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This study investigated the capacity of 10 �M 17�-estradiol to inhibit immature boar Sertoli cell (SC)
proliferation and the involvement of microRNA (miR)-1285 in this process. SC viability and cell cycle
progression were investigated using a cell counting kit-8 and flow cytometry, respectively. Ex-
pression of AMP-activated protein kinase (AMPK), S phase kinase-associated protein 2 (Skp2), and
miR-1285 was analyzed by real-time RT-PCR and Western blotting. 17�-Estradiol (10 �M) reduced
SC viability and miR-1285 expression and promoted AMPK phosphorylation. A double-stranded
synthetic miR-1285 mimic promoted SC viability, increased levels of ATP, and phosphorylated
mammalian target of rapamycin (mTOR) and Skp2 mRNA and protein, whereas p53 and p27
expression decreased, and 17�-estradiol-mediated effects on SCs were significantly attenuated. A
single-stranded synthetic miR-1285 inhibitor produced the opposite effects on these measures.
Activation of AMPK inhibited SC viability, reduced levels of ATP, phosphorylated mTOR and Skp2
mRNA and protein, and increased p53 and p27 expression. An AMPK inhibitor (compound C)
attenuated the effects of 17�-estradiol on SCs. This indicated that 17�-estradiol (10 �M) reduced
SC proliferation by inhibiting miR-1285 and thus activating AMPK. Phosphorylated AMPK is in-
volved in the regulation of 17�-estradiol-mediated inhibition of SC viability through increasing p53
and p27 expression and inhibiting mTOR and Skp2 expression. Our findings also implicated Skp2
as the downstream integration point of p53 and mTOR. These findings indicated that miR-1285
may represent a target for the manipulation of boar sperm production. (Endocrinology 156:
4059–4070, 2015)

Sertoli cells (SCs) play a vital role in spermatogenesis by
providing support and nutrition for spermatogenic

cells. During spermatogenesis, lactate is the preferred sub-
strate of spermatocytes and spermatids. Lactate produc-
tion from glucose in SCs is an important point for the
control of spermatogenesis (1). SCs also secrete proteins
and cytokines, which participate in the control of sperm

movement from the testis to the epididymis and in the
control of the pH of the seminiferous fluid (2). Further-
more, adjacent SCs form the blood-testis barrier, which
inhibits the entry of molecules exceeding 1000 Da into the
seminiferous tubule. This barrier also prevents autoim-
munity and maintains a stable microenvironment for germ
cell differentiation (3).
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Each SC provides support to a limited number of dif-
ferentiating germ cells, with the number of SCs in adult
animals determining the size of the testis and the compe-
tence of spermatogenesis. SC viability and proliferation
indices reflect cell proliferation capacity, which is a vital
determinant of cell number. Boar exhibit two phases of SC
proliferation after birth; these occur from birth to 1 month
old and from 3–4 months until puberty (4). The prolifer-
ation of SCs is regulated by hormones and growth factors,
with estrogens playing an important role in this process
(5). Estrogens have been shown to stimulate synthesis of
TGF-� and DNA by SCs, increasing their proliferation (6).
A reduction in the levels of prepubertal endogenous es-
trogens was shown to increase the SC number in boars,
resulting in increasing testicular size and testicular sperm
production capacity (7). Moreover, reducing both peri-
natal and peripubertal levels of endogenous estrogens in-
creased the number of SCs, and a continuous reduction of
the estrogens levels maintained this increase, without af-
fecting the fertilization capacity of boar sperm (8). An
intratesticular concentration of estradiol of 200 �g/kg�d,
which was more than 10 times higher than normal levels,
reduced the expression of proliferative cell nuclear antigen
in SCs, inhibited SC proliferation, and increased SC and
germ cell apoptosis in immature rats during puberty (9).
Our previous research showed that low doses of 17�-es-
tradiol (0.0001–0.1 �M) increased the number of imma-
ture boar SCs, whereas a higher dose (1 �M) reduced the
number of SCs (10). These conflicting results suggest that
17�-estradiol has both positive and negative effects on SC
proliferation.

Mammalian cell proliferation is negatively regulated by
cyclin-dependent kinase inhibitors and tumor suppressor
genes. The cyclin-dependent kinase inhibitor, p27KIP1

(p27), inhibits cell proliferation by reducing cyclin/cyclin-
dependent kinase activity and the phosphorylation of ret-
inoblastoma tumor suppressor protein; this causes G1 ar-
rest. The tumor suppressor, p53, inhibits the cell cycle
indirectly by promoting p27 transcription (11). S-phase
kinase-associated protein 2 (Skp2), which is a key protein
involved in regulating the cell cycle, promotes the degra-
dation of p27. Mammalian target of rapamycin (mTOR)
influences cell cycle progression and cell proliferation by
increasing the expression of ribosomal S6 protein kinases
(S6K) and transcription initiation factor 4E binding pro-
tein 1 (12, 13). AMP-activated protein kinase (AMPK)
plays a role in cellular energy homeostasis and cell prolif-
eration by regulating the expression of genes involved in
these processes. AMPK inhibits the proliferation of hep-
atocellular carcinoma cells (14), mouse embryonic fibro-
blasts (15), human aortic smooth muscle cells, rabbit aor-
tic strips (16), osteosarcoma cells (17), and glioblastoma

(18). The AMPK activator, 5-aminoimidazole-4-carbox-
amide ribonucleoside (AICAR), inhibits the activation of
S6K in human corneal epithelial cells infected with sar-
coma virus 40 (19). Activated AMPK regulates cell pro-
liferation by regulating mTOR phosphorylation. Further-
more, AMPK increases the expression of p53 and p27
proteins, inhibiting the proliferation of cancer cells both in
vitro and in vivo (20) via phosphorylation of p53 at Ser15
(21). However, it is unclear whether 17�-estradiol acti-
vates AMPK to reduce boar SC proliferation by inhibiting
the mTOR signaling pathways and regulating the expres-
sion of p53, p27, and Skp2.

