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Many studies have indicated that estrogens could have a role
in the regulation of testicular function. However, it remains
uncertain whether estrogens are able to directly activate sig-
naling pathways in male germ cells. Estrogens are synthesized
by the enzyme aromatase and classically act by binding to
estrogen receptors (ERs)-a and ERB. Knockout mice for both
receptor isoforms exhibit a testicular phenotype that is less
severe than aromatase knockout mice, suggesting the exis-
tence of an estrogen-binding receptor that may compensate
for the lack of ERs. Recently studies using estrogen-sensitive
tumor cell lines have demonstrated that the G-protein-cou-
pled receptor (GPR)-30 binds and mediates estrogen action
through the activation of the epidermal growth factor recep-
tor (EGFR)/ERK/fos transduction pathway. The present study
investigated the ability of 17B-estradiol (E2) to activate this
pathway in the mouse spermatogonial cell line (GC-1). Using

the GC-1 cell line as a model system, we demonstrated that
GC-1 cells express GPR30 and ERa but not ERB. E2, the se-
lective GPR30 agonist G1, and the selective ERa agonist
4,4',4"-(4-propyl-[1H]pyrazole-1,3,5-triyl) trisphenol activated
the rapid ERK1/2-fos signaling cascade. This response was
abrogated by the EGFR inhibitor AG1478, ERK inhibitor
PD98059 and ER inhibitor ICI 182780, or by silencing GPR30
expression. Moreover, E2 and G1 up-regulated cyclin D1 ex-
pression and GC-1 cell proliferation. Our results indicate for
the first time that estrogens, through a cross talk between
GPR30 and ERaq, activate the rapid EGFR/ERK/fos pathway,
which in turn stimulate mouse GC-1 cell proliferation. Fur-
ther studies to elucidate the involvement of rapid estrogen
signaling pathways in the regulation of male fertility are
warranted. (Endocrinology 149: 5043-5051, 2008)

ESTROGEN ISTHOUGHT to have a regulatory role in the

testis because the absence of estrogen receptors (ERs)
causes adverse effects on spermatogenesis and steroidogen-
esis (1-3). Moreover, several chemicals present in the envi-
ronment have been designated xenoestrogens due to their
ability to bind and activate ERs and have also been shown to
affect testicular gene expression (1-4). However, the mech-
anisms by which estrogens influence male fertility and sper-
matogenesis remain uncertain.

The biological effects of estrogens are mediated by ERa
and ERB, which are widely distributed in the male repro-
ductive tract (5-8). ERae immunostaining has been detected
in Leydig and peritubular myoid cells but not in Sertoli or
germ cells (3, 5, 7, 8). However, other studies have reported
different results (10-12). ERB expression has been detected
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in multiple cell types, including Sertoli cells, and in some but
not all germ cells (13, 14). Whereas it is generally agreed that
both ER isoforms are expressed by the epithelial cells of the
efferent ductules and epididymis, there are conflicting re-
ports in the literature regarding their localization in the testis
possibly due to the specificity of the antisera used in immu-
nocytochemistry experiments (15).

Information on estrogen effects on testis physiology can be
derived from mice with single and combined deletion of ER«
and ERB genes (aERKO, BERKO, and «BERKO) (16) or from
the aromatase-deficient mouse (ArKO) (17). ERa —/— animals
have reduced fertility because of abnormal fluid reabsorp-
tion in the efferent ductules (2), whereas spermatogenesis,
steroidogenesis and fertility are not affected in BERKO an-
imals (16). On the other hand, ArKO mice show an age-
dependent disruption of spermatogenesis, a significant re-
duction in testis weight and compromised fertility (18, 19).
The late onset of the altered phenotype in male ArKO mice
may be attributable to the action of estrogenic compounds
that are present in the diet and capable of agonistic effects on
spermatogenesis (20). It has also been reported that estrogen
influences Sertoli cell proliferation and suppress differenti-
ation (15); however, no alterations were observed in the
number of Sertoli cells and spermatogonia in the «aERKO
mouse (16). Moreover, ERB inactivation increases the num-
ber of spermatogonia by more than 50% in neonatal mice (21).
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Experiments using spermatogonia from «ERKO mice trans-
planted into wild-type animals demonstrated that Sertoli
cells, but not germ cells, require ERa to sustain the process
of spermatogenesis (22, 23). Interestingly, studies using an
organ culture system have revealed that Sertoli cells do not
mediate the effects of estrogens on rat gonocyte development
(24), thus supporting the hypothesis of a direct action of
estrogens on germ cells.

Given the amount of data reported in ERKO mice, it is still
debatable whether the potential effects of estrogen on sper-
matogenesis may be mediated by alternative receptors. This
observation is supported by the fact that aromatase knockout
mice show a more severe testicular phenotype than the ER
knockouts (17). In this regard, a large body of evidence has
demonstrated that estrogens can function not only through
the classic genomic mechanism mediated by ERa and ERf
butalso can trigger rapid responses that involve transduction
pathways different from those activated by ERs (25). Re-
cently our and other studies identified a transmembrane
estrogen-binding protein, the G protein-coupled receptor-30
(GPR-30), which is able to mediate estrogen action (26-29).
The discovery of GPR30 has generated a great deal of interest
toward the identification of unknown functions and mech-
anisms triggered by estrogen outside the nucleus. GPR30 is
a possible candidate for rapid estrogen signaling based on
the observations that it mediates ERK activation and c-fos
expression in an ER-independent manner (28-30). Recently
GPR30 has been identified in a variety of human and rodent
estrogen target tissues (31-34) suggesting the potential of an
ER-independent mechanisms in 17B-estradiol (E2) action in
these contexts.

