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Considering that the role of ERb in the growth of pituitary cells is not well known, the aim of this work
was to determine the expression of ERb in normal and tumoral cells and to investigate its implications in
the proliferative control of this endocrine gland, by analyzing the participation of cyclin D1, Cdk4 and
p21. Our results showed that the expression of ERb decreased during pituitary tumoral development
induced by chronic E2 stimulation. The 20 ± 1.6% of normal adenohypophyseal cells expressed ERb, with
this protein being reduced in the hyperplastic/adenomatous pituitary: at 20 days the ERbþ population
was 10.7 ± 2.2%, while after 40 and 60 days of treatment an almost complete loss in the ERb expression
was observed (40d: 1 ± 0.6%; 60d: 2 ± 0.6%). The ERa/b ratio increased starting from tumors at 40 days,
mainly due to the loss of ERb expression. The cell proliferation was analyzed in normal and hyperplastic
pituitary and also in GH3b� and GH3bþ which contained different levels of ERb expression, and
therefore different ERa/b ratios. The over-expression of ERb inhibited the GH3 cell proliferation and
expression of cyclin D1 and ERa. Also, the ERb activation by its agonist DPN changed the subcellular
localization of p21, inducing an increase in the p21 nuclear expression, where it acts as a tumoral sup-
pressor. These results show that ERb exerts an inhibitory role on pituitary cell proliferation, and that this
effect may be partially due to the modulation of some key regulators of the cell cycle, such as cyclin D1
and p21. These data contribute significantly to the understanding of the ER effects in the proliferative
control of pituitary gland, specifically related to the ERb function in the E2 actions on this endocrine
gland.

© 2015 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

The pituitary gland is a target of estrogen, which stimulates
prolactin secretion and modulates the lactotroph cell population
size (Bulayeva et al., 2005; Sosa et al., 2012). Under physiological
conditions, the number of prolactin-secreting cells and the serum
17b-estradiol; DPN, (4-
opyl-[1H]-pyrazole-1,3,5-tryl)
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prolactin content oscillate according to the systemic requirements
and the levels of circulating 17b-estradiol (E2), which is the most
active estrogen in the body. However, this well-balanced equilib-
rium can be affected by several not well understood factors, leading
to a faster rate of cell division that may eventually result in the
development of pituitary tumors, which has generated a great ac-
ademic interest in the mechanisms that regulate cell proliferation
in this gland.

E2 mediates its biological effects by acting through the specific
estrogen receptors (ER), a and b, both of which have been identified
in different pituitary endocrine cell types (Mitchner et al., 1998).
Although an important number of studies have demonstrated the
role of ERa in pituitary cell proliferation (Gutierrez et al., 2008;
Zarate et al., 2009), the role of ERb in the growth of pituitary cells
is not well known, with the functions of this ER subtype in the
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pathophysiology of this gland still being obscure.
While there is no evidence linking ERb with the regulation of

anterior pituitary cell proliferation, some studies have investigated
the expression of ER in pituitary tumors. In male ERa, ERb, or ERa/
ERb knockout mice, the development of pituitary tumors has not
been detected. However, in femalemice, the loss of ERb induced the
development of large pituitary tumors (Fan et al., 2010). Moreover,
it has been shown that ERa and ERb are differentially expressed in
the various human pituitary adenoma subtypes. A significantly
elevated ERa expression was observed in macroadenomas
compared with microadenomas and also in non-invasive compared
to invasive tumors (Manoranjan et al., 2010). The ERa expression
was significantly increased and the ERb expression decreased in
human non-functional pituitary adenomas, suggesting that the
balance between ERa and ERb may affect the invasion of these
tumors (Zhou et al., 2011). Also, the ERa values were significantly
greater in invasive macroadenomas than in microadenomas
(Pereira-Lima et al., 2004).

In other tissues, similar or opposing actions of ERb compared to
ERa in the regulation of cell proliferation have been described,
indicating that the effects of both ER subtypes are tissue-dependent
(Matthews and Gustafsson, 2003). In breast adenocarcinomas and
osteosarcomas, it has been shown that both ER similarly mediate
the effects of E2 on gene expression and cellular proliferation, with
ERa being a more potent regulator than ERb in inducing cellular
responses (Huang et al., 2011). However, other studies have
described that ERa and ERb have distinct functions and act antag-
onistically in multiple pathways: with ERa playing an important
role in growth and proliferation, while ERb is linked to increased
cell differentiation and inhibition of cell proliferation in breast
(Lazennec et al., 2001), prostate (McPherson et al., 2010) and colon
cells (Hartman et al., 2009).

The effects of estrogens on cell proliferation are mediated in part
by modulation of the expression of cell cycle regulators. In fact,
alterations in the level of expression of proteins are critical for cell
cycle progression, including the over-expression of cyclins, which
are frequent in human pituitary adenomas (Fedele and Fusco,
2010). Furthermore, it has been shown that cyclin D1 expression
is regulated by estrogens via ERb, and that this signaling pathway
may influence tumoral development (Nakamura et al., 2013). In
fact, cyclin D1 forms a complex with cyclin-dependent kinases
(cdk) 4, with it being an essential regulator of the G1/S checkpoint.
It was shown that Cdk4-deficient mice exhibited a decrease in
lactotroph function and postnatal proliferation, thereby demon-
strating that Cdk4 is required for the normal growth of the lacto-
troph population (Moons et al., 2002). Cdk are modulated by
fluctuations in cyclins or cdk inhibitors (CKI) such as p21, which is a
regulator of cell cycle progression from the G1 to S phases. Is known
that p21 is also involved in cell cycle control in the pituitary ho-
meostasis, thus either preventing an excessive proliferative
response (Chesnokova et al., 2008), or conversely, with a pro-
proliferative role as suggested by Toledano and co-workers
(Toledano et al., 2012). Whereas p21 localization to the cytoplasm
promotes cell survival and proliferation, cell growth-inhibiting
activity of p21 correlates with nuclear localization, which blocks S
phase progression by inhibiting PCNA activity, thus causing cell
cycle arrest (Abbas and Dutta, 2009).

Considering the lack of knowledge about the role of ERb in
regulating the growth of the anterior pituitary gland, and taking
into account that E2 induces its effects by controlling the proteins
critical for cell cycle progression, the aim of this work was to
determine the expression of ERb in normal and tumoral cells and to
investigate its implications in the proliferative control of this
endocrine gland, by analyzing the participation of cyclin D1, Cdk4
and p21. This research may lead to a better understanding of the
mechanisms that underlie the control of pituitary cell growth.

