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Abstract

Despite its essential role in ovulation, oxidative stress (OS) has been found to be cytotoxic to cells, while microRNAs (miRNAs)
are known as a major regulator of genes involved in cellular defense against cytotoxicity. However, a functional link between OS
and miRNA expression changes in granulosa cells (GCs) remains to be investigated. Here, we investigate the OS modulation of
apoptosis-associated miRNAs and their biological relevance in bovine GCs. Following the evaluation of cell viability, accumu-
lation of reactive oxygen species (ROS), cytotoxicity and mitochondrial activity, we used a ready-to-use miRNA PCR array to
identify differentially regulated miRNAs. The results showed that exposure to 150 pM H,O, for 4 h creates remarkable signs of
OS in GCs characterized by more than 50% loss of cell viability, higher nuclear factor erythroid 2—related factor 2 (NRF2) nuclear
translocation, significantly (p < 0.05) higher abundance of antioxidant genes, significantly (p <0.001) higher accumulation of
ROS, lower mitochondrial activity and a higher (p < 0.001) number of apoptotic nuclei compared to that of the control group.
miRNA expression analysis revealed that a total of 69 miRNAs were differentially regulated in which 47 and 22 miRNAs were
up- and downregulated, respectively, in stressed GCs. By applying the 2-fold and p < 0.05 criteria, we found 16 miRNAs were
upregulated and 10 miRNAs were downregulated. Target prediction revealed that up- and downregulated miRNAs potentially
targeted a total of 6210 and 3575 genes, respectively. Pathway analysis showed that upregulated miRNAs are targeting the genes
involved mostly in cell survival, intracellular communication and homeostasis, cellular migration and growth control and disease
pathways. Our results showed that OS modulates the expression of apoptosis-associated miRNAs that might have effects on
cellular or molecular damages.
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Introduction hormones, local ovarian factors and spatiotemporal expres-
sion of several genes and miRNAs (Donadeu et al. 2012;
Folliculogenesis is a dynamic and complex process and be-  Sohel and Cinar 2015). At the end of follicular development,

lieved to be modulated by an orchestrated action of different ~ granulosa cells (GCs) started transforming into granulosa-
lutein cells by a preovulatory pituitary luteinizing hormone

Electronic supplementary material The online version of this article (LH) surge (Duffy and Stouffer 2003). This transformation
(https://doi.org/10.1007/500441-019-02990-3) contains supplementary is very important for a successful ovulation and subsequent
material, which is available to authorized users. formation of corpus luteum to maintain pregnancy. After the

LH surge, at the time of ovulation, inflammatory cells (neu-
trophils and macrophages) are massively recruited at the site
of follicular rupture and produce excessive reactive oxygen
species (ROS) and their depletion impairs ovulation
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alter the GC hormone production, particularly estradiol 2
(Appasamy et al. 2008), which is further impacted by hormon-
al stimulation due to the excessive production of ROS (Avila
et al. 2016). An increased level of ROS negatively affects the
reproductive potential and is associated with poor oocyte qual-
ity, suboptimal embryonic development and decreased female
fertility (Al-Gubory et al. 2010; Avila et al. 2016). It appears
that there is an existence of a complex relationship between
female reproduction and OS.

OS is characterized by an imbalance between the production
of ROS and ROS scavenging ability of antioxidants. Cellular
ROS is a byproduct of acrobic metabolism, generated and re-
leased from the mitochondria through leakage of an electron
transport chain during oxidative phosphorylation and the tricar-
boxylic acid cycle (Ray et al. 2012). ROS can also be generated
from the cellular response to exogenous toxic material such as
xenobiotics, cytokines and bacterial invasion (Ray et al. 2012).
Depending on the level of abundance, ROS can activate differ-
ent pathways. For instance, a lower level of ROS can activate
survival pathways, whereas a higher level can initiate pathways
related to cellular apoptosis in bovine GCs (Sohel et al. 2017).
In addition to the other factors, the role of miRNAs in activating
survival or apoptotic pathways cannot be overruled.

miRNAs are endogenously initiated non-coding RNA
species of 1822 nucleotides long and are considered one
of the major post-transcriptional regulators of gene expres-
sion (Hossain et al. 2012). Since their discovery, miRNAs
have been found to be involved in various biological pro-
cesses including differentiation, proliferation, development
and apoptosis (Sohel 2016). In addition, aberrant miRNA
expression has been shown to be associated with diseases
like diabetics (Simpson et al. 2016), cardiovascular disease
(Romaine et al. 2015), cancer (Peng and Croce 2016) and
reproductive dysfunctions (Tesfaye et al. 2017).
Furthermore, conditional knockout of Dicer, a miRNA pro-
cessing gene, results in impaired folliculogenesis, premature
ovarian failure and female infertility (Nagaraja et al. 2008,
Yuan et al. 2014), development of sterile Miillerian duct and
uterus (Gonzalez and Behringer 2009; Hawkins et al. 2012)
and development of reproductive (Hong et al. 2008) and
urogenital tract (Pastorelli et al. 2009) in mouse model indi-
cating the importance of miRNA in reproduction. We previ-
ously reported that an excessive level of ROS produced by
H,0, was extremely cytotoxic to GCs in cell culture and
caused a higher cell death (Sohel et al. 2016). In addition,
the role of a specific miRNA in GC apoptosis under OS has
been recently demonstrated (Xu et al. 2017). However, how
OS modulates the expression of an array of apoptosis-
associated miRNAs in GCs is poorly understood.
Therefore, this study aims to elucidate the role of H,O,-
induced OS in modulating the abundance of apoptosis-
associated miRNAs and to understand their potential biolog-
ical relevance in bovine GCs exposed to OS.
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Materials and methods
Ovary and GC collection

Bovine GCs were collected and cultured according to a pre-
vious protocol (Sohel et al. 2013). Briefly, ovaries were col-
lected from a local abattoir and kept at 0.9% saline solution in
a thermoflask. In the laboratory, following two washes with a
prewarm saline solution and 70% ethanol, the follicular mate-
rials (follicular fluid containing GCs) were collected from pre-
ovulatory follicles (13—18 mm in diameter) by a 5-mL syringe
with an 18-gauge needle and placed in a 50-mL sterile falcon
tube containing 10-mL TCM media. GCs from preovulatory
follicles are closer to the biological states (ovulation) than
growing follicles (4-8 mm in diameter). After collection of
all samples, tubes were left for 15 min at 37 °C to allow the
oocyte cumulus complex and cellular debris to be settled at the
bottom. The upper liquid containing GCs was transferred to a
new 15-mL tube followed by a centrifugation at 500xg for
5 min to obtain the GCs.