Micro-RNAs (miRNAs) play important roles in cell
proliferation, differentiation, apoptosis, and tumorigene-
sis by mediating RNA silencing and regulating gene ex-
pression at the posttranscriptional level (22). Some
miRNAs are processed from transposable elements (TE)-
derived loci, and TE-derived miRNAs can regulate target
mRNAs through complementary target sites located
within 3� untranslated region (UTR)-resident TE ho-
mologs (23, 24). MiR-1285 was first discovered from
massively parallel sequencing of human embryonic stem
cells (25). Alu-derived miR-1285–1 was efficiently pro-
cessed from its genomic locus and found to regulate genes
with target sites within homologous elements; overexpres-
sion of a miR-1285–1 mimics a significantly reduced ex-
pression of three luciferase reporters with Alu-derived tar-
get sites (26). Our previous study showed that a chemically
modified double-stranded RNA that mimics miR-1285
and enables miR-1285 functional analysis by the up-reg-
ulation miR-1285 activity (miR-1285 mimic) directly
down-regulated the expression of AMPK induced by
AICAR via a 3� UTR target site (Zhang J.J., Wang Y.,
Yang W.R., Jeong D.K., Wang X.Z., unpublished data).
Therefore, we hypothesized that miR-1285 regulates the
17�-estradiol-mediated inhibition of immature boar SC
proliferation via effects on AMPK activation. The present
study was designed to examine whether 17�-estradiol in-
hibited cultured immature boar SC proliferation and to
explore the potential involvement of miR-1285 in this pro-
cess. Furthermore, the effects of AMPK activation on the
expression of mTOR, p53, p27, and Skp2 were also
investigated.

Materials and Methods

Chemicals
DMEM/F-12, Lipofectamine 2000 transfection reagent, and

Opti-MEM were purchased from Invitrogen. Collagenase VI,
penicillin and streptomycin, dimethyl sulfoxide, compound C,
and 17�-estradiol were obtained from Sigma-Aldrich. Trypsin
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was obtained from Amresco LLC. AICAR was purchased from
Biomol.

Culture of boar SCs
Testes were obtained under sterile conditions from immature

boars (Landrace, aged 21 d) raised at a local livestock farm (Bei-
bei, Chongqing). All experiments involving animals were con-
ducted in accordance with the Regulations for the Administra-
tion of Affairs Concerning Experimental Animals (Ministry of
Science and Technology, China, revised in June 2004) and ap-
proved by the Institutional Animal Care and Use Committee in
Southwest University (China). SCs were isolated from the testes,
evaluated for purity, and cultured using previously described
methods (10, 27). After collection, centrifugation for 5 minutes
at 1000 � g, and resuspension, 2 � 105 cells/mL, were cultured
in 25-cm2 culture bottles in a humidified atmosphere containing
5% CO2 at 32°C with DMEM/F-12 (1:1) basic medium con-
taining l-glutamine (10 �g/mL), 15 mM HEPES, 5% fetal bovine
serum (Gibco-Invitrogen), streptomycin (20 �g/mL), penicillin
(20 �g/mL), and tocopherol (10 �g/mL). After 12 hours, residual
germ cells were removed as previously described (10, 27). SCs
were cultured for approximately 48 hours to 70%–80% con-
fluence prior to use in experiments.

Analysis of cell viability and cell cycle progression
For cell viability assays, 2 � 105 cells/mL were plated in 96-

well plates and cultured. At 70%–80% confluence, immature
boar SCs were either exposed to compound C (40 �M) only for
24 hours or to compound C only for 18 hours, followed by
17�-estradiol (10 �M) and compound C for 6 hours. SCs were
also exposed to either AICAR (2 mM) or 17�-estradiol for 6
hours before analysis, whereas control cells were treated with
vehicle (isometric dimethyl sulfoxide) for 24 hours. Cell viability
was detected with a cell counting kit-8 (Dojindo Molecular Tech-
nologies), as previously described (10, 28). Briefly, a calibration
curve was constructed using suspensions of known numbers of
SCs. The cell counting kit-8 solution (10 �L/well) was added and
the plates were incubated for 1 hour. Absorbance was measured
at 450 nm using a microplate reader (Bio-Rad Co). SC viability
(percentage) was calculated by the following equation: (absor-
bance of treatment group� absorbance of blank)/(absorbance of
control group � absorbance of blank) � 100%.