2. Materials and methods

2.1. Animals and experimental models

Three-month-old female Wistar strain rat, were bred and
housed at the Animal Research Facility of the National University of
C�ordoba, under controlled temperature (21 ± 3 �C) and lighting
conditions (14 h light/10 h dark), with free access to commercial
rodent food and tap water. Animals were kept in accordance with
the Guide for the Care and Use of Laboratory Animals, published by
the United States National Institutes of Health (1996), and the ex-
periments were approved by the local Institutional Animal Care
Committee.

Considering that exogenous estrogen excess induces pituitary
tumors (Mukdsi et al., 2004), intact animals were treated with
estradiol benzoate (Sigma Aldrich, St. Louis, MO, USA) for 20, 40,
and 60 days. E2 was implanted subcutaneously in slow-releasing
capsules made of Silastic tubing (Dow Corning; medical grade)
filled with 10 mg estrogen crystals and sealed with Silastic cement.
The control group was implanted with empty capsules. Rats were
decapitated within 10 s after removal from their cage, thus avoiding
any stress or external stimuli. Fresh pituitary glands were photo-
graphed in situ and weighed immediately after collection. For the
quantification of serum estradiol levels, arterial and venous blood
was drained from the head and trunk, allowed to clot, and the
serum was stored frozen at �20 �C for subsequent electro-
chemiluminescence analysis. The control rats showed serum E2
values of 829.67 ± 252.7 pg/ml, whereas in the development of the
hyperplastic/adenomatous process the values of the serum E2 ob-
tained were always higher than 2000 pg/ml.

The effect of estrogen as an inducer of pituitary tumor devel-
opment was documented in semithin sections from epoxy resin-
embedded glands by high-resolution light microscopy, as
described previously (Sabatino et al., 2015). Briefly, pituitaries were
fixed in a mixture of 4% v/v formaldehyde and 2% v/v glutaralde-
hyde in 0.1 M cacodylate buffer, and then treated with 1% OsO4
before being stained in block with 1% v/v uranyl acetate. Semithin
sections (200 nm) were cut using a JEOL ultramicrotome, stained
with Toluidine Blue and examined using a Zeiss Axiostar Plus light
microscope (Oberkochen, Germany).

2.2. Anterior pituitary cell cultures

The protocol for the dissociation of pituitary cells has been
described previously (De Paul et al., 1997). After 3 days of culture,
the medium was discarded and replaced with serum-free and
phenol red-free DMEM supplemented with hydrocortisone
(100 mg/l), 3,3¢-triiodothyronine (400 ng/l), transferrin (10 mg/l)
and sodium selenite (5 mg/l). Then, this mediumwas replaced every
day while the cells were submitted to different experimental
protocols.

2.3. GH3 cells

The rat GH3 lactosomatotroph pituitary adenoma cell line was
used, which secretes high levels of prolactin and is an adequate
in vitro prolactinoma model. Cells were cultured in HAM-F12 K
medium supplemented with 5% fetal calf serum and 12% horse
serum (Invitrogen; Carlsbad, USA) in an oven with a humidified
atmosphere of 5% CO2 and 95% air at 37 �C, with all cell culture
grade reagents being obtained from Sigma (St Louis, USA). After 3
days of culture, there was an observed confluence of 70%, and these
cells were exposed to different treatments.
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2.4. Stable transfection

Plasmid encoding the full-length sequence of ERb (pEYFP-C1-
ERb) and the empty plasmid pEYFP-C1 were kindly provided by
Dr. Anders Strom, University of Houston, USA. For the stable
transfection of ERb, GH3 cells were initially plated at an 80e90%
confluence in a six-well plate in HAM-F12 K medium, and main-
tained for 24 h. The medium was then discarded, replaced by
Optimen medium (Gibco; NY, USA), and the expression plasmid
(1 mg) and the transfection reagent FuGene 6 (3 ml, Roche; In, USA)
were added for 24 h. Next, the transfected cells were selected in
HAM-F12 K medium supplemented with 400 mg/ml of G418 (Invi-
trogen; Carlsbad, USA) over 3 weeks. Finally, the cells were main-
tained in HAM F12 K mediumwith 200 mg/ml of G418, and the ERb
positive cells were identified by flow cytometry. The GH3 cells in
which the ERb gene was successfully transfected (thereby
expressing the ERb protein) were named GH3bþ, while GH3, which
did not express ERb, were designated as GH3b�.

2.5. Cell treatments

Culture cells were exposed to 10 nM of 17b-estradiol (Sigma St
Louis MO, USA) or to the selective ERa and b agonists: 4,40,400-(4-
Propyl-[1H]-pyrazole-1,3,5-tryl)trisphenol (PPT), and 2,3-bis (4-
Hydroxyphenyl)-propionitrile, (DPN) (Tocris Cookson), respectively,
in serum-free and phenol red-free culture medium for 72 h. The
concentrations were chosen based on preliminary experiments.

2.6. Antibodies

Anti-ERb: Y-19, directed to the N-terminal of ERb (1:500, Santa
Cruz Biotechnology, Santa Cruz, CA) and ab3577 (1:3500, Abcam,
Cambridge, UK); anti-ERa: MC-20, directed to the C-terminal of ERa
(1:500, Santa Cruz Biotechnology, Santa Cruz, CA); anti-prolactin
(1:3000, National Hormone and Pituitary Program, Torrance, CA);
anti-b-actin (1:5000, SigmaeAldrich, St. Louis, MO); anti-p21
(1:500, Santa Cruz Biotechnology, Santa Cruz, CA); anti-cyclin D1
(1:500, Abcam plc, Cambridge, UK); anti-Cdk4 (1:1000, Abcam,
Cambridge, UK); anti- BrdU (Amersham, Buckinghamshire); anti-
histone deacetylase 1 (HDAC1) (1:500, SigmaeAldrich, St. Louis,
MO).

2.7. Light microscopy immuno-labeling

Whole anterior pituitary glands from three rats per experi-
mental group were fixed in 4% buffered formaldehyde, dehydrated
and embedded in paraffin. Sections were cut at 3 mm thickness,
deparaffinized, rehydrated, and washed in phosphate-buffered sa-
line (PBS). Before applying the primary antibody, sections were
treated with 3% H2O2 for 15 min, followed by treatment with 5%
PBSeBSA for 30 min. Thereafter, pituitary sections were incubated
overnight in anti-PRL antiserum. Slides were exposed to biotin-
labeled antibody against rabbit IgG, before being incubated with
avidinebiotineperoxidase complex (ABC, Vector Labs, Burlingame,
CA, USA). Next, the slides were immersed for 7 min in a solution
containing 3,3-diaminobenzidine tetrahydrochloride (DAB, Sigma;
St Louis, USA) in 0.1 M Tris buffer, pH 7.2, with 0.03% H2O2, and
counterstained with hematoxylin.

