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ABSTRACT

MicroRNAs (miRNAs) are small, endogenous, non-coding RNAs which can bind to completely or
partially complementary sequences in the 3’UTR of target mRNAs, therefore degrading the
MRNA or repressing translation. We previously reported that miR-378 played a role in estradiol
production via suppression of aromatase translation in porcine granulosa cells and could affect
oocyte maturation in vitro by inhibiting cumulus cell expansion. However, the role of miR-378
on ovary development in vivo is unknown. The current study aimed to uncover the molecular
mechanism of miR-378 in regulating mouse follicular development via micro-injection of
CMV-miR-378 lentivirus into the bursa of mouse ovary. The results showed that CMV-miR-378
lentivirus transduction in the mouse ovaries resulted in reduced ovary size, extended oestrous
cycle (6-7 d in miR-378 overexpression group and 4-5 dyas in GFP control group) due to
continuous oestrum, decreased percentage of oocytes in vitro maturation rate (IVM 60.8% vs.
89.4% in GFP control), increased apoptosis rate (Bax/Bcl2 in mRNA and protein level), decreased
expression of genes associated with gap junction, such as connexin 43 (Cx-43) and connexin
(Cx-37) and decreased expression of genes associated with follicular development, such as
BMP15 and GDF9. Moreover, the number of pups/litter was consistently lower in the miR-378
group in each batch of the paired breeding. Our data suggest that miR-378 alters gene
expression in cumulus cells and indirectly influences oocyte maturation competency, possibly
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via inhibition of oocyte-cumulus interaction or induction of apoptosis.

Introduction

MicroRNAs (miRNAs), a class of endogenous
small RNA molecules act as one of the important
posttranscriptional regulators to exert their func-
tions primarily by binding to completely or par-
tially complementary sequences of the 3’
untranslated region (UTR) of the target mRNAs
thereby inhibiting the translation of target mRNAs
or inducing their degradation [1,2]. Moreover, it
has been reported that miRNAs can bind to the 5’
UTR of the target mRNAs [3]. These small RNAs
were first discovered to control time-dependent
developmental events in Caenorhabditis elegans
[4,5] and had been found evolutionarily conserved
among various eukaryotic species [6-8]. These
non-coding miRNAs are involved in diverse phy-
siological processes, several developmental and
cellular processes including the cell cycle, cell

division, cell differentiation, cell proliferation,
and tumorigenesis [9-12].

Mammalian ovary is the most dynamic organ in the
adult female with continual activation and develop-
ment of its follicles and corpora lutea (CL). One of the
main functions of the ovary is to produce functional
oocyte to allow transmitting genetic information to
subsequent generations. MicroRNAs profiling studies
in ovary organ of various species confirmed the
expression of miRNAs in mammalian ovary [13].
Different miRNAs KO animal models have been con-
firmed the important roles of miRNAs in ovarian
function [14].

Previous studies investigated the roles of miR-
378 on mammal reproductive system in vitro.
Schauer et al. reported that miR-378 expression
in equine ovary was dependent on stage of folli-
cular development and its level was inversely cor-
related to the levels of estradiol in the follicular
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fluid in vivo [15]. In addition, miR-378 was
revealed to be one of the sixteen miRNAs that
were enriched in the exosome of follicular fluid,
again suggesting its potential important role in
ovarian follicle fluid [16]. Ma et al. reported the
inversed expression between miR-378 and the
interferon gamma receptor 1 (IFNGRI1) gene,
which played a role in luteal cell apoptosis and
was predicted to be a target of miR-378 during
corpus luteurm development, suggesting a poten-
tial role of miR-378 in suppressing luteal cell
apoptosis through the IFNGR1 gene [17].

We have also previously demonstrated that
miR-378 is expressed in porcine granulosa cells.
And it’s expression negatively regulats the aroma-
tase protein expression and thus the production
of estradiol. Via site-directed mutogenesis and
reporter analysis, our study also revealed that
miR-378 targeted to the 3’-UTR of aromatase
mRNA [18]. Our subsequent study found that
miR-378 was also expressed in cumulus cells of
cumulus-oocyte complex (COC) at both germinal
vesicle (GV) and MII stages. The expression was
stage-dependent, with significantly lower expres-
sion level in cumulus cells surrounding MII stage
oocytes compared with those surrounding the GV
stage oocytes. Over-expression of miR-378
impaired the expansion of porcine cumulus cells
and inhibited the maturation of oocytes by tar-
geting aromatase mRNA, whose expression
affected the production of estradiol [19].
However, in vitro experiment can not always
simulate the complicated signal network and
complex hormonal regulation. The current study
thus aimed to investigate the molecular mechan-
ism of miR-378 in regulating ovary development
in vivo by ovarian intrabursal injection, which
had been recognized as an effective method for
gene transfer [20,21].