SCs (2 � 105 cells/mL) were seeded in 25-cm2 culture bottles
containing DMEM/F-12 culture medium and cultured for 4 days
before cell cycle analysis. SCs were washed with ice-cold PBS,
centrifuged (200 � g) for 5 minutes at 4°C, resuspended in ice-
cold PBS, and fixed in ice-cold 70% ethanol for 24 hours. They
were then centrifuged for 10 minutes (200 � g) at 4°C, digested
with 50 �g/mL ribonuclease (RNase)-A for 15 minutes at 37°C,
and stained with 50 �g/mL propidium iodide for 30 minutes at
4°C, protected from light. The cell cycle was analyzed by mea-
suring the DNA content using a fluorescence-activated cell sorter
(Cytomics FC500; Beckman Coulter), and ModFit LT (Macin-
tosh) was used to assign each cell to a particular stage in the cell
cycle. The numbers of cells in G0/G1, S, and G2/M phases were
determined and reported as the proliferation index (PI) and S
phase index (SPF), where PI � (S � G2/M)/(G0/G1 � S � G2/
M) � 100%, and SPF � S/(G0/G1 � S � G2/M) � 100%.

Transfections
SCs (2 � 105 cells/mL) were seeded in 25-cm2 culture bottles

with 3 mL Opti-MEM. At 30%–50% confluence, the SCs were
mock transfected (Lipofectamine 2000 only; Invitrogen) or
transfected with complexes of Lipofectamine 2000 and
miR-1285 mimic (50 nM) or miR-1285 mimic negative control
(miR-1285 mimic NC; 50 nM) or a chemically modified single-
stranded RNA with a base sequence complementary to miR-
1285 (miR-1285 inhibitor; 100 nM) or miR-1285 inhibitor neg-
ative control (miR-1285 inhibitor NC; 100 nM) (Invitrogen), in
the presence or absence of 17�-estradiol (10 �M) for 6 hours,
according to the manufacturer’s Lipofection protocol. The trans-
fection conditions were optimized in a preliminary experiment
(unpublished data). The sequence of the miR-1285 mimic was as
follows: 5�-CUGGGCAACAUAGCGAGACCCCGU-3� and 5�-
ACGGGGUCUCGCUAUGUUGCCCAG-3�. The sequence of
the miR-1285 inhibitor was as follows: 5�-ACGGGGUCUCGC-
UAUGUUGCCCAG-3�. The sequence of the miR-1285 mimic
NC, which had low homology with all miRNAs in the miRBase,
was as follows: 5�-UUCUCCGAACGUGUCACGUTT-3� and
5�-ACGUGACACGUUCGGAGAATT-3�. The sequence of the
miR-1285 inhibitor NC was as follows: 5�-CAGUACUUUUGU-
GUAGUACAA-3�. The transfected SCs were incubated at 32°C
in a humidified atmosphere containing 5% CO2 for 6 hours. The
medium was replaced with Opti-MEM and the cells were incu-
bated for a further 48 hours.

ATP assays
ATP concentrations were determined using a commercially

available kit (Beyotime) according to the manufacturer’s proto-
col. SCs were collected and lysed in ATP lysate buffer. After
centrifugation (12 000 � g, 5 min, 4°C), the concentration of
ATP in the supernatant was determined using a standard curve
of known ATP concentrations (0, 0.00625, 0.0125, 0.025, 0.05,
and 0.1 �mol/L). Relative light unit values were measured using
a luminometer (Glomax multidetection system; Promega).

Western blotting
For extraction of total protein, cultured cells were scraped

and resuspended in lysis buffer (5 mM phosphate buffer, pH 7.2;
0.1% Triton X-100; 10 mM sodium fluoride; 1 mM phenyl-
methylsulfonyl fluoride; 1 mg/L chymostatin) prior to centrifu-
gation for 10 minutes at 11 000 � g. The protein concentration
was determined by a bicinchoninic acid protein assay kit (BCA;
Beyotime) using BSA as a standard protein. Proteins were sep-
arated by 10% SDS-PAGE and transferred to polyvinylidene
fluoride membranes by wet electrophoretic transfer (Bio-Rad
Laboratories). After blocking in PBS-Tween 20 containing 5%
dried skimmed milk or 3% BSA for 2 hours at room temperature,
membranes were incubated with primary detection antibodies
raised against AMPK (rabbit, 1:1000; Cell Signaling Technol-
ogy), phosphorylated AMPK (Thr172) (p-AMPK) (rabbit,
1:1000; Cell Signaling Technology), mTOR (rabbit, 1:2000; Ab-
cam), phosphorylated (p) mTOR (S2448) (rabbit, 1:1000; Ab-
cam), p53 (mouse, 1:1000; Beyotime), p27 (mouse, 1:1000;
Beyotime), Skp2 (rabbit, 1:300; Bioss), and �-actin (rabbit,
1:1000; Bioss) at 4°C overnight. After incubation with either
goat antirabbit or goat antimouse immunoglobulin G coupled to
horseradish peroxidase (1:5000; Bioss) for 2 hours at room tem-
perature, proteins were visualized by enhanced chemilumines-
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cence (SuperSignal West Pico; Pierce Biotechnology). Band in-
tensities were quantified using Quantity One software (Bio-Rad
Laboratories). The densitometric value of each AMPK,
p-AMPK, mTOR, and p-mTOR band was normalized to the
�-actin signal in the same sample before calculating the p-AMPK
to AMPK and p-mTOR to mTOR ratios. The densitometric
value of the p53, p27, and Skp2 signals were also normalized to
the relevant �-actin signal.