Several studies suggested that estrogens induce spermato-
gonial proliferation through ERK1/2 and c-fos protein acti-
vation (35-37). The molecular mechanisms regulating these
processes in rodent spermatogonia are not well defined. c-fos
could play an important role in regulating genes involved in
germ cell progression because homozygous mice with c-fos
null mutation show delayed or absent gametogenesis (38).

In the present study, we show that mouse spermatogonia
and GC-1 cells express GPR30. In GC-1 cells both E2 and the
specific GPR30 agonist G1 trigger ERK activation, c-fos stim-
ulation, and the transcription of the cell cycle regulatory gene
cyclin D1. Our data demonstrate for the first time that GPR30
mediates the physiological action of estrogens in the mouse
spermatogonia GC-1 cell line and represent a step toward the
comprehension of the role of E2 in spermatogenesis.

Materials and Methods
Cell cultures and treatments

GC-1 cells (mouse spermatogonia type B cell line; American Type
Culture Collection, Manassas, VA) were cultured in DMEM/F-12
growth medium supplemented with 10% fetal bovine serum (FBS), 1%
glutamine, and 1% penicillin/streptomycin (pen/strep) (Invitrogen,
S.R.L., San Giuliano Milanese, Italy). Cells were maintained in growth
medium for 48 h and then starved for 24 h using DMEM/F-12 medium
supplemented 1% pen/strep before being treated. For RNA and protein
extraction cells were cultured in 60-mm dishes (1 X 10° cells) and for cell
proliferation in 12-well plates (2 X 10° cells). TM3 cells (immature mouse
Leydig cell lines; American Type Culture Collection) were cultured in
DMEM/Ham'’s F12 (Invitrogen) supplemented with 5% horse serum,
2.5% FBS, 1% glutamine, 1% pen/strep (Collaborative Biomedical, Bed-
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ford, MA), and antibiotics in a 24-well plate. Treatments were performed
at different times using: ICI 182780 (ICI; Tocris Bioscience, Ellisville, MO),
PD98059 (Sigma, St. Louis, MO), AG1478 (Sigma), E2 (Sigma), G1 (Merck
KGaA, Frankfurt, Germany), 2,3-bis(4-hydroxyphenyl)-propionitrile
(DPN) (Tocris Bioscience), and 4,4 4"-(4-propyl-[1H]pyrazole-1,3,5-triyl)
trisphenol (PPT) (Tocris Bioscience).

Plasmid preparation and cell transfection

The mouse GPR30 coding sequence was amplified by RT-PCR. Gene-
specific primers, based on the published GPR30 sequence (GenBank
accession no. NM_029771) were: forward, 5'-GGA GCT GTC ACA TAA
AAC AGC-3" and reverse, 5'-GCT AGG TGT GTG CAA GTCCT-3". PCR
conditions were: 1 min at 94 C, 1 min at 52 C, and 2 min at 72 C for 30
cycles. The expected 1246-bp fragment was first cloned into pCRII-
TOPO TA cloning vector (Invitrogen) and then excised using HindIIl and
Xhol and cloned into Xhol/HindllI sites of pcDNA3.1/zeo (Invitrogen).
The correct orientation of the insert was confirmed by sequencing.
HEK?293 cells (American Type Culture Collection) were maintained in
DMEM/F-12 containing 5% FBS and 1% pen/strep. Cells were trans-
fected with 1 ug of GPR30 expression vector using Lipofectamine LTX
(Invitrogen) in a 1:3 ratio according to the manufacturer’s instructions.
Cells were lysed 24 h after transfection for protein extraction and used
for Western blot analysis.

Immunohistochemical analysis

Immunohistochemistry was performed on formalin-fixed and par-
affin-embedded testes dissected from C57BL/6 mice at 12 wk of age.
Testes were surgically removed by qualified, specialized animal care
staff in accordance with the Guide for Care and Use of Laboratory
Animals (National Institutes of Health) and used for experiments. Tis-
sues were heated for antigen retrieval. Paraffin-embedded sections, 5
wm thick, were mounted on slides precoated with poly lysine and then
deparaffinized and dehydrated (seven to eight serial sections). After
antigen retrieval and endogenous peroxidase removal, using deparaf-
finized Biotin blocking system (Dako Corp., Carpinteria CA), endoge-
nous biotin was blocked by adding avidin solution. Immunodetection
was carried out using anti-GPR30 (1:50) primary antibody (MBL Inter-
national Corp., Woburn, MA) at 4 C overnight. GPR30 was visualized
with streptavidin-biotin-peroxidase complex (LSAB+ kit peroxidase;
Dako) to reveal antibody-antigen reactions. All slides were counter-
stained with hematoxylin. The primary antibody was replaced by BSA
in negative control sections.

