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Most mammalian follicles undergo atresia at various stages before ovulation, and granulosa cell apoptosis is a
major cause of antral follicular atresia. Estradiol is an essential mitogen for granulosa cell proliferation in vivo
and inhibition of apoptosis. The estradiol-producing capacity and metabolism levels are important for follicle
health, and sufficient estradiol is necessary for follicle development and ovulation. Cyp1b1, a member of the
cytochrome P450 1 subfamily, is responsible for the metabolism of a wide variety of halogenated and polycyclic
aromatic hydrocarbons indiverse tissues. Inmouse follicles, Cyp1b1 converts estradiol to 4-hydroxyestradiol.We
investigated mouse granulosa cells (MGCs) in vivo and in vitro and found that Cyp1b1 played a crucial role in
estradiol metabolism in dominant follicles. Follicle-stimulating hormone (FSH) decreased estrogen metabolism
by reducing Cyp1b1mRNA and protein levels in MGCs. Furthermore, FSH regulated signal transducer and activator
of transcription 1 (STAT1), a significant transcription factor of Cyp1b1, bymediating the dephosphorylation of STAT1
on serine 727 (Ser727) inMGCs. p38mitogen-activated protein kinase (MAPK)may be involved in the FSH-induced
dephosphorylation of STAT1 on Ser727 in MGCs. These results suggested that FSH functions via p38 MAPK-induced
dephosphorylation at Ser727 of STAT1 to downregulate Cyp1b1 expression and maintain the estradiol levels in
mouse dominant follicles.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

In mice, follicular atresia is frequently observed in follicles
250–399 μm in diameter. This size range may be critical for atresia
as few follicles in the range 250–399 μm resume meiosis, whereas
meiosis is restored in follicles≥400 μmindiameter, resulting in ovulation
[1]. Follicle health depends upon routine biosynthesis andmetabolism of
estradiol, the predominant sex hormone in females. Sufficient estradiol in
the dominant follicle is essential for follicular growth and triggers the
surge in preovulatory luteinizing hormone (LH) that promotes ovulation
[2,3]. The capacity to produce estradiol is lost in ovarian follicles before
atresia [4,5]. The cytochrome P450 superfamily is a large and diverse
group of enzymes that catalyze the oxidation of organic substances,
such as metabolic intermediates (including lipids and steroidal
hormones) and xenobiotic substances (including drugs and other

toxic chemicals) [6]. In mammals, 2-hydroxyestradiol (2-OH E2)
and 4-hydroxyestradiol (4-OH E2) are two of the main hydroxylated
metabolites of estradiol (E2) formed by cytochrome P450 family
members 1A1, 3A, 1B1, and 1A2 [7,8]. In adult mice, the cytochrome
P450 1a1 gene is not expressed constitutively, but is highly inducible
by foreign compounds acting through the aryl hydrocarbon receptor
(AhR) [9]. The catalysis of Cyp1b1 estrogen to 4-OH E2 is considered
a dominantmetabolic pathway for the formation of catechol estrogen in
several extrahepatic tissues [10].

Signal transducer and activator of transcription 1 (STAT1) is activated
in response to interferon (IFN)-α, IFN-γ and a large number of ligands
[11–13]. The phosphorylation of STAT1 at tyrosine 701 (Tyr701) induces
STAT1 dimerization, afterwhich it translocates to the nucleus and acts as
a transcription factor (TF) to regulate gene expression [14]. STAT1
protein has two isoforms: STAT1α (91 kDa) and the splice variant
STAT1β (84 kDa). STAT1 is also phosphorylated at Ser727 in response
to IFN-α and other cellular stresses [15–17]. Only STAT1α can be phos-
phorylated at Ser727, as the site is deleted in STAT1β. Serine phosphoryla-
tion of STAT proteins is required for maximal tyrosine phosphorylation,
DNA binding, transcriptional activity and regulation of gene transcription.
Inappropriate activation of STAT1 occurs in many tumors [18].

Follicle-stimulating hormone (FSH) promotes the synthesis of
estrogen. However, it is unclear whether FSH is involved in estrogen
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metabolism. To examine the relationship between FSH and estrogen
metabolism, we investigated the mechanisms of FSH regulation rel-
evant to the estradiol metabolism gene Cyp1b1 in mouse granuloma
cells (MGCs). FSH stimulation induced dephosphorylation of STAT1
on Ser727 in MGCs; this effect was blocked by a p38 mitogen-
activated protein kinase (MAPK) inhibitor in response to FSH
stimulation. Our study showed that STAT1 is important for FSH
regulation of the Cyp1b1 gene expression and estradiol metabolism
in mouse dominant follicles.

2. Materials and methods

2.1. Animals

Female imprinting control region (ICR)micewere obtained from the
Qing Long Shan Co., Animal Breeding Center (Nanjing, China). FSH
(Ningbo Second Hormone Factory, Ningbo, China) was administered
intraperitoneally to 4-week-old female mice four times (10, 10, 5, and
5 IU) at 12-h intervals. No human chorionic gonadotropin (HCG) was
injected in mice after FSH stimulation, and several dominant follicles
(250–399 μm) that did not progress to ovulation were collected for
analysis. Mice were sacrificed by cervical dislocation, and MGCs were
collected from the dominant ovarian follicles at 48 h after the first FSH
injection. At 66 h, additional FSH (10 IU) and PBS injections were
administered to the mice, and MSGs were collected at 72 h, hereafter
called 72–66 h (mice injected with FSH at 66 h) and 72 h (mice injected
with PBS), respectively. All animal experiments were performed
according to the guidelines of the regional Animal Ethics Committee.

