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Circadian Clock genes are associated with the estrous cycle in female animals. Treatment with Per2 and
Clock siRNAs decreased the number of granulosa cells and LHr expression in follicle-stimulating hormone
FSH-treated granulosa cells. Per2 siRNA treatment did not stimulate the production of estradiol and
expression of P450arom, whereas Clock siRNA treatment inhibited the production of estradiol and expres-
sion of P450arom mRNA. Per2 and Clock siRNA treatment increased and unchanged, respectively, proges-
terone production in FSH-treated granulosa cells. Similarly, expression of StAR mRNA was increased by
Per2 siRNA and unchanged by Clock siRNA. Our data provide a new insight that Per2 and Clock have dif-
ferent action on ovarian granulosa cell functions.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Circadian rhythms are associated with reproductive processes
in mammals. In mammals, a group of circadian genes that encode
transcription regulation factors (Clock, Cry, Bmall, Per1 and Per2) is
expressed in most organs, tissues, and cells. Per1, Per2, and Bmall
are expressed rhythmically in the rat ovary [1-3]. The rhythmic
expression of these genes was observed in both granulosa and the-
ca cells within follicles and corpora lutea [2,3]. In circadian Clock
gene knockout (KO) mice, mice without Bmall (Bmall KO) com-
pletely lack circadian rhythms [4]. Although these studies focused
on the relationship between circadian rhythmicity and the ovarian
estrous cycle, the effect of circadian Clock genes on ovarian cell
functions such as steroid production associated with follicular
development is still unknown. Since circadian Clock genes function
as transcription factor [5], we hypothesized that circadian Clock
genes regulate granulosa cell function to promote follicular
development.

In the present study, we examined the functional roles of circa-
dian Clock genes Per2 and Clock on bovine granulosa cell functions
by using siRNAs knockdown for Per2 and Clock. Here, we report a
new insight that Per2 and Clock have different action to granulosa
cell function.
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2. Materials and methods
2.1. Granulosa cell culture

Ovaries were obtained from cows and heifers at a local abattoir.
Granulosa cells from small follicle (<5 mm in diameter) were col-
lected as described previously [6]. Cells were cultured in the cul-
ture medium containing 10% FCS for 24 h at 37 °C in 5% CO, and
then culture dishes (35 mm, Corning®, CellBIND®, Corning Inc
Co., USA) were washed with PBS to remove unattached cells. The
culture medium was replaced with a medium supplemented with
2% FCS, 1 ng/ml FSH, 0.1 uM androstenedione, and 1 pig/ml insulin.
The culture was then maintained for 96 h. Granulosa cell viability
was determined by trypan blue exclusion.

2.2. Depletion of endogenous Per2 and Clock using Per2 and Clock
SiRNAs

The following target sequences were designed using software
by B-Bridge International, Inc. (CA, USA): 5'-CCAGAAACCUUUGGC-
CUAA-3' (Accession No. XM001254267, nt. 232-252) for the Per2
gene, and 5-GGACAAAUCUACUGUUCUA-3’ (Accession No. XM58
9710, nt. 204-224) for the Clock gene. For Per2 and Clock depletion,
granulosa cells (1.5 x 10° cells) were first plated in 35 mm culture
dishes. After 24 h in culture, the medium was removed, and half of
the culture dishes were transfected with Per2 or Clock siRNAs. The
remaining dishes were transfected with scrambled siRNAs for Per2
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Fig. 1. Role of Clock on granulosa cell function. Cell proliferation (A), production of estradiol (B) and progesterone (C), and expression of LHr (D) in FSH-treated granulosa cells
from follicles (<5 mm in diameter) was determined at the indicated time points (h) of culture. Expression of P450arom (E) and StAR (F) mRNAs was determined at 96 h after
FSH treatment. Data are expressed as mean + S. E. M. of three separate experiments from triplicate samples at each time point. An asterisk denotes a significant difference at

p <0.05. Scramble siRNA is shown as control.

