Figure 3B and Supplemental Figure S3B) and also in Sertoli cells from
15-day old rats (Lucas et al., 2014b).

Taken together, these results indicate the involvement of ESR2 in the
expression of CDKN1B in Sertoli cells from 15-, 20- and 30-day-old rats,
suggesting the role of ESR2 at the end of the proliferation of Sertoli cells
and the start of differentiation.
6

3.3. Activation of ESR2 upregulates the expression of non-phosphorylated
CTNNB in Sertoli cells from 20-day-old rats

In the rat, the Sertoli cell barrier (blood-testis barrier, BTB) assembles
on postnatal days 16–21 (Bergmann and Dierichs 1983), and it is asso-
ciated with Sertoli cell differentiation. In this study, in nonstimulated
Sertoli cells from 20-day-old rats (control, C), non-phosphorylated
CTNNB was detected near the plasma membrane region and in the
Figure 5. Effects of ESR2-selective antagonist
PHTPP on the expression of non-phosphorylated
CTNNB induced by DPN in the Sertoli cells from
20-day-old rats. Sertoli cells from 20-day-old rats
were incubated in the absence (C, control) and pres-
ence of DPN (10 nM) for 24 h. The cells were also
untreated or pretreated with ESR2-selective antago-
nist PHTPP (10 nM) for 30 min. Afterward, the cells
were stimulated with DPN (10 nM) 24 h. Immuno-
staining for CTNNB (green) was detected using an
antibody specific for non-phosphorylated CTNNB and
Alexa Fluor 488-labeled secondary antibody. Nuclei
were stained with DAPI (blue). Negative control (NC)
was performed using normal rabbit serum at the same
dilution of antibody. Scale bar as indicated. The data
shown are representative of three independent
experiments.

mailto:Image of Figure 5|tif


Figure 6. Effects of proteins kinases inhibitors on the expression of non-
phosphorylated CTNNB induced by DPN in the Sertoli cells from 20-day-
old rats. Sertoli cells from 20-day-old rats were incubated in the absence (C,
control) and presence of DPN (10 nM) for 24 h. The cells were also untreated or
pretreated with PP2, an inhibitor of the SRC family of protein tyrosine kinases;
U0126, an inhibitor of MEK1/2; Wortmannin, an inhibitor of PI3K and MK-
2206, an inhibitor of AKT for 30 min. Afterward, the cells were stimulated
with DPN (10 nM) 24h. Immunostaining for CTNNB (green) was detected using
an antibody specific for non-phosphorylated CTNNB and Alexa Fluor 488-
labeled secondary antibody. Nuclei were stained with DAPI (blue). Negative
control was performed using normal rabbit serum at the same dilution of anti-
body. Scale bar as indicated. The data shown are representative of three inde-
pendent experiments. Note: Control, C, and DPN are the same results of the
Figure 5. All treatments were performed on the same day (Figures 5 and 6).
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cytoplasm (Figure 4). The treatment with E2 (0.1 nM, 24 h) and DPN (10
nM, 24 h), but not PPT (10 nM, 24 h), induced an increase in the
expression of non-phosphorylated CTNNB in these cells (Figure 4).
Intense non-phosphorylated CTNNB immunostaining was found in the
plasma membrane region and the cytoplasm of Sertoli cells from 20-day--
old rats (Figure 4). No immunostaining was observed in the negative
control (Figure 4).

The upregulation of non-phosphorylated CTNNB induced by DPN (10
nM, 24h) was blocked by pretreatment with PHTPP, indicating that ESR2
is an upstream receptor involved in this process (Figure 5). PHTPP alone
did not have any effect (Figure 5).

The upregulation of non-phosphorylated CTNNB induced by DPNwas
blocked by PP2, an inhibitor of the SRC family of protein tyrosine ki-
nases; U0126, an inhibitor of MEK1/2; Wortmannin, an inhibitor of PI3K
and MK-2206, an inhibitor of AKT (Figure 6). PP2, U0126, Wortmannin
or MK-2206 alone did not have any effect (data not shown). Taken
together, our results indicate that in Sertoli cells from 20-day-old rats, E2-
and DPN-ESR2, through activation of SRC/ERK1/2 and PIK3/AKT
pathways, are involved in the upregulation of non-phosphorylated
CTNNB expression.

It is important to mention that activation of estrogen receptors by E2
or DPN induced ERK and AKT phosphorylation in Sertoli cells from 20-
day-old rats (Supplemental Figure S4 and S5).

4. Discussion

The regulation of the proliferation and differentiation of Sertoli cells
in neonatal, peripubertal, and pubertal life remains one of the most
critical questions in testicular biology and remain to be better explored
(reviewed by Lucas et al., 2014a).

CCND1-Cyclin-dependent kinase 4/6 (CDK4/6) complex upon spe-
cific signals, among them the E2, promotes cell cycle progression and
transformation in different cells (reviewed by Fang et al., 2018). The
activity of the CCND1-CDK4/6 complex is inhibited by the CDK in-
hibitors p21Cip1/WAF1 (CDKN1A), p27Kip1 (CDKN1B) and p57Kip2

(CDKN1C) (reviewed by Murray 2004; Chu et al., 2008; Starostina and
Kipreos 2012). In the present study, the expression of the CCND1 is
higher in cultured Sertoli cells obtained from 5- and 15-day-old rats than
in 20- and 30-day-old rats. On the other hand, the expression of the
CDKN1B is higher in Sertoli cells from 20- and 30-day-old than in 5- and
15-day-old rats. Kang et al. (1997) also showed that the basal level of
CCND1 is high in the testis from 7- and 14-day-old rats and decreases
during testicular development. While the expression of CDKN1B is
minimal in rapidly proliferating neonatal mice (3 and 4-day-old) and
maximal in postmitotic adult Sertoli cells (Beumer et al., 1999). Taken
together, these results suggest the regulated expression of CCND1 and
CDKN1B in Sertoli cells during a specific phase of the rat and mouse
development.