2.8. Cell cycle analysis

After gland dissociation, cells were washed in PBS, fixed
with �4 �C ethanol 70%, washed again with citrate-phosphate
buffer at pH:7.8, and incubated with RNAse (10 mg/ml, Ribonu-
clease A, Sigma; St Louis, USA). This was followed by DNA staining
with propidium iodide (50 mg/ml) (Sigma; St Louis, USA) in order to
analyze the cellular DNA content. Cell cycle analysis was performed
on a Coulter flow cytometer (BD FACS Canto II), and the percentage
of cells in the S and G2/M phase fractions was combined to serve as
a proliferative index.

2.9. Confocal laser scanning microscopy

Cultured pituitary cells were fixed in 4% formaldehyde, per-
meabilized in 0.50% Triton X-100 in PBS, blocked for 1 h in 1%
PBSeBSA, incubated with primary antibodies for 1 h and further
incubated with an Alexa 488 anti-goat, Alexa 488 anti-mouse,
Alexa 555 anti-rabbit, Alexa 594 anti-rabbit, or Alexa 594 anti-
mouse secondary antibody (1:1000; Invitrogen; Carlsbad, USA)
for 1 h. Images were obtained using the inverted confocal laser
scanning microscope FluoView FV 1000 (Olympus; Tokyo, Japan).
The analysis of confocal microscopy images was performed using
the software FV10-ASW 1.6 Viewer.

To validate the specificity of the ERb immunostaining, both
negative and positive controls were performed. The negative con-
trols were carried out by applying the same protocol but replacing
primary antibodies with 1% PBSeBSA, or applying the same pro-
tocol in GH3 cells, which did not express the ERb. The absorption
control was performed by pre-absorbing the antibodywith purified
antigens. For this, the antibody dilutions were pre-incubatedwith a
three-fold excess of the antigen peptide, ERb (Y-19) sc-6821 P, Santa
Cruz Biotechnology, overnight at 4 �C. The positive control was
performed using MCF7 breast cancer cells.

To determine the cells that co-expressed ERa and ERb, 1500
pituitary cells of each model were analyzed by counting those cells
which showed ERa positive immunofluorescence and/or ERb pos-
itive immunofluorescence. Three slides were analyzed for each
group, derived from the different cell preparations.

2.10. Flow cytometric analysis

Living dispersed cells were fixed for 20 min at 4 �C (CITOFIX; BD
Biosciences Pharmingen; San Diego, CA), permeabilized with Perm/
Wash (BD Biosciences Pharmiogen), incubated with primary anti-
body overnight at 4 �C and then with secondary antibody Alexa
Fluor 488 or 647 (1:1000; Invitrogen) for 1 h at 37 �C. As an isotype
control, cells were incubated with Perm/wash instead of the pri-
mary antibody. Cells were analyzed on a Coulter flow cytometer
(BD FACS Canto II, 1 � 105 events/experimental treatment). A data
analysis was carried out using the FlowJo software (Tree Star;
Ashland, OR), and the percentage of ERb or ERa-positive was
determined.

2.11. Immunocytochemical detection of cell proliferation by
bromodeoxyuridine incorporation

Cells at the DNA-synthesizing stage were individualized using
immunocytochemical detection of BrdU, with BrdU (3 mg/ml;
Sigma; St Louis, USA) being added to the culture medium for the
last 3 h of incubation. Then, cells attached to coverslips were fixed
in 4% formaldehyde and permeabilized with 0.5% Triton X-100.
Non-specific immunoreactivity was blocked with 1% PBSeBSA.
Cells were then incubated overnight with monoclonal antibody to
BrdU (Amersham; Buckinghamshire, UK) at 4 �C. Then, cells were
incubated in biotinylated anti-mouse IgG, diluted 1:100, for 30 min
and incubated in ABC complex. Immunoreactivity of BrdU was
visualized using DAB as the chromogen. Controls were also per-
formed by applying the same protocols, but omitting BrdU or the
BrdU antibody.

A total of 1000 immunoreactive cells were examined by light
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microscopy in randomly chosen fields on each glass slide. Three
slides were analyzed for each experimental group.

2.12. Immunoprecipitation

Protein extracts of pituitary glands from normal and hyper-
plastic/adenomatous pituitaries (750 mg) were obtained according
to previous protocols (Petiti et al., 2008) and these were subjected
to immunoprecipitation using specific mouse antiserum against
p21 (5 ml). The immune complexes were adsorbed and precipitated
using Protein G-Sepharose beads (SigmaeAldrich), washed 3 times
with lysis buffer and denatured by boiling for 5 min in the sample
buffer.

2.13. Western blot analysis

Proteins were prepared from pituitary tissues and cultured cells,
using RIPA buffer containing a cocktail of enzyme inhibitors 2 mM
PMSF,10 mg/ml leupeptin and 10 mg/ml aprotinin. This was followed
by homogenization or scraping, and the lysates were transferred to
a centrifuge tube placed on ice. After 30 min the lysates were
centrifuged at 15,000 g for 20 min at 4 �C to pellet the insoluble
material, and the supernatants were withdrawn and stored in ali-
quots frozen at �20 �C.

In order to obtain cytosolic and nuclear fractions, the pituitary
cells were harvested by scraping with hypotonic Hepes buffer
(10 mM HEPES, 5 mM MgCl2, and 40 mM KCl) containing 1 mM
PMSF, 10 mg/ml aprotinin and 10 mg/ml leupeptin. After 30 min
incubation on ice, cell homogenates were centrifuged at 5000 rpm
for 45 min at 4 �C. The supernatants collected corresponded to the
cytosolic fraction. The pellet was resuspended in Hypertonic Hepes
buffer (10 mM HEPES, 5 mM MgCl2, 40 mM KCl and 1.5 mM NaCl),
followed by brief sonication, and cold centrifugation at 5000 rpm
for 10 min. The supernatants collected corresponded to the nuclear
fraction.

The protein concentration was determined by the Bradford
assay using BSA as a standard and soluble proteins were separated
by electrophoresis in 12% SDS-PAGE gels. To estimate the corre-
sponding molecular weights, full range rainbow molecular weight
marker was used (Amersham-Life Science; Bucks, England). Pro-
teins were transferred to nitrocellulose membranes (Amersham
International) and incubated in 5% non-fat milk in PBS-0.05%
Tween solution, which was followed by incubation with the pri-
mary antibodies for 12 h at 4 �C. After washing in PBS-0.05% Tween,
blots were incubated for 1 h at room temperature with a
peroxidase-conjugated (HRP) secondary antibody (Jackson; West
Grove, PA, USA, 1:5000).

