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MicroRNA-181a Suppresses Mouse Granulosa Cell
Proliferation by Targeting Activin Receptor IIA
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Abstract

Activin, a member of the transforming growth factor-f superfamily, promotes the growth of preantral follicles and the
proliferation of granulosa cells. However, little is known about the role of microRNAs in activin-mediated granulosa cell
proliferation. Here, we reported a dose- and time-dependent suppression of microRNA-181a (miR-181a) expression by
activin A in mouse granulosa cells (mGC). Overexpression of miR-181a in mGC suppressed activin receptor IIA (acvr2a)
expression by binding to its 3'-untranslated region (3'-UTR), resulting in down-regulation of cyclin D2 and proliferating cell
nuclear antigen expression, leading to inhibition of the cellular proliferation, while overexpression of acvr2a attenuated the
suppressive effect of miR-181a on mGC proliferation. Consistent with the inhibition of acvr2a expression, miR-181a
prevented the phosphorylation of the activin intracellular signal transducer, mothers against decapentaplegic homolog 2
(Smad2), leading to the inactivation of activin signaling pathway. Interestingly, we found that miR-181a expression
decreased in ovaries of mice at age of 8, 12, and 21 days, as compared with that in ovaries of 3-day old mice, and its level
was reduced in preantral and antral follicles of mice compared with that in primary ones. Moreover, the level of miR-181a in
the blood of patients with premature ovarian failure was significantly increased compared with that in normal females. This
study identifies an interplay between miR-181a and acvr2a, and reveals an important role of miR-181a in regulating
granulosa cell proliferation and ovarian follicle development.
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Introduction

It is generally accepted that follicles are the most important
components of the ovary. Each follicle comprises an oocyte in the
center and one or more layers of somatic granulosa cells
surrounding it. Based on the size and morphology, follicles can
be classified into different types, including primordial, primary,
secondary, and tertiary follicles. In the primordial follicles, there is
only one flat layer of granulosa cells. After recruitment of
primordial follicles into the pool of growing follicles, the pro-
liferation of granulosa cells is initiated, and the follicles begin to
grow [1-3]. The proliferation and differentiation of granulosa cells
are critical events during the development of the follicles. In
addition, pituitary gonadotropins, including follicle stimulating
hormone (FSH) and luteinizing hormone, are vital for the growth
of the follicles and the maturation of oocytes [4,5]. Moreover,
autocrine and paracrine factors, such as transforming growth
factor Bl (TGF-B1), bone morphogenetic proteins, growth and
differentiation factor-9, inhibins, and activins, are secreted by
oocytes or somatic cells and are important for folliculogenesis [6—

Activins, mainly produced by granulosa cells in the ovary, are
indispensable for the development of ovarian follicles and for
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reproductive functions, as mice with genetic deletions of activin
components are infertile [9]. Activins consist of two subunits (BA
and BB) and have three types: activin A (BAPA), activin B (BBSB),
and activin AB (BABB). Activins are considered as feedback
regulators of pituitary gonadotropin release in the ovary and
positive regulators of FSH generation and secretion [10,11]. They
also regulate follicle development by promoting the growth of
follicles and the proliferation of granulosa cells [12-14]. Like other
TGF-B superfamily members, activins transduce their signal
through binding to transmembrane type II receptors, activin
receptor type IIA and IIB (ACVR2A and 2B). Either of ACVR2A
or 2B has serine/threonine kinases activity. They may transpho-
sphorylate the type I receptors, which in turn activate the two
intracellular R-Smad signal transducers, Smad2 and Smad3. The
activated R-Smads form heterodimeric complexes with Smad4,
and translocate into the nucleus, where they regulate the
transcription of target genes [15].