Materials and methods
Reagents

Inhibitors of miR-378-3p and miR-378-5p, the che-
mically modified antisense oligonucleotides for
miR-378 mature sequences (stem-loop sequence
and the mature sequences of miR-378 shown in
Figure. S1A), were purchased from Ribobio
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company (Guangzhou, China). 50uM solutions of
miR-378-3p inhibitor and miR-378-5p inhibitor
were prepared by dissolving freeze-dried powder
inhibitors into RNase-free water for use.

Animals

All procedures described in the present study were
reviewed and approved by the Ethical Committee
of Qingdao Agricultural University (agreement
No. 2015-18). 500 CD-1 female virginal mice
(Vital River, Beijing, China) of 5 wk were main-
tained on a 12:12-h light/dark cycle (lights off at
20:00) and were used for assessing reproductive
stage of estrous cycle.

Production of recombinant lentiviral particles

Cloning of the lentiviral gene transfer plasmids for
miR-378 overexpression, pL-SIN-Lenti-HI1-miR-
378-EF1A-EGFP (Lenti-miR-378), and for control
plasmid, pL-SIN-Lenti-EF1A-EGFP (Lenti-GFP),
as well as production of recombinant lentiviral
particles, was carried out as described previously
[19,22]. The recombinant lentiviral particles were
duplicated by 293FT cell line. The cell medium
including viral particles was harvested and ultra-
centrifuged at 16,500 g for 90 min at 4°C to obtain
high concentrations of virus. After re-suspended,
the virus were diluted at a functional titer of
4.8 x 10° TU/ml, divided into aliquots, and stored
at —80°C until use.

Assessing reproductive stage of estrous cycle

Assessing the stage of estrous cycle is based on
the proportion of cell types observed in the vagi-
nal secretion according to the description of
Caligioni [23]. Briefly, gently insert the tip of a
plastic pipet filled with 20 pl PBS or saline, about
5 mm into the vagina. Flush the vagina gently
three to five times with the same PBS/saline solu-
tion. Then collect final flush in the pipet tip and
place final flush containing vaginal fluid on a
glass slide for detecting vaginal smear cytology
under light microscope. In proestrus stage, there
is a predominance of nucleated epithelial cells in
clusters or individually (Figure. S1B). Estrus is
distinctively characterized by cornified squamous
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epithelial cells, which occur in clusters, with no
visible nucleus, granular cytoplasm and irregular
cellular shape (Figure. S1C). In metestrus stage,
there is a mix of cell types with a predominance
of leukocytes and a few nucleated epithelial and/
or cornified squamous epithelial cells (Figure.
S1D). Vaginal smear in diestrus stage consists
predominantly of leukocytes (Figure. S1E). Two
consecutive baseline cycles were recorded and
200 mice at dioestrum stage and with regular
4-5 d’ estrous cycle were selected for the follow-
ing experimental procedure. After ovarian bursa
injection of lentivirus or inhibitors, the stages of
estrous cycle were continued to be determined
daily to estimate the effects of miR-378 on mice
estrous cycle.

Ovary bursa micro injection

After anesthetized, the mice were carried out opera-
tion to ovary-subcutaneously micro-inject virus par-
ticles and miR-378 inhibitors using a syringe with a
glass micro-injection needle of 50pm diameter. The
selected mice were randomly divided into 4 groups
for injection of miR-378 virus particles (378 group),
GFP virus particles (GFP group), miR-378-3p inhi-
bitor plus miR-378-5p inhibitor (inhibitor group)
and miR-378 virus particles plus inhibitors (378
+ inhibitor group). After the back skin and muscles
of mouse were incised, the bilateral ovaries were
carefully pull out and the membrane of ovaries was
pull up by tweezers under microscope to keep a
space between membrane and ovary thus avoid
ovary injury during micro-injection. The dosage of
lentivirus particles for one ovary was 2pl, and the
dosage had been confirmed to effectively transfect
the ovarian cells. We use 25pM miR-378-3p inhibi-
tor plus 25pM miR-378-5p inhibitor for one ovary to
inhibit the expression of mature miR-378.