Western blot analysis

After treatments GC-1 cells were lysed in ice-cold lysis buffer
containing protease inhibitors (20 mm Tris, 150 mm NaCl, 1% Igepal,
0.5% sodium deoxycholate, 1 mm EDTA, 0.1% sodium dodecyl sul-
fate, 1 mm phenylmethylsulfonyl fluoride, 0.15 U/ml aprotinin, and
10 uM leupeptin) for protein extraction. Lysates were sonicated for 2
min with an ultrasonic bath in iced water (Progen Scientific Ltd.,
Heidelberg, Germany) and then centrifuged at 13,000 rpm for 10 min
at 4 C. The protein content was determined by the Bradford method.
The proteins were separated on 11% sodium dodecyl sulfate/poly-
acrylamide gels and then electroblotted onto a nitrocellulose mem-
brane. Blots were incubated overnight at 4 C with the following: 1)
anti-GPR30 polyclonal antibody (1:1000) (MBL International); 2) anti-
ERa (F-10) antibody (1:500) (Santa Cruz Biotechnology, Santa Cruz,
CA); 3) anti-ERB antibody (1:500) (Serotec, Oxford, UK) and anti-ERf3
(H-150) antibody (1:1000) (Santa Cruz Biotechnology); 4) anti-ERK an-
tibody (1:1000) (Cell Signaling Technology, Celbio, Milan, Italy); 5) anti-
phosphorylated ERK antibody (1:1000) (Cell Signaling Technology); 6)
anti-cyclin D1 (M-20) antibody (1:1000) (Santa Cruz Biotechnology); and
7) anti-B-tubulin antibody (1:1000) (Santa Cruz Biotechnology). Mem-
branes were incubated with horseradish peroxidase-conjugated second-
ary antibodies (Amersham Pharmacia Biotech, Piscataway, NJ), and
immunoreactive bands were visualized with the enhanced chemilumi-
nescence Western blotting detection system (Amersham Biosciences,
Cologno Monzese, Italy). To assure equal loading of proteins, mem-
branes were stripped and incubated overnight with g-tubulin antibody.
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Fia. 1. Immunolocalization of GPR30 in the
mouse testis. A, Immunodetection of GPR30.
B, Negative control. Scale bars, 5 pm.

RNA extraction and cDNA synthesis

Before experiments, cells were maintained overnight in serum-free
medium without phenol red. Cells were then treated for 1 or 24 h, and
RNA was extracted using the TRizol RNA isolation system (Invitrogen).
Each RNA sample was treated with DNase I (Ambion, Austin, TX), and
purity and integrity of the RNA were confirmed spectroscopically and
by gel electrophoresis before use. One microgram of total RNA was
reverse transcribed in a final volume of 30 ul using the ImProm-II reverse
transcriptase system kit (Promega Italia S.R.L., Milano, Italy). cDNAs
were directly used for PCR or diluted 1:3 in nuclease-free water to be
used for real-time PCR. Samples were aliquoted and stored at —20 C.

PCR and real-time PCR

Two microliters of cDNAs were used for PCR using gene-specific
primers. For ERq, the PCR conditions were 1 min at 94 C, 1 min at 52
C, and 2 min at 72 C for 35 cycles using the following primers: forward,
5'-AAT TCT GAC AAT CGA CGC CAG-3' and reverse, 5'-GTG CTT
CAA CAT TCT CCC TCC TC-3' (GenBank accession no. NM_007956)
generating a 344-bp product. For ERB, the PCR conditions were 1 min
at94 C, 1 min at 56 C, and 2 min at 72 C for 35 cycles using the following
primers: forward, 5'-GAG GGG AAG TGC GTG GAA GG-3' and re-
verse, 5'-CCC GAG ATT GAG GAC TTG TAC CC-3’ (GenBank acces-
sion no. NM_207707), generating a 430-bp product. For GPR30, the PCR
conditions were 1 min at 94 C, 1 min at 52 C, and 2 min at 72 C for 35
cycles using the following primers: forward, 5'-TGG TGG TGA ACA
TCA GCT TC-3' and reverse, 5'-AAG CTC ATC CAG GTG AGG AA-3'
(GenBank accession no. NM_029771), generating a 217-bp product. For
glyceraldehyde-3-phosphate dehydrogenase, the PCR conditions were
1 min at 94 C, 1 min at 55 C, and 2 min at 72 C for 20 cycles using the

Fic. 2. Expression of GPR30 and ERs in GC-1 cells. A
A, RT-PCR analysis of GPR30 in GC-1 cells. A plas-

mid containing the mouse GPR30 coding sequence

was used as positive control in the PCR. B, RT-PCR
analysis of mRNA levels of ERa and ERB in mouse
spermatogonia GC-1 cells (GC-1). TM3 mouse Leydig

cells were used as positive control (TM3). Negative
control was obtained by using water instead of cDNA

in the PCR. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as housekeeping gene.

The size of the amplified fragments are indicated. C

and D, Fifty micrograms of total protein were used B
for Western blot analyses. C, GPR30 protein expres-

sion was analyzed in GC-1 cells and HEK293 cells
transfected with a GPR30 expression vector used as
positive control. D, ERe and ERp protein expression

was analyzed in GC-1 cells using TM3 cells as pos-

itive control. B-Tubulin was used as a loading control.
RT-PCR and blots are representative of three inde-
pendent experiments with similar results.

452 bp — S GAPDH
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following primers: forward, 5'-ACC ACA GTC CAT GCC ATC AC-3'
and reverse, 5'-TCC ACC ACC CTG TTG CTG TA-3’ (GenBank acces-
sion no. NM_008084), generating a 452-bp product. PCR products were
analyzed on a 1% agarose gel and visualized by ethidium bromide
staining.