(5'-auccgcguaccauauaacgTT-3') and Clock (5'-cgucaauuaucaua-
guacgTT-3’) as control. All transfections were performed using
the Lipofectamine 2000 transfection kit (Invitrogen, Carlsbad, CA)
according to manufacturer’s instructions. Per2, Clock, and scram-
bled siRNAs were used at final concentrations of 50 nM, 25 nM,
and 25 nM, respectively.

2.3. RNA extraction, reverse transcriptase (RT) and quantitative PCR

Total RNA from the cultured granulosa cells were extracted
with TRIZOL® reagent (Life Technologies, Inc.) following the meth-
od provided by the manufacturer and frozen at —80 °C. Before the
RT reaction, all samples (theca tissues and cultured theca cells)
were treated with DNase using a commercial kit (SV Total RNA Iso-
lation System). Single-strand cDNA was reverse-transcribed from
total RNA using a First Strand cDNA Synthesis Kit for RT-PCR
(Roche Diagnostics Co., Indianapolis, IN, USA) and random primers.
The mRNA expression levels of LHr, P450arom, StAR and f-actin
were quantified by real-time PCR using an iQ5 Cycler (Bio-Rad Lab-
oratories, CA, USA) using a commercial kit (QuantiTectTM SYBR®
Green PCR, QIAGEN GmbH, Hilden, Germany). The primer
sequences were as follows: LHr, forward; 5'-aagaaaatgcacgcctg-
gag-3' and reverse 5'-gtggcatccaggaggttggt-3'; P450arom, forward;
5’-ttgcaaagcatccccaggtt-3’ and reverse 5'-aggtccacaacgggctggta-3/;
StAR, forward; 5'-gtggattttgccaatcacct-3’ and reverse 5'-ttattgaaaa
cgtgccacca-3’; -actin, forward; 5'-ccaaggccaaccgtgagaagat-3’ and
reverse 5'-ccacgttccgtgaggatcttca-3’. The amplification program
consisted of an initial 15-min activation at 95 °C followed by 40

cycles of PCR (Each cycle consisting of 15s of denaturation at
94 °C, 30 s of annealing at 58 °C and 20 s of extension at 72 °C).
The values were normalized using $-actin as the internal standard.

2.4. Hormone assay

Estradiol and progesterone in culture medium were measured
by enzyme immunoassay (EIA) after extraction with diethyl ether
as described by Miyamoto et al. [7]. The extraction efficiency was
85%. Ranges of the standard curves were 2-2000 pg/ml for E2
and 0.05-50 ng/ml for P4. The intra- and interassay coefficients
of variation averaged 6.2% and 8.5% for E2, and 4.5% and 7.4% for
P4, respectively.

2.5. Data analysis

All data are presented as mean * S.E.M. The statistical differ-
ences of Clock genes in cultured granulosa cells were determined
by Student’s t-test. Differences were considered significant at
p <0.05 or less.

3. Results and discussion

We examined the involvement of Clock and Per2 in the function
of granulosa cells treated with FSH by using siRNA knockdown. Our
data demonstrate that siRNA knockdown of Per2 and Clock
suppressed the proliferation of granulosa cells treated with FSH
(Figs. 1 and 2A). Loss of mPER2 function was associated with
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Fig. 2. Role of Per2 on granulosa cell function. Cell proliferation (A), production of estradiol (B) and progesterone (C), and expression of LHr (D) in FSH-treated granulosa cells
from follicles (<5 mm in diameter) was determined at the indicated time points (h) of culture. Expression of P450arom (E) and StAR (F) mRNAs was determined at 96 h after
FSH treatment. Data are expressed as mean = S. E. M. of three separate experiments from triplicate samples at each time point. An asterisk denotes a significant difference at

p < 0.05. Scramble siRNA is shown as a control.