Calculation of index of ovary/body weight

On thelOth day after micro-injection, the injected
mice were weighted and euthanased. Then the ovar-
ies were extirpated and removed the redundant tis-
sue. The ovaries were weighted and recorded.
Calculate the index of ovary/body weight using the
weight of ovary divided by body weight.

Quantitative real-time PCR

RNA extraction kit (Aidlab, Beijing, China) was
used to isolate total RNAs from the treated and
control ovaries according to the manufacturer’s
instructions. The cDNA was synthesized using
the TransScript One-Step kit (TransGen
Biotech, Beijing, China). The synthesized cDNA
was used as templates to perform quantitative
real-time PCR (qRT-PCR) with a Roche real
time PCR instrument (Roche LC480, Germany)
following the manufacturer’s recommendations.
Amplification was performed in 10 ul reaction
volumes, including 5 pl of SYBR green master
mix, 3.6 pl of nuclease-free water, 1 pl of cDNA
and 0.4 yl primers (10 uM). PCR reactions were
initiated at 95°C for 10 min, followed by dena-
turing at 95°C for 10 sec, annealing at 60°C for
30 sec and 72°C for 10 sec. After 40 cycles, there
was a cooling step at 4°C [24]. Housekeeping
gene GAPDH was used to normalize the gene
expression level. The relative expression for each
gene was calculated using 2/-(target gene CT
value - reference gene CT value). Primers
sequences and expected product sizes were listed
in Tablel.

Western blotting

Protein lysates isolated from the treated and con-
trol ovaries with RIPA lysis solution were used for
western blotting analysis according to standard
methods [25,26]. Briefly, after 10% SDS-PAGE
gel electrophoresis, proteins were transferred
onto PVDF membranes. Following blocking with
5% BSA in Tris-buffered saline (TBS) pH 7.4, the
membranes were incubated with the first antibody
(B-ACTIN, Abcam, ab8226, USA; Aromatase,
Abcam, ab18995, USA; Bcl-2, Beyotime, AB112,
China; Bax, Cell signaling, 2772, USA; Cx43,
Abcam, ab47368, USA; Cx37, Sangon, D152971,
China; GFP, Abcam, ab290, USA;), at a dilution
of 1:1000 overnight at 4°C. Then the membranes
were incubated at 37°C for 2 h with the corre-
sponding second antibody (Goat anti mouse IgG
(H + L), Beyotime, A0216, Nantong, China; Goat
anti rabbit IgG (H + L), Beyotime, A0208,
Nantong, China) conjugated with HRP at a dilu-
tion of 1:2000 in TBST after washing three times



Table 1. Primers used for quantitative-PCR amplification.
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Genes Sequences of primers Production(bp) Genbank

GAPDH F:5 ' - GTGTTCCTACCCCCAATGTG -3 ' 299 XM_017321385
R:5 ' - GTCATTGAGAGCAATGCCAG -3 '

Bax F:5 ' - AGACAGGGGCCTTTTTGCTAC -3 ' 137 NM_007527
R:5 ' - AATTCGCCGGAGACACTCG -3 '

Bcl-2 F:5 ' - GCTACCGTCGTGACTTCGC -3 ' 147 NM_177410
R:5 ' - CCCCACCGAACTCAAAGAAGG -3 '

BMP-15 F:5 ' - TGGGGAGTGGTGCTTTTTATG -3 ' 93 NM_009757
R:5 ' - GGGCAATGTAGGGTCGTCAG -3 '

GDF-9 F:5 ' - GTCACCTCTACAATACCGTCCG -3 ' 119 NM_008110
R:5 ' - CACCCGGTCCAGGTTAAACA -3

c-Kit F:5 ' - GCCTGACGTGCATTGATCC -3 ' 110 NM_001122733
R:5 ' - AGTGGCCTCGGCTTTTTCC -3

x-43 F:5 ' - ACAAGGTCCAAGCCTACTCCA -3' 145 NM_010288
R:5 ' - CCGGGTTGTTGAGTGTTACAG -3 '

x-37 F:5 ' - TCCCACATCCGATACTGGGT -3 ' 91 NM_008120

R:5 ' - CCCGCCGAGACAGGTAGAT -3 '

in TBST. The band intensity was quantified using
B-Actin as internal control and measured with
Alpha view software.