Culture and treatment of GCs

After washing with calcium-magnesium-free PBS (CMF), GC
pellets were resuspended in 1 mL ofred blood cell lysis buffer
(8.26 mg of NH4Cl/mL in 10 mM Tris-HCI/L buffer) for
1 min. GCs were washed twice with culture media and ap-
proximately 10,000, 2 x 10° and 1.5 x 10° viable cells were
seeded in 96-well, 24-well and 6-well culture plates, respec-
tively and cultured in DMEM/F-12 medium containing 10%
FBS, penicillin (100 U/mL) and streptomycin (100 pg/mL)
under optimum culture conditions (37 °C, humidified and 5%
CO,) until 40-50% confluence. These conditions are opti-
mum to maintain GCs in the non-luteinized state for 3—4 days.
To induce OS, primary cultures of GCs were exposed to
150 uM H,0, (Sigma-Aldrich; Darmstadt, Germany) in cul-
ture media for 4 h under optimum culture conditions. This
concentration was selected based on our experiences in the
lab (Sohel et al. 2016). Following the treatments, cells were
either investigated for different morphological characteristics
or disassociated from culture plate using trypsin-EDTA, col-
lected and stored at — 80 °C for further genetic analysis. The
purity of isolated GC was determined by the presence of
FSHR (GC-specific marker) and the absence of CYP17A1
(theca cell-specific marker) and the results are presented in
the Electronic Supplementary Material Fig. S1. The sequence
of the primers is listed in the Electronic Supplementary
Material Table S1. The results showed that GC-specific mark-
er gene FSHR was detected at a higher level as indicated by a
strong band, while no expression was detected for the
CYPI17A1 gene in GCs. This result confirms the isolation
procedure of GCs was completely free of contamination from
theca cells.
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Cell morphology and viability

Cells were routinely checked for cell morphology and conflu-
ence throughout the experiment in a Nikon Eclipse TS100
(Nikon, Tokyo, Japan) inverted microscope. The viability of
cells was determined as previously described (Sohel et al.
2017). Briefly, both the floating and adherent cells were col-
lected after the treatment period and diluted in 1 mL medium
by gentle pipetting. Following that, 100 uL of cell suspension
and 100 uL of 0.4% trypan blue dye were mixed gently and
incubated for 1-2 min at room temperature. Ten microliters of
cell mixture/trypan blue was applied to the hemocytometer
and placed under a microscope for counting live and dead
cells. Cell viability was calculated as follows: percentage of
cell viability = (number of unstained cells/number of total
cells) x 100.

Cell survival assay

Damaging effects of H,O, on GCs was determined using the
Cell Proliferation Reagent WST-1 (Roche Diagnostics GmbH,
Mannheim, Germany) kit as it can be used as a substitute of
MTT assay (Ngamwongsatit et al. 2008). Briefly, 10,000 via-
ble GCs were plated in each well of 96-well microplate (Clear,
Flat Bottom TC-Treated, Corning Incorporated) containing
100 puL/well culture media and continue culture up to 50%
confluence in a humidified atmosphere (37 °C and 5% CO.).
Cells were treated according to the experimental plan.
Following the culture period, 10 pL WST-1 reagent was added
to each well of the microplate and incubated for 5 h at 37 °C
under standard culture condition. After that, the microplate
was shaken for 1 min and absorbance was measured using a
microplate (ELISA) reader (Glomax Multi Detection System,
Promega BioSystems Sunnyvale, CA, USA) with a wave-
length of 460 nm. The GC survival was expressed using op-
tical density value.

Detection of nuclear translocation of NRF2 using
immunocytochemistry

Immunocytochemistry was performed in order to detect and
localize NRF2 proteins in control and treated cells according
to the previous protocol (Sohel et al. 2017). Briefly, 2 x 10°
viable GCs were grown in each well of a 24-well culture plate.
After the treatment period, GCs were washed with warm
DPBS and fixed overnight in 4% paraformaldehyde at 4 °C.
GCs were then washed three times with DPBS, permeabilized
using 0.2% TritonX-100 (Sigma-Aldrich) in PBS at room
temperature for 1 h and washed with DPBS three times,
5 min each. After blocking with 3% normal donkey serum
in DPBS for 1 h at room temperature, cells were incubated
overnight at 4 °C with a primary antibody specific to NRF2
(SC-722, Santa Cruz Biotechnology, Dallas, Texas; 1:100

dilution). In the next day, cells were washed twice with
0.05% Tween 20 (P9416, Sigma) in DPBS and incubated
further with donkey anti-rabbit secondary antibody (SC-
2090, FITC conjugated, Santa Cruz Biotechnology, Dallas,
Texas; 1:200 dilution) for 1 h at 37 °C in the dark.
Following two additional washes, cells were incubated for
5 min in the dark with 5 ng/mL 4’,6'-diamidino-2-
phenylindole (DAPI; Vector Laboratories) in DPBS to stain
the nucleus and fluorescence microscopy was performed with
a Nikon Eclipse Ti-S microscope (Nikon Instruments Inc.,
Tokyo, Japan; 20X magnification) using green and blue fluo-
rescence filters and images were captured by NIS Elements
software.

Intracellular ROS accumulation

ROS formation in GCs was evaluated using 6-carboxy-2',7'-
dichlorodihydrofluorescin diacetate (H,DCFDA; Molecular
Probes, Eugene, OR), a fluorescent dye that is sensitive to
the formation of diverse types of ROS, according to the man-
ufacturer’s protocol. Briefly, following the treatment, 400 puL
of 15 uM H,DCFDA was added to each well of a 24-well
plate and incubated for 20 min in the dark at 37 °C under
standard culture condition. GCs were washed twice with
DPBS and images were taken immediately with a Nikon
Eclipse Ti-S microscope (Nikon Instruments Inc., Tokyo,
Japan) using a green fluorescence filter and images were ac-
quired by NIS Elements software. The quantitative analysis of
fluorescence data was analyzed by histogram analysis of fluo-
rescence intensity across the image using Imagel software
(National Institutes of Health, Bethesda, MD, USA).

Mitochondrial activity

The activity of mitochondria (n=3) was examined using
MitoTrackerl Red CMXRos (M7512; Life Technologies,
Oregon, USA), which is well retained after aldehyde fixation
using the manufacturer’s protocol. Briefly, GCs from different
treatment groups were washed twice with DPBS and then 100
nM Mito Tracker red dye was added and incubated for 45 min.
GCs were washed twice with DPBS and fixed overnight with
4% formaldehyde. On the next day, fixed cells were mounted
with a mounting medium containing DAPI (H-1200, Vector
Laboratories, Inc., CA, USA). Images were captured immedi-
ately using a fluorescence microscope (Nikon Eclipse Ti-S
microscope, Nikon Instruments Inc., Tokyo, Japan). The mean
fluorescence intensity of five non-overlapping fields in each
well was measured using ImageJ software.