MicroRNAs (miRNAs) are 19-25 nucleotides (nt), single
stranded, non-coding RNAs that bind to target mRNAs and
mediate translational repression and/or mRNA degradation
[16,17]. MiRNAs control many vital biological processes, in-
cluding cell proliferation and differentiation. Homozygous Dicer-1-
deficient mice have global defects in miRNA synthesis and die
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during early embryogenesis [18-20]. However, mice with partial
or conditional Dicer-1 deletions survive to adulthood; they have
been instrumental in defining specific effects of post-natal miRNA
deficiency, such as those involved in female fertility and
folliculogenesis [21-23]. Aberrant miRNA expression is associated
with human diseases, including benign gynecological conditions
and fertility disorders of the female reproductive tract [24,25].
MiR-181a (5'-AACAUUCAACGCUGUCGGUGAGU-3") is
a key modulator of cellular differentiation, including hematopoi-
etic lineage differentiation [26], myoblast differentiation [27], and
T-cell sensitivity and selection [28]. Recently, Sirotkin et al.
reported that miR-181a reduced proliferating cell nuclear antigen
(PCNA) expression in human granulosa cells [29]. In the present
study, we demonstrated that miR-18la suppressed mouse
granulosa cell (mGC) proliferation by targeting activin receptor
IIA_(acvr2a), while overexpression of acvr2a blocked miR-181a’s
inhibitory effect on mGC proliferation, indicating that miR-181a
may play an important role in ovarian follicle development.

Results

Effect of Activin A on miR-181a Expression in mGC and
on mGC Proliferation

Previous studies have investigated the relationship between
TGF-f superfamily members and miRNAs, such as the relation-
ship between TGF- and miR-181 in breast cancer cells [30].
Here, to investigate the role of activin A in regulating miR-181a
expression in mGC, we examined miR-181a expression in mGC
after activin A treatment at various concentrations (10, 25, 50,
100, and 200 ng/ml) for 24 h. As shown in Fig. 1A, in the
presence of activin A, the ratio of miR-181a to U6 was reduced; as
the concentration of activin A was increasing, the reduction was
more remarkable. Since we found that the higher concentration of
activin A had the increasing suppression activity, but activin A at
50 ng/ml or above showed the comparable suppression (Fig. 1A),
we chose 50 ng/ml activin A to treat mGC for different periods of
time (1, 4, 12, 24, and 48 h, respectively). Similarly, the ratio of
miR-181a to U6 in mGC was decreased more significantly when
mGC was cultured for longer time (Fig. 1B). Thus activin A
inhibited miR-181a expression in mGC in a dose- and time-
dependent manner.

Using a commercial cell counting kit-8 (CCK-8), in which cell
number can be calculated as the optical density at 450 nm
(OD450) of reduced WST-8 by dehydrogenases of living cells
[31,32], we showed that activin A increased OD450 readings in
the mGC culture medium (Fig. 1C), indicating that mGC treated
by activin A underwent accelerated proliferation. In addition, the
mRNA and protein levels of cyclin D2, which promotes granulosa
cell proliferation by facilitating their transition from the G1 to S
phase [33], were also increased in activin A-treated mGC (Fig. 1D
and 1E).

Inhibition of mGC Proliferation and Relevant Gene
Expression in mGC by miR-181a

Next, we tested whether miR-181a could regulate the pro-
liferation of mGC. After mGC was infected with adenovirus
containing miR-18la (Ad-miR-181a), mature miR-181a in the
cells was increased (Fig. 2A). Meanwhile, the cell number was
decreased based on the reduced OD450 readings in cell count
assay with the commercial CCK-8 kit (Fig. 2B).

The results of quantitative real-time PCR (QRT-PCR) analysis
showed that cyclin D2 mRNA level was decreased in mGC
infected with Ad-miR-181a (Fig. 2C), and Western blot results
revealed that cyclin D2 and PCNA protein levels were also
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reduced in mGC with miR-18la overexpression in a dose-
dependent manner (Fig. 2D and 2E). Moreover, we found that the
proliferation of KGN cells, a human ovarian granulosa-like
tumour cell line, was suppressed after overexpression of miR-
181a (Fig. S1A), with a concomitant reduction of PCNA protein
level (Fig. S1B). Taken together, these results demonstrate that
miR-181a inhibits the proliferation of granulosa cells through
suppressing the expression levels of cyclin D2 and PCNA.