Real-time RT-PCR analysis of AMPK, Skp2, and
miR-1285 expression

Total RNA was extracted and purified from the cultured im-
mature boar SCs using the RNAprep pure cell kit (Tiangen Bio-
tech), following the manufacturer’s instructions. RT-PCR anal-
ysis of the expression of miRNAs and mRNAs was performed
using the SYBR PrimeScript miRNA RT-PCR kit (TaKaRa), the
iScript cDNA synthesis kit (Bio-Rad Laboratories), and the
SsoAdvanced SYBR Green Supermix (Bio-Rad Laboratories).

For miRNA analyses, first-strand cDNA synthesis and the
poly(A) tailing reaction were performed with 1 �L total RNA (1
�g/�L), 10 �L 2 � miRNA reaction buffer mix, 2 �L 0.1% BSA,
2 �L miRNA PrimeScript reverse transcription enzyme mix, and
5 �L RNase-free distilled H2O (dH2O), according to the man-
ufacturer’s protocol. The reactions were performed at 37°C for
60 minutes followed by enzyme inactivation at 85°C for 5 sec-
onds. RT-PCR was performed with 12.5 �L SYBR premix Ex-
TaqII (2 times), 1 �L cDNA, 9.5 �L RNase-free dH2O, 1 �L
Uni-miR quantitative PCR primer, and 1 �L miRNA forward
primer using a PerkinElmer multiwell plate system (Bio-Rad
Laboratories). The sequences of the primers used were as fol-
lows: miR-1285 forward, 5�-CUGGGCAACAUAGCGAG-
ACC-3�; and U6 forward, 5�-CGCAAGGATGACACGCAA-
AT-3�. The PCR conditions included denaturation at 95°C for 30
seconds, annealing at 56°C for 30 seconds, and extension at
72°C for 30 seconds, and 40 cycles were conducted.

For mRNA analyses, first-strand cDNA synthesis was per-
formed with 1 �L total RNA (1 �g/�L), 4 �L 5 � iScript reaction
mix (Bio-Rad Laboratories), 1 �L iScript reverse transcriptase,
and 14 �L RNase-free dH2O, according to the manufacturer’s
protocol. Reverse transcription was performed at 25°C for 5
minutes, 42°C for 30 minutes, and enzyme inactivation at 85°C
for 5 minutes. RT-PCR was performed with 10 �L SsoAdvanced
SYBR Green Supermix (Bio-Rad Laboratories), 1 �L cDNA, 7
�L RNase-free dH2O, 1 �L forward primer, and 1 �L reverse
primer using a PerkinElmer multiwell plate system (Bio-Rad
Laboratories). The sequences of the primers were as follows:
AMPK forward, 5�-ACCAGGACCCTTTGGCAGTT-3� and re-
verse, 5�-GAATCAGGTGGGCTTGTTGC-3�; Skp2 forward,
5�-AGATTCCCGACCAGAGTAGCAA-3� and reverse, 5�-
GATGTTCTCACTGTCCACCTCCT-3�; and �-actin forward,
5�-CTAGTTACACACACGCGGCTCT-3� and reverse, 5�-
CATGAATACCCTGCACAGATCG-3�. The PCR conditions
included denaturation at 98°C for 2 minutes, annealing at
62.5°C for 30 seconds, and extension at 72°C for 30 seconds, and
40 cycles were conducted. All primer pairs for RT-PCR covered
at least one intron.

The cycle threshold value of each sample was determined
using triplicate measurements. The equivalent dilution was cal-
culated according to the standard curve and then normalized to
the relevant housekeeping gene (�-actin for mRNA, U6 for

miRNA). Each PCR was performed in triplicate, and product
sequences were confirmed by direct nucleotide sequencing using
an ABI PRISM 7700 sequence detector (Applied Biosystems).
Relative expression levels were calculated using the 2-��CT

method (29).

Statistical analysis
Experiments were performed in triplicate. Values are ex-

pressed as means � SD. Statistical analyses were performed using
the Statistical Package for the Social Sciences (SPSS version 16.0;
SPSS). Data were analyzed by a one-way ANOVA and the Fish-
er’s least significant difference method to determine treatment
differences. P � 0.05 was considered to indicate statistical
significance.

Results

Effects of 17�-estradiol on SC viability and p-
AMPK levels

Compared with the control, low doses of 17�-estradiol
(0.001–0.01 �M) promoted SC viability (P � .05-.01),
whereas 0.1 �M had no significant effect (P 	 .05). At
doses of 17�-estradiol exceeding 0.1 �M, SC viability was
significantly decreased (48.12% cell viability vs the con-
trol at 10 �M, P � .01). This effect appeared to be re-
versible because cell viability recovered to 93.22% of the
control level after the removal of this concentration of
17�-estradiol, with no significant difference as compared
with the control group. A higher concentration of 17�-
estradiol (100 �M) produced a similar effect on SC via-
bility as that observed in the 10-�M group (P 	 .05 for the
comparison of cells treated with 10 and 100 �M); how-
ever, SC viability did not recover after the withdrawal of
100 �M 17�-estradiol (Figure 1A). Therefore, 10 �M
17�-estradiol was used in the subsequent experiments.