After further washes, the HRP-coupled secondary antibody was
revealed with ECL western blot detection reagents (Amersham;
Bucks, UK). Emitted light was captured on Hyperfilm (Amersham;
Bucks, UK).

2.14. Electron microscopy immuno-labeling

The subcellular localization of ERb and p21 was determined by
applying a double-labeling post-embedding protocol, which
allowed the simultaneous localization of two antigens in the same
grid with two gold complexes of different gold particle sizes (De
Paul et al., 2012). Briefly, pituitary cells were fixed in a mixture of
4% formaldehyde, 1.5% glutaraldehyde and 0.1 M cacodylate buffer,
pH 7.3, at room temperature, with osmiun fixation being omitted.
After dehydration and embedding in LR White (London Resin, UK),
thin sections were cut using a JEOL ultramicrotomewith a diamond
knife.

One face of the grids was labeled for ERb overnight at 4 �C. Then,
after washing, sections were incubated with anti-goat secondary
antibody conjugated to 15 nm colloidal gold particles (1:50; Elec-
tronMicroscopy Sciences; Hatfield, USA). The other face of the grids
was stained for p21 during 1 h, and then revealed using secondary
antibodies conjugated to 5 nm colloidal gold particles (1:50; Sig-
maeAldrich, St. Louis, MO). To validate the specificity of the im-
munostaining, the following controls were performed: (1)
replacement of primary antiserum with 1% BSA in PBS; and (2)
replacement of primary antiserum with diluted preimmune serum
followed by the secondary antibody. Then, sections were stained
with an aqueous uranyl acetate saturate solution, examined in a
Zeiss LEO 906-E electron microscope, and photographed with a
megaview III camera.

2.15. Statistical analysis

Each experiment was repeated in 3 independent studies (per-
formed on different cell preparations). Images of representative
experiments are shown. Differences between treatments were
determined using an analysis of variance with Tukey post-test. The
comparisons with control groups were performed using the Dun-
net test, and the comparisons between GH3b� and GH3bþ models
were carried out with a two-way analysis of variance (2 � 4). The
results are shown as the means ± SEM, and the significance levels
were chosen at P < 0.05.

3. Results

3.1. The expression of ERb decreases during the hyperplastic/
adenomatous process induced by chronic E2 stimulation

The size of pituitary glands increased directly with time of es-
trogen administration (Fig. 1A). The glandular weight was of
12.13 ± 0.61 mg in controls (C), 34.93 ± 1.62 mg at 20 days (20 d),
65.17± 4.01mg at 40 days (40 d) and 79.73 ± 2.89mg at 60 days (60
d) of E2 treatment (Fig. 1B). By high resolution light microscopy,
pituitary sections from 60 days of estrogen treatment revealed
some endocrine cells with an expanded cytoplasm, evidence of
cellular hypertrophy (Fig. 1C). The pituitaries embedded in paraffin
and immunolabelled for PRL showed an increase in the lactotrophs
(Fig. 1D). Both features are typical characteristic of hyperplastic/
adenomatous process induced by chronic E2 stimulation.

The cell cycle progression in the development of the hyper-
plastic/adenomatous process was analyzed determining the per-
centage of the pituitary cell population found in the G1/G0 phase
and in the proliferative fraction (S þ G2/M) by flow cytometry. As
shown in Fig. 2, 1.57 ± 0.1% of control pituitary population was
found in the proliferative fraction, with this percentage being
doubled in hyperplastic glands at 20 days (3.45 ± 0.3%) and
maintained at 40 and 60 days (2.86 ± 0.3% and 2.43 ± 0.3%).

In order to analyze the expression and localization of ERb during
pituitary tumor development, we used confocal and transmission
electron microscopy, flow cytometry and western blot. Specific
staining for ERbwas detected in the cytoplasm, where a punctuated
fluorescence signal was obtained, in addition to a slight immuno-
labelling in the nucleus. Interestingly, during tumoral development,
the expression of ERb showed a gradual decrease, with a very low
expression being observed in the cytoplasm of hyperplasic/
adenomatous cells at 60 days of E2 stimulation (Fig. 3).

To investigate ERb specifically in lactotrophs (the main cell
subtype that proliferates in this model), a double immunocyto-
chemistry for PRL and ERb was carried out. The PRL cells revealed
expression of ERb, which was localized in the cytoplasm and
showed a remarkable decline in its expression during the devel-
opment of the hyperplastic/adenomatous model (Fig. 3).



Fig. 1. Hyperplastic/adenomatous pituitary process induced by estradiol. A. Macroscopic observations in situ of pituitary glands from control and estrogenized rats at 20, 40 and 60
days. The pituitary gland sizes are depicted by a square. B. The glandular weight was significantly increased under E2 treatment for 20, 40 and 60 days. *P < 0.01 vs C (Dunnet's test).
C. High resolution light microscopy pituitary sections revealing cellular hypertrophy of some endocrine cells after 60 days of estrogen treatment. Bar ¼ 20 mm. D. Sections of the
pituitaries embedded in paraffin and immunolabelled for PRL. bv ¼ blood vessel. Bar ¼ 20 mm.
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The expression of this ER subtype quantified by flow cytometry
showed that 20 ± 1.6% of normal adenohypophyseal cells expressed
ERb, with this protein being reduced in the hyperplastic/adeno-
matous pituitary: at 20 days the ERbþ population was 10.7 ± 2.2%,
while after 40 and 60 days of treatment an almost complete loss in
the ERb expression was observed (40d: 1 ± 0.6%; 60d: 2 ± 0.6%)
(Fig. 4A).

The western blot analysis from controls and estrogenized ani-
mals at 20, 40 and 60 days showed a band at z55 kDa, corre-
sponding to full-length ERb. This protein showed a significant
reduction in its levels during the development of the hyperplastic/
adenomatous pituitary process (Fig. 4B).

For the purpose of obtaining the index ERa/b, the expression of
ERa was determined. By flow cytometry, the ERaþ population was
68.9 ± 3.64% in controls, in hyperplastic/adenomatous glands at 20
days this population was 84.03 ± 2.03%; at 40 days it was
Fig. 2. Cell cycle analysis during pituitary tumoral development. The percentage of the pit
increased in hyperplastic/adenomatous glands at 20, 40 and 60 days compared to control.
91.05 ± 0.32%; and at 60 days it was 90.9 ± 5.65% (Fig. 4C). The ERa
protein expression detected by western blot was significantly
increased at 40 and 60 days of estradiol treatment with respect to
the control model (Fig. 4D).