HE staining

After collected, ovaries from different groups were
fixed in 4% paraformaldehyde overnight. Then
they were washed by running water, dehydrated
by gradient alcohols, and imbedded in paraffin.
Serial histological sections of 5 um were obtained
and heated at 60°C for 2 hrs. Xylene was used to
remove paraffin, gradient alcohols were used to
rehydrate the tissues. After the nucleus were
stained in hematoxylin for 2 min, the slides were
washed by running water for 2 min. Acid alcohol
and ammonia solution were then used to differ-
entiate the color and to change the stain from
purple to blue respectively. After that, the slides
were washed by running water for 5 min and
rinsed in 80% alcohol. Cytoplasm were stained in
eosin for 15 sec. Vectashield (H-1000; Vector,
Shanghai, China) was used to seal the covers and
optical microscope was used to take photographs.

Immunofluorescence

Immunofluorescence was performed to localize
the protein expression of Cx43 on the ovary sec-
tions of different groups. After fixed in 4% paraf-
ormaldehyde (PFA, Beyotime, Nantong, China)
overnight, the slides were blocked in ADB solution

(goat serum 0.1 ml, BSA 0.03 g, Triton-X-100
0.5 pl, dissolved in 10 ml TBS) for 30 min at 37°
C. Then they were incubated with first antibody
(Cx43, Abcam, ab47368, USA; 1:100) at 4°C over-
night. The next day, the slides were rinsed in PBS
containing 1% BSA three times for 15min each
and then incubated with Cy3-labeled goat anti-
IgG (Beyotime, A0516, 1:100, Nantong, China) at
a dilution of 1:150 at 37°C for 1.5 h, followed by
incubation with 1 pg/ml Hoechst33342 (Sigma,
B2261, USA) for 5 min at room temperature.
Slides prepared from the same sample and stained
with the same procedure but without secondary
antibodies served as negative control of immuno-
fluorescence  staining.  Vectashield (Vector,
H-1000) was used to seal the covers just as the
procedure of HE staining. Fluorescence intensity
was analyzed using LAS-AF-Lite software.

IVM and spindle assembling analysis

The IVM and spindle assembling were described
previously [26]. Briefly, ovaries of mice with dif-
ferent treatments were collected. Antral follicle
oocytes were released by puncturing the ovaries
and oocytes at GV stage were collected. After
washed three times, the oocytes were cultured in
the maturation medium (a-MEM, 10% FCS, 1%
penicillin-streptomycin, 1% sodium pyruvate,
100 mIU/ml FSH, 1 ng/ml EGF) for 16-18 h.
Oocyte maturation status was scored as germinal
vesicle (GV) when the germinal vesicle was
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present, as germinal vesicle breakdown (GVBD)
when the germinal vesicle had broken down, and
as metaphase II (MII) when the Wrst polar body
had been extruded. The percentage of IVM was
calculated by the number of GVBD and MII
oocytes/total oocytes. After 16-18 h IVM, the
oocytes were incubated in 4% paraformaldehyde
for 30 min at room temperature (RT). The zona
pellucida (ZP) was then removed with acidic M2
(Millipor MR-015-D, USA, adjust to pH = 2.5
before use) and incubated with a-tublin antibody
(Sigma F2168, USA) in cassette for 2 h at RT and
stained with propidium iodide (PI) for 15 min.
Finally, the spindle assembling of the oocytes was
observed with a laser scanning confocal micro-
scope (Leica TCS SP5, Germany).

Statistical analysis

Data are represented as mean = SD. Differences
between the control and treatment groups were
statistically determined by one-way analysis of var-
iance (ANOVA) followed by Dunnett’s test for
multiple comparisons and Student’s t-test was
used when two groups were compared using
Graph-Pad Prism analysis software (Graph-Pad
Software, San Diego, CA). *P < 0.05; **P < 0.01;
PP < 0.001.

Results
Assessment the viability and specificity of miR-378

In order to achieve the overexpression of miR-378
in mouse ovary, we injected miR-378-GFP recom-
binant lentivirus into the bursa of ovaries. On the
10th day after injection, the mice were euthanized.
As soon as the ovaries were extirpated, they were
directly photographed under fluorescent micro-
scope, from which, obvious green fluorescence
can be observed in the ovaries injected with GFP
and miR-378 recombinant virus particles and no
GFP signals were detected in non-injected ovaries
(Figure. S1F-H). The results of western blotting
also confirmed GFP expression at protein level
(Figure. S1I). qRT-PCR was then performed to
further validate the expression of miR-378. From
Figure 1(a), we can see that after miR-378 injec-
tion, both miR-378-3p and miR-378-5p increased.