Detection of apoptosis TUNEL assay

Apoptosis in GCs (rn=3) was analyzed by Terminal
deoxynucleotidyl transferase (TdT) dUTP Nick-End
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Labeling (TUNEL) assay using a Click-iT® Plus TUNEL
Assay kit (Life Technologies, Inc., Carlsbad, CA, USA) ac-
cording to the protocol described elsewhere (Sohel et al.
2017). Briefly, after the treatment period, 50 puL of TdT reac-
tion mixture was added to each well of 96-well plates, incu-
bated for 1 h at 37 °C and Alexa Fluor® 594 dye (red fluo-
rescence) was added and incubated for 30 min. After that, cells
were stained with 5 ng/mL DAPI (ThermoFisher Scientific) in
PBS for 5 min and observed under a fluorescence microscope
(Nikon Eclipse Ti-S microscope, Nikon Instruments Inc.,
Tokyo, Japan; 20X magnification) using red and blue fluores-
cence filters. TUNEL-positive and TUNEL-negative nuclei
were counted from five non-overlapping fields per replicate
and converted to percentages by comparing the total number
of nuclei with TUNEL-positive nuclei.

Extraction of total RNA and cDNA synthesis

Total RNA was extracted from GCs using the miRNeasy
mini kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instruction. RNase-Free DNase set (Cat no. 79254,
Qiagen, Hilden, Germany) was used during total RNA iso-
lation in order to remove any additional DNA contamination.
Concentration and total RNA purity were investigated by a
BioSpec-nano spectrophotometer (Shimadzu Biotech,
Japan). For miRNA PCR array, cDNA was synthesized using
the miScript® II RT Kit (Cat. No. 218191, Qiagen, Hilden,
Germany) according to the manufacturers’ instruction. The
cDNA synthesis reaction consists of 5% HiSpec Buffer
(4 uL), miScript Reverse Transcriptase Mix (2 pL), 10x
miScript Nucleics Mix (2 uL), water (variable) and template
RNA (400 ng). First, the cDNA synthesis reaction was incu-
bated at 37 °C for 60 min followed by 95 °C for 5-min
incubation. The resulting cDNA was diluted according to
the manufacturer’s instructions for further use in miRNA
PCR Array. For mRNA expression analysis, total RNA was
reverse transcribed to cDNA using the Maxima H Minus
First Strand cDNA Synthesis Kit (Thermo Scientific,
Massachusetts, USA) according to the previous protocol
(Sohel et al. 2017).

Real-time quantitative PCR for candidate genes

Roche Light cycler 480 real-time PCR machine (Roche Life
Science, Penzberg, Germany) was used to quantify the abun-
dance of selected genes related to the antioxidant defense sys-
tem. The qRT-PCR reaction was set up by adding 10 uL 1x
Power SYBR Green I (Bio-Rad, Hercules, CA) master mix,
0.3 uM of forward and reverse gene-specific primers, 7.4 uL
deionized water and 2 pL first-strand cDNA template. The
thermal cycling conditions were 3 min at 95 °C followed by
40 cycles of 15 s at 95 °C and 1 min at 60 °C. Comparative CT
(2722CT) method was employed to analyze the relative
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expression of each mRNA. Using sequence-specific primers,
a total of 6 genes namely nuclear factor erythroid 2-related
factor 2 (NVRF?2), Kelch-like erythroid cell-derived protein
(KEAPI), superoxide dismutase-1 (SODI), peroxiredoxinl
(PRDX1), thioredoxin-1 (T’XN1) and catalase (CAT) were ex-
amined for their expression in GCs. GAPDH was used as an
endogenous control to normalize the expression value. The
primers were designed using primer3web version 4.0.4
(http://bioinfo.ut.ee/primer3/) and the sequences are listed in
Supplementary Table S1.

Profiling and expression analysis of miRNAs

The miRNA expressions in the cells of the control and OS
groups were performed using a ready-to-use miRNA PCR
panel containing 84 mature miRNAs specific to apoptosis
(MISH-114Z, Qiagen) following the manufacturer's instruc-
tion. In order to find the miRNA homology between human
and bovine, we performed a comparative sequence analysis
of 84 miRNAs in an array plate using miRBase 21 (http:/
www.mirbase.org/). The result showed 65 miRNAs to be
completely identical with the bovine sequence, while 11
miRNAs have 1 nucleotide addition or deletion at 3’ or 5’
regions, 4 miRNAs have 1-5 nucleotide mismatch and no
bovine sequence was detected for 4 miRNAs. The real-time
PCR was run on a Roche Light cycler 480 real-time PCR
machine (Roche Life Science, Penzberg, Germany) using the
following thermal cycling parameters: 95 °C for 15 min,
40 cycles of 94 °C for 15 s, 55 °C for 30 s, 70 °C for 30 s
followed by a melting curve analysis. A web-based PCR
array data analysis software (http://pcrdataanalysis.
sabiosciences.com/pcr/arrayanalysis.php) was used to
analyze the PCR data. Data were normalized using the
normalizer miRNAs present in the PCR plate. To avoid
potential noise, miRNAs with a Cp value higher than 35
were discarded from the list.

Target prediction and pathway analysis

To predict the potential targets of differentially regulated
miRNAs, we used miRDB (http://www.mirdb.org/) and
TargetScans (http://www.targetscan.org/vert 71/) web-based
miRNA target prediction algorithms. Because all the differen-
tially regulated miRNAs are completely identical in bovine
and human, we obtained the target gene list using the human
database. For visualization, annotation and pathway distribu-
tion, predicted target genes were uploaded to the DAVID
Bioinformatics Resource (http://david.abcc.ncifcrf.gov/)
server. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.genome.jp/kegg/) was used to
represent the pathways.
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Statistical analysis

All experiments were performed a minimum of three times.
All the statistical analysis and graph preparation were per-
formed using either IBM SPSS Statistics 23.0 or Microsoft
Excel 2016 or GraphPad Prism software. Student’s # test was
used to detect a difference when two groups were compared.
A difference between results was considered significant when
the p value <0.05. Data are expressed as mean £ SEM of
replicates.

Results
Characterization of OS in GCs

To confirm whether the expressions of miRNAs in GCs are
truly changed due to OS, we first characterized OS in GCs.
For this, GCs were grown and stimulated with 150 uM H,0,
for 4 h to develop a cell model of OS. GCs in both control and
OS groups were examined after 4 h of culture period using an
inverted microscope for the morphological changes. The mor-
phometric observation confirms that the cells in the OS group
showed typical signs of stress characterized by shrinkage in
size, a lower number of live cells and a higher number of dead
cells compared to the control (Fig. 1a, b). The results of cell
viability, using the trypan blue exclusion test, showed that
there was a significant (»p <0.001) loss cell viability (more
than 50%) in the cells of the OS group compared to those of
the untreated control group (Fig. 1¢), which further indicates
the presence of excessive stress. In addition, the results of the
cell survival assay (cytotoxicity test) strengthen the findings of
the morphometric observation and viability test as it also
showed a lower number of viable cells in H,O,-treated cells
compared to those of untreated cells indicated by a significant-
ly (p <0.01) lower absorbance value (Fig. 1d).