The inhibitory effect of 10 �M 17�-estradiol on SC
viability increased gradually as the exposure time in-
creased. Compared with the control group, viability of
SCs exposed to 10 �M 17�-estradiol declined signifi-
cantly after 2 hours (P � .05-.01), reaching a maximum
inhibition at 6 hours (60.7% of the control viability; P �

.01); no further inhibition was observed when exposure
was prolonged beyond 6 hours (Figure 1B). Therefore, 6
hours was considered appropriate for 17�-estradiol treat-
ment of SCs in subsequent experiments. Compared with
the control group, 10 �M 17�-estradiol had no significant
effect on AMPK phosphorylation in SCs at 1 hour (P 	

.05). However, 17�-estradiol significantly up-regulated
AMPK phosphorylation with prolonged exposure (P �

.05-.01); this had increased by 101.75% at 6 hours, as
compared with the control cells (Figure 1C).
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Effects of AMPK on 17�-estradiol-regulated SC
viability, cell cycle, and expression of miR-1285

Compared with the control, the AMPK activator,
AICAR, inhibited SC viability (Figure 2A) and miR-1285
expression (Figure 2C) by 44.74% and 31.51%, respec-
tively (both P � .01). AICAR also inhibited cell cycle pro-
gression, as reflected by significantly decreased PI and SPF
values (by 57.40% and 70.67%, respectively; both P �
.01) (Figure 2B and Table 1). The AMPK inhibitor, com-
pound C, enhanced SC viability and miR-1285 expression
by 23.97% and 36.71%, respectively, as compared with
control (P � .05-.01) (Figure 2, A and C). Compound C
also promoted cell cycle progression, with PI and SPF in-
creased by 13.37% and 154.47%, respectively, as com-
pared with the control (P � .05-.01) (Figure 2B and Table

1). Furthermore, compound C weakened the inhibitory
effect of 17�-estradiol on SC viability, cell cycle progres-
sion, and miR-1285 expression, with SC viability in-
creased by 56.99% (Figure 2A), with PI and SPF increased
by 18.54% and 28.06%, respectively (Table 1), and with
miR-1285 expression increased by 15.81% (Figure 2C),
as compared with the 17�-estradiol-only group (P �
.05-.01).

Effects of the miR-1285 mimic and inhibitor on
17�-estradiol-regulated expression of miR-1285, SC
viability, and cell cycle

Neither negative control produced statistically signifi-
cant effects as compared with the mock group (Figure 3,
A–C, and Table 2) (all P 	 .05). Compared with the mock

Figure 1. Effects of 17�-estradiol on SC viability and AMPK phosphorylation. A, The viability of immature boar SCs treated with the indicated
concentrations of 17�-estradiol for 24 hours. B, Immature boar SCs were treated with 17�-estradiol (10 �M) for the indicated times. Cell viability
was detected using a cell counting kit-8. C, Immature boar SCs were incubated with 10 �M 17�-estradiol for the indicated times, and protein was
extracted to detect the expression of p-AMPK, AMPK, and �-actin by Western blotting. *, P � .05; **, P � .01.
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group, the miR-1285 inhibitor and 17�-estradiol inhib-
ited miR-1285 expression by 38.50% and 14.70%, re-
spectively (P � .05-.01). Exposure to miR-1285 mimic
increased miR-1285 expression by 106.80%, as com-
pared with the mock-treated cells (P � .01), and weakened
the inhibitory effect of 17�-estradiol on miR-1285 expres-
sion; this increased by 26.38%, as compared with the 17�-
estradiol-only group (P � .05) (Figure 3A).

SC viability declined in the miR-1285 inhibitor-treated
cells and in the 17�-estradiol-only group, by 44.35% and

37.93%, respectively, as compared with the mock group
(both P � .01). However, treatment with miR-1285 mimic
increased SC viability by 26.40% (P � .05) and weakened
the inhibitory effect of 17�-estradiol on SC viability,
which increased by 44.53% as compared with the cells
exposed to 17�-estradiol only (P � .01) (Figure 3B). Cell
cycle progression was hindered significantly in the miR-
1285 inhibitor-only group and in the 17�-estradiol-only
group (Figure 3C). Compared with the mock group, the
miR-1285 inhibitor decreased PI and SPF by 79.30% and

Figure 2. Effects of AMPK on 17�-estradiol-regulated expression of SC viability, the cell cycle, and miRNA (miR)-1285. A, Cell counting kit-8
analysis of SC viability. B, Flow cytometric analysis of the cell cycle. C, Real-time RT-PCR analysis of miR-1285 levels. The expression of miR-1285
was determined in relation to U6 expression. *, P � .05; **, P � .01. E2, 17�-estradiol.
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75.39%, respectively (both P � .01), and 17�-estradiol
decreased PI and SPF by 54.93% and 53.48%, respec-
tively (both P � .01). Exposure to miR-1285 mimic weak-

ened the inhibitory effect of 17�-estradiol on cell cycle
progression, with PI and SPF increased by 30.42% and
25.85%, respectively, as compared with the 17�-estradi-
ol-only group (both P � .05) (Table 2).