2.2. Cell culture

Intact mice were injected intraperitoneally with FSH (10, 10, 5, and
5 IU) and sacrificed 48 h later. MGCs were harvested from the ovarian
dominant follicles. Cells were cultured in Dulbecco's Modified Eagle's
medium (DMEM) F12 containing 10% (v/v) fetal calf serum (FCS) with
and without FSH (F4021; Sigma-Aldrich, St. Louis, MO, USA),
LY294002 (S1737; Beyotime), IFN-α (PMC4016; Invitrogen, Carlsbad,
CA, USA), and SB203580 (S1863; Beyotime), and incubated at 37 °C
with 5% CO2.

2.3. Real-time quantitative polymerase chain reaction (PCR) analysis

Relevant primers for Cyp1b1, STAT1, NF-E2, Pou2f1, Arnt, Cyp3a,
Cyp1a2, and β-Actin were designed using the Primer 5 software, and
GAPDH was used as an internal control (Table 1). In this study, all PCR
products produced single bright bands of the expected sizes, and the
melting-curve analysis of each band showed only one peak. Total RNA
was extracted from the granulosa cells using TRIzol® (Invitrogen) ac-
cording to the manufacturer's instructions. Reverse transcription of
total RNA was performed using a RevertAid™ RT reagent kit (EP0441;
Fermentas, Germany) in a 25-μl reaction mixture according to the
manufacturer's instructions.

2.4. Annexin V-fluorescein isothiocyanate (FITC) apoptosis assay

Cultured MGCs were treated with 4-OH E2 for 24 h. Media were
collected from the cultured cells. After washing, the MGCs were
digested with pancreatin without EDTA for 5 min. The collected
media were added, and the samples were then centrifuged at
1000 g for 5 min. The supernatant was discarded and the pellet was
resuspended in PBS for cell counting. After two washes with PBS,
50,000–100,000 cells were centrifuged at 1000 g for 5 min and the
supernatant was discarded. Annexin V-FITC buffer (195 μl) and
annexin V-FITC dye (5 μl) were added to the tubes, which were
then rocked gently at 25 °C for 10 min before centrifugation at
1000 g for 5min. The supernatant was discarded, and 190-μl PI buffer

and 10-μl PI dye were added. Samples were rocked uniformly before
being placed on ice in lucifugal conditions in preparation for flow
cytometry analysis.

2.5. Plasmids

Full-length mouse STAT1 cDNA from adult ovaries was inserted into
the BamHI and XhoI sites of the pcDNA3.1 (+) vector (Invitrogen); the
resulting expression vector was denoted as pcDNA3.1-STAT1. A mouse
Cyp1b1 luciferase reporter plasmid was constructed by inserting the
promoter regions from −1208 to +818 into the KpnI and SmaI sites
of the pGL3-Basic vector (Promega, Madison, WI). The two predicted
binding sites of STAT1 on Cyp1b1 were BS 1 (from −908 to −900)
andBS 2 (from+486 to+494).Mutant versions of the Cyp1b1 luciferase
reporter with mutations in the BS 1 (mutant 1), BS 2 (mutant 2), or both
BS 1 and BS 2 (mutant 3) were generated using site-directed mutagene-
sis with the Vazyme Mut Express™ Fast Mutagenesis Kit. The vectors
were denoted as pGL3-Cyp1b1-WT, pGL3-Cyp1b1-mutant 1, pGL3-
Cyp1b1-mutant 2 and pGL3-Cyp1b1-mutant 3 respectively. The primers
used to construct plasmids are listed in Table 2.

2.6. Luciferase reporter assays

NIH 3T3 cells were seeded in 12-well plates 24 h before transfection.
On the day of transfection, each well was cotransfected with 0.75 μg of
the pcDNA3.1-STAT1 plasmid, 0.75 μg of the pGL3 vector and 50 ng of
the pRL-TK vector (Promega) using Lipofectamine 2000 (Invitrogen).
The luciferase assay was performed 48 h after transfection as described
previously [19] using the dual-luciferase reporter assay system
(Promega).

2.7. Enzyme-linked immunosorbent assay (ELISA) analysis

After dominant ovarian follicles were punctured (20 punctured
follicles from each mouse, n = 7 mice/group), 4-OH E2 and E2 were
extracted using 50-μl 20% DMSO. The concentrations of 4-OH E2 and
E2 were performed according to the manufacturer's protocol using the
4-OH E2 ELISA kit (E-20620, R&D systems subpackage) and E2 ELISA
kit (E-20380, R&D systems subpackage). Because the follicle sizes

Table 1
Primers for real-time quantitative PCR.