Following our observation of the morphologic changes and
the decrease in the cell survival due to H,O, stimulation, next,
we sought to investigate differences in the generation of ROS
molecules in the control and H,O,-treated groups as excessive
production of ROS is the hallmark of OS. To quantify ROS,
we used H,DCFDA, which is a fluorogenic dye that can mea-
sure ROS within the cell. Upon diffusion into the cells, it is
deacetylated by cellular esterases to a non-fluorescent com-
pound, which is later oxidized by ROS to a highly fluorescent
compound that can be detected by fluorescence microscopy.
Administration of 150 uM H,O, for 4 h resulted in a higher
accumulation of ROS in cells, which is evidenced by the
higher fluorescence intensity (Fig. le, f) and the histogram
analysis of fluorescence intensity across the image revealed
that the mean fluorescence intensity increased significantly
(p<0.001) in the OS group compared to the untreated control

(Fig. 1g).

Under OS condition, the cytoplasmic NRF?2 typically trans-
locate to the nucleus in order to start the transcription of a
battery of antioxidant enzymes that eventually scavenges the
excessive ROS. Keeping this fact in mind, we next investigat-
ed the location of NRF2 in both the untreated control and OS
groups using the immunocytochemistry technique. The results
showed that NRF2 was predominantly located in the cyto-
plasm in the cells of the untreated control group (Fig. 1h),
while almost all the NRF2 were translocated in the nucleus
in the OS group (Fig. 11).

0S impairs mitochondrial activity in GCs

To assess the effects of excessive ROS generated by H,O,
exposure, mitochondrial activity was determined and is pre-
sented in Fig. 2(a—d). Mitochondrial activity was dramatically
decreased in the cells exposed to 150 uM H,0O, compared to
that of the cells of the control group, which is evidenced by
lower fluorescence activity in H,O,-exposed cells (Fig. 2a—c).
Quantification of fluorescence intensity by Image] revealed
that mean fluorescence intensity was significantly increased
in the HyO,-treated cells compared to that of the untreated
control (Fig. 2d).

0S-induced apoptosis in primary culture of GCs

To further investigate the effects of H,O, in inducing OS-
modulated cellular apoptosis in GCs, the fragmented DNA
was detected in situ by TUNEL assay. The positively stained
nuclei from randomly selected five fields were counted and
the results were expressed as % positive nuclei/total nuclei +
SEM. As shown in Fig. 2(e-g), very few TUNEL-positive
nuclei (0.8%) were detected in the untreated control group.
However, a significantly higher (p <0.001) number of
TUNEL-positive cells (39%) were detected in H,O,-induced
OS group (Fig. 2f, g) suggesting the treatment with H,O,-
induced apoptosis in GCs.

0S modulates the expression of antioxidant genes

To confirm whether OS induced the expression of antioxidant
genes, we checked the expression of the central genes of the
Nrf2 pathway and candidate antioxidant genes. The result
showed that the expression of both the NRF2 and candidate
antioxidant genes was significantly (p <0.05) increased in the
GCs treated with H,O, compared to that of the control
(Fig. 3a—f). The expression of KEAPI (a negative regulator
of NRF2) was significantly downregulated in the H,O,-treat-
ed GCs. These results further confirm the induction of strong
OS due to the exposure of 150 uM H,O,.
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Fig. 1 Characterization of OS in GCs. GCs were isolated and cultured up
to 40-50% confluence and treated with 150 uM H,O, for 4 h to induce
OS. OS was characterized by different morphological and molecular
observations. (a) Microscopic picture of control and treated cells. (b)
Cell viability determined by trypan blue exclusion test. (¢) Cell prolifer-
ation was examined using WST-1 cell proliferation kit. (d, f)

Number of detected miRNAs

To understand whether OS modulation of miRNA abundance
plays a role in GC apoptosis, the expression of miRNAs in
GCs was quantified by ready-to-use 96-well PCR plates
(Qiagen, Hilden) containing 84 mature human miRNAs relat-
ed to apoptosis (either pro-apoptotic or anti-apoptotic) and 12
endogenous controls. The presence of miRNAs was deter-
mined based on crossing point (Cp) value and the % of detec-
tion within the replicates. miRNAs were considered detected
when their Cp values were less than 35 and present in three
replicates. The Cp value was set based on our previous expe-
riences in detecting miRNAs in the qPCR array—based plat-
form (Sohel et al. 2013; Noferesti et al. 2015). Of the 84
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Accumulation of ROS determined by H,DCFDA kit using fluorescence
microscopy. Fluorescence intensity was quantified using the ImagelJ pro-
gram. (e) Visualization of nuclear translocation of the NRF2 protein.
ImagelJ software was used when mean fluorescence intensity was calcu-
lated. Scale bars, 100 pum. Experiments were performed in triplicate; data
are presented as mean = SEM; **p <0.01 and ***p < 0.001

miRNAs investigated, a total of 63 miRNAs were de-
tected in the cells of the control group, while 69
miRNAs were detected in the cells of the OS group.
There are at least 6 miRNAs that were detected only
in the cells of the OS group.

Differential expression of miRNAs in GCs exposed
to OS

We next tested our hypothesis whether OS modulates the ex-
pression of miRNAs in GCs. Expression of miRNAs in the
cells of the OS and control groups was analyzed using web-
based miScript miRNA PCR Array Data analysis software
provided by SABiosciences. Among the 69 miRNAs that
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Control

Fig. 2 Mitochondrial activity and
apoptosis detection. GCs were
grown and treated according to
the experimental plan. (a) After
the treatment period, the activity
of mitochondria was detected
using MitoTrackerl red
fluorescence—based dye. Images
were acquired with a fluorescence
microscope using a red filter. (b)
Fragmented DNA was detected
by TUNEL assay and simulta-
neous nuclear staining with
DAPI. Approximately 10,000 vi-
able GCs were seeded in each
well of a 96-well plate (flat bot-
tom, tissue culture treated) and
grown up to 50-60% confluence
and treated according to the ex-
perimental plan. The results of the
TUNEL assay showed that

150 uM H,0, significantly in-
creased the number of TUNEL-
positive apoptotic nuclei after 4 h
of incubation, whereas signifi-
cantly less TUNEL-positive cells
were observed in the untreated
control. Scale bars, 100 wm.
Experiments were performed in
triplicate; data are presented as
mean + SEM; *** =p < 0.001.
Mean fluorescence intensity was
calculated using Image] software

Mt-Red

DAPI

Merged

TUNEL

Control

H,0,

were expressed in the cells of the OS group, a total of 47
miRNAs were upregulated in which 16 miRNAs including
miR-365b-3p, miR-26b-5p, let-7c-5p, miR-143-3p and miR-
29a-3p were upregulated with a fold change ranging from 2 to
18 (Table 1). On the other hand, among the 22 downregulated
miRNAs, a total of 10 miRNAs including miR-210-3p, miR-
145-5p, miR-378a-3p, miR-98-5p and miR-221-3p were
downregulated with a range of 2—-10-fold (Table 1).
Sequence similarity check between human and bovine
miRNAs revealed that hsa-miR-512-5p has no reported simi-
lar sequence in the bovine genome. Therefore, we discarded
this miRNA from our list for further analysis. Among the
upregulated miRNAs, miR-365b-3p showed the highest fold
change regulation, whereas miR-210-3p showed
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Mean fluorescence intensity

Control  H,0,
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«
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TUNEL positive cells (%)

Control  H,0,

the highest fold change regulation among downregulated
miRNAs (Table 1).