For real-time RT-PCR, primers for the amplification were based on
published sequences for the mouse c-fos and cyclin D1 genes. The nu-
cleotide sequences of the primers for fos were: forward, 5'-GAG GAG
GGA GCT GAC AGA TAC ACT-3’ and reverse, 5'-GAT TGG CAA TCT
CAG TCT GCA A-3'. For cyclinD1 amplification, the following primers
were used: forward, 5'-TCC GCA AGC ATG CAC AGA-3' and reverse,
5'-GGT GGG TTG GAA ATG AAC TTC A-3'. PCRs were performed in
the iCycler iQ detection system (Bio-Rad, Hercules, CA), using 0.1 um
of each primer, in a total volume of 30 ul following the manufacturer’s
recommendations. SYBR Green universal PCR master mix (Bio-Rad)
with the dissociation protocol was used for gene amplification, and
negative controls contained water instead of first-strand cDNA. Each
sample was normalized to its 185 rRNA content. The 18S quantification
was performed using a TagMan rRNA reagent kit (Applied Biosystems,
Applera Italia, Monza, Milano, Italy) following the method provided
in the TagMan rRNA control reagent kit (Applied Biosystems). The
relative gene expression levels were normalized to a calibrator that
was chosen to be the basal, untreated sample. Final results were
expressed as n-fold differences in gene expression relative to 185
rRNA and calibrator, calculated following the AACt method as fol-
lows: n-fold = 2~ (4Ctsample = ACtealibrator) The ACt values of the sample
and calibrator were determined by subtracting the average cycle
threshold (Ct) value of the 185 rRNA reference gene from the average
Ct value of the different genes analyzed.
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Cell proliferation

For the determination of cell proliferation treatments were performed
for 48 h in serum-free medium without phenol red. Control cells were
treated with the same amount of vehicle alone (dimethylsulfoxide),
which never exceeded the concentration of 0.01% (vol/vol). [PH]thymi-
dine incorporation was evaluated after a 6-h incubation period with 1
rCi [3H]thymidine per well (PerkinElmer Life Sciences, Boston, MA).
Cells were washed once with 10% trichloroacetic acid, twice with 5%
trichloroacetic acid, and lysed in 1 ml 0.1 m NaOH at 37 C for 30 min.
The total suspension was added to 10 ml optifluor fluid and was counted
in a scintillation counter.

Antisense oligodeoxynucleotide experiments

Antisense oligonucleotides were purchased from MWG (Florence, Italy).
The oligonucleotides used were: 5'-TGG AGT AGT CGC ATC CAT-3’ for
GPR30and 5'-GAT CTC AGC ACG GCA AAT-3’ for the scrambled control
(26). A concentration of 200 nm of the indicated oligonucleotides was trans-
fected using Lipofectamine LTX (Invitrogen) in a 1:3 ratio according to
manufacturer’s instructions. Cells were maintained in medium containing
the transfection mix for 36 h before being treated for 5 min and then lysed
and used for Western analysis. For proliferation experiments cells were
maintained in medium containing the transfection mix for 24 h; medium
was then replaced and cells treated for 48 h before being incubated with
[PH]thymidine and assayed for cell proliferation.

Data analysis and statistical methods

Results from triplicate experiments were analyzed by Student ¢ tests
or one-way ANOVA followed by Student-Newman-Keuls post hoc test
as appropriate, using SigmaStat version 3.0 (SPSS, Chicago, IL). Specif-
ically, Student’s t test was used for comparisons between two groups,
giving t and P values; ANOVA was used for comparisons between more
than two groups and gave F and P values.

Results
Immaunolocalization of GPR30 in mouse testis

Immunohistochemical analyses revealed a strong GPR30
immunoreactivity in the cytoplasm of germ cells in the
mouse testes (Fig. 1A), whereas negative control testes
showed immunonegative reaction for GPR30 (Fig. 1B).

Expression of GPR30 and ERs in GC-1 cells

We used RT-PCR and Western analysis to investigate the
expression of GPR30 as well as the ERs in the GC-1 mouse
germ cell line. Analysis of mRNA revealed that GC1 cells
express GPR30 (Fig. 2A) and ERa but not ERB (Fig. 2B). We
then confirmed these results at the protein level. Western
analyses revealed the expected 42-kDa band for GPR30 pro-
tein (Fig. 2C) and a 67-kDa band for ERa (Fig. 2D), whereas
no signals were detected using different specific antibodies
against the ERpB isoform (Fig. 2D).