Identification of acvr2a as a Target Gene of miR-181a

Given that miR-181a expression was reduced in mGC treated
with activin A, and miR-18la negatively influenced mGC
proliferation (Fig. 2), we hypothesized that the target gene of
miR-181a may be a component of the activin signaling pathway.
We focused on acvr2a, one of the consistently predicted genes that
contain the seed sequence of miR-181a (http://www.microrna.
org) (Fig. 3A). We constructed a luciferase reporter plasmid
containing the 3’-UTR of mouse acvr2a with the seed sequence
(Fig. 3A) and transfected it into mGC. The transfection efficiency
was approximately 54% when mGC in 60-mm dish was
transfected with 3 ug pEGFP-C1 plasmid (Fig. S2). Compared
to that in control group, overexpression of miR-18la in
transfected mGOC significantly decreased the luciferase activity
(Fig. 3B), indicating that acvr2a is a target gene of miR-181a.
Moreover, we subcloned the 3'-UTR of mouse acvr2a into
plasmid pEGFP-C1, which contains a green fluorescent protein
(GFP) transcript. Following co-transfection of HEK293T cells with
this plasmid and the plasmid containing miR-181a, fluorescence
microscopy and Western blotting displayed that GFP expression
was decreased (Fig. 3C). Furthermore, gRT-PCR and Western
blot results showed that acvr2a mRNA and protein levels were
decreased in mGC infected with Ad-miR-181a (Fig. 3D and 3E).
To identify whether mouse acvr2a was involved in miR-181a’s
inhibitory function in mGC, we infected mGC with Ad-miR-181a
and/or Ad-flag-m acvr2a. As shown in Fig. 3F, overexpression of
mouse acvr?a in mGC apparently enhanced the proliferation of
mGC. Particularly, increased expression of acvr2a in mGC
reversed the inhibitory effect of miR-181a on mGC proliferation
(Fig. 3F). Thus, all these data suggest that miR-181a inhibits mGC
proliferation by targeting acvr2a.

To clarify whether the miRNA-target relationship between
miR-181a and acvr2a also exists in KGN cells, we performed
luciferase assay, qRT-PCR, and Western blotting, and found that
miR-181a also targets ACVR2A in KGN cells (Fig. S3).

Effect of miR-181a Inhibitor on mGC Proliferation

To verify above results from a different standpoint, we
transfected mGC with a synthesized anti-sense oligonucleotide of
miR-181a. qRT-PCR analysis revealed that miR-181a expression
was reduced (Fig. 4A), CCK-8 assay showed that the proliferation
of mGC was enhanced (Fig. 4B), and qRT-PCR and Western blot
results displayed that cyclin D2 expression was up-regulated
(Fig. 4C and 4D). Accordingly, the expression of acvr2a was also
enhanced (Fig. 4E and 4F). These data support that miR-181a
inhibits mGC proliferation by targeting acvr2a.

Inactivation of the Activin Signaling Pathway by miR-
181a

Since activins function by binding to ACVR2A or ACVR2B,
and activating intracellular Smads via phosphorylation [15], we
tested whether this function could be attenuated by miR-181a. We
treated mGC with activin A and performed Western blotting to
measure the level of Smad2 phosphorylation. As previously
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Figure 1. Effect of activin A on miR-181a expression and mouse granulosa cell (mGC) proliferation. mGC was isolated from 21-day-old
mouse ovaries. (A) mGC was treated with indicated concentrations of activin A for 24 h. MiR-181a level was determined by gRT-PCR. (B) gRT-PCR
analysis was performed to measure miR-181a level in mGC treated with activin A (50 ng/ml) for up to 48 h. (C) The proliferation of mGC was
measured by CCK-8 after treated with activin A for 48 h. Cyclin D2 mRNA (D) and protein (E) levels were examined in mGC after treated with activin A
(50 ng/ml) for 48 h by gRT-PCR and Western blotting, respectively. Relative protein levels were measured by densitometry using Quantity One
Software and normalized to B-actin, the control group; the ratios were presented above the Western blot bands. All experiments were performed

three times. *p<<0.05, **p<<0.01, compared with untreated controls.
doi:10.1371/journal.pone.0059667.g001

reported, activin A dramatically induced Smad2 phosphorylation,
but the Smad2 protein level did not change (Fig. 5A). The
examination of phosphorylated Smad2 level in both mGC and
KGN cells infected with Ad-miR-181a revealed that miR-181a
suppressed Smad2 phosphorylation in both cell types (Fig. 5B and
Fig. S4). We also infected mGC with Ad-miR-181a before activin
A stimulation. As shown in Fig. 5C, the effect of activin A on
Smad2 phosphorylation was apparently attenuated by miR-181a,
but the protein levels of Smad2 was not affected by miR-181a or
activin A (Fig. 5C). After knockdown of Smad2 by transfection of
mGC with a Smad2 siRNA, cyclin D2 mRNA level was reduced
(Fig. 5D). Consistent with the inhibition of Smad2 phosphorylation
by miR-181a, the promoting effect of activin A on mGC
proliferation was inhibited by miR-181a overexpression (Fig. 5E).
Furthermore, we observed that activin A-induced cyclin D2
expression in mGC was significantly suppressed by the over-
expression of miR-181a (Fig. 5F and 5G).