Target prediction and functional annotation of target
genes regulated by 0S-modulated miRNAs

To identify the biological processes affected by deregulated
miRNAs, we performed enrichment analysis on predicted tar-
get genes. TargetScan and miRDB algorithms were used to
obtain the list of genes predicted to be targeted by the differ-
entially expressed miRNAs. All the individual gene lists for
both upregulated and downregulated miRNAs were merged
and subsequently, duplicate values were removed from the
merged list. A total of 6210 and 3575 genes were found to
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be affected by the upregulated and downregulated miRNAs,
respectively. Detailed information about the number of target
genes predicted to be targeted by individual miRNA in both
up- and downregulated miRNAs are listed in Table 2 and
Table 3, respectively.

To overcome the limitation of DAVID Bioinformatics tool,
a maximum of 3000 genes processing ability in a single at-
tempt, the top 250 genes were considered from each miRNA
target gene list. Subsequently, we found 2892 genes and 1692
genes to be targeted by the upregulated and downregulated
miRNAs, respectively. The gene lists were uploaded to the
DAVID Bioinformatics database to identify significantly
enriched canonical pathways. The results of the pathway anal-
ysis provided by the Kyoto Encyclopedia of Genes and
Genomes (KEGG) showed that upregulated miRNAs are
targeting the genes involved mostly in cell survival, intracel-
lular communication and homeostasis cellular migration and
growth control and disease pathways such as the PI3K-Akt
signaling pathway, platelet activation, focal adhesion and the
mTOR signaling pathway (Table 4). Among the pathways, the
PI3K-Akt signaling pathway is one of the most significant
pathways to be affected by the genes targeted by upregulated
miRNAs. On the other hand, pathways involved in diseases
like cancer, chronic myeloid leukemia, hepatitis B and path-
ways related to different signaling including the MAPK
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signaling pathway, Rap1 signaling pathway, thyroid hormone
signaling pathway and FoxO signaling pathways were affect-
ed by the downregulated miRNAs (Table 5).

Discussion

A higher accumulation of inflammatory cells (neutrophils,
vascular endothelial cells and macrophages) at the site of fol-
licular rupture suggests that GCs are exposed to an elevated
level of ROS during ovulation. In addition to metabolic
sources, ROS contribution from external sources could make
the situation more complex. Mammalian cells always inte-
grate and respond to stress stimuli to decide cell fates whether
to survive or die on a continuous basis. Several genes and
signaling pathways are involved in this decision-making. As
a master regulator of gene expression, miRNAs may play a
significant role in this very complex mechanism. However,
the role of miRNAs in OS-induced GC apoptosis is poorly
understood. In the current experiment, we used 150 uM H,0,
for a 4-h exposure period to induce OS in GCs. Although GCs
were collected from preovulatory large follicles, they maintain
GC properties not luteinizing GCs. The concentration and the
exposure time were adopted from a parallel experiment in our
lab (data not shown). In one of our previous experiments, we
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Table 1 List of differentially regulated miRNAs due to OS in GCs
Name of the miRNA  Fold change (control vs. treatment)  p value
miR-365b-3p 18.15 0.011439
miR-26b-5p 14.69 0.001867
let-7¢-5p 6.67 0.003948
miR-143-3p 5.75 0.000003
miR-29a-3p 4.49 0.007341
miR-204-5p 4.02 0.005066
miR-16-5p 4 0.020813
miR-206 3.61 0.035981
miR-409-3p 3.42 0.020641
miR-149-3p 3.33 0.000002
miR-128-3p 3.06 0.009743
miR-25-3p 2.83 0.003128
miR-181a-5p 2.8 0.015152
miR-708-5p 2.67 0.015844
miR-125a-5p 2.34 0.000002
miR-153-3p 2.23 0.000042
miR-141-3p -2.18 0.012844
miR-92a-3p -2.29 0.011760
miR-186-3p -2.95 0.050975
miR-125b-5p -3.27 0.013494
miR-106b-5p -3.32 0.031496
miR-221-3p —5.47 0.012695
miR-98-5p -6.01 0.000263
miR-378a-3p =727 0.004742
miR-145-5p —9.43 0.002325
miR-210-3p -9.91 0.009260

used a comparatively higher concentration (500 uM H,0,) for
a comparatively shorter exposure period (40 min) to induce
OS in GCs (Sohel et al. 2018) where our main objective was to
investigate the protective effects of sulforaphane against oxi-
dative insult. However, in the current study, we used a com-
paratively lower concentration of H,O, with a longer expo-
sure period as our main objective was to investigate the OS
modulation of apoptosis-associated miRNAs in GCs. We be-
lieve these conditions allowed a slower induction of OS and
GCs had enough time to have a fate-making decision using
molecular changes. A four-hour exposure with 150 uM H,O,
resulted in typical characteristics of OS including loss of cell
viability, higher ROS accumulation and nuclear translocation
of NRF2 in GCs. In addition, transcriptomic abundance of
genes related to the antioxidant pathway was significantly
increased in the GCs of OS group compared to that of control.
The measurement of cellular apoptosis by TUNEL assay fur-
ther suggests that the dramatic loss of cell viability may be due
to cellular apoptosis mediated by H,O,-induced OS. In addi-
tion, miRNA expression analysis revealed that there was a
massive deregulation of miRNA expression in the cells of
the OS group and, most importantly, these miRNAs involved

in several pathways may dictate several pathophysiological
processes and the fate of the GCs.