E2 and the specific GPR30 agonist G1 induce c-fos mRNA
expression in mouse GC-1 cells

GPR30 mediates rapid estrogen signaling leading to the in-
duction of the activator protein-1 (AP-1) family member c-fos.
For this reason, we investigated the effects of E2 and selective
activators of ERa (PPT), ERB (DPN) and GPR30 (G1) on c-fos
mRNA expression using quantitative real-time RT-PCR. A 1-h
treatment produced a significant induction in c-fos mRNA ex-
pression in the presence of E2 (100 nm) (t,, = 19.012, P < 0.001),
PPT (1 uM) (f,o = 57.625, P < 0.001), and G1 (1 um) (t,, = 16.725,
P < 0.001) (Fig. 3A). As expected, DPN (1 um) did not induce
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Fic. 3. Effects of ERs and GPR30 activators and inhibitors on c-fos
mRNA. Cells were treated in serum-free medium for 1 h with E2 (100
nM) PPT (1 pum), DPN (1 um), or G1 (1 pum) (A) or with E2 (100 nm) or
G1 (1 pum) combined with ICI (10 pum), AG1478 (AG) (10 pMm), or
PD98059 (PD) (10 um) (B). Total RNA was extracted, and real-time
RT-PCR was used to analyze c-fos mRNA levels. Columns, mean of
values from three separate RNA samples; bars, SE. Each sample was
normalized to its 18S rRNA content. *, P < 0.01, compared with basal;
*, P < 0.001, compared with E2; ** P < 0.001, compared with G1.

c-fos expression, confirming that in GC-1 cells, ERB is not active
(fo = 0.786, P = 0.45).

c-fos induction via GPR30 occurs after activation of epidermal
growth factor receptor (EGFR) and MAPKSs. Therefore, we
tested the effects of inhibitors for EGFR (AG1478) and mitogen-
activated ERK-activating protein kinase (MEK) (PD98059) on
GI- and E2-dependent c-fos activation (Fig. 3B). To clarify the
role of ERe, we pretreated GC-1 cells with the pure ER antag-
onist ICI before exposing cells to estradiol or G1. All of the tested
inhibitors were able to significantly inhibit E2 [F (3, 20) = 94.05,
P < 0.001] and G1 [F (3, 20) = 393.55, P < 0.001] induction of
cfos (Fig. 3B).

Rapid activation of ERKI1/2 by E2 and G1 in mouse GC-1
cells

Because PD98059, an inhibitor of MAPK, was able to pre-
vent c-fos induction by both E2 and G1, we investigated the
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Fic. 4. Effects of ERs and GPR30 activators and
inhibitors on ERK activation. A, Cells were treated
for 15 min with the indicated concentrations of E2. *, C
P < 0.001 (¢, = 20.889); **, P < 0.001 (z, = 13.665),
compared with basal. B, Cells were treated with the
indicated times with 100 nm of E2. *, P < 0.001 (¢, =
38.265); **, P < 0.001 (¢, = 29.289); A, P <0.001 (t4

12.512), compared with basal. C, Cells were incu-
bated for 30 min with AG1478 (10 uM) or PD98059
(10 wm) or ICI (10 pum) before being stimulated for 5
min with E2 (100 nm). *, P < 0.01 [F (3, 8)= 116.52],
compared with E2. D, Cells were incubated for 30
min with AG1478 (10 pum) or PD98059 (10 um) or ICI
(10 uM) before being stimulated for 5 min with G1(1
uM). ¥ P < 0.01 [F (3, 8) = 288.02], compared with E
G1. E, Cells were untreated or treated for 30 min
with ICI (10 um). *, P < 0.001 (¢, = 9.798). F, Cells
were treated for 5 min with DPN (1 um) or PPT (1
uM). ¥, P < 0.001 (¢, = 12.082). G and H, Cells were
transfected for 36 h with either scrambled (S) or
antisense (AS) GPR30 oligos before being stimulated
for 5 min with E2 (100 nm), G1 (1 uM), or PPT (1 um).
Antisense oligonucleotide blocked E2 effects [*, P <
0.001 (¢, = 20.208)]; G1 [**, P < 0.001 (¢, = 29.918)];
and PPT [, P < 0.001 (¢, = 25.628)]. Western blot
analyses were performed on 50 ug of total proteins
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extracted from GC-1 cells untreated (basal) or
treated as indicated. Blots are representative of
three independent experiments with similar results.
Statistical analysis was performed on densitometric
values obtained from the three blots.

ability of these agonists to activate MAPKs p42/44 MAPK,
also called ERK1/2, by evaluating the phosphorylation sta-
tus. Using increasing doses of E2 (0.01-10 uMm) for 15 min, we
observed that only low doses of E2, with 100 nm being the
most effective, were able to induce ERK phosphorylation
(Fig. 4A). We then investigated the kinetics of ERK activation
by E2 (100 nm) and found that induction occurs rapidly with
a peak at 5 min (Fig. 4B). E2-induced activation was com-
pletely abolished in the presence of PD98059, whereas
AG1478 and ICI reduced but did not abolish this activation
(Fig. 4C). A very similar activation and inhibition pattern was
observed after 5 min treatment with G1 (1 um), used either
alone or in combination with inhibitors (Fig. 4D). Impor-
tantly, all the effects seen in the presence of ICI occurred as
a consequence of a reduction in ERa protein levels, without
influencing GPR30 expression (Fig. 4E); exposure to ICI for
30 min led to a significant reduction in ERa expression but
not GPR30 (Fig. 4E). DPN (1 um) did not affect ERK activa-

G.:'a‘\ A ‘.;b\ A,
I o F o

AS GPR30 oligo H

pERK1/2 pERK1/2

: | ERK1/2

GPR30

tion status, whereas PPT (1 um) induced ERK phosphory-
lation (Fig. 4F).