Regulation of Activin-induced Genes by miR-181a

Previous studies have identified many genes regulated by activin
A in granulosa cells, such as CYP19A1, P450scc, and ESR1 [34—
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36]. Here we investigated the suppressive effect of miR-181a on
activin A-induced gene expression. Our results showed that the
mRNA of CYP19A1, P450scc, and ESR1 in mGC was modestly
enhanced by activin A, and simultaneous expression of miR-181a
reversed this enhancement (Fig. 6A, 6B, and 6C). MiR-181a
inhibitor also increased CYP19A1, P450scc, and ESRI1 gene
expression in mGGC (Fig. 6D, 6E, and 6F).

Variation of miR-181a and acvr2a Expression in
Development of Ovaries and during Ovarian Follicle

Maturation in Neonatal Mice

To further investigate the relationship between miR-181a and
acvr2a during ovarian development, we examined their expression
profiles in mouse ovaries and follicles. The miR-181a and acvr2a
levels in ovaries from mice at various ages (day 3, 8, 12, and 21)
were assessed. qRT-PCR analysis revealed that, compared with
that at day 3, the expression of miR-181a was decreased at day 8,
12, and 21 respectively (Fig. 7A), whereas acvr2a expression was
increased (Fig. 7B). We also extracted total RNA from whole

follicles at wvarious stages. qRT-PCR results showed that,
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Figure 2. Inhibition of proliferation of and relevant gene expression in mouse granulosa cells (mGC) by miR-181a. mGC was infected
with Ad-miR-181a (multiplicity of infection, MOI=0, 25, and 50) for 48 h. (A) MiR-181a level was measured by gRT-PCR. (B) Result of a CCK-8 assay
examining the proliferation of mGC. (C) gRT-PCR and (D) Western blot analysis of cyclin D2 mRNA and protein levels, respectively, in mGC. (E) Protein
level of proliferating cell nuclear antigen (PCNA) as determined by Western blotting. Relative protein levels were measured by densitometry using
Quantity One Software and normalized to B-actin, Ad-LacZ group; the ratios were presented above the Western blot bands. *p<0.05, **p<<0.01,

compared with Ad-LacZ group.
doi:10.1371/journal.pone.0059667.g002

compared with the expression in primary follicles, miR-181a
expression in preantral and antral follicles was decreased (Fig. 7C),
while acvr2a levels were increased (Fig. 7D).

Increased miR-181a Levels in the Blood of Premature
Ovarian Failure Patients

Since the results in the present study indicate that miR-181a
plays an important role in granulosa cell proliferation and ovarian
follicle development, we speculated whether patients with ovarian
dysfunction and reproductive diseases had abnormal expression of
miR-181a. We examined miR-181a levels in the blood of normal
females (n = 11) and patients (n = 8) with premature ovarian failure
(POF) in whom FSH levels were elevated (Table S1). qRT-PCR
analysis showed that miR-181a levels were significantly enhanced
in POF patients (Fig. 8). The findings imply that miR-181a may be
involved in the pathogenesis of POF.

Discussion

Normal proliferation and differentiation of granulosa cells are
critical for the development of ovarian follicles, as abnormal
growth of granulosa cells will lead to infertility [37-39]. Despite
the elucidated role of many genes such as activins in promoting
the proliferation of granulosa cells and the growth of preantral
follicles, little is known about their post-transcriptional regula-
tion mechanisms. Herein, we identified that miR-18la sup-
presses mGC proliferation through binding to the 3'-UTR of
acvr2a. This effect is supported by our findings: activin A down-
regulated miR-181a expression in mGC; overexpression of miR-
181a suppressed mGC proliferation; miR-181a inhibitor pro-
moted mGC proliferation; miR-181a bound to the 3’-UTR of
acvr2a resulting in reduced expression of acvr2a in mGC;
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overexpression of acvr2a blocked miR-181a’s inhibitory effect
on mGC proliferation.