Despite the fact that the physiological level of ROS plays a
crucial role in reproductive processes, including follicular de-
velopment, maturation of oocyte, luteal regression and fertil-
ization (Agarwal et al. 2005; Shkolnik et al. 2011), a consis-
tently higher accumulation of ROS, resulting OS, is consid-
ered one of the major stress inducers that significantly contrib-
utes to the fate of reproductive cells. Research has shown that
OS not only induces a number of diseases including polycys-
tic ovarian syndrome, endometritis and unexplained infertility,
but also causes different pregnancy-related complications
such as preeclampsia, recurrent pregnancy loss and spontane-
ous abortion (Agarwal et al. 2012). In a previous study, we
showed that long-term exposure to a higher level of ROS
results in characteristic cellular responses such as loss of cell
viability, shrinking in size, mitochondrial damage, higher
ROS accumulation and finally cell death in follicular GCs
(Sohel et al. 2017). In the current study, we found that expo-
sure to 150 uM H,0, for 4 h resulted in a shrinkage in size of
GCs and a higher accumulation of ROS accompanied by a
significant loss of mitochondrial activity. Although the leak-
age of the mitochondrial electron transport chain is the major
source of intracellular ROS, it could also be easily targeted by
ROS. Furthermore, a damaged mitochondrion may produce
higher ROS through its partially active electron transport
chain. Under OS condition, an elevated level of ROS signals
the breakdown of NRF2-KEAP1 bonding; thus, NRF2 trans-
locates to the nucleus and activates the production of an array
of antioxidant enzymes to neutralize the effect of excess ROS.
In situ localization of NRF2 revealed that NRF2 was predom-
inantly detected in the nucleus under stress conditions (Fig.
1i). It is highly likely that the concentration of H,O, was
highly cytotoxic and GCs were facing extreme OS.
Therefore, the loss of GC viability in our study could be the
result of higher levels of extracellular environmental ROS
together with an intracellular source that subsequently causes
a damage to cellular macromolecules, decreases proliferation
and leads to cellular apoptosis.

The association of miRNAs with physiological processes
and diseases has been reported in the context of potential
involvement in diseases or developmental processes via their
expression pattern or function. They are found to be involved
in almost all events that took place in a female reproductive
system including follicular development (Sontakke et al.
2014) and GC proliferation and function (Yao et al. 2010;
Carletti et al. 2010; Yan et al. 2012; Yin et al. 2014). It has
also been shown that several miRNAs are involved in OS-
induced diseases (Sangokoya et al. 2010; Li et al. 2016), se-
nescence and apoptosis (Magenta et al. 2011), cell survival
(Cheng et al. 2009) and cell death (Thulasingam et al. 2011)
in many cell types. However, a functional link between
miRNA expression and OS in GCs remains to be investigated
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Table 2

List of a total number of target genes and the name of top 10 genes predicted by upregulated miRNAs

Name of the microRNA  Number of genes Official symbol of top 10 genes

miR-365b-3p 278
miR-26b-5p 518
let-7¢c-5p 435
miR-143-3p 375
miR-29a-3p 632
miR-204-5p 599
miR-16-5p 1089
miR-206 417
miR-409-3p 258
miR-149-3p 1461
miR-128-3p 625
miR-25-3p 496
miR-181a-5p 887
miR-708-5p 271
miR-125a-5p 479
miR-153-3p 365
miR-512-5p 242

SGK1, HHIP, USP33, NR1D2, DLAT, UBAC2, UBP1, TIAM2, ZC3HAV1, UNC5D

SLC2A13, SLC7A11, FAM98A, SLC45A4, ZDHHCG6, PITPNCI1, STRADB, RNF6, ZNF608, USP9X
SMARCADI1, FAM178A, LIN28B, GATM, LRIG3, GNPTAB, BZW1, ZNF322, ADAMTSS, C8orf58
GXYLTI1, VASHI, ITM2B, ATP10A, IGFBP5, MSI2, ATP6V1A, MOGS, DENNDI1B, DIP2B
BRWD3, COL3A1, ERCC6, DGKH, ATAD2B, FBN1, NFIA, TET3, NAV3, ROBO1

C9orf72, RAB22A, AP1S2, ANKRDI13A, EBF2, ACSL4, ZNF423, PTPRD, SASS6, SPRED1
ZFHX4, SYNJ1, SLC9A6, IPO7, CDCA4, NUP50, PAPPA, LUZP1, SLC13A3, UNC80

PTPLADI1, GLCCI1, LPPR4, ZMAT3, TPPP, CDK 14, ANKRD29, EIF4E, NRP1, C20rf69
KIAA2022, YTHDF3, NXPHI1, SLC35A3, KLF15, OXR1, CPSF6, RAB10, ZDHHC20

NFIX, C200rf96, SSBP3, HCFC1, SPRY4, SOX13, NACCI, PVRLI, AR, RAB5B

PAIP2, SZRDI, NFX1, POGLUTI1, EFR3A, BAG2, AK2, SEC22A, LBH, TRIL

DNAIJB9, CD69, SYNJ1, FBXW7, SLC12AS, EFR3A, MAP 2K4, USP28, KIAA1109, KIAA1432
C2CDs3, FIGN, S1PR1, PDESA, MTMR12, TBC1D1, TNPO1, PROX1, OSBPL3, MICU3

GPM6A, PAPPA, FAM107A, TNS3, TEF, HOXA1, KIAA0355, FOXJ3, JPHI, EN2

IRF4, LACTB, OSBPL9, ZSWIM6, ENPEP, HIF1AN, GCNT1, SLC39A9, SMEK1, SEMA4D
YIPF2, SLC4A4, OSBPL6, EBF2, NFE2L2, PLCB1, NAV2, RAI14, DMD, UTRN

BAZ2A, ATRX, PHF6, HLTF, CENPL, TBL1XR1, PRR14L, HSPA12A, DDX6, SRPK2

as very little is known about OS modulation of miRNA ex-
pression in GCs, which may be a contributing factor in the
progression of any unexplained pathological condition. In the
present study, we investigated the expression of 84 mature
miRNAs related to apoptosis and the result confirms that there
was a massive deregulation of miRNA expression in GCs due
to OS. It is interesting to note that the number of upregulated
miRNAs was higher than the number of downregulated
miRNAs. This is may be due to the fact that the PCR array
contains a higher number of pro-apoptotic miRNAs than anti-
apoptotic miRNAs and incubation of GCs with 150 uM H,0,
for 4 h may induce incredible OS to the cells that modulate the
higher expression of apoptosis-associated miRNAs.

Among the upregulated miRNAs, miR-365b-3p, miR-26b-
5p and let-7c-5p are the top three upregulated miRNAs.
Previous studies have shown that several of these miRNAs

Table 3

are involved in proliferation, growth, cell cycle arrest and
apoptosis. For instance, higher expression of miR-365b-3p
significantly attenuates cell growth and induces cell cycle ar-
rest and apoptosis in human retinoblastoma cells (Wang et al.
2013) and hepatocellular carcinoma cells (Li et al. 2017).
Overexpression of miR-26b-5p was reported as a regulator
of cell cycle, proliferation and migration (Du et al. 2015)
and an important inducer of apoptosis in different cell types
including porcine ovarian GCs (Liu et al. 2016). Although let-
7¢-5p is not directly involved in the process of stress-induced
apoptosis, it is protecting the brain against cerebral ischemia
injury (Nietal. 2015) and the higher expression of let-7¢c-5p in
our experiment may be due to the fact that this miRNA is
highly abundant in reproductive tissues that were previously
reported (Li et al. 2011). It has been shown that overexpres-
sion of miR-128a and miR-181a promotes apoptosis in mouse