The role of GPR30 in mediating ERK activation was inves-
tigated by reducing GPR30 expression using an antisense oli-
gonucleotide (Fig. 4, G and H). Whereas cells transfected with
a scrambled oligo still responded to E2, G1, and PPT by in-
ducing ERK phosphorylation, the antisense oligonucleotide
blocked the effects of these agonists. The specificity of the an-
tisense oligonucleotide effect was investigated by analyzing the
expression of GPR30 and ERa on the same blots. As shown in
Fig. 4, G an and H, the GPR30 protein signals disappeared,
whereas there was no change in ERa expression levels.

E2 and G1 induce the expression of cyclin D1 and mouse
GC-1 cell proliferation

To determine the physiological role of estrogen-dependent
GPR30 activation, we evaluated whether the E2-dependent
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>

Fia. 5. Activation of ERa and GPR30 induces cell reg-
ulatory cyclin D1 expression in GC-1 cells. A, Cells were
treated in serum-free medium for 24 h with E2 (100 nM),
G1 (1 pm), PPT (1 um), or DPN (1 um). Total RNA was
extracted, and real-time RT-PCR was used to analyze
cyclin D1 mRNA levels. Columns, mean of values from
three separate RNA samples; bars, SE. Each sample was
normalized to its 18S rRNA content. *, P < 0.001, com-
pared with basal. B, Western blot analyses were per-
formed on 50 pg of total proteins extracted from GC-1
cells untreated (basal) or treated for 24 h with E2 (100
nM) alone or combined with ICI (10 um), AG1478 (10 um),
or PD98059 (10 uM). Blots are representative of three
independent experiments with similar results. g-Tubu-
lin was used as a loading control. *, P < 0.001 (¢,
8.660), compared with basal; ** P < 0.001 [F (3, 8)
55.89], compared with E2.

cyclin D1 mRNA/18S rRNA
(fold over basal)

effects observed in GC-1 cells could lead to a change in the
ability of cells to proliferate. We first examined changes in
E2-regulated cell cycle genes, such as cyclin D1, by quanti-
fying both mRNA and protein levels. Cells were treated for
24 h with E2; G1; and the selective ERa and ERB agonists,
PPT and DPN. All of these activators except DPN induced a
significant increase in cyclin D1 mRNA (E2: t,, = 73.632, P <
0.001; G1: t,, = 23.738, P < 0.001; PPT: t,, = 44.062, P < 0.001;
DPN: t,, = 1.266, P = 0.234) (Fig. 5A). When cells were
treated for 24 h with E2 alone or combined with the inhibitors
ICI, AG1478, and PD98059, we found that E2 induced both
cyclin D1 mRNA and protein levels (¢, = 8.660, P < 0.001).
All the tested inhibitors reduced the E2 effects [F (3, 8) = 55.89
P < 0.001] (Fig. 5B).

Based on these observations, we directly evaluated the
ability of GC-1 cells to proliferate in response to ERs and
GPR30 activation using the thymidine incorporation
method. E2 and G1 significantly induced GC-1 proliferation
(E2: t,, = 14478, P < 0.001; G1: t,, = 59.063, P < 0.001). The
inhibitors ICI, AG1478, and PD98059 reduced basal GC-1
proliferation (ICL: ¢, = 29.122, P < 0.001; AG: t;, = 28.814,
P < 0.001; PD: t;, = 28.814, P < 0.001) and also decreased,
E2-[F (3,20) = 66.89, P <0.001] and G1-induced proliferation
[F (3,20) = 1177.33, P < 0.001] (Fig. 6A). In addition, when
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GPR30 expression was blocked by a GPR30 antisense oligo-
nucleotide, E2 no longer induced proliferation (scrambled
GPR30+E2 vs. scrambled GPR30: t,, = 29.447, P < 0.001;
antisense GPR30 + E2 vs. antisense GPR30: t,, = 0.212, P =
0.63) (Fig. 6B).

Discussion

In the present study, we investigated the ability of E2 to
activate rapid responses leading to mouse GC-1 cell prolif-
eration through the novel estrogen receptor GPR30. Immu-
nohistochemistry in adult mouse testes clearly showed
GPR30 expression in germ cells. Because primary cultures of
pure adult mouse spermatogonia are particularly difficult
to obtain, we used the GC-1 cell line as an experimental
model (40).

GC-1 cells display specific features common to type B
spermatogonia and early spermatocytes. These include: 1)
nuclei that contain large clumps of heterochromatin, similar
in appearance to type B spermatogonia and leptotene sper-
matocytes (41); 2) a prominent Golgi apparatus similar to that
in the preleptotene spermatocytes (42); 3) occasional appear-
ance of vacuolated mitochondria, typical of early to late
pachytene spermatocytes and early spermatids (42, 43); and
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Fic. 6. Effects of ERa and GPR30 activation or inhibition on GC-1
cell proliferation. A, Cells were maintained for 24 h in serum-free
medium and then treated for 48 h as indicated. Where antagonists
were used in combination, they were added 30 min before stimuli: E2
100 nm, G1 1 p, ICI 10 pm, AG1478 (AG) 10 M, PD98059 (PD) 10
uM. B, Cells were transfected with either scrambled (S) or antisense
(AS) GPR30 oligos (200 nM) in medium only; the following day without
removing the medium, cells were stimulated with 100 nm E2, and
treatment was left for 48 h. Proliferation was evaluated by [*H]thy-
midine incorporation analysis. Columns, Mean of fold over untreated
(basal) cells, are the average of three independent experiments each
done in triplicate; bars, SE. *, P < 0.001, compared with basal; ", P <
0.001, compared with E2; ** P < 0.001, compared with G1.