Especially for miR-378-5p, whose expression sig-
nificantly increased more than 9 times in miR-378
overexpression ovaries than that in control group
(GFP recombinant virus particles injected ovaries)
(Figure 1(a)). To exclude the toxic effects of miR-
378 and to verify that all phenotypes observed
were specifically caused by miR-378, inhibitors
for miR-378-3p and miR-378-5p were utilized.
And the results of qQRT-PCR showed that miR-
378 inhibitors inhibited the expression of mature
miR-378-3p and miR-378-5p, and miR-378 can
rescue the decreased expression caused by inhibi-
tor (miR-378+ In group in Figure 1(a)).

MicroRNA-378 disrupted the mouse estrous cycle

Figure 1(b) showed that miR-378 overexpression
disturbed the regular estrous cycle, and made the
estrous cycle 4 d longer on average than normal
because of their continuous oestrum. At the same
time, the expression of aromatase, a target of
miR-378, decreased as revealed via western blot-
ting after miR-378 overexpression. As expected,
inhibitors of miR-378 increased the expression of
aromatase gene at protein level. And the expres-
sion level of aromatase protein in the ovaries of
miR-378+ In group was between miR-378 group
and Inhibitor group (Figure 1(c)).

MicroRNA-378 decreased the index of ovary body
weight

To assess the effects of miR-378 on ovary develop-
ment, index of ovary body weight was introduced by
calculating the value of ovary weight/body weight.
Representative images of ovaries morphology
showed that miR-378 overexpression reduced the
size of ovaries (Figure 2(a)), as well as the index of
ovary body weight, with an approximate decrease of
36 percent (Figure 2(b)). To clarify the reasons
resulting in these changes, we detected the expres-
sion of apoptosis-related genes Bax and Bcl-2. The
results showed that miR-378 significantly promoted
the ratio of Bax/Bcl-2 both at mRNA level (Figure 2
(c)) and at protein level (Figure 2(d)). While, the
ovaries injected with inhibitors had a significant
decrease in the ratio of Bax/Bcl-2 at protein level
(Figure 2(d)). And miR-378 could rescue the
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Figure 1. MicroRNA-378 disrupted the mouse estrous cycle. (a) The expression of miR-378-3p and miR-378-5p determined by
quantitative PCR. (b) Estrous cycle after ovary-subcutaneous injection. The mice were injected at dioestrum. They were at the same
stage of estrous cycle over the next 2-3 d, then the estrus of mice with miR-378 overexpression lasted much longer than that of
control group (4 d in miR-378 group and 2 d in GFP group). (c) Aromatase expression after microinjection of GFP control, miR-378,
Inhibitors and miR-378+ inhibitors determined by western blotting. Data are Mean * SD of at least 3 independent experiments;

*P < 0.05; **P < 0.01; ***P < 0.001.

decrease induced by miR-378-3p and miR-378-5p
inhibitors (Figure 2(d)).

MicroRNA-378 influenced follicular development

The results of HE staining showed that miR-378
increased the total number of follicles (Figure 3(a-d))
and the dominant follicles were those with diameter

< 150pm after miR-378 overexpression. Over-
expression of miR-378 significantly increased the
number of follicles with diameter < 150um, however,
significantly decreased the number of follicles with
diameter > 250 um (Figure 3(b-d)), suggesting that
miR-378 affected the development of ovarian follicles.
Even though miR-378 increased the total number of
follicles, most of them were smaller follicles with
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Figure 2. Effects of miR-378 on ovary development. (a) Ovarian size and morphology. (b) Index of ovary/body weight. (c) The mRNA
ratio of Bax/Bcl-2 determined by quantitative PCR. (d) Bax and Bcl-2 protein expression determined by western blotting. Data are
Mean =+ SD of at least 3 independent experiments; *P < 0.05; **P < 0.01.

diameter < 150pm. To detect the mRNA expression
level of genes related to follicle development, qRT-
PCR was performed. The results showed that both
BMP-15 and GDEF-9, the genes related to follicle devel-
opment, had significant decreased mRNA expression
levels after miR-378 overexpression (Figure 3(e,f)).