Gene name Primer sequence (5′ → 3′) Size (bp) Tm/(°C)

Cyp1b1
(NM_009994.1)

F: CACTATTACGGACATCTTCGG 168 56
R: AGGTTGGGCTGGTCACTC

STAT1
(NM_001205313.1)

F: CTCATTGTCACCGAAGAAC 264 58
R: CTGCCAACTCAACACCTC

Pou2f1
(NM_011137.3)

F: CAGTGAAGAGTCGGGAGAT 294 56
R: TGTATGGGCTGAGACAGG

NF-E2
(NM_008685.2)

F: TTGTGAAGAGTGCGTGTCCG 160 55
R: CCCGCAGGTGCTGGTTTA

Arnt
(NM_001037737.2)

F: CGGTAAGGTGCCTAATCT 142 58
R: CTGATGTCATTTCTGGGTT

Cyp3a
(NM_007818.3)

F: TTTTCTGTCTTCACAAACCGG 200 55
R: TAACAGGCTTGCCTTTCTTTG

Cyp1a2
(NM_009993.3)

F: TGCCATCTTCTGTTTAGTGTT 267 56
R: CCCTTGAAGTCATCTCCCT

β-Actin
(NM_007393.3)

F: GCTGTCCCTGTATGCCTCT 460 60.8
R: GTCTTTACGGATGTCAACG

GAPDH
(NM_008084.2)

F: ATGGTGAAGGTCGGTGTGAACG 235 58
R: CTCGCTCCTGGAAGATGGTGATG

Cyp1b1 BS 1 F: CTCGGCGTGTCAGGTGTCGT 182 58
R: AGGAGGAGGCGGCTCTGTAC

Cyp1b1 BS 2 F: CACGCTTCATCGCAGGTC 163 55
R: GCCTAACGGTTCCCAGAA

Cyp1b1 Exon 3 F: GGAAGAAGGGTACAAGCC 160 55
R: GCCGCACTGATCTGAAGT
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differed, the concentrations of 4-OH E2 and E2 did not accurately reflect
estradiol metabolism. Therefore, we evaluated estradiol metabolism by
means of the 4-OH E2/E2 ratio.

2.8. Western blot analysis

MGCswere lysed in RIPA lysis buffer (P0013B, Beyotime)with 1mM
PMSF (ST506, Beyotime) to prepare total proteins. The concentration of
protein samples was determined using the BCA method (Pierce, Rock-
ford, IL, USA). For each sample, 10-μg total protein was loaded onto a
12% SDS-PAGE gel and processed at 60 V for 3–4 h before transferring
to a nitrocellulose membrane (Pall, Port Washington, NY, USA) using
an electroblotting method. The sample was then processed at 100 V
for 90 min. After incubation in blocking buffer [TBST with 1% (w/v)
BSA (A7030; Sigma)] for 1 h, the membranes were incubated at 4 °C
for 12 h with an anti-STAT1 (9172; Cell Signaling Technology, Beverly,
MA, USA), anti-p-Ser727 STAT1 (9177; Cell Signaling Technology),
anti-p-Tyr701 STAT1 (9167; Cell Signaling Technology), or anti-Cyp1b1
(SC-32882; Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibody.
After washing, the membranes were incubated with an HRP-
conjugated goat anti-rabbit IgG secondary antibody (SC-2030; Santa
Cruz Biotechnology) for 1 h at room temperature and then washed.
The membranes were visualized with an ECL Western blot detection
kit (NC15080; Thermo Fisher Scientific, Waltham, MA, USA). α-
Tubulin (T5168; Sigma) and STAT1 protein levels served as internal
controls. The chemiluminescence of each protein band was quantified
using the ImageJ software, and protein levels were normalized to
those of α-tubulin or STAT1.

2.9. Immunofluorescence

MGCs were grown on coverslips. After treatment, the cells were
fixed with 4% paraformaldehyde. Coverslips were rinsed three times
for 5 min each in PBS, incubated in 100% methanol for 10 min at
−20 °C, and then rinsed again in PBS for 5 min. After incubation in
blocking buffer for 2 h (PBS with 0.3% Triton X-100 and 1% BSA), the
coverslips were incubated with an anti-p-Ser727 STAT1 antibody
(9177; Cell Signal Technology) for 12 h at 4 °C. The coverslips were
then incubated with a goat anti-rabbit IgG 488 (CA11008s; Invitrogen)
conjugated to Alexa Fluor 488 (green) for 50 min in darkness. After
staining the cell nuclei with DAPI for 15 min, fluorescent images were
taken using a confocal laser scanningmicroscope (Carl Zeiss, Germany).

2.10. Chromatin immunoprecipitation (CHIP) assay

Formaldehyde (1% final concentration) was added directly to the
media containing the MGCs. Fixation proceeded at room temperature
for 10min andwas stopped by the addition of glycine to a final concen-
tration of 0.125 M. The MGCs were collected by centrifugation and
rinsed three times in cold PBS with 1 mM PMSF. The cell pellets were
resuspended in lysis buffer [50mMTris (pH 7.4), 150mMNaCl, 1% Triton
X-100, 1% sodium deoxycholate, 1% SDS, sodium orthovanadate, sodium
fluoride, EDTA, 100 ng leupeptin and aprotinin/ml, and 1 mM PMSF] for
30 min on ice, and vortexed for 15 s every 5 min. After lysis, the samples

were sonicated on ice (MPI Ultrasonics, Switzerland) at setting 5 for six
10-s pulses to create an average length of 400–800 bp. Immunoprecipita-
tion (IP) and DNA recovery were performed using a Pierce agarose CHIP
kit (26156; Thermo Fisher Scientific). Anti-p-Ser727 STAT1 antibody
(9177; Cell Signal Technology) was used for IP. After IP elution and
DNA recovery, DNA in the IP samples was quantified by real-time PCR
and normalized to input DNA control samples. Primer information is
provided in Table 1.