Recently, various miRNAs have been found to be involved in
the control of ovarian function. Fiedler et al. reported that miR-
132, miR-212, and miR-21 in mGC were up-regulated by LH/
hCG [40]. MiR-21 was identified to block the apoptosis of
mouse periovulatory granulosa cells [41]. More recently, miR-
26b and miR-23a were found to promote granulosa cell
apoptosis [42,43]. In the present study, we demonstrated that
miR-181a exerted a suppressive effect on mGC proliferation.
MiR-181a has been found to be abundant and play a bi-
functional role in primordial germ cells: inhibiting their somatic
differentiation and preventing them from entering meiosis [44].
Lingenfelter et al. also reported that miR-18la may have an
important role in oocytes by targeting nucleoplasmin 2 [45].
Our study indicates that adenovirus mediated miR-181a over-
expression inhibited mGC proliferation. MiR-181a mimics,
synthesized oligonucleotides, were also found to suppress mGC
proliferation (unpublished data), suggesting that inhibition of
mGQC proliferation should be closely associated with miR-181a,
rather than the toxic effect of Ad-miR-181a.

Acvr2a is necessary for reproductive development, as acvr2a-
deficient mice display defective reproductive performance [46].
Acvr2a ectodomains may also suppress activin A-induced mGC
proliferation by blocking the function of acvr2a [6]. Our study
showed that miR-181a suppressed acvr2a expression by targeting
its 3'-UTR (Fig. 3). Interestingly, the protein level of acvr2a in
mGC was dramatically decreased by miR-181a, whereas the
mRNA level was only slightly reduced. This indicates that through
binding to the 3'-UTR of acvr2a, miR-181a has more powerful
influences on acvr2a translation inhibition than mRNA degrada-
tion in mGC. The negative regulation of acvr2a expression

March 2013 | Volume 8 | Issue 3 | e59667
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doi:10.1371/journal.pone.0059667.g003

suggests that miR-181a may play an important role in the activin
signaling pathway.

The downstream signaling pathway of activins is mediated by
phosphorylation of Smad2/3, which translocate into the nucleus
to regulate the expressions of target genes, such as cyclin D2
[35]. Previous study showed that blocking the phosphorylation
of Smad2/3 using the ALK4/5/7 inhibitor completely ablated
oocyte secreted factor-induced effects on cumulus cell expansion
[47], suggesting the importance of this pathway. Our results
showed that miR-181a inhibited the phosphorylation of Smad2
on Ser**”*7 (Fig. 5) and that miR-18la decreased the
expression of cyclin D2 and PCNA in mGC, leading to an
attenuation of cell proliferation (Fig. 2). These results further
support miR-181a as a critical regulator in the proliferation of
granulosa cells.

Studies have revealed that in 3-day-old mouse ovaries, many
primordial follicles appear with several flat granulosa cells
surrounding oocytes [2]. In the ovaries of 7-day-old mice,
granulosa cells become square, leading to the formation of

PLOS ONE | www.plosone.org

primary follicles. This process initiates the proliferation of
granulosa cells, and many secondary follicles are formed in 12
14-day-old mouse ovaries [2,48]. In the present study, we found
that miR-181a expression was markedly reduced in 8, 12, and 21-
day-old mouse ovaries, in which granulosa cell proliferation is
initiated and activated, while acvr2a level was increasing (Fig. 7A
and 7B). However, it is not clear why acvr2a level was apparently
increased in 21-day-old mouse ovaries compared with 8 and 12-
day-old ones while miR-181a had little change in them. The
discrepancy may be due to that there are other kinds of cells
besides mGC in the ovaries or that acvr2a expression in vivo is
complicatedly regulated by many factors.

Furthermore, compared with that in primary follicles, miR-
18la expression was reduced in preantral follicles, where
granulosa cell proliferation was activated, whereas acvr2a expres-
sion was abundant in them (Fig. 7C and 7D). These results suggest
that miR-181a may inhibit the proliferation of granulosa cells and
the development of follicles i vivo, and we will do further study to
identify this regulation effect in the future. In addition, the level of
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doi:10.1371/journal.pone.0059667.9g004

miR-18la was also lower in antral follicles, which contain
differentiated, steroidogenic granulosa cells. This indicates that
miR-181a plays a potential role in regulating the steroidogenesis of
granulosa cells. Consistent with this hypothesis, CYP19A1, which
encodes the key enzyme for estrogen biosynthesis, was found to be
down-regulated by miR-181a in mGC (Fig. 6A).