MicroRNA-378 decreased oocyte-granulosa
interaction

From the results of HE staining, in miR-378 over-
expression ovaries, there was a gap between
oocyte and the surrounding granulosa cells

(Figure 3(a)), which showed that miR-378 broke
the tight junctions between the granulosa cells
and their surrounded oocyte in the follicles. To
detect whether the broken tight junctions
between the granulosa cells and their surrounded
oocyte was associated with the altered relevant
gene expression, QRT-PCR and western blotting
were performed to quantify the expression level
of genes related to oocyte-granulosa interaction
such as c-Kit, Cx43 and Cx37. As expected, all of
these genes had a significant decreased mRNA
expression (Figure 4(a-c)) and a significant
decreased protein expression (Figure 4(d.e))
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(e, f) The mRNA expression of BMP-15 and GDF-9 determined by quantitative PCR. Data are Mean + SD of at least 3 independent

experiments; *P < 0.05; **P < 0.01; ***P < 0.001.

after miR-378 ovarian injection. Furthermore, the
inhibitors of miR-378-3p and miR-378-5p signif-
icantly increased the protein expression of Cx43
and Cx37 (Figure 4(d,e)). Immunohistochemical
analysis for Cx43 had the consistent expression
results with the western blotting (Figure 5).

MicroRNA-378 reduced oocyte maturation rate

Considering the important roles of oocyte-gran-
ulosa interaction on oocyte survival and develop-
ment, we deduced that the broken tight junctions
between the granulosa cells and their surrounded
oocyte might affect the maturation of oocytes via

blocking the signaling communication and the
exchanges of trophic factor. As expected, the per-
centage of IVM significantly decreased from
89.44% to 60.78% (Figure 6(a,b)) after miR-378
overexpression. And an increased (from 29.53%
to 75.57%) abnormal spindle rate was also
observed in miR-378 injected ovaries (Figure 6
(¢,d)). Some treated female mice were maintained
at normal condition and were mated with normal
male mice. We could see that the average number
of pups decreased from 10.13 to 8.857 (Figure 6
(e)). Moreover, the number of pups/litter was
consistently lower in the miR-378 group in each
batch of the paired breeding (Figure 6(f)).
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determined by quantitative PCR. (d, e) The protein expression of Cx-43 and Cx-37 determined by western blotting. Data are
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MicroRNA-378 affected the F1 offspring

From the results, miR-378 decreased gestational
length from 18.88 to 18 d (Figure. S2A). The
average body weight at birth of the miR-378
group increased to 2.091g compared to that
1.848g of the GFP control group (Figure. S2B),
which maybe resulted from the decreased aver-
age number of pups. Interestingly, the ratios of
male/female in the pups from GFP control
groups were randomly less than 1, equal to 1
and more than 1, while, in the miR-378 groups,
the ratios of male/female were all equal or more
than 1, none of them was less than 1 (Figure.
S2C and D), suggesting that miR-378 overex-
pression in the ovary resulted in more male
than female offspring.

Discussion

The close association between oocyte and their
surrounding somatic cells plays crucial roles for
normal oocyte and follicular development [27].
Lying in the outside of the zona pellucida, GCs
keep physical, physiological connection with the
oocyte through gap junctions and play a very
important role in nourishing oocyte through
their secretion of growth factors and hormones
and regulating oocyte development [28,29]. It is
known that gap junctions between GCs and
oocytes enable small molecules (such as amino
acids, ions and metabolites, etc.) to transfer to
the oocyte, which can provide up to 85% of
oocyte metabolic needs [29]. Gap junctions are
contact-dependent cellular interactions and have



A Cx43 Hoechst Merge

Inhibitor miR-378 GFP

miR-378
+Inhibitor

50 ym

50 pm --
m --

CELL CYCLE (&) 2239

B

=

=)

=3
'

®
=3
L

=3
=
!

I
S
!

N
5
1

positive cells (%)

o
I

Percentage of Cx-43

Figure 5. The immunofluorescence of Cx-43. (a)Histological sections are stained red with anti-Cx-43 antibody, nuclei are stained blue
with Hoechst33342. (b) Percentage of Cx43 positive cells. Data are Mean * SD of at least 3 independent experiments; *P < 0.05.