2.11. Statistical analyses

Results are presented as means ± SEM. Statistical analysis was
performed using the SPSS 16.0 software (SPSS, Inc.). Comparisons
of two means were performed with Student's independent t-tests.
Comparisons of three or more means were performed by one-way
analysis of variance. The mean differences were considered significant
at P b 0.05.

3. Results

3.1. Cyp1b1 mRNA and protein levels are reduced by FSH in MGCs

In mammals, estradiol is converted by Cyp1a1, Cyp3a, Cyp1b1, and
Cyp1a2 to 2-OH E2 and 4-OH E2 [8]. However, the cytochrome P450
1a1 gene is not constitutively expressed in female mice [9]. Low
Cyp1a2 and Cyp3amRNA levels were found in granulosa cells compared
with those in liver cells, and only the Cyp1b1 gene showed continuous
expression in the mouse ovary [20] (Fig. 1). Thus, the Cyp1b1 gene is
important for estradiol metabolism in the granulosa cells of mouse
follicles.

After FSH treatment, granulosa cellswere extracteddirectly from the
dominant follicles at 48 and 72 h. Total RNA was extracted and RT-PCR

Table 2
Primers for plasmid construction.

Gene name Primer sequence (5′ → 3′) Size (bp) Tm/(°C)

STAT1
(NM_001205313.1)

F:GGGGTACCTTGCATTGACCATAAACAAGAGC 2026 66
R:TCCCCCGGGAGGACGGAGAAGAGTAGCAGAAG

Cyp1b1
(NM_009994.1)

F:GGGATCCCCAGTAAGTCTACGTGGGAACG 2340 66
R:CCCTCGAGGAAGGAATCACAGATGGGAAAA

Cyp1b1-BS1-Mutant F:AGCCGACGATGTATTGGCGGCGCACGCAAGGCACAGCTCCGCAC
R:CGCCGCCAATACATCGTCGGCTCCAGTCATCTCCCTGGGCGCT

Cyp1b1-BS2-Mutant F:TCGGAATGACTTAGCCCGTTAGGCAGCTGGGGATTTGGAAGCCGAT
R:CCTAACGGGCTAAGTCATTCCGACACAATGCCGGTGGGTGGCAG

Fig. 1. Expression of estradiol metabolism-relevant genes inmouse dominant follicles. (A,
B)Mouse granulosa cell and liver cell cDNA amplified by reverse transcription polymerase
chain reaction (RT-PCR; 40 cycles) and visualized on an agarose gel.
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was performed. A significant decrease (P b 0.05) in the Cyp1b1 mRNA
level was observed in mice injected with FSH at 66 h (72–66 h group),
whereas the mRNA levels were higher in the mice injected with PBS
at 66 h (72 h group) in vivo (Fig. 2A).

Granulosa cells cultured in vitrowere treated with FSH (10, 50, 100,
150 ng/ml).We found that 100 ng/ml FSH induced significant downreg-
ulation of Cyp1b1 mRNA levels (Fig. 2B). Moreover, Cyp1b1 protein
levels were also significantly downregulated by FSH (Fig. 2C–D).

3.2. FSH reduced the estrogen metabolism level by downregulating Cyp1b1
expression

As estradiol is converted mainly to 4-OH E2 by Cyp1b1, inhibiting
Cyp1b1 expression was expected to reduce 4-OH E2 and maintain E2
levels in mouse follicles. We performed ELISA to assess 4-OH E2 and
E2 levels in delayed ovulation dominant follicles. Compared with the
48-h groups, the 4-OH E2/E2 ratio was significantly increased in the
72-h groups, and was reduced significantly by the addition of 10 IU
FSH at 66 h (72–66-h group) (Fig. 3). These results indicated that FSH
reduced the estrogen metabolism level by downregulating Cyp1b1
expression.

In vitro, cultured MGCs were treated with various doses of 4-OH E2
for 24 h, and the apoptosis rate was determined by flow cytometry
analysis of annexin V-FITC staining. We found that 10 μM 4-OH E2
significantly induced granulosa cell apoptosis (Fig. 4). Thus, FSH
inhibition of estrogen metabolism maintained estradiol levels and
reduced 4-OH E2 accumulation, which was harmful to MGCs in
mouse dominant follicles.

3.3. Involvement of STAT1 in FSH-mediated control of Cyp1b1 expression

To determine the mechanism by which FSH downregulated Cyp1b1
expression, we analyzed the TFs predicted to regulate Cyp1b1; e.g.,
STAT1, Pou2f1, NF-E2, and Arnt. TF mRNA levels were assayed by RT-
PCR, and the distance correlation analysis between Cyp1b1 and TFs was
performed using SPSS ver. 16.0. STAT1 mRNA levels were most similar
to those of Cyp1b1 (Fig. 5A and B).