PLOS ONE | www.plosone.org

*p<<0.05, **p<<0.01, compared with controls.

POF is resulting from follicle dysfunction or depletion [49]. In
most cases, an unknown mechanism leads to abnormal folliculo-
genesis. Recently, we found that miR-181a expression was much
higher in the blood of POF patients by microarray study
(unpublished data). Using qRT-PCR, we verified the increased
level of miR-181a in the blood of POF patients (Fig. 8). Therefore,
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this study may help us to understand the causative factors that are Materials and Methods
involved in the development of POF.

In conclusion, the present study has demonstrated that miR-
18la inactivates activin-induced granulosa cell proliferation by
down-regulating the expression of acvr2a. The relationship

between miR-18la and acvr2a in mGC proliferation helps us

Animals

Three-week-old ICR mice were purchased from the Experi-
mental Animal Center of Yangzhou University (Yangzhou, China)
and maintained in the Animal Laboratory Center of Nanjing

understand the mechanisms of follicle development at a post-
transcriptional level, which may be involved in the pathology of
POF.

PLOS ONE | www.plosone.org

Drum Tower Hospital (Nanjing, China) on a 12/12 h light/dark
cycle (lights off at 19:00) with food and water available ad libitum.
The animal experiments were approved (SYXK 2009-0017) by
the Institutional Animal Care and Use Committee at the Nanjing
Drum Tower Hospital, Nanjing University Medical School.
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Cell Lines

The KGN cells, derived from human ovarian granulosa-like
tumour, were cultured as previously described [50]. Human
embryonic kidney cells, HEK293T and HEK293A cells, were
separately maintained in DMEM supplemented with 10% FBS
(HyClone, Thermo Scientific, UT, USA) and 100 IU/ml penicil-

PLOS ONE | www.plosone.org

lin and 100 pug/ml of streptomycin, at 37°C in a humidified
environment with 5% COs.

Granulosa Cell Isolation and Culture

mGC was collected from the ovaries of 21-day-old immature
ICR mice using the follicular puncture method as described
previously [36]. The mice were not treated with diethylstilboestrol
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doi:10.1371/journal.pone.0059667.g007

(DES) prior to isolation, since DES may suppress the expression of
activins [51]. The isolated cells, with 95% purity judged by follicle
stimulating hormone receptor (FSHR) staining (Fig. S5), were
greater than 95% viability as determined by Trypan blue
exclusion. The cells were conventionally cultured in DMEM/
F12 medium (Gibco BRL/Invitrogen, Carlsbad, CA, USA)
supplemented with 10% FBS, 1 mM sodium pyruvate, 2 mM
glutamine, 100 IU/ml penicillin, and 100 pg/ml streptomycin.
The cells were cultured without FSH addition to avoid its effect on
mGC proliferation. In some experiments, the cells were culture in
the presence of recombinant human/mouse/rat activin A (Catalog
Number: 338-AC, R&D Systems, Minneapolis, MN, USA). The
cells were used within four passages.

PLOS ONE | www.plosone.org

Generation of Recombinant Adenovirus

Adenoviruses harboring a 456-bp DNA fragment encompassing
the hsa-miR-181la gene (Ad-miR-181a) and Flag-tagged mouse
acvr2a (Ad-flag-m acvr2a) were generated using the AdMax
(Microbix Biosystems, Inc., Toronto, Canada) and pSilencch‘\I
adeno 1.0-CMV (Ambion, Austin, TX, USA) systems. The
adenovirus bearing LacZ (Ad-LacZ) was obtained from Clontech
(Palo Alto, CA, USA) and used as the control in the miR-181a
overexpression experiments [52,53]. The viruses were packaged
and amplified in HEK293A cells and purified using CsCI banding
followed by dialysis against 10 mM Tris-buffered saline with 10%
glycerol. The viral titer was determined using HEK293A cells and
the Adeno-X Rapid Titer kit (Clontech) [54].
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patients and normal females. qRT-PCR analysis of miR-181a in the
blood of POF patients (n=8) and of normal females (n=11). *p<<0.05,
compared with normal females.
doi:10.1371/journal.pone.0059667.9008