By flow cytometry the ERa/b ratio was 4.73 ± 0.31 in controls,
7.51 ± 0.62 at 20 days, 63.67 ± 4.23 at 40 days and 51.75 ± 10.32 in
glands at 60 days (Fig. 4E). The ERa/b ratio by western blot was
1.25 ± 0.69 in controls, 1.46 ± 0.19 at 20 days, 2.06 ± 0.26 at 40 days
and 3.99 ± 0.68 in glands at 60 days (Fig. 4F). All these data showed
that the ERa/b ratio increased during the hyperplastic/adenoma-
tous process, mainly due to decreased ERb expression.

The subcellular distribution of ERb was determined by electron
microscopy using an immunolabelling with IgG-colloidal gold
technique. All secretory cell types were observed, being identifiable
by their secretory granules, which constitutes a distinctive feature.
The lactotrophs were recognized by their irregular, large and
uitary cell population found in the proliferative fraction (S þ G2/M) was significantly
*P < 0.01 vs C (Dunnet's test).



Fig. 3. Double immunostaining for ERb and PRL in the hyperplastic/adenomatous pituitary process. Expression of ERb occurred in lactotroph cells, which decreased in the
hyperplasic/adenomatous process. Negative controls: replacing primary antibodies with 1% PBSeBSA (omission of the primary antibody), absorption control (blocking peptide), and
cells that did not express ERb (GH3). Positive control: MCF-7 breast cancer cells. Bar ¼ 20 mm.
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polymorphic secretory granules of sizes ranging between 500 and
900 nm distributed in the cytoplasm. In normal cells, the subcel-
lular localization of the ERb subtype was mainly cytoplasmatic,
with the gold particles appearing to be attached to the cytosol and
the rough endoplasmic reticulum, with a few colloidal gold parti-
cles being observed in the nucleus (Fig. 5AeB). This distribution
pattern was maintained in cells from hyperplastic/adenomatous
pituitary at 20 days. No immunostained pituitary cells were
observed in hyperplastic/adenomatous glands at 40 or 60 days
(Fig. 5C). Immunocytochemical controls evaluated the specificity of
the primary antiserum, and no immunolabelling was found after
the omission of the primary antibody.

Finally, ERa/b co-expression during the development of the
hyperplastic/adenomatous process induced by estradiol was
determined by confocal microscopy using a double immunofluo-
rescence staining. As shown Fig. 6, high levels of ERa in the nucleus
and cytoplasm were detected in most of the cells. ERb was also
detected, at a minor proportion, with a higher intensity in the
cytoplasm than in the nucleus. Themorphometric analysis revealed
that in controls 16.97 ± 2.3% cells were ERbþ, with co-expression of
ERa/b in 15.61 ± 2.42% of the cells. In pituitary glands at 20 days, the
percentage significantly decreased for ERb (9.31 ± 0.34%), with
8.27 ± 0.75% of cells co-expressing ERa/b. For both conditions,
almost all ERbþ cells expressed ERa (91.48 ± 2.64% in controls and
88.52 ± 5.6% at 20 days). In pituitary glands at 40 and 60 days, ERb
expression was not observed.

3.2. The over-expression of ERb affects the proliferative index and
cyclin D1 and ERa expression

The cell proliferation was analyzed in normal and hyperplastic/
adenomatous pituitary glands after 40 days of chronic E2 stimu-
lation and also in GH3 cells (GH3b� and GH3bþ) which contained
different levels of ERb expression, and therefore different ERa/b
ratios. Fig. 7 summarizes the effect of 10 nM of E2 or specific ago-
nists of ERa (PPT) or ERb (DPN) after 72 h of exposition.

Normal pituitary cells exhibited a similar rate of BrdU incorpo-
ration in all models (Fig. 7A). In hyperplastic pituitary cells, E2 and
the ERa agonist were able to increase the BrdU-labeled cells, with
E2 inducing the highest levels. The treatment with ERb agonist
induced similar values to control (Fig. 7B).

In GH3b� cells, which expressed only ERa, the E2 treatment
increased the percentage of BrdU-labeled cells by about 34%, but
the ERa or b agonists were unable to induce any changes in the
proliferative index, revealing similar values to the control (Fig. 7C).
Considering that E2 was able to increase the pituitary cell prolif-
eration only in cells lacking ERb expression, we suggest that under
the present experimental conditions, the absence of ERb may be
implicated in the positive effect of E2 on the pituitary cell prolif-
eration, supporting the idea of the existence of a relationship



Fig. 4. Expression of ERa and b in the hyperplastic/adenomatous pituitary process. A. ERb quantification by flow cytometry showed a reduction in its expression during the tumoral
process. (105 events for each experimental condition, *P < 0.01 vs control,CP < 0.01 vs 20 days, Tukey test). B. The ERb protein expression detected by western blot decreased in the
hyperplastic/adenomatous pituitary process. *P < 0.01 vs control (Dunnet's test). C. ERa expression quantified by flow cytometry showed a significant increase in the number of cells
that express ERa starting at 40 days. (105 events for each experimental condition, *P < 0.05 vs Control, Dunnet's test). D. The ERa protein expression increased at 40 and 60 days of
estradiol treatment. *P < 0.05 vs control (Dunnet's test). The ERa/b ratio obtained by flow cytometry (E) or western blot (F) increased during the hyperplastic/adenomatous pituitary
process. *P < 0.01 vs control (Dunnet's test). b-actin expression was used as a loading control. Representative images of three independent experiments are presented. The protein
expression is represented as a percentage relative to the control (control data were set to 100%).
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between pituitary cell proliferation and ERb expression (and the
ERa/b index).

To try to confirm this finding, GH3 cells were transfected
selecting an enriched stable GH3 cell line for the ERb expression. By
flow cytometry, the ERb expressionwas found to be 24.87 ± 2.13% in
the enriched stable GH3 cell line (GH3bþ) and 0.94 ± 0.17% in GH3
cells (GH3b-). Therefore, as shown in Fig. 7C, the ERb over-
expression in GH3 induced a significant inhibition of mitogenic
activity in comparison with GH3b�. The BrdU index was reduced
by about 40% in control GH3bþ cells with respect to control GH3b�
cells, indicating that this was an independent ligand effect. These
values did not change after stimulation with E2 or PPT.

Interestingly, the increase in the mitogenic activity induced by
E2 in GH3b� cells was reversed when GH3 over-expressed ERb,
thus confirming that the variations in the ERa/b ratio affected the
proliferative effect induced by E2, and suggesting an inhibitory role
of ERb in the anterior pituitary cell proliferation.