deregulated expression levels of c-Myc which regulates the GO to
G1 transition in the cell cycle [8]. The expression of genes involved
in cell cycle regulation, such as cyclin D1, cyclin A, and p53, is
deregulated in many tissues of Per2™™ mice [9]. Moreover, the ki-
nase Weel, a critical regulator of the G,/M transition during cell
division, was proposed to be a direct CLOCK:BMAL1 target, mediat-
ing the circadian gating of mitosis in the liver [10]. The clock A19
mutation was also reported to reduce the proliferation of embry-
onic fibroblasts [11]. Collectively, these studies suggest that the cir-
cadian Clock genes Per2 and Clock can control cell proliferation at
multiple levels including the G, phase, G,/M transition and regula-
tion of expression of the genes involved in cell cycle regulation.
Therefore, our data suggest that Per2 and Clock are involved in
the proliferation of granulosa cells by regulating the cell cycle.
Estradiol that is produced by granulosa cells plays an important
role in mammalian ovarian cycle. Our data demonstrated that siRNA
knockdown of Clock inhibited estradiol production (Fig. 1B), and the
expression of LHr (Fig. 1D) and P450arom mRNAs (Fig. 1E) in FSH-
treated granulosa cells. These results suggest that Clock is associated
with the inductions of estradiol production and expression of LHr
and P450arom mRNAs in granulosa cells. Clock genes function as
transcription factors in several cells and tissues [5]. CLOCK and
BMAL1 dimerize and directly and indirectly activate transcription
of the Per and Cry genes through E-box elements (5-CACGTG-3')
[12,13]. Accumulated PER and CRY proteins in the cytosol inhibit
the activity of CLOCK:BMAL1 [14]. The transcriptional regulation

network of these genes forms a circadian Clock oscillator, which is
known to control output genes and to affect physiological and met-
abolic processes [14,15]. Thus, the CLOCK:BMAL1 complex regulates
expression of Clock genes via the E-box. The E-box site exists in the
promoter region of the bovine P450arom gene [16], whereas this
transcription site does not exist in the promoter region of the LHr
gene. Thus, the CLOCK:BMAL1 complex may bind to the E-box and
thus be associated with transcriptional regulation of P450arom.

A study performed using Per2 mutant mice demonstrated that
Per2 is an important factor associated with the reproductive pro-
cess and estrous cycle in female animals [17]. However, the role
of Per2 in ovarian functions such as follicular development and ste-
roid production is still unknown. Our data show that siRNA knock-
down of Per2 increased the progesterone production (Fig. 2C) and
expression of StAR mRNA (Fig. 2F), and decreased the expression
of LHr mRNA (Fig. 2D), in FSH-treated granulosa cells. These results
suggest that Per2 is involved in the suppression of progesterone
production and StAR mRNA expression and in the induction of
LHr mRNA expression. Analysis of the promoter region of the
mouse StAR gene revealed four putative E-boxes within the 2.5-
kb region upstream of the transcription start site [18]. A recent
study reported that the simultaneous expression of CLOCK and
BMALT1 increased StAR promoter activity and that this induction
was attenuated by the coexpression of negative regulators such
as PER and CRY [18]. Thus, StAR transcription is regulated by the
CLOCK:BMAL1 heterodimer via the distal E-box elements and is
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Fig. 3. The function of Per2 and Clock in granulosa cells. Clock enhances estradiol
production by increasing the expression of P450arom, and Per2 inhibits progester-
one production by decreasing the expression of StAR. In addition, both Clock and
Per2 regulate cell proliferation and expression of LHr mRNA in FSH-treated
granulosa cells. Thus, Clock and Per2 have different roles in determining granulosa
cell function during follicular development. Clock and Per2 might contribute to
follicular development by being involved in FSH-inducible maturation of the
granulosa cell.

inhibited by negative regulators (PER and CRY). Therefore, in the
present study Per2 may inhibit StAR expression by suppressing
the CLOCK:BMAL1 heterodimer.

In conclusion, our results provide a new insight that Per2 and
Clock may control granulosa cell function such as cell proliferation,
steroid production and LHr gene expression (Fig. 3). Specifically,
different actions of Per2 and Clock may be associated with follicular
selection and the recruitment of the follicle that is destined to be-
come the dominant follicle in bovine and human ovaries. We pro-
pose that a circadian clock function, as well as oscillation or
cyclicity, plays an important role in the ovarian physiology.
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