We next performed CHIP assays to further assess the relationship
between STAT1 and Cyp1b1. As shown in Fig. 5C, the STAT1-binding

sites on Cyp1b1 were predicted using www.cbrc.jp/research/db/
TFSEARCH.html. Granulosa cells from three mice were combined to
form one sample group. After DNA recovery, three rounds of RT-PCR
were performed on the samples. STAT1 BS 1 and 2 binding to Cyp1b1
was decreased significantly in the 72–66-h group compared to the
levels in the 72-h group after FSH stimulation (Fig. 5D). These results
suggested that STAT1 is involved in FSH-mediated control of Cyp1b1
expression.

3.4. STAT1 as a TF regulated the expression of Cyp1b1

To determine whether STAT1 functions as a TF to regulate Cyp1b1
expression,we generated thepcDNA3.1-STAT1ultra-expressionplasmid,

Fig. 2.Regulation of Cyp1b1mRNA and protein levels inmouse granulosa cells (MGCs) by follicle-stimulating hormone (FSH). (A)MGCswere collected at 48 and 72 h after FSH treatment.
Additional FSH (10 IU) or PBS was administered to injected mice at 66 h after FSH treatment in the following groups: 72–66 h (FSH injected at 66 h) and 72 h (PBS injected at 66 h). The
effect of FSH on Cyp1b1mRNA levels was measured in granulosa cells of mouse dominant follicles in vivo (n= 7/group). The mean value in the 48-h group was set as 1. (B) MGCs were
culturedwith the indicated amounts of FSH for 24 h. The effects of FSH on Cyp1b1mRNA levels were analyzed by quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
(n = 3/group). The mean value in the vehicle group was set as 1. (C) FSH (100 ng/ml) suppressed Cyp1b1 protein levels in cultured MGCs. MGCs were cultured with or without FSH
(100 ng/ml) for 24 h. Whole-cell lysates were harvested from the treatment groups as indicated. Immunoblotting was performed to detect Cyp1b1 expression. α-Tubulin served as an
internal control (n= 3/group). (D) Quantification of relative Cyp1b1 protein levels by gradation analyses. The ImageJ softwarewas used to analyze the gradation of each band represented
in panel C, and the relative expression levels were normalized to that of α-tubulin. Graphs showmeans ± SEM. Letters denote significant (P b 0.05) differences between values.

Fig. 3. FSH decreased the estrogen metabolism level in delayed-ovulation follicles. Mouse
follicularfluidswere extracteddirectly from thedominant follicles at 48 and 72h after FSH
treatment. Additional FSH (10 IU) or PBS was administered to injected mice at 66 h after
FSH treatment in the 72–66-h and 72-h groups, respectively. Concentrations of 4-
hydroxyestradiol (4-OH E2) and estradiol (E2) in mouse delayed-ovulation follicles
were detected by enzyme-linked immunosorbent assay (ELISA). The 4-OH E2 to E2 ratio
was measured to determine the 4-OH E2 content in the follicle (n= 140/group). Graphs
show means ± SEM. Letters denote significant (P b 0.05) differences between values.
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pGL3-Cyp1b1(−1208/+818) luciferase reporter plasmid, and pGL3-
Cyp1b1(−1208/+818) luciferase reporter plasmid with mutations in
BS 1 and BS 2 (Fig. 7A). These mutations aimed to block STAT1 binding
to BS 1 (mutant 1), BS 2 (mutant 2), or both BS 1 and BS 2 (mutant 3). In
vitro, cultured granulosa cells were collected at 48 and 72 h after trans-
fectionwith 4-μg pcDNA3.1-STAT1 or pcDNA3.1 in six-well plates. Total
RNA was extracted and analyzed using RT-PCR, and total proteins were
extracted for Western blot analysis. Compared with the control
groups, the overexpression of STAT1 significantly increased Cyp1b1
mRNA and protein levels (Fig. 6). Thus, the expression of Cyp1b1 was
regulated by STAT1.

To determine the importance of BS 1 andBS 2 in the Cyp1b1promoter,
pGL3-Cyp1b1-WT and pGL3-Cyp1b1-mutants were cotransfected with
pcDNA3.1-STAT1 and pRL-TK in NIH 3T3 cells. The dual-luciferase
reporter assay showed that BS 1 and BS 2 were functional, and
that mutated BS 2 decreased the transcriptional activity of Cyp1b1
to the same level as mutated BS 1. Both the BS 1 and BS 2 mutations
further decreased the transcriptional activity of Cyp1b1 (Fig. 7B).
These results suggested that BS 1 and BS 2 played equally impor-
tant roles in STAT1 regulation of Cyp1b1 transcription activity.
Therefore, STAT1 functions as a TF for, and regulates the expression
of, Cyp1b1.

Fig. 4. 4-OH E2 stress-induced apoptosis ofMGCs in vitro. (A) Phase-contrast images ofMGCs treatedwith the indicated doses of 4-OH E2. (B)Histograms and quantitative analyses byflow
cytometry of annexin V-fluorescein isothiocyanate (FITC) staining in MGCs treated with the indicated doses of 4-OH E2 (n = 3). Graphs show means ± SEM. Letters denote significant
(P b 0.05) differences between values.