Oligonucleotide Transfection

MiR-181a inhibitor. (5'-mAMCmMUmCmAmMCmCmG-
mAMCmAMGmMCmGmMUmUmGmAmMAMUmGmUmU-3"),
miRNA inhibitor negative control, siRNA duplexes target mouse
Smad2  (5'-GCUGAGUGCCUAAGUGAUAdTAT-3"), and
siRNA  negative control  (5'-CGUACGCGGAAUACUUC-
GAdTdT-3") were synthesized by Ribobio (Guangzhou, China).
Both miRNA inhibitor negative control and siRNA negative
control share no homologous region with the mouse genome
sequences. Oligonucleotide transfection was performed in mGC
with Lipofectamine 2000. For each transfection, 50 or 100 nM of
miR-181a inhibitor or siRNNA was added to each well on the six-
well plate according to the protocol of the manufacturer.

Luciferase Reporter Assay

Based on the human and mouse acvr2a mRNA sequences in
GenBank (accession nos. NM_001616.3 and NM_007396.4),
firefly luciferase ¢cDNA fused with the human 3'-UTR of the
ACVR2A gene (nt 284 to 733) or the mouse 3'-UTR of the acvr2a
gene (nt 1 to 605) was amplified separately from the genomic DNA
of human and mouse granulosa cells and cloned into the pGL3-
promoter luciferase reporter vector using Xba I restriction sites.
The primers for the human and mouse 3'-UTR region of
ACVR2A  were  5'-CTAGTCTAGATTTGGACCTGGC-
TAATGGAG-3' and 5'-CTAGTCTAGAGGCCACT-
TATTGTTGGCACT-3’, and 5-TATATCTAGATGGTGG-
CACCGTCTGTACAC-3’ and 5'-
GATATCTAGATAGCAACCGTGGAACTGAGG-3', respec-
tively. Preconfluent (60 to 70%) mGC in six-well plates was
infected with Ad-miR-181a and then transfected with 300 ng of
the firefly luciferase reporter plasmid (Luc-acvr2a-3'-UTR) and
20 ng of the Renilla luciferase reporter plasmid, pRL-RSV
(Promega), using Lipofectamine 2000 transfection reagent. Pre-
confluent (60 to 70%) HEK293T cells in six-well plates were
transfected with 300 ng of the firefly luciferase reporter plasmid
(Luc-ACVR2A-3'-UTR) and 20 ng of the Renilla luciferase
reporter plasmid, pRL-RSV, using Nanofectin (PAA, Pasching,
Austria). After 48 h, the cell lysates were assayed for luciferase
activity using the Luciferase Assay System (Promega), and the
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activity was measured using a luminescence counter (Centro XS3
LB 960, Berthold Technologies). Firefly luciferase activity was
normalized for transfection efficiency with the corresponding
Renilla luciferase activity. All transfection experiments were
performed at least 5 times.

Construction of pEGFP-C1 m acvr2a 3'-UTR Plasmid

The amplified mouse 3'-UTR of the acvr2a gene (nt 1 to 605)
was cloned into the untranslated 3'-terminus of GFP in the
pEGFP-C1 vector. Preconfluent (60 to 70%) HEK293T cells in
60-mm dish was transfected with 1 pug of the GFP expression
plasmid (pEGFP-C1 m acvr2a 3'-UTR) and Ad-miR-181a
construct using Nanofectin. At 48 h post-transfection, GFP protein
was detected by fluorescence microscopy and Western blotting.

RNA Isolation and Quantitative Real-time PCR

Total RNA was extracted from cultured cells or tissues using the
Trizol reagent (Invitrogen, Carlsbad, CA, USA), and the RNA
Integrity was assessed using denaturing formaldehyde gel electro-
phoresis. Total RNA (2 ng) was reverse-transcribed to cDNA
using a PrimeScript RT reagent kit (BIO-RAD, Hercules, CA,
USA), and qRT-PCR was performed on a MyiQ) Single-Color
Real-Time PCR Detection System (BIO-RAD). To detect miR-
181a expression, cDNA was synthesized using the following miR-
181a-specific stem-loop primer: 5'-CTCAACTGGTGTCGTG-
GAGTCGGCAATTCAGTTGAGACTCACCG-3' as previously
described [55]. For qRT-PCR analysis of miR-181a, we used the
following  primers: forward, 5’-ACACTCCAGCTGGGAA-
CATTCAACGCTGTCG-3'; reverse, 5'-
GGTGTCGTGGAGTCGGCAATTCAGTTGAG-3'. The
small nuclear RNA, U6, was used as an internal control and
was amplified with the following primers: forward, 5'-
CTCGCTTCGGCAGCACA-3'; reverse, 5-AACGCTTCAC-
GAATTTGCGT-3". The qRT-PCR conditions were as follows:
95°C for 15 min followed by 40 cycles at 95°C for 15 sec and
60°C for 1 min. The specific primers used for acvr2a, cyclin D2,
CYPI19AL, P450scc, ESR1, and 18s rRNA detection were listed in
supplemental Table 2 (Table S2). 18s rRNA has been identified to
be a more stable reference gene in ovary [56,57]. Samples were
run in duplicate with RNA preparations from three independent
experiments. The fold change of each gene expression was
calculated using the 2~ 22" method with 18S rRNA or U6 as an
internal control [58].