Next, in order to analyze further the effect of ERb on anterior
pituitary cell growth, we determined the expression of cyclin D1
and Cdk4 in GH3b� and GH3bþ cells. The over-expression of ERb
induced a reduction in cyclin D1 levels, with the treatment with
10 nM of E2 or PPT showing similar levels to that of the control.
However, the stimulus with the specific ERb agonist (DPN) induced
an inhibition of cyclin D1 expression (Fig. 8A). In contrast, the Cdk4
levels were similar in GH3b� and GH3bþ cells, without differences
resulting from the addition of E2, PPT or DPN (Fig. 8A).

The ERa and ERb expression levels in GH3b� and GH3bþ cells
treated with E2, PPT or DPN were determined. In GH3bþ cells, the
basal ERa expression was significantly lower than those found in
GH3b� cells. The ERa expression under E2, PPT or DPN stimuli was
similar to control in both GH3b� and GH3bþ cells (Fig. 8B). As
mentioned above, as GH3 cells did not express ERb, the changes in
ERb expression were determined in GH3bþ cells and showed
similar expression levels for all experimental conditions (Fig. 8C).

3.3. ERb activation by its agonist DPN changes the subcellular
localization of p21

By western blot, a noticeable increase in p21 expression was
observed during the tumoral progress, which reached its highest



Fig. 5. Immuno-electron-microscopy for ERb. A-B. Normal lactotroph cells with gold
particles of 15 nm indicating the presence of ERb (arrows) in free cytosol, rough
endoplasmic reticulum (RER) and occasionally in the nucleus (N). Secretory granules
(g) were specifically identified by immunocytochemistry for PRL (5 nm gold particles).
C. Anterior pituitary cell from hyperplastic/adenomatous glands after 60 days of es-
trogen stimulation showing scarce gold particles expressing ERb label. Representative
images of three independent experiments are presented. Bar ¼ 1 mm.
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level in cellular extracts from adenomatous/hyperplastic glands at
40 and 60 days (Fig. 9A). This increasewas corroborated by confocal
microscopy, revealing an intense immunofluorescence signal in
tumors of 40 days and cytoplasmatic localization of this protein
(Fig. 9B). However, neither GH3b� nor GH3bþ cells expressed p21
(Fig. 9C).
In primary pituitary cells culture a weak p21 expression was
shown in the nuclear fraction of control or when treated with E2. In
contrast, DPN stimuli were able to induce a notable increase in the
p21 nuclear expression with a corresponding decrease in the
cytoplasmatic fraction (Fig. 9D). This result was reinforced by
confocal microscopy, where p21 was observed in the cytoplasm in
controls and under E2 treatment, with DPN being able to increase
its nuclear expression (Fig. 9E).

Finally, hyperplastic/adenomatous pituitary glands after 20 days
of estrogenization and normal pituitary cells treated with DPN
were immunolabelled for p21 or ERb using secondary antibodies
conjugated to colloidal gold particles of 5 nm or 15 nm respectively.
As shown in Fig. 10AeD, both proteins were found alone or asso-
ciated, with colloidal gold-particles of 5 nm and 15 nmvisualized at
a distance lower than 5 nm. As negative control, the primary an-
tibodies for p21 and ERb were omitted and no immunolabelling
was found.

To validate the results obtained by immuno-electron-
microscopy, endogenous p21 was immunoprecipitated from pitu-
itary extracts of controls and pituitary glands treated with E2 for 20
days. As shown in Fig. 10E, both proteins, p21 and ERb, were
showed, suggesting a physical interaction.

4. Discussion

Estrogen is an important regulator of many cellular processes
mediated by specific ER. The discovery of a second ER subtype,
called b, has caused a paradigm shift in the understanding of the
estrogen action and has focused research on evaluating the bio-
logical significance of the existence of different ER subtypes in the
same tissue or even in the same cell.

In the anterior pituitary gland, estrogen regulates cell prolifer-
ation (Spady et al., 1999; Heaney et al., 2002). The chronic stimu-
lation in rats induces pituitary tumors, mainly due to a hyperplasic
response of lactotrophs (Toledano et al., 2012; Mukdsi et al., 2004).
In this investigation, we observed a loss of ERb expression and an
increase in the ERa/b ratio after chronic E2 treatment in vivo,
resulting in an increased weight and size of rat pituitary glands and
a greater number of cells in the proliferative fraction (S þ G2/M).
The loss of ERb expression in the tumoral process shown in this
study reflects that chronic E2 stimulus inhibits this ER subtype and
may indicate that the imbalance in the ER subtypes, with a sub-
sequent increase in the ERa/b ratio, results in the deregulation of
pituitary cell growth, thus contributing to an uncontrolled pituitary
cell proliferation. However, there have been no investigations
related to this issue in the anterior pituitary gland. In other tissues,
the loss of ERb expression is a common stage in estrogen-
dependent tumor progression (Bardin et al., 2004). This ERb
expression decline during breast tumorigenesis (Roger et al., 2001)
and this protein is progressively lost in hyperplasia and neoplastic
lesions in prostate (Horvath et al., 2001) ovarian (Halon et al., 2011)
and colon cancer (Campbell-Thompson et al., 2001).

Contradictory results have been reported concerning ERb
expression and its regulation by estrogen in the pituitary gland. The
ovariectomy increases and estrogen replacement decreases the ERb
mRNA expression in this gland (Tena-Sempere et al., 2004). In
contrast, estrogen treatment up-regulated the ERb mRNA levels in
pituitary tumor cells, in a time- and dose-dependent manner
(Mitchner et al., 1999). Considering that the pituitary responses to
E2 are ultimately dependent on the expression levels of the ER
protein, in this investigation we analyzed the protein expression of
ERb, revealing that estrogen treatment decreased its expression.
This is not in agreement with a previous report showing that the
number of pituitary cells that expressed this ER did not significantly
change during the estrous cycle (Gonzalez et al., 2008), but concurs



Fig. 6. ERa and ERb co-expression. A. Representative images showing the ERb and ERa immunolocalization (arrows) in pituitary cells from controls and hyperplastic/adenomatous
pituitary glands of 20 days. Bar ¼ 20 mm. B. Quantitative analysis of ERb expression and ERa/ERb co-expression in pituitary cells. *P < 0.05 vs ERb control,CP < 0.05 vs ERa/b control,
Tukey test).
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with others that demonstrated that ERb mRNA levels were the
lowest on themorning of proestrus when in vivo steroid levels were
at their highest, with E2 treatment of ovariectomized animals
suppressing ERb mRNA expression (Schreihofer et al., 2000).
Moreover, the ERb expression in the female rat pituitary decreased
after puberty, again further supporting an effect of increased
circulating steroids on ERb levels (Wilson et al., 1998). Our results
also revealed an increase in ERa during pituitary tumoral
Fig. 7. Effects of E2, PPT or DPN on pituitary cell proliferation. A. E2, PPT or DPN were unabl
cells, E2 and PPT increased the percentage of BrdU-labeled cells. *P < 0.01 vs Control (Dunnet
way ANOVA and the Dunnet test were used. (No interaction between models and treatme
*P < 0.05 vs GH3b�, CP < 0.05 vs control GH3b�.
development. This could be due to the increase in the number of
lactotroph cells, which is characteristic of estrogen-induced pitui-
tary tumors, which have a high expression of ERa.