Several hormones, growth factors and their receptors, including E2-
ERs, may be involved in the regulation of the expression of CCND1 and
CDKN1B (reviewed by Lucas et al., 2014a; Meroni et al., 2019). In fact, an
increase in the expression of CCND1 induced by PPT, but not DPN, was
detected in the Sertoli cells from 5- and 15-day-old rats, indicating the
involvement of ESR1 on the proliferation of these cells in rats with 5 and
15 days of age. Furthermore, the expression of the CDK inhibitor
(CDKN1B) enhanced 2- and 3-fold by DPN, but not by PPT, in the Sertoli
cells from 30- and 20-day-old rats, respectively. The activation of ERs by
E2, PPT or DPN did not change the incorporation of [Methyl-3H]
thymidine in Sertoli cells from 30-day-old rats. Taken together, these
results indicate the role of ESR2 in the cell cycle arrest and/or Sertoli cell
differentiation.

The differentiation of Sertoli cell is also associated with the estab-
lishment of the blood-testis barrier (BTB), and the capacity to sustain
spermatogenesis (reviewed by Sharpe et al., 2003; Tarulli et al., 2012;
Cheng and Mruk 2012; Lucas et al., 2014a). In the rat, the Sertoli cell
barrier (BTB) assembles on postnatal days 16–21 (Bergmann and
7

Dierichs 1983). In the present study, Sertoli cells were cultured in vitro
with matrigel to allow the establishment of a tight junction (TJ) barrier
that mimicked the BTB in vivo (Siu et al., 2005; Li et al., 2009; Gao et al.,
2017). CTNNB is present in this barrier and plays a role in spermato-
genesis. CTNNB is found in the ectoplasmic specialization (ES), a
testis-specific adherens junction formed between Sertoli cells in the basal

mailto:Image of Figure 6|tif
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compartment (basal ES), site of the blood-testis barrier, as well as be-
tween Sertoli and germ cells in the adluminal compartment (apical ES) of
the seminiferous epithelium (reviewed by Cheng and Mruk 2012). In
addition to its role in cell–cell junctions, CTNNB is a key mediator in the
canonical Wnt signaling pathway. The involvement of Wnt/CTNNB
signaling in spermatogenesis has also been explored (Kerr et al., 2014).

The treatment with E2 and DPN, but not PPT, induced an increase in
the expression of the non-phosphorylated CTNNB in Sertoli cells from 20-
day-old rats. This upregulation of the non-phosphorylated CTNNB was
blocked by pretreatment with ESR2-selective antagonist PHTPP, indi-
cating that ESR2 is the upstream receptor involved in this process. The
precise mechanism for Ctnnb gene regulation by ESR2 is not fully un-
derstood. No estrogen-responsive element (ERE)-related sequence has
been identified in the proximal Ctnnb promoter. We identified consensus
regions for specific protein transcription factor (Sp-1), c-Fos, c-Jun and
zinc finger transcription factor (GATA-3) (analyzed by TRANFAC)
(Lombardi et al., 2016), potential elements that may be involved in the
transcriptional regulation of the Ctnnb gene by ERs.

The role of signaling pathways of the ER present in the membrane has
been shown in many organs (reviewed by Levin, 2018) and also in Sertoli
cells (reviewed by Lucas et al., 2014a; Meroni et al., 2019; Ni et al.,
2020). The link between the activation of ER and protein kinases
(ERK1/2 and AKT) has been shown in Sertoli cells from 15-day old rats
(Lucas et al. 2008, 2014b; Royer et al., 2012) and from 20-day-old rats
(present study). Furthermore, nonreceptor protein tyrosine kinase c-SRC
(Lee and Cheng, 2005; Xiao et al., 2012), ERK1/2 (reviewed by Wong
and Cheng 2005) and AKT1/2 (Gao et al., 2017) are present in the Sertoli
cell barrier. Thus, these proteins may be involved in the regulation of the
expression of non-phosphorylated CTNNB induced by the complex
E2-ESR2-transcription factors. In fact, the upregulation of the
non-phosphorylated CTNNB induced by DPN-ESR2 was blocked by PP2,
an inhibitor of the SRC family of protein tyrosine kinases; U0126, an
inhibitor of MEK1/2; Wortmannin, an inhibitor of PI3K and MK-2206, an
inhibitor of AKT. Taken together, E2- or DPN-ESR2 complex, through
activation of SRC/ERK1/2 and PIK3/AKT pathways, is involved in the
upregulation of the expression of non-phosphorylated CTNNB.

Currently, studies rarely focus on the relationship between hormones
and their signaling pathways in Sertoli cells, spermatogenesis, and clin-
ical cases. However, the signaling pathways, especially the ER signaling
pathways, promise a great future in the diagnosis and therapy of male
diseases, as well as drug development.

In conclusion, the activation of estrogen receptors ESR1 and ESR2,
respectively, play a role in the proliferation and differentiation of Sertoli
cells in a critical period in testicular development (see Graphical ab-
stract). The regulation of CTNNB by 17β-estradiol/ESR2, via c-SRC/
ERK1/2 and PI3K/AKT,may play a role in the interaction between Sertoli
cells and/or in cell-germ cell adhesion and/or in the stabilization and
accumulation of CTNNB in the cytosol. CTNNB could be translocated to
the nucleus and modulate the transcriptional activity of specific target
genes. Our findings are important to clarify the role of estrogen in a
critical period of testicular development.
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