4) no expression of phosphoglycerate kinase, normally ex-
pressed at the secondary spermatocytes stage of differenti-
ation (40). In addition, GC-1 cells contain features common
to early spermatogonia such as multiple nucleoli and mito-
chondria with parallel cristae perpendicular to the long axis
(41, 44). These characteristics correspond to those of the pre-
dominant germ cell types in the 10-d-old prepuberal mouse
testis (41) used as a source of primary cells for immortaliza-
tion. The use of the GC-1 cell line expressing GPR30 is a valid
first approach to investigate the role played by GPR30 in a
rapid estrogen-activated pathway in premeiotic germ cells
among which spermatogonia represent the most important
cell population. It remains to be determined whether estro-
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gens can play a role in spermatogonia proliferation through
a rapidly activated pathway.

Previous reports have shown that E2 is able to induce
spermatogonia proliferation in Rana esculenta and Podarcis
sicula through ERK activation (31, 33). In addition, in R es-
culenta E2 induces fos protein activation, which determines
spermatogonia proliferation (32). The involvement of AP-1
family members in germ cell development has also been
demonstrated in the mouse. In particular, the protoonco-
genes c-fos, cjun, and c-myc are highly expressed in type B
spermatogonia (45). Homozygous mice with a c-fos null mu-
tation, among other abnormalities, show delayed or absent
gametogenesis, confirming the important role exerted by
cfos in regulating spermatogenesis (38).

Despite data from ERKO and ArKO mice, the potential
effects of estrogen on spermatogenesis mediated through
alternative receptors is still unknown.

The discovery of a novel receptor mediating estrogen-
dependent pathways in germ cells, potentially able to com-
pensate for the lack of ERs, may provide an explanation for
the differences between the more severe testicular phenotype
observed in ArKO mice, compared with ERKO mice. These
findings open new perspectives toward the evaluation of the
role of estrogens in testis development and function.

For the first time, we have demonstrated that mouse testis
express GPR30. Our data support the hypothesis that GPR30
could represent the alternative receptor through which es-
trogens sustain spermatogenesis in ERKO mice.

Using the specific agonist G1, we showed that GPR30
activates G protein-dependent pathways in GC-1 cells. In
contrast with a previous report (46), we did not detect any
ERB mRNA or protein expression in GC-1 cells, although we
did observe both ERe mRNA and protein expression, which
were not investigated by the same authors (46). Moreover,
using the selective ERB agonist DPN (47), we did not obtain
any response in GC-1 cells, whereas the specific ERa agonist
PPT, which was unable to activate either ERB (48) or GPR30
(our unpublished observations), activated rapid responses in
GC-1 cells. On the basis of these findings, the previously
reported (46) transcriptional response to E2 in GC-1 cells
transfected with an expression plasmid containing an estro-
gen-responsive element could be mediated by ERa.

Our data indicate that both ERa and GPR30 are required
for E2, PPT, and G-1 pleiotropic effects because c-fos up-
regulation and ERK1/2 activation by each ligand were sen-
sitive to the pure ERa antagonist ICI, which reduces ERa
expression but does not change GPR30 protein levels and
because silencing of GPR30 expression by specific antisense
oligonucleotides abolished ERK activation and cell prolifer-
ation induced by all ligands without altering ER« expression.