a hexameric structure composed of specific gap
junctional proteins termed connexins (Cxs) [30].
Among all of the Cxs, Cx37 and Cx43 are most
studied and expressed in the oocyte and granu-
losa cells/cumulus cells respectively. Kit ligand
(KL)-c-kit interaction is important in regulation
of oogenesis, folliculogenesis, and ovarian steroi-
dogenesis [31]. The authors of this paper also
reported that kit ligand suppressed estradiol pro-
duction and aromatase mRNA expression with-
out affecting progesterone production. And they
proved that the suppression of estrogen by gran-
ulosa cells was through the interaction of KL on
the granulosa cells and c-Kit on the oocyte using
anti-c-Kit neutralizing antibody. In our study, we
detected a gap between granulosa cells and oocyte
by HE staining (Figure 3(a)), which means the
interruption of contact-dependent cellular inter-
actions. Meanwhile, the expression of molecules
including c-Kit (Figure 4(a)), Cx43 (Figure 4(b,
d)) and Cx37 (Figure 4(c,e)) involved in interac-
tion between granulosa cells and oocyte was
found decreased after miR-378 injection.
Furthermore, decreased aromatase expression
(Figure 1(c)) and disturbed estrous cycle by
abnormal generative hormones level (Figure 1
(b)) were also detected, which we suggested, was
caused by the loose of the close connection
between granulosa cells and oocyte in the

follicles. The relationship between generative hor-
mones level and connexin (Cx) has been well
studied. Estrogens could lead to the increased
expression of Cx43 in rat [32-34] and pig [35].
The appearance of the gap and the decrease of the
molecules expression level involved in interaction
between granulosa cells and oocyte may have
blocked the signaling, nutrition, growth factor
and steroids transmitting between granulosa
cells and oocytes, which induced the apoptosis
of granulosa cells and affected the maturation of
oocyte and resulted in reduced ovary size
(Figure 2(a,b)), as well as oocyte maturation rate
(Figure 6(a,b)). Estrogen played roles in promot-
ing the connections between bovine oocyte and
granulosa cells, resulting in the complete oocyte
growth with bigger OGCs (oocyte-granulosa cell
complexes) diameter, bigger oocyte diameter and
the acquisition of meiotic competence with
higher IVM rate [36]. Morever, GDF-9 was
reported to promote granulosa cell proliferation
and differentiation during follicle development
and was required for the formation of TZPs in
mice, where gap junctions were formed. In our
study, miR-378 decreased the expression of GDF-
9 (Figure 3(f)), which decreased the granulosa cell
proliferation, leading to much more smaller folli-
cles (Figure 3(b-d)) and promoting the formation
of the gap between oocyte and granulosa cells.
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Figure 6. MicroRNA-378 reduced the percentage of oocyte maturation. (a) Oocytes after IVM 16-18 h. (b) Percentage of IVM after
different treatments. (c) Normal and abnormal spindle assembling of oocytes. (D) The ratio of abnormal spindle assembling of
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breeding. Data are Mean * SD of at least three independent experiments; *P < 0.05; **P < 0.01; ***P < 0.001.

Inhibitors of miR-378-3p and miR-378-5p had
the opposite effects on the expression of aromatase
(Figurel(c)), the ratio of Bax/Bcl-2 (Figure2(c,d))
and the expression of Cx43 and Cx37 (Figure4(d,
e); Figure5(a,b)), suggesting the specific effects of
miR-378 on ovary.

Furthermore, it was reported that estrogens
could increase the ovarian weight [37] and sti-
mulate the proliferation of granulosa cells [38],
while the ovarian androgens acting as apoptotic
factors could cause deterioration of ovarian fol-
licles by increasing the number of pyknotic
granulosa cells and degenerated oocytes and
then result in the decreasing ovarian weight
[39,40]. An increased androgen to estrogen

ratio was also found in follicular fluid of atretic
follicles [41]. All of these reports are in accor-
dance with our results that miR-378 overexpres-
sion reduced the translation of aromatase
(Figure 1(c)) which decreased the conversion
ratio of androgen to estrogen. That’s why miR-
378 injection induced the index of ovary/body
(Figure 2(a,b)). As early as 1975, Louvet et al.
showed that androgen promoted the percentage
of atretic large follicles instead of small follicles
[42]. Several years later, another group got the
same results [40,42]. In our study, miR-378
injection led to the decreased number of large
follicles (Figure 3(d)), which may be caused by
the decreased expression of aromatase, too.



It is interesting to find that miR-378 overex-
pression in the ovary resulted in more male than
female offspring (Figure. S2C and D), the exact
mechanism underlying which needs to be further
explored. We think it may be due to the disturbed
reproductive hormones by miR-378.
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