Fig. 5. Effect of FSH on transcription factors (TFs) of Cyp1b1 inMGCs of dominant follicles in vivo. (A) The effects of FSH on Cyp1b1 TFswere analyzed by qRT-PCR. Themean value in the 48-h
groupwas set as 1 (n= 7/group). Graphs showmeans± SEM. Letters denote significant (P b 0.05) differences between values. (B) Correlations between TFs and Cyp1b1were determined
by SPSS 16.0 using the correlate-distance program. (C) The predicted binding sites of STAT1 to Cyp1b1. (D)Whole granulosa cell lysates were harvested from the treatment groups as indi-
cated. Following immunoprecipitation with an anti-signal transducer and activator of transcription 1 (STAT1) antibody, enrichment of the STAT1-containing DNA sequence was quantified
by real-time PCR. Relative amounts of the STAT1-containing DNA sequence compared to the Cyp1b1 input in each groupwere calculated (n= 3/group). Graphs showmeans± SEM. Letters
denote significant (P b 0.05) differences between values.
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3.5. Reduction of the phosphorylation level of STAT1 on Ser727 by FSH

To determine the effect of FSH on the enrichment of STAT1 in the
Cyp1b1 promoter region, mice were injected with FSH four times
every 12 h to induce follicle growth. MGCs were collected at 48 and
72 h after thefirst FSH injection.MGCswere collected and total proteins
were extracted for Western blot analysis. STAT1 protein levels showed
no significant differences among the three groups. No phosphorylation
of STAT1 on Tyr701was detected inMGCs of dominant follicles; however,
the phosphorylation level of STAT1 on Ser727was altered. The addition of
FSH (10 IU) at 66 h (72–66 h) significantly decreased the level of STAT1
phosphorylation on Ser727 compared with that at 72 h (PBS at 66 h)
(Fig. 8A–C), similar to the effect of FSH on Cyp1b1 expression. This result
suggested that FSH affected the enrichment of STAT1 in the Cyp1b1
promoter region by decreasing the phosphorylation level of STAT1 on
Ser727.

FSH (100 ng/ml) was added to cultured MGCs, and cells were
collected at 6, 12, and 24 h thereafter. The phosphorylation levels
of STAT1 on Ser727 were detected by immunofluorescence, and

found to be significantly decreased at 12 and 24 h after FSH stimulation
(Fig. 9A and B).

Western blot analysis of STAT1 protein levels showed no significant
change after FSH treatment, but the phosphorylation level of STAT1 on
Ser727 was decreased significantly at 12 and 24 h after FSH treatment.
No phosphorylation of STAT1 on Tyr701 was detected in any of the
in vitro groups (Fig. 9C and D). To confirm the negative effects of
STAT1 phosphorylation on Tyr701 in cultured MGCs, IFN-α (500 U/ml)
was added to the culturemedium. After 30min, proteinswere collected;
additionally, proteins were collected from the other two groups at 24 h
after treatment. The IFN-α-treated group showed a more intense band
of p-Tyr701 STAT1 compared with the other two groups (Fig. 9E). These
results indicated that FSH induced dephosphorylation of STAT1 on
Ser727 but not on Tyr701 to downregulate Cyp1b1 expression.

3.6. FSH via p38 MAPK induced dephosphorylation of STAT1 on Ser727

The PI3K/AKT inhibitor LY-294002 (5 μM) and p38 MAPK inhibitor
SB-203580 (10 μM) were added to cultured MGCs to determine the

Fig. 6. STAT1 regulation of Cyp1b1mRNAand protein levels inMGCs. (A) CulturedMGCswere collected at 48 h after transfectionwith pcDNA3.1-STAT1 or pcDNA3.1. ThemRNA levels of STAT1
and Cyp1b1were analyzed by qRT-PCR (n= 3/group). The mean value in the transfection of pcDNA3.1 group was set as 1. (B)Whole-cell lysates were harvested from culturedMGCs at 72 h
after transfection with pcDNA3.1-STAT1 or pcDNA3.1. Immunoblotting was performed to detect STAT1 and Cyp1b1 levels. β-Actin served as an internal control (n = 3/group).
(C)Quantification of relative STAT1 andCyp1b1protein levels by gradation analyses. The ImageJ softwarewas used to analyze the gradationof each band represented inpanel B, and the relative
expression levels were normalized to that of β-Actin. Graphs showmeans ± SEM. Letters denote significant (P b 0.05) differences between values. **P b 0.01.

Fig. 7.The effect of STAT1 onCyp1b1wasmediated viaBS1 and BS2within theCyp1b1 promoter region. (A) Partial DNA sequences of themouse Cyp1b1 promoter region andmutations in
the putative BS 1 (mutant 1), BS 2 (mutant 2), or both the BS 1 and BS 2 (mutant 3). (B) Functional importance of the putative binding sites was evaluated by mutating the indicated
nucleotides within the context of the pGL3-luciferase reporter plasmid and comparing the activities of these mutant reporters to that of the wild type in NIH 3T3 cells cotransfected
with pcDNA3.1-STAT1 and pRL-TK. Luciferase activity wasmeasured as described above. Each panel shows a representative of triplicate experiments. Graphs showmeans± SEM. Letters
denote significant (P b 0.05) differences between values.
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pathway of p-Ser727 STAT1 dephosphorylation. As shown in Fig. 10A,
SB-203580 inhibited FSH-mediated dephosphorylation of p-Ser727

STAT1, whereas LY-294002 did not. Western blot analysis showed that
the p38 MAPK inhibitor blocked FSH-mediated dephosphorylation of
p-Ser727 STAT1 (Fig. 10B–C). These results revealed that p38 MAPK
was involved in the dephosphorylation of STAT1 on Ser727 induced by
FSH.