Taking the above findings into account, we suggest that there
might be a relation between pituitary cell proliferation and the
expression of ERb (and the ERa/b index), and hypothesize that an
adequate maintenance of ERa/b levels could be required for the
homeostasis of pituitary cell growth.
e to increase the number of BrdU-labeled normal pituitary cells. B. In tumoral pituitary
's test). C. In GH3bþ, the BrdU-labeled cells decreased compared to GH3b� cells. A two-
nts were found P ¼ 0.4372), significant differences between treatments were found,



Fig. 8. Western blotting expression of cycline D1, Cdk4 and ERa and b in GH3b� and GH3bþ cells. A. Cyclin D1 decreased with the over-expression of ERb. A two-way ANOVA and
the Dunnet test were used. (No interaction between models and treatments were found P ¼ 0.8185), significant differences between treatments were found, *P < 0.05 vs GH3b�,
CP < 0.05 vs control. Cdk4 remained unchanged. B. The over-expression of ERb inhibited ERa expression, but E2, PPT or DPN were unable to modify the expression of this ER
subtype. *P < 0.01 vs GH3b�. A two-way ANOVA and the Dunnet test were used. C. The ERb expression in GH3bþ cells was similar in all models. Representative images of three
independent experiments are presented. The b-actin expression was used as a loading control. The protein expression is represented as a percentage relative to the control b-
(control b-data were set to 100%).
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The co-expression of both ER mRNA forms in some pituitary
cells has been previously described (Mitchner et al., 1998; Wilson
et al., 1998), showing that in the adult gland the ERb protein is
co-expressed with ERa (Nishihara et al., 2000). An interesting
finding in this study was that the almost all cells expressing ERb
also expressed ERa, showing co-expression of both proteins in the
same pituitary cell in basal conditions as well as in hyperplastic/
adenomatous glands at 20 days. This result may indicate an inte-
grated mechanism by which the two receptors may act by medi-
ating the E2 effects on pituitary cell proliferation.
In order to clarify the specific role of ERb in the E2 proliferative
effect, the differential mitogenic activity of normal, hyperplastic
and tumoral pituitary cells in response to E2 was evaluated. This
hormonewas able to increase the pituitary cell proliferation only in
cells with a slight amount or absence of ERb, consequently with a
high ERa/b ratio. The reasons that different cells can respond to the
same hormone in a different manner may be due to the different
expression patterns of ERa and ERb (McDonnell and Norris, 2002).
In the anterior pituitary, it has typically been shown that ERa me-
diates the major proliferative effects of estrogen on pituitary, with



Fig. 9. Expression of p21 in normal, GH3b�, GH3bþ and tumoral pituitary cells. The western blotting expression of p21 increased in pituitary tumoral glands starting at 40 days of
stimulation (A), with this protein being cytoplasmatically localized. Bar ¼ 20 mm. (B). Neither GH3b� nor GH3bþ cells, expressed p21. Extracts from pituitary tumoral glands from 40
days was used as positive control (40 d) (C). DPN stimuli induced an increase in p21 nuclear expression by western blot (D) and confocal microscopy (arrows). Bar ¼ 20 mm. (E). The
b-actin expression was used as a loading control. Representative images of three independent experiments are presented.
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previous results of our research group demonstrating that ERa
modulates lactotroph cell proliferation (Sosa et al., 2013). However,
it was not known whether ERb could cause a proliferative effect in
the adenohypophysis. Here, the GH3bþ cells showed a significant
reduction of mitogenic activity, suggesting an inhibitory role of this
ER subtype on pituitary cell proliferation. For this inhibitory action
to occur, the activation of ERb by E2 or its agonist DPN was not
necessary, suggesting that ERb over-expression is sufficient to
inhibit pituitary cell proliferation in a ligand-independent manner.
Indeed, it has been previously established that steroid receptors can
be activated in the absence of their ligands (Dey et al., 2013). Our
observation is in agreement with findings in other tissues, where
the inhibition of the cell proliferation induced by ERb was ligand-
independent (Lazennec et al., 2001; Nassa et al., 2014). Moreover,
the over-expression of ERb in the colon adenocarcinoma cell line
has an anti-proliferative effect, mostly due to ligand-independent
activation of the receptor (Martineti et al., 2005).

Bearing in mind the above findings about ERb and considering
that the estrogen target sites are related to the final effects in the
different tissues, we analyzed the subcellular distribution of ERb by
immuno-electron microscopy. Although it is known that ER are
members of a nuclear receptors family, our results showed ERb to be
localized in the cytoplasm of lactotroph cells, specifically in the free
cytosol and rough endoplasmatic reticulum and scarcely in the nu-
cleus, which was unchanged after E2 stimulus, suggesting that E2 is
unable to modify its subcellular localization. In general, ERb locali-
zation reveals cell-type specificity, with ERb immunoreactivity being
localized at the cell nuclei within select regions of the brain (Mitra
et al., 2003), as well as in glandular epithelium cells of the uterus
and in granulosa cells in the ovary (Hiroi et al., 1999), which induce
transcriptional activities through a classical genomic effect (Hiroi
et al., 2013). However, several studies on different tissues have
shown ERb in the cytoplasm (Ivanova et al., 2009; De Stefano et al.,
2011) failing to translocate to the nucleus in the presence of estro-
gen, and causing rapid activation of signaling pathways that modu-
late proliferation by the non-genomic action (Zhang et al., 2009).
Gonzalez and co-workers (Gonzalez et al., 2008) described the
presence of ERb in lactotrophs being detected in the cytoplasm, in-
side the rough endoplasmic reticulum, in secretory vesicles or being
free in the cytosol. Although the functional significance of the
cytoplasmatic localization of ERb remains elusive, we consider that
the cytoplasmic staining for ERb is biologically meaningful since it is
known that hormone receptors also mediate effects through non-
genomic pathways, which usually occur in the cytoplasm, and can
lead to cytoplasmic alterations or ultimately to regulation of gene
expression (Levin, 2005; Acconcia and Marino, 2003). Moreover,
considering that the presence of ERb in the nucleuswas also found in
our investigation, it is possible that there was a contribution of the
classic genomic mechanisms in the ERb effects on pituitary cells.