Effects of AMPK and miR-1285 on 17�-estradiol-
regulated ATP production

Compared with the control, AICAR and 17�-estradiol
decreased the concentration of ATP in SCs by 55.03% and
42.09%, respectively (both P � .01). Compound C had no
significant effect on the concentration of ATP (P 	 .05)
but reduced 17�-estradiol-mediated inhibition of ATP
production; this increased by 52.16%, as compared with
the 17�-estradiol-only group (P � .01) (Figure 4A). The
miR-1285 inhibitor and 17�-estradiol reduced the pro-
duction of ATP in SCs by 47.13% and 31.20%, respec-

Figure 3. Effects of the miR-1285 mimic and inhibitor on 17�-estradiol-regulated expression of miR-1285, SC viability, and the cell cycle. A, Real-
time-PCR analysis of miR-1285, relative to U6 expression. B, Cell viability was determined by cell counting kit-8. C, Flow cytometric analysis of the
cell cycle. *, P � .05; **, P � .01. E2, 17�-estradiol.

Table 1. Effects of AMPK on 17 �-estradiol-regulated
SC PI and SPF

Treatment PI, % SPF, %

Control 24.39 � 0.28 10.50 � 0.90
AICAR 10.39 � 1.75a 3.08 � 0.54a

Compound C 27.65 � 1.22b 26.72 � 1.65a

Compound C � E2 12.66 � 0.88a,c 5.75 � 0.56a,c

E2 10.68 � 0.77a 4.49 � 0.42a

Abbreviation: E2, 17�-estradiol. The percentages of cell numbers in
the G0/G1, S, and G2/M phases were detected by flow cytometry
(shown in Figure 2B). Data are expressed as mean � SD (n � 3).
a P � .01 vs control.
b P � .05 vs control.
c P � .05 vs the E2 group.
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tively, as compared with the miR-1285 mimic NC group
(both P � .01). However, the concentration of ATP in-
creased by 26.07% in the cells exposed to miR-1285
mimic only (P � .05) and weakened the effect of 17�-
estradiol on the ATP level, as compared with the 17�-
estradiol-only group (P � .01) (Figure 4B).

Effects of AMPK and miR-1285 on 17�-estradiol
regulation of AMPK and mTOR phosphorylation
and p53, p27, and Skp2 expression in SCs

Compared with the control, AICAR and 17�-estradiol
activated AMPK phosphorylation and increased the ex-
pression of p53 and p27 but significantly inhibited mTOR
phosphorylation and Skp2 expression (P � .05-.01) (Fig-
ure 5, A–C). Conversely, compound C reduced the levels
of phosphorylated AMPK and mTOR (both P � .05) (Fig-
ure 5, A and B) and had no significant effects on the ex-
pression of p53, p27, and Skp2, as compared with the
control (all P 	 .05) (Figure 5C). Compound C attenuated
the effects of 17�-estradiol on the phosphorylation of

AMPK and mTOR and on the expression of p53 and Skp2
(P � .05-.01) (Figure 5, A–C).

miR-1285 mimic reduced AMPK phosphorylation and
enhanced mTOR phosphorylation (P � .05-.01) (Figure
5, D and E). In addition, miR-1285 mimic inhibited p53
and p27 expression (by 41.78% and 53.38%, respec-
tively), as compared with the miR-1285 mimic NC group
(both P � .05) (Figure 5F), whereas Skp2 expression was
increased by 5.66% (P 	 .05) (Figure 5F). Exposure to
miR-1285 mimic reduced the effects of 17�-estradiol on
the phosphorylation of AMPK and mTOR and on the
expression of p53, p27, and Skp2 (all P � .01) (Figure 5,
D–F). However, the miR-1285 inhibitor and 17�-estra-
diol increased AMPK phosphorylation by 31.24% and
26.34%, respectively, as compared with the miR-1285
mimic NC group (both P � .01) (Figure 5D). The miR-
1285 inhibitor and 17�-estradiol reduced mTOR phos-
phorylation by 68.60% and 60.47%, respectively, as
compared with the miR-1285 mimic NC group (both P �

.01) (Figure 5E). Furthermore, the miR-1285 inhibitor
and 17�-estradiol significantly enhanced the expression of
both p53 (by 1.02-fold and 0.96-fold, respectively) and
p27 (by 1.88-fold and 1.82-fold, respectively; all P � .01;
Figure 5F) but inhibited Skp2 expression by 86.09% and
77.27%, respectively, as compared with the miR-1285
mimic NC group (both P � .01) (Figure 5F).

Effects of AMPK and miR-1285 on 17�-estradiol-
mediated effects on AMPK mRNA and Skp2 mRNA
in SCs

Compared with the control, AICAR and 17�-estradiol
increased the levels of AMPK mRNA but reduced Skp2
mRNA expression (P � .05-.01). Compound C reduced
the levels of AMPK mRNA by 20.22%, increased Skp2
mRNA levels by 37.67%, and weakened the effects of

Figure 4. Effects of AMPK and miR-1285 on 17�-estradiol-mediated regulation of ATP concentrations in SCs. A, Effects of AMPK on 17�-
estradiol-regulated ATP concentrations in SCs. B, Effects of miR-1285 on 17�-estradiol-regulated ATP concentrations in SCs. miR-1285 mimic
negative control is simplified as NC. ATP levels were determined using a commercially available ATP kit. *, P � .05; **, P � .01. E2, 17�-estradiol.