4. Discussion

In this study, we revealed an unexpected relationship between
FSH and estrogen metabolism. We found that FSH inhibited estrogen
metabolism, and Cyp1b1 was important for estradiol metabolism in the
granulosa cells of mouse follicles. We investigated the mechanisms of
FSH inhibition of estrogen metabolism in MGCs and found that FSH
could downregulate Cyp1b1 expression in MGCs to maintain estradiol
levels in dominant follicles. Estradiol is a mitogen for the proliferation
of granulosa cells in vivo, and is synthesized through LH stimulation of
theca cells to synthesize androgens (androstenedione and testosterone),
which are substrates for FSH-induced aromatization to produce estradiol
[21]. In addition, estrogen facilitates granulosa cell differentiation by
increasing LH receptor expression [22], increasing the number of gap
junctions between granulosa cells [23], and inhibiting granulosa cell

apoptosis [24]. Cultured granulosa cells (but not theca cells) are the
prime sites of follicular estrogen production [25]. A sufficient concentra-
tion of estradiol is critical for maintaining follicle health until ovulation.
Some studies have suggested that estrogen may suppress the activity
of Ca2+/Mg2+-dependent endonucleases [26].

Catechol estrogens are hydroxylated metabolites of estradiol that
may be involved in the cytotoxicity and genotoxicity generated by
Cyp1b1 [27]. Catechol estrogens are catalyzed by peroxidase to produce
semiquinone radicals [28]. Semiquinone radicals are readily oxidized by
molecular oxygen to yield quinine, along with superoxide anions [29,
30]. High reactive oxygen species levels are harmful to MGCs as they
can cause DNA damage and cell death [31]. Reactive quinone can form
a conjugatewithGSHanddeplete cellular thiol, rendering cells vulnerable
to apoptosis [32]. Estradiol can be transformed into 4-OH E2 by Cyp1b1 in
mammalian follicles, and ahigh 4-OHE2 concentration induced apoptosis
and death in MGCs in vitro (Fig. 4). FSH-mediated downregulation of
Cyp1b1 expression may reduce the synthesis of catechol estrogens and
protect cells from damage.

FSH inhibited Cyp1b1 expression in MGCs; however, the regulatory
mechanism is unclear and requires further study. AhR, a member
of the basic helix–loop–helix TF family, is a cytosolic TF that is normally
inactive. AhR is activated by the binding of several classes of structurally
diverse aromatic compounds and environmental pollutants, such as

Fig. 8. Effect of FSH on TF STAT1 inMGCs of dominant follicles in vivo. (A)Whole-cell lysateswere harvested from different treatment groups as indicated. Immunoblottingwas performed
to detect p-Ser727, p-Tyr701, and STAT1 levels, and STAT1 expression. (B, C) Quantification of relative STAT1 and p-Ser727 STAT1 protein levels by gradation analyses. The ImageJ software
was used to analyze the gradation of each band represented in panel A, and the relative expression levelswere normalized to that ofα-tubulin. Graphs showmeans± SEM(n= 3/group).
Letters denote significant (P b 0.05) differences between values.

Fig. 9. Effect of FSH on STAT1 TF in cultured granulosa cells of mice in vitro. (A) The subcellular localization of p-Ser727 STAT1 after FSH treatment was analyzed by immunofluorescence
using an anti-p-Ser727 STAT1 antibody (green), with the nuclei counterstained with DAPI (blue). Bar = 20 μm. (B) Quantification of p-Ser727 STAT1 protein levels by gradation analyses.
The ZEN2009 softwarewas used to analyze the gradation presented in panel A. (C) FSH induced dephosphorylation of STAT1 on Ser727 in vitro. Whole-cell lysateswere harvested from the
treatment groups as indicated, and immunoblotting was performed to detect p-Tyr701, p-Ser727, STAT1 levels, and STAT1 expression. (D) Quantification of relative STAT1 and p-Ser727