List of a total number of target genes and the name of the top 10 genes predicted by downregulated miRNAs

Name of the microRNA  Number of genes

Official symbol of top 10 genes

miR-210-3p 39
miR-145-5p 495
miR-378a-3p 169
miR-98-5p 437
miR-221-3p 316
miR-106b-5p 855
miR-125b-5p 476
miR-186-3p 551
miR-92a-3p 496
miR-141-3p 759

FGFRL1, ISCU, RRP1B, DENND6A, IGF2, ZNF462, DHX58, KMT2D, CORO2B, ACVR1B
ABCEI1, MPZL2, DAB2, KCNA4, ABHD17C, AP1G1, YTHDF2, SPSB4, ATP8A1, SEMA3A
NR2C2, KIAA1522, TMEM245, SLC7A6, MPP3, RAB10, SERINC1, NKX3-1, FLT1, ELAC1
SMARCADI, LIN28B, FAM178A, GNPTAB, LRIG3, GATM, ADAMTS8, DNA2, ADRB2, BZW1
GABRALI, PANK3, TCF12, CDKNI1B, HECTD2, RFX7, TMCCI1, FNDC3A, ARF4, C30rf70
PTPN4, ARID4B, EPHA4, PKD2, PDCD1LG2, SLC40A1, FBXLS5, ZNF800, ADARBI1, ZNFX1
IRF4, ZSWIM6, ENPEP, LACTB, OSBPL9, GCNTI, HIF1AN, IER3IP1, SEMA4D, SLC39A9
MAML2, MYCBP, HLCS, RAB11FIP1, KDM2A, HMBOXI1, LIN54, TMEM181, UBE2Q1, BCL6
SYNIJ1, DNAJB9, EFR3A, SLC12A5, USP28, FBXW7, CD69, APPL1, MOAP1, MAP 2 K4
DUSP3, TMEM170B, ZBTB34, DCP2, ATP8A1, MYBLI1, ZEB2, TRHDE, HS2ST1, ELAVL2
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Table 4 Top 10 pathways predicted to be targeted by the upregulated miRNAs after H,O, stimulation

Pathway name miRNAs involved Targets in ~ p value Top predicted genes in the pathway
the pathway
PI3K-Akt signaling miR-16-5p, miR-25-3p, miR-29a-3p, 63 432x107'° HRAS, FGF7, FGF9, PDGFA, FGF17,
pathway miR-143-3p, miR-149-3p, miR-153-3p, EFNA3, RPS6KB1, FOXO3, PTEN,
miR-181a-3p, miR-365b-3p, CCNEI1
Platelet activation miR-25-3p, miR-29a-3p, miR-365b-3p, 36 248x107 GNAI13, GNAI3, ADCY2, ADCY6,
COL3A1, COL2A1, ITGB3, PLCB4,
FGB, PPP1R12A
Focal adhesion miR-16-5p, miR-25-3p, miR-26b-5p, 48 529x107 CAV2, GRB2, COL3A1, COL2A1, ITGB3,
miR-29a-3p, miR-143-3p, miR-149-3p, PTEN, CTNNBI, IGFIR, PAK2, ITGBS8
mTOR signaling pathway miR-16-5p, miR-26b-5p, miR-29a-3p, 20 6.64x10°° PIK3CB, IGF1, RPS6KB1, RICTOR, IRS1,
miR-149-3p, miR-181a-3p, PTEN, RPS6KA6, MAPK 1, EIF4EBPI1,
EIF4E
Prostate cancer miR-29a-3p, miR-149-3p, miR-181a-3p, 25 1.52x10°° E2F2, GRB2, PTEN, CTNNBI1, CCNE1,
miR-365b-3p, IGF1R, KRAS, SOS1, CREB3L2,
NKX3-1
Neurotrophin signaling miR-16-5p, miR-29a-3p, miR-143-3p, 30 2.61x10° GRB2, BDNF, KRAS, MAP 3K3, SOSI,
pathway miR-149-3p, miR-181a-3p, miR-204-5p, MAP 3K1, GAB1, CAMK2D,
miR-708-5p CAMK2B, PIK3R5
Axon guidance miR-26b-5p, miR-149-3p, miR-153-3p, 31 3.04x107° DCC, PLXNCI1, GNAI3, NRP1, PLXNA2,
miR-204-5p, miR-206, miR-708-5p PPP3R1, SEMASA, EPHB6, KRAS,
PAK2
Signaling pathways miR-16-5p, miR-29a-3p, miR-149-3p, 33 337x10° SMARCADI, WNT5B, GRB2, PAX6,
regulating pluripotency ~ miR-708-5p REST, ZIC3, ACVRIC, CTNNBI,
of stem cells IGFIR, PCGF3
Insulin signaling pathway miR-16-5p, miR-29a-3p, miR-149-3p, 32 6.35x107° GRB2, PHKAI, MKNK2, RHOQ,
RPS6KB1, PPP1R3D, PRKAR2A,
EIF4EBPI1, KRAS, SOSI1
ErbB signaling pathway =~ miR-16-5p, miR-29a-3p, miR-149-3p, 23 1.19x10™* GRB2, PIK3CB, CBL, MAP 2K4,

miR-708-5p

RPS6KB1, MAPK1, NRAS, EIF4EBPI1,
CDKNIA, KRAS

GCs and are positively regulated by H,O,-induced OS (Wang
et al. 2016; Zhang et al. 2017a). In our experiment, we found
both the miRNAs are significantly upregulated in bovine GCs
treated with H,O,. On the other hand, top downregulated
miRNAs, such as miR-210-3p, miR-145-5p and miR-378a-
3p, are known as hypoxamiRs and anti-tumor miRNAs and
exhibit anti-apoptotic effects and regulate multiple cellular
pathways. miR-210 is shown to be involved in the modulation
of endothelial cell responses under hypoxia and expression of
miR-210 progressively increased upon exposure to hypoxia
(lower level of oxygen molecules) (Fasanaro et al. 2008). On
the other hand, exposure to hyperoxia could lead to increased
generation of ROS molecules in cells and vice versa.
Therefore, in our study, the lower expression of miR-210
could be the result of H,O,-induced higher production of
ROS that may lead to hyperoxic conditions in GCs. It is well
known that miR-145 plays a key role as a tumor suppressor in
many types of cancer (Cui et al. 2014). In addition, recently,
Xu et al. (2017) showed that lower expression of miR-145
induces apoptosis in mouse GCs by targeting Kriippel-like
factor 4 (KLF 4) in vitro. Furthermore, using an in vivo mouse
model, the authors demonstrated that lack of miR-145

expression promotes apoptosis in GCs through upregulating
KLF 4 (Xu et al. 2017). In agreement with these findings, in
our study, we found that miR-145 was significantly downreg-
ulated in the GCs of the OS group compared to that of the
untreated control group indicating that the OS modulation of
miRNA expression promotes GC apoptosis.