Table 2. Effects of miR-1285 on 17 �-estradiol-
regulated SC PI and SPF

Treatment PI, % SPF, %

Mock 21.30 � 1.30 8.90 � 0.35
miR-1285 mimic NC 21.92 � 1.10 9.13 � 0.33
miR-1285 inhibitor NC 21.67 � 1.20 9.01 � 0.33
miR-1285 mimic 25.17 � 0.88a 18.46 � 0.83b

miR-1285 inhibitor 4.41 � 0.54b 2.19 � 0.26b

miR-1285 mimic � E2 12.52 � 0.58b,c 5.21 � 0.26b,c

E2 9.60 � 0.14b 4.14 � 0.29b

Abbreviation: E2, 17�-estradiol. The percentages of cell numbers in
the G0/G1, S, and G2/M phases were detected by flow cytometry
(shown in Figure 3C). Data are expressed as mean � SD (n � 3).
a P � .05 vs mock.
b P � .01 vs mock.
c P � .05 vs the E2 group.
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17�-estradiol on mRNA levels of AMPK and Skp2 (P �
.05-.01) (Figure 6A). The miR-1285 inhibitor and 17�-
estradiol increased AMPK mRNA expression, as com-
pared with the miR-1285 mimic NC group, whereas Skp2
mRNA expression was reduced (P � .05-.01). miR-1285
mimic inhibited AMPK mRNA expression but up-regu-
lated Skp2 mRNA expression by 38.92% (both P � .01).
Furthermore, miR-1285 mimic weakened the effects of
17�-estradiol on the levels of AMPK mRNA and Skp2
mRNA, whereby AMPK mRNA expression decreased by
32.98%, whereas Skp2 mRNA expression increased by
49.33%, as compared with the 17�-estradiol-only group
(both P � .01) (Figure 6B).

Discussion

Estrogens play an important role in regulating SC prolif-
erative capacity (8, 10, 27). The present study found that
a high concentration of 17�-estradiol (10 �M) inhibited
SC viability. Our results also showed that 17�-estradiol
enhanced the activation of AMPK by inhibiting the ex-
pression of miR-1285. Furthermore, the AMPK activator,
AICAR, and the miR-1285 inhibitor reduced mTOR
phosphorylation and Skp2 expression and enhanced the
expression of p53 and p27. In contrast, the AMPK inhib-
itor, compound C, and the miR-1285 mimic attenuated
the effects of 17�-estradiol on these parameters. These

Figure 5. Effects of AMPK and miR-1285 on 17�-estradiol-regulated phosphorylation of AMPK and mTOR and on expression of p53, p27, and
Skp2 in SCs. Effects of AMPK on 17�-estradiol-regulated expression of p-AMPK (A), p-mTOR (B), and p53, Skp2, and p27 (C). Effects of miR-1285
on 17�-estradiol modulation of p-AMPK (D), p-mTOR (E), and p53, Skp2, and p27 (F). *, P � .05; **, P � .01. E2, 17�-estradiol.
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observations suggested that high concentrations of 17�-
estradiol reduced SC viability by inhibiting the expression
of miR-1285, which leads to activated AMPK; this regu-
lates the expression of mTOR, p53, p27, and Skp2.

Different levels of estrogens have been shown to have
different effects on SC proliferation, both in vitro and in
vivo. The level of estradiol is about 0.6 ng/mg protein in
the 6-week-old boar testes and about 1.55 ng/mg protein
in the 20-week-old testes. Reducing endogenous estrogens
in the postnatal interval increases the number of SCs (8).
Our previous results showed that 17�-estradiol (0.0001–
0.1 �M) increased the number of immature boar SCs in
vitro, whereas 1 �M 17�-estradiol reduced the number of
SCs (10). Similarly, in vivo inhibition of estrogen synthesis
in boars aged 6.5 weeks reduced estradiol levels to 0.05
ng/mg protein by letrozole treatment and increased the
numbers of SCs (30). In this study, we demonstrated that
the inhibitory effects of 17�-estradiol on SC viability were
enhanced as the dose and duration of exposure increased.
The effect of estrogens on cell proliferation capacity is
affected by the stage of physiological development. SCs
produce a certain amount of estrogens, which promote cell
proliferation during the first 2 months of life (31). How-
ever, estradiol benzoate suppressed SC proliferation dur-
ing puberty, resulting in increased SC apoptosis (9). We
therefore hypothesize that estrogens activate a mechanism
resulting in negative regulation of cell proliferation in SCs.

AMPK negatively regulates cell proliferation. Acti-
vated AMPK inhibits the proliferation of the GH3 pitu-
itary tumor cell line (32) and estrogen receptor-positive
breast carcinoma cells (33). AMPK activation also de-
creases in S6K phosphorylation and FSH-stimulated SC