In addition, given the comparable effects of E2, PPT, and
G-1 on c-fos expression, we propose that GPR30 and ERa
could act through the same signaling pathway downstream
of EGFR. In line with this model, it has been shown that
GPR30 in response to E2 induces the release of surface-bound
membrane-anchored heparin-binding EGF-like growth fac-
tor (proHB-EGF) (49), whereas ERa tyrosine phosphoryla-
tion by EGFR activation plays a key role in ERK phosphor-
ylation, leading to the stimulation of a mitogenic signaling
network (50-53).
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279:768-778
7. Sierens JE, Sneddon SF, Collins F, Millar MR, Saunders PTK 2005 Estrogens
in testis biology. Ann NY Acad Sci 1061:65-76
Hess RA, Carnes K 2004 The role of estrogen in testis and the male repro-
ductive tract: a review and species comparison. Anim Reprod 1:5-30
. Beumer TL, Roepers-Gajadien HL, Gademan IS, Kal HB, de Rooij DG 2000
Involvement of the D-type cyclins in germ cell proliferation and differentiation
in the mouse. Biol Reprod 63:1893-1898
10. Pelletier G, Labrie C, Labrie F 2000 Localization of oestrogen receptor «,
oestrogen receptor 8 and androgen receptors in the rat reproductive organs.
J Endocrinol 165:359-370
Ramesh R, Pearl CA, At-Taras E, Roser JF, Berger T 2007 Ontogeny of
androgen and estrogen receptor expression in porcine testis: effect of reducing
testicular estrogen synthesis. Anim Reprod Sci 102:286-299
Mutembei HM, Pesch S, Schuler G, Hoffmann B 2005 Expression of oestro-
gen receptors a and B and of aromatase in the testis of immature and mature
boars. Reprod Domest Anim 40:228-236
. Saunders PT, Fisher JS, Sharpe RM, Millar MR 1998 Expression of oestrogen
receptor B (ERB) occurs in multiple cell types, including some germ cells, in
the rat testis. ] Endocrinol 156:R13-R17
14. Zhou Q, Nie R, Prins GS, Saunders PTK, Katzenellenbogen BS, Hess RA
2002 Localization of androgen and estrogen receptors in adult male mouse
reproductive tract. ] Androl 23:870-881
15. O’Donnell L, Robertson KM, Jones ME, Simpson ER 2001 Estrogen and
spermatogenesis. Endocr Rev 22:289-318
Hewitt SC, Harrell JC, Korach KS 2005 Lessons in estrogen biology from
knockout and transgenic animals. Annu Rev Physiol 67:285-308
17. Murata Y, Robertson KM, Jones MEE, Simpson ER 2002 Effect of estrogen
deficiency in the male: the ArKO mouse model. Mol Cell Endocrinol 193:7-12
Honda S, Harada N, Ito S, Takagi Y, Maeda S 1998 Disruption of sexual
behavior in male aromatase-deficient mice lacking exons 1 and 2 of the cyp19
gene. Biochem Biophys Res Commun 252:445-449
. Robertson KM, O’Donnell L, Jones MEE, Meachem SJ, Boon WC, Fisher CR,
Graves KH, McLachlan RI, Simpson ER 1999 Impairment of spermatogenesis
in mice lacking a functional aromatase (cyp 19) gene. Proc Natl Acad Sci USA
96:7986-7991
. Robertson KM, O’Donnell L, Simpson ER, Jones MEE 2002 The phenotype
of the aromatase knockout mouse reveals dietary phytoestrogens impact
significantly on testis function. Endocrinology 143:2913-2921
21. Delbes G, Levacher C, Pairault C, Racine C, Duquenne C, Krust A, Habert
R 2004 Estrogen receptor S-mediated inhibition of male germ cell line devel-
opment in mice by endogenous estrogens during perinatal life. Endocrinology
145:3395-3403
22. Mahato D, Goulding EH, Korach KS, Eddy EM 2000 Spermatogenic cells do
not require estrogen receptor-a for development or function. Endocrinology
141:1273-1276
23. Mahato D, Goulding EH, Korach KS, Eddy EM 2001 Estrogen receptor-a
is required by the supporting somatic cells for spermatogenesis. Mol Cell
Endocrinol 178:57-63
24. Lassurguere J, Livera G, Habert R, Jegou B 2003 Time- and dose-related effects
of estradiol and diethylstilbestrol on the morphology and function of the fetal
rat testis in culture. Toxicol Sci 73:160-169
25. Levin ER 2005 Integration of the extranuclear and nuclear actions of estrogen.
Mol Endocrinol 19:1951-1959
. Maggiolini M, Vivacqua A, Fasanella G, Recchia AG, Sisci D, Pezzi V,
Montanaro D, Musti AM, Picard D, Ando S 2004 The G protein-coupled
receptor GPR30 mediates c-fos up-regulation by 17p-estradiol and phytoestro-
gens in breast cancer cells. ] Biol Chem 279:27008-27016
Filardo EJ, Quinn JA, Frackelton Jr AR, Bland KI 2002 Estrogen action via the
G protein-coupled receptor, GPR30: stimulation of adenylyl cyclase and
cAMP-mediated attenuation of the epidermal growth factor receptor-to-
MAPK signaling axis. Mol Endocrinol 16:70-84

One mechanism through which c-fos stimulates cell pro-

liferation is by the regulation of cell cycle genes, such as
cyclin D1, which contains AP-1sites within the promoter
region (54-56). Cyclin D1 has been shown to play a specific 8.
role during the G1/S phase transition in adult mouse sper- 9
matogonia cells (9). In our GC-1 cells E2, G1, and PPT were
able to induce cyclin D1 expression as well as cell prolifer-
ation. The inhibitors ICI, AG1478, and PD98059 prevented
cyclin D1 expression and agonist-induced cell proliferation.
In addition, when GPR30 expression was blocked using spe- ~ 11-
cific GPR30 antisense oligonucleotides, E2 was no longer able
to induce proliferation, suggesting that GPR30 is involved in 12.
the signaling pathway triggered by E2 in GC-1 cell growth.
A recent study in a human tumor germ cell line clearly 13
demonstrated that estrogens, through a nonclassical ER as-
sociated with a G protein, induce cell proliferation via rapid
activation of ERK1/2 and protein kinase A signaling (39).
Thus, GPR30 may mediate estrogen-dependent germ cell
proliferation also in humans.

In summary, the present study demonstrates for the first 1.
time that estrogens, through a GPR30 and ERa cross talk,
activate the rapid EGFR/ERK/ c-fos signaling cascade, which
in turn induces mouse GC-1 cell proliferation. The findings 1.
that GC-1 cells display several features common to sper-
matogonia, that GPR30 is expressed in mouse germ cells,and ;4
that E2 induces spermatogonia proliferation activating ERK
and c-fos in other species lead us to hypothesize that E2 could
be involved in the regulation of mitosis of mouse spermato-
gonia, activating rapid EGFR/ERK/c-fos signaling through
GPR30. Further studies in primary cultures of spermatogonia
and/or cocultures on a feeder layer of Sertoli cells are nec-
essary to validate our data obtained in GC-1 cells. Based on
our findings, new studies may lead to the elucidation of the
physiological role of estrogen-activated rapid signaling path-
ways involved in the regulation of male fertility and/or
testicular tumorigenesis.
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