To identify the potential biological functions of signifi-
cantly deregulated miRNAs due to H,O, exposure, target
mRNAs were predicted and enrichment analysis of multiple
miRNA target genes was performed by KEGG. The most
significantly enriched pathways predicted to be targeted by
the upregulated miRNAs are the PI3K-Akt signaling path-
way, platelet activation, focal adhesion, mTOR signaling
pathway, prostate cancer, neurotrophin signaling pathway
and axon guidance. Many of these pathways are known to
be involved in different cellular signaling including cell pro-
liferation, cell migration, cell survival and apoptosis. For
instance, the PI3K-Akt signaling pathway has been shown
to be directly involved in the survival of induced pluripotent
stem cells (Hossini et al. 2016) and delivers anti-apoptotic
signals (Kennedy et al. 1997). In addition, it has been shown
that activation of PI3K-Akt effectively inhibits the apoptosis
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Table 5

List of top 10 enriched pathways that are predicted to be targeted by the downregulated miRNAs

Pathway name miRNAs involved

Targets in the p value
pathway

Top predicted genes in the pathway

Proteoglycans in
cancer

MAPK signaling
pathway

miR-92a-3p, miR-106b-5p, miR-141-3p, 39
miR-221-3p
miR-106b-5p, miR-141-3p, miR-221-3p 45

Endocytosis miR-106b-5p, miR-141-3p, miR-378a-3p 36

Rapl signaling miR-141-3p, miR-221-3p 24
pathway
Thyroid hormone miR-106b-5p 56

signaling pathway

Pathways in cancer miR-92a-3p, miR-106b-5p, miR-141-3p, 18

miR-221-3p, miR-378a-3p

Chronic myeloid miR-106b-5p, miR-141-3p 26
leukemia
FoxO signaling miR-92a-3p, miR-106b-5p, miR-141-3p 27
pathway
Hepatitis B miR-92a-3p, miR-106b-5p, miR-141-3p, 17
miR-221-3p
Apoptosis miR-16-5p, miR-25-3p, miR-149-3p, 18

miR-153-3p, miR-181a-3p

6.88x 10”7 FZDI10, PIK3CB, ROCK2, FZD3, EGFR, TIAMI,
GABI, ESR1

1.47x10° FGF5, ZAK, MAP 3K35, IRS2, CREBI, PRKABI,
FOS, NTF3, MAP 3K2

1.17x 107 RABS5B, LDLR, TSG101, SNX4, ARF6, EEAL,
VPS37C, KIT, ARPCS, SRC, TGF

3.83x10° GNAI3, TLN2, FGF9, ITGB3, KIT, SRC, ACTG],
IGFIR, CNRI, RALB

421x107 ACTB, KAT2B, PIK3CB, ATP1B4, ESR1, ITGB3,
SRC, PRKCB, MEDI12L, ACTG1

5.12x 10 GNAI3, E2F1, E2F2, FGF9, PTEN, CXCLI2,
TGFB2, CCNE2, FOS, SLC2A1

539x107° E2FI1, E2F2, BCR, GRB2, PIK3CB, TGFBR1, CBL,
TGFBR2, TGFB2, NRAS

7.76 107 GRB2, FOX04, CCNG2, PTEN, TGFB2, IGFIR,
S1PR1, SOS1, BCL6, PIK3R5

1.12x 10" E2F1, E2F2, GRB2, TIRAP, PTEN, SRC, ATF2,
TGFB2, CCNE2, FOS

336x 10" BID, TNF, PIK3CB, AIFMI, DFFB, RELA, CYCS,
TP53, BCL2L1, TNFRSFIA

in GCs against OS induced by H,O, (Nakahara et al. 2012).
Activation of the focal adhesion pathway was shown to be a
suppressor of apoptosis in normal epithelial and endothelial
cells (Frisch et al. 1996). In addition, the mTOR signaling
pathway is considered a conserved regulator of cell growth,
proliferation and survival (Hung et al. 2012). On the other
hand, pathways like proteoglycans in cancer, MAPK signal-
ing pathway, endocytosis, Rapl signaling pathway, thyroid
hormone signaling pathway and FOXO signaling pathways
were predicted to be affected by the downregulated
miRNAs. In addition to steroid synthesis in GCs (Manna
and Stocco 2011), the MAPK signaling pathway is the major
pathway that is also involved in the modulation of gene ex-
pression, proliferation, mitosis, metabolism and mobility
(Mebratu and Tesfaigzi 2009; Yang and Huang 2015).
Studies have demonstrated that ROS can induce or mediate
the activation of the MAPK pathways and scavenging of ROS
by antioxidants blocks MAPK activation (Son et al. 2011),
indicating a higher accumulation of ROS induced by H,0,
may downregulate the expression of specific miRNAs (miR-
106b-5p, miR-141-3p, miR-221-3p), which is essential in the
activation of the MAPK pathway. It has been reported that
Ras-associated protein-1 (Rapl), a small GTPase in the Ras-
related protein family, is an important regulator of basic cel-
lular functions (e.g., formation and control of cell adhesion
and junctions), cellular migration and polarization (Zhang
et al. 2017b). The thyroid signaling pathway is closely related
to the cellular antioxidant system and OS has been shown to
be associated with both hyperthyroidism and hypothyroidism
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(Mancini et al. 2016). It has also been shown that the thyroid
signaling pathway plays a crucial role in female reproduction
including altering ovarian function (Wei et al. 2018), follicular
development (Fedail et al. 2014) and preimplantation and ear-
ly development of embryos (Colicchia et al. 2014). Pathway
analysis of our study indicates that OS may modulate the
expression of miRNAs in a manner that suppresses the acti-
vation of pathways related to cell survival and activates both
pro-apoptotic pathways and pathways related to diseases.

In the present study, we demonstrated, for the first time, the
OS modulation of miRNA expression in bovine ovarian GCs.
Our results showed that a number of pro-apoptotic miRNAs
including miR-365b-3p were upregulated while anti-apoptotic
miRNAs including miR-210-3p were downregulated in re-
sponse to OS. These two miRNAs can be considered markers
for OS in GCs. Furthermore, pathway analysis revealed that
several pathways related to cell proliferation, migration, apo-
ptosis and survival were affected by deregulated miRNAs.
Taken together, our study demonstrated that H,O,-induced
OS impaired the cellular function and led to apoptosis by
upregulating pro-apoptotic miRNAs and downregulating
anti-apoptotic miRNAs. The results of the current study pro-
voke us to speculate that OS at the time of ovulation causes
cellular and molecular damages to GCs where miRNAs may
play a central role. However, a functional study using the
miRNA knockdown/mimic approach is required to validate
the association of miRNA-mRNA interaction and the associ-
ation of differentially expressed miRNAs with the predicted
pathways.
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