Pituitary cells are particularly sensitive to alterations of the cell
cycle machinery. Our results showed that the over-expression of
ERb induced a decrease of cyclin D1 levels, with the specific ERb
agonist being able to induce a complete inhibition of this cyclin.
These data support the results observed in the cell proliferation,



Fig. 10. ERb and p21 expression. Representative images of immuno-electron-microscopy for ERb (15 nm gold particles) and p21 (5 nm gold particles) from hyperplastic pituitary
cells at 20 days (AeB) and normal pituitary cells treated with DPN (CeD). Both proteins were found alone (arrows) or in the close proximity (arrowheads) in the cytoplasm and in
the nucleus (N). The square box in the inset shows the closeness of the two proteins. g: granules, RER: rough endoplasmic reticulum. Bar ¼ 0.2 mm. E. Cell lysates were immu-
noprecipitated with Protein G-Sepharose in combination with the anti-p21 primary antibody. The immunoprecipitated fractions and the whole lysates were analyzed by western
blotting using anti-ERb and anti-p21 antibodies. One representative experiment is shown.
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and suggest that the over-expression of ERb inhibits cell prolifer-
ation, with the participation of cyclin D1 occurring in a ligand
dependent or independent manner. It has previously been shown
that ERa and b exert opposing actions in regulating cyclin D1 gene
transcription (Strom et al., 2004; Liu et al., 2002). In fact, ERb
reduced cell proliferation by inhibiting the cyclin D1 gene (Strom
et al., 2004; Paruthiyil et al., 2004). A negative correlation be-
tween ERb and cyclin D1 expression was also observed in breast
cancer (Bieche et al., 2001), epithelial ovarian cancer (Bossard et al.,
2012) and in prostate cancer development (Nakamura et al., 2013),
with cyclin D1 having been found to be over-expressed in most
pituitary tumor types (Jordan et al., 2000; Turner et al., 2000).

Cdk4 is specifically required for hormonally regulated prolifer-
ation of somatotrophs and lactotrophs in postnatal pituitary glands
(Jirawatnotai et al., 2004), and pituitary Cdk4 activity may be
positively regulated by association with cyclin D1 (Toledano et al.,
2012). Moreover, lactotrophs of Cdk4-deficient mice did not pro-
liferate in response to estrogen administration. Our results showed
that Cdk4 did not modify its expression by the over-expression of
ERb, which could be explained by considering that the CDK activity
is modulated by fluctuations in the cellular concentration of CDK
activators (cyclins) or inhibitors (CKI) (Coleman et al., 1997).

To expand the current knowledge about ERb modulation of pi-
tuitary cell proliferation, we investigated whether ERb affects ERa
expression. Our results showed that the over-expression of ERb in
GH3 reduced the baseline ERa expression, with E2, PPT or DPN
stimuli being unable to modify its expression. The over-expression
of ERb has a strong effect on ERa levels, thereby diminishing the
ERa expression in epithelial ovarian cancer (Bossard et al., 2012),
inhibiting the ERamRNA and protein levels in endometrial stromal
cells (Trukhacheva et al., 2009) and down-regulating ERa expres-
sion in the presence of high ERb levels in MCF-7 cells (Chang et al.,
2006). The lack of effect of E2 and ERa and b agonists on the ERa
expression is consistent with a previous report which shows, in
different pituitary cell lines, that ERa and ERb endogenous protein
levels were unchanged after E2 treatment (Avtanski et al., 2014).
Also, estrogen stimulation did not alter the expression of ERa
mRNA in pituitary tumor cells, but raised the expression of ERb
mRNA (Mitchner et al., 1999).

In our experimental model using GH3bþ cells, the ERb protein
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levels were similar after E2, PPT or DPN treatments. Indeed,
endogenous ERb is under the control of its own promoter, whereas
for our GH3bþ cells, exogenous ERb was controlled by a viral pro-
moter, with this possibly being the reason for the discrepancywhen
comparing these cells with cells naturally expressing ERb. Taking all
these results into consideration, we suggest that in our model the
level expression of ERb impacted on the ERa expression in a ligand-
independent manner, thus emphasizing the importance of the ERa/
b radio in the regulation of the pituitary cell proliferation.

The CKI p21 is a decisive component of cell cycle control in pi-
tuitary homeostasis (Chesnokova et al., 2008), with E2 being a
regulator of this protein (Mandal and Davie, 2010). In our study,
pituitary p21 was up-regulated during the development of the pi-
tuitary hyperplastic process, coincident with an induced prolifer-
ation. Our results showed that p21 was localized in the cytoplasm
of the tumoral pituitary glands, with similar results being reported
in pituitary tumors from C57/BL6 mice induced by E2 administra-
tion (Toledano et al., 2012). In relation to this, we can hypothesise
that, for our condition of experimental pituitary tumor, cytosolic
p21 may maintain the high proliferative index detected after es-
trogen treatment, considering that this localization promotes cell
survival and proliferation (Abbas and Dutta, 2009). However, in
normal pituitary cells, ERb stimulation with the specific agonist
DPN induced an increase in p21 nuclear expression. The fact that
nuclear p21 was increased in parallel with the decrease in the
cytoplasmatic fraction observed in this work, leads us to suggest
that ERb activation induces nuclear translocation of p21, where it is
known that p21 blocks S phase progression by inhibiting PCNA
activity. It has been previously demonstrated that ERb induces p21
expression and cell cycle arrest in colon (Martineti et al., 2005),
breast (Paruthiyil et al., 2004) and prostate (Pravettoni et al., 2007).
Also, a possible functional interaction between ERb and p21 was
observed in our models. This relationship has been described pre-
viously for ERa, thus providing evidence that unliganded ERa acts
as a negative regulator of cell growth by physical interaction with
p21 via its amino acids 184e283 (Maynadier et al., 2008). Consid-
ering that ERb is highly homologous (95%) to ERa in this site (Kuiper
et al., 1996), it is possible that ERb interacts with p21 in the same
position as ERa to induce its translocation into the cell nucleus,
where it then blocks S phase progression, as a mechanism for
inhibiting pituitary cell proliferation. However, from our results, we
may not infer a direct physical interaction between the two pro-
teins, and the presence of the bridging protein in the complex can
not be excluded.

In summary, our results have shown that ERb exerts an inhibi-
tory role on pituitary cell proliferation, and that this effect may be
partially due to the modulation of some key regulators of the cell
cycle, such as cyclin D1 and p21, with inhibition of ERa expression.
These data contribute significantly to the understanding of the ER
effects in the proliferative control of pituitary gland, specifically
related to the ERb function in the E2 actions on this endocrine
gland, where numerous and intriguing mechanisms are inter-
twined for maintaining tissue homeostasis.
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