proliferation via the phosphoinositol 3-kinase/alanine
aminotransferase/mTOR complex 1 signaling pathway.
These observations led to speculation that AMPK regu-
lates the transition of SCs from the mitotic to the postmi-
totic state (34). In this study, we showed that 10 �M 17�-
estradiol inhibited immature boar SC viability and cell
cycle progression by activating the AMPK signaling path-
way. Furthermore, AICAR inhibited SC viability, whereas
compound C enhanced SC viability, indicating that
AMPK is involved in 17�-estradiol-mediated reduction of
SC viability. Estrogens affect cell proliferation and energy
metabolism (35). Our observations demonstrated that
AICAR, 17�-estradiol, and the miR-1285 inhibitor re-
duced the concentration of ATP, whereas compound C
and miR-1285 mimic weakened the effects of 17�-estra-
diol. We found that AICAR significantly decreased the
ATP concentration; this was inconsistent with some liter-
ature indicating that AICAR had no effect or a slight in-
crease on the ATP concentration. This difference may re-
late to the duration of AICAR exposure. A short treatment
with AICAR did not affect or slightly increased cellular
ATP content (36, 37), whereas AICAR infusion for 90
minutes elicited a significant reduction in ATP levels, re-
sulting in a 3-fold rise in the AMP to ATP ratio (38). Our
study showed that both AICAR and 17�-estradiol inhib-
ited the expression of miR-1285, whereas compound C
increased miR-1285 expression and weakened the effects
of 17�-estradiol on miR-1285. Furthermore, miR-1285
inhibitor activated AMPK, and miR-1285 mimic weak-
ened the effects of 17�-estradiol on the phosphorylation of
AMPK. Therefore, we conclude that 17�-estradiol re-
duced the expression of miR-1285, resulting in AMPK

Figure 6. Effects of AMPK and miR-1285 on 17 �-estradiol-associated changes in AMPK and Skp2 mRNA levels. A, Effects of AMPK on 17�-
estradiol-regulated expression of AMPK mRNA and Skp2 mRNA. B, Effects of miR-1285 on 17�-estradiol-regulated expression of AMPK mRNA
and Skp2 mRNA. The AMPK and Skp2 mRNA levels were determined by real-time-PCR, and expressed relative to the �-actin mRNA level. *, P �
.05; **, P � .01. E2, 17�-estradiol.
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activation, which decreased the ATP concentration. Our
results indicate that estrogens inhibit SC proliferation ca-
pacity by inhibiting the expression of miR-1285. Al-
though miR-1285 inhibited p53 expression by direct bind-
ing to the 3�-UTR in human embryonic kidney 293T cells
(39), our previous study showed that p53 was not the
target gene of miR-1285 in boar SCs (Zhang J.J., Wang Y.,
Yang W.R., Jeong D.K., Wang X.Z., unpublished data).
Our results therefore rule out the possibility that miR-
1285 inhibits cell proliferation by increasing the expres-
sion of p53.

Activated AMPK regulates cell proliferation in many
ways. First, activated AMPK inhibits mTOR signaling and
cell proliferation (19). In the present study, we showed
that AICAR, the miR-1285 inhibitor, and 17�-estradiol
inhibited mTOR phosphorylation, whereas compound C
and miR-1285 mimic weakened the inhibitory effect of
17�-estradiol on mTOR phosphorylation. The potential
mechanisms by which AMPK regulates mTOR phosphor-
ylation include phosphorylation of tuberous sclerosis
complex 2 at Thr1227 and Ser1345, direct phosphoryla-
tion of mTOR at Thr2446 (40), regulation of kinases
downstream of mTOR, and dephosphorylation of 4E
binding protein 1 and S6K1 (19, 40). Second, activated
AMPK regulates the expression of p53, p27, and Skp2.
Activated AMPK inhibited the proliferation of cancer cells
both in vitro and in vivo by increasing p53 and p27 (20),
whereas the depletion of AMPK in mouse vascular smooth
muscle cells increased cell proliferation by up-regulating
Skp2 expression and down-regulating p27 expression
(41). We found that activated AMPK enhanced the ex-
pression of p53 and p27 but inhibited the expression of
Skp2 at both the mRNA and protein levels. Compound C
weakened the effects of 17�-estradiol on p53, p27, and
Skp2. The mechanism involved in these effects involves
AMPK-mediated p53 and p27 accumulation, which main-
tain low phosphorylation of retinoblastoma tumor sup-
pressor protein. This inhibits expression of Skp2 and cy-
clin E, inducing cell cycle arrest (20, 42, 43). p53 decreases
the expression of Skp2 (44), and Skp2 controls the late G1

and S phase degradation of p27 (42), indicating the exis-
tence of the p53-Skp2-p27 regulatory pathway in cell cycle
progression. On the other hand, the mTOR inhibitor,
rapamycin, decreases Skp2 expression, and the RNA in-
terference-mediated Skp2 silencing in human tumor cells
enhances their sensitivity to rapamycin in vitro, resulting
in the inhibition of the growth of transplanted tumors in
vivo (45). These results suggest that Skp2 is the down-
stream integration point of p53 and mTOR. Therefore, it
can be speculated that AMPK inhibits SC proliferation via
the p53 and mTOR signal pathways; these converge at
Skp2, which, in turn, regulates p27 levels.

Conclusions
High concentrations of 17�-estradiol exert a negative in-
fluence on SC proliferation by inhibiting miR-1285 ex-
pression. This activates AMPK by reducing the ATP con-
centration and increasing the expression of AMPK
mRNA. Phosphorylated AMPK up-regulates the expres-
sion of p53 and p27 and inhibits the expression of mTOR
and Skp2. In addition, our data indicate that Skp2 is the
downstream integration point of p53 and mTOR and reg-
ulates the expression of p27. These results elucidate the
mechanism by which 17�-estradiol negatively regulates
spermatogenesis and highlight the involvement of miR-
1285 in the control of SC number and sperm production
in boars.
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