Western Blotting

Protein extracts prepared from cultured granulosa cells were
analyzed by Western blotting as previously described [59]. Briefly,
cells were rinsed with ice-cold PBS (pH 7.4) and lysed with lysis
buffer (50.0 mmol/L Tris, pH 7.6, 150.0 mmol/L NaCl, 0.1%
SDS, 1.0% NP-40, and protease and phosphatase inhibitor
cocktails (Sigma, St. Louis, MO, USA)). Protein concentrations
were determined by Bradford assay (Bio-Rad). Equal amounts of
total proteins (20-30 pg) were separated on a 10% SDS-poly-
acrylamide gel and transferred onto polyvinylidene fluoride
membranes (Millipore, Billerica, MA, USA). Immunoblotting
was performed with primary antibodies against cyclin D2 (1:1,000;
Cell Signaling Technology, Danvers, MA, USA), phospho-Smad2
(Ser465/467; 1:1,000; Cell Signaling Technology; also detects
phosphorylated Smad3 at Ser423/425), Smad2 (1:1,000; Cell
Signaling Technology), PCNA (1:500; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), or acvr2a (1:500; Santa Cruz Bio-
technology). B-actin (1:10,000; Abcam, Cambridge, MA, USA)
was measured as an internal control. Immunodetection was
accomplished using a goat anti-rabbit (1:5000; Bio-Rad) or rabbit
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anti-mouse (1:10,000; Bio-Rad) HRP conjugated secondary
antibody and an enhanced chemiluminescence kit (Amersham
Biosciences Corp., Piscataway, NJ, USA).

Cell Proliferation Assay

Granulosa cells were seeded into 96-well plates at approxi-
mately 5,000 cells per well, cultured in growth medium (100 pl per
well) and infected with adenovirus or miR-181a inhibitor. Cell
proliferation assays were performed using a cell counting kit-8
assay (Dojindo Laboratories, Kumamoto, Japan). After incubation
for 48 h, 10 pl of CCK-8 solution was added to each well, and the
cells were incubated for another 2 h. The cell number was
calculated in a 96-well format plate reader (Thermo Electron
Corp, Taunton, MA, USA) done in triplicate by measuring the
OD450.

FSH Determination

All POF patients were selected from the Nanjing Drum Tower
Hospital, Nanjing University Medical School, and informed
consent was obtained from all participants. The FSH levels in
blood were measured using chemiluminescent immunoassay
(CLIA) with the sensitivity of 0.2 IU/L (Beckman Coulter, Brea,
CA, USA).

Statistical Analysis

In this study, each experiment was performed at least three
times. Data are presented as the means * SD. Statistical analysis
was performed by ANOVA followed by the Student-Newman-
Keuls test for experiments involving more than two groups.
Student’s t-test was performed for comparison with two groups. P
values <0.05 were considered to be statistically significant.

Supporting Information

Figure S1 Effect of miR-181a on KGN cell proliferation.
KGN cells were infected with Ad-miR-181a (MOI =0, 25, and 50)
for 48 h. (A) The proliferation of KGN cells was measured by
CCK-8. (B) Protein level of PCNA was examined by Western
blotting. Relative protein levels were measured by densitometry
using Quantity One Software and normalized to B-actin, Ad-LacZ
group; the ratios were presented above the Western blot bands.
*p<<0.05, **p<<0.01, compared with control groups.

(TIF)

Figure S2 Transfection efficiencies of mGC detected by
FCM after transfection with pEGFP-C1 plasmid for 48 h.
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