STAT1 protein levels by gradation analyses. The ImageJ softwarewas used to analyze the gradation of each band represented in panel C, and the relative expression levelswere normalized
to that of STAT1. (E) Positive control. p-Tyr701 STAT1 in MGCs. Interferon (IFN)-α (500 U/ml) was added to induce phosphorylation of Tyr701 on STAT1, and granulosa cell protein was
collected after 30 min. Protein samples of the vehicle and FSH groups were collected 24 h after treatment. Graphs show means ± SEM (n = 3/group). Letters denote significant
(P b 0.05) differences between values.
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polycyclic aromatic hydrocarbons, and halogenated aromatic hydrocar-
bons such as 2,3,7,8-tetrachlorodibenzo-p-dioxin [33]. FSH and estradiol
can reduce AhR protein and transcript levels in rat granulosa cells in vitro
[34]. AhR can activate the transcription of several target genes, including
Cyp1b1 [35]. Although we hypothesized that STAT1, Pou2f1, NF-E2, and
Arnt might function as TFs of Cyp1b1, we found that STAT1 is crucial
for Cyp1b1 regulation by FSH. Theoverexpression of STAT1 led to the up-
regulation of Cyp1b1 expression. BS 1 and BS 2 were predicted as the
binding sites of STAT1 in the Cyp1b1 promoter region. By mutating
the nucleotide sequences in BS 1 and BS 2 (Fig. 7), we determined that
the binding sites were functional and played equally important roles in
the regulation by STAT1 of Cyp1b1 transcription activity.

STAT family TFs regulate many aspects of growth, survival, and
differentiation in cells. FSH was found to reduce the amount of
phosphorylated STAT3, preventing it from binding to DNA in rat granu-
losa cells [36]. The phosphorylation of STAT1 at Tyr701 and Ser727 plays a
role in regulating gene expression. Whereas phosphorylated STAT1 is
translocated to the nucleus to regulate the expression of its target
genes, dephosphorylated STAT1 is transported from the nucleus into
the cytoplasm,where it loses its regulatory function. The transcriptional
activation of Fas and the Fas ligand is dependent on Ser727 of STAT1, but
independent of Tyr701. Similarly, Ser727 but not Tyr701 is required for
cardiomyocyte death mediated by STAT1 [37]. In breast cancer cells,

doxorubicin was shown to activate STAT1 when treated with IFN-γ.
Tyr701 and Ser727 phosphorylation was also enhanced, resulting in
increased cell death [38]. Bud-8 normal human fibroblasts treated
with IFN-γ showed increased amounts of p-Tyr701 STAT1 in their nuclei,
with a peak at 20–30 min, stabilization for 2–2.5 h, and disappearance
after 4 h [39]. The engagement of the T cell antigen receptor/CD3
complex with Jurkat cells or peripheral blood lymphocytes stimulated
the phosphorylation of Ser727, but not Tyr701, of STAT1 [40].

MAPK pathways constitute a largemodular network that regulates a
variety of physiological processes, such as cell growth, differentiation,
and apoptotic cell death. p38 MAPK, a MAPK family member, plays an
important role in the phosphorylation and dephosphorylation of some
functional proteins [41]. The phosphorylation of STAT1 on Ser727 is
dependent on the activation of p38MAPK [42,43]. The Ser727 phosphor-
ylation of STAT1 resulted in the highest transcriptional activity [44].
STAT3, constitutively phosphorylated at Tyr705 and slightly phosphory-
lated at Ser727 in Vero E6 cells, was dephosphorylated at p-Tyr705 by the
activation of p38 MAPK [45]. FSH-induced p38 MAPK phosphorylation
and activation in rat granulosa cells [46]. In the present study, we
found that FSH induced dephosphorylation of p-Ser727 STAT1 via p38
MAPK (Fig. 10). In MGCs, STAT1 could be phosphorylated at Ser727.
p-Ser727 STAT1 promoted Cyp1b1 expression by binding to BS 1 and
BS 2 (Fig. 11A), whereas FSH stimulation altered this mechanism. FSH

Fig. 10. FSH induction of p-Ser727 STAT1 dephosphorylation via p38 MAPK. (A) The subcellular localization of p-Ser727 STAT1 in cells treated with FSH, LY-294002 and SB203580 was
analyzed by immunofluorescence using an anti-p-Ser727 STAT1 antibody (green), and nuclei were counterstained with DAPI (blue). Bar = 20 μm. (B)Whole-cell lysates were harvested
from the treatment groups as indicated, and immunoblottingwas performed to detect p-Ser727 STAT1 levels. (C) Quantification of relative p-Ser727 STAT1 protein levels by gradation analyses.
The ImageJ software was used to analyze the gradation of each band represented in panel B, and the relative expression level was normalized to that of STAT1. Graphs showmeans ± SEM
(n= 3/group). Letters denote significant (P b 0.05) differences between values.

Fig. 11.Model of Cyp1b1 expression inMGCs. (A)Model of STAT1 regulation of Cyp1b1 expression. (B)Model of FSH-induced dephosphorylation of p-Ser727 STAT1 via p38MAPK, leading
to downregulation of Cyp1b1 expression.
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stimulation induced dephosphorylation of p-Ser727 STAT1 via p38
MAPK in MGCs. Dephosphorylated STAT1 did not bind to BS 1 and BS
2, and lost its ability to regulate Cyp1b1 expression (Fig. 11B).

5. Conclusions

This study showed that the estradiolmetabolismof dominant follicles
is regulated predominantly by the Cyp1b1 gene. STAT1 regulated the
expression of Cyp1b1 through binding to BS 1 and BS 2. FSH induced
dephosphorylation of p-Ser727 STAT1 activities via p38 MAPK, which
downregulated Cyp1b1 expression and maintained estradiol levels in
dominant follicles. This mechanism may facilitate the growth of
dominant follicles beyond the critical point of atresia and resume
meiosis, leading to ovulation.
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