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Abstract

In mammals, more than 99% of ovarian follicles undergo a degenerative process known as atresia. The molecular events involved in
atresia initiation remain incompletely understood. The objective of this study was to analyze differential gene expression profiles of
medium antral ovarian follicles during early atresia in pig. The transcriptome evaluation was performed on cDNA microarrays using
healthy and early atretic follicle samples and was validated by quantitative PCR. Annotation analysis applying current database (Sus
scrofa 11.1) revealed 450 significantly differential expressed genes between healthy and early atretic follicles. Among them, 142 were
significantly upregulated in early atretic with respect to healthy group and 308 were downregulated. Similar expression trends were
observed between microarray data and quantitative RT-PCR confirmation, which indicated the reliability of the microarray analysis.
Further analysis of the differential expressed genes revealed the most significantly affected biological functions during early atresia
including blood vessel development, regulation of DNA-templated transcription in response to stress and negative regulation of cell
adhesion. The pathway and interaction analysis suggested that atresia initiation associates with (1) a crosstalk of cell apoptosis,
autophagy and ferroptosis rather than change of typical apoptosis markers, (2) dramatic shift of steroidogenic enzymes, (3) deficient
glutathione metabolism and (4) vascular degeneration. The novel gene candidates and pathways identified in the current study will
lead to a comprehensive view of the molecular regulation of ovarian follicular atresia and a new understanding of atresia initiation.
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Introduction

In mammalian ovaries, more than 90% of follicles
undergo a degenerative process known as atresia
(Kerr et al. 2013). Pig primordial follicle reserve
is formed in the fetal ovary and approximately
5 million primordial follicles are available at puberty
(Manabe et al. 2004). Under stimulus during each
estrous cycle, a number of primordial follicles start to
grow and may either continue to reach the pre-ovulatory
stage or become atretic at any time during development
(Monniaux et al. 2014). It has been observed that,
during the antral stage of development, the majority of
follicles became atretic when they passed the size of
1mm in diameter. Atresia rate of antral follicles around
3-5mm in size was extremely increased (Marchal et al.
2002). Studies in different developmental stage of
antral growing follicles have indicated that follicular
atresia was caused by apoptosis of granulosa cells (GC),
which were regulated by a delicate balance of pro-
survival factor withdrawal and pro-apoptotic factors
(Manabe et al. 2004, Hatzirodos et al. 2014, Liu et al.
2014). Earlier transcriptome profiling studies of atretic
follicles suggested a diverse recruitment pattern of genes
in different developmental stages (Hatzirodos et al.
2014, Terenina et al. 2016). However, many gaps are
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still left to be filled during atresia process. In the present
paper, we propose a high-throughput microarray study
with the purpose of gaining a better understanding of
the molecular factors and pathway networks involved in
early follicular atresia of medium antral follicles, thereby
leading to a comprehensive view of atresia process and
a new understanding of atresia initiation.

Materials and methods
Animal and follicles collection

OvarieswereobtainedfrommatureDuroc x Landrace x Yorkshire
sows (weight >120kg; n=26) at a local slaughterhouse and
were washed in PBS (pH 7.3). Tissue samples were transported
to the laboratory within Th in an insulated container with PBS
at 4°C. Individual antral follicles, approximately 3-5mm in
diameter, were dissected from the ovaries using small scissors
and fine forceps under a surgical dissecting microscope (SZ51;
Olympus). It should be noted that follicular dissection is
increasingly difficult, and the RNA quality is lower with more
advanced atresia. In total, 239 antral follicles were obtained.

Follicles classification
Combined with previous studies, we had performed a
comparative study of methods to determine the follicular atresia
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extent and developed consistent criteria for classifying each
follicle into healthy (H), early atresia (EA) or progressive atresia
(PA) groups in pigs (Zhang et al. 2013). Briefly, follicles were
firstly classified morphologically (Bjersing 1967, Cheng et al.
2008). H follicles are round with a sharp and continuous
granulosa cell membrane, fixed and visible cumulus-oocyte
complex (COC) (Bortul et al. 2003), fine capillary vessels and
clear follicular fluid. EA follicles may have visible COC, but
show gaps in membrane granulosa cells, less capillary vessels
and turbid follicular fluid. PA follicles do not have visible COC
or have COC in follicular fluid with dark floccules (Hay et al.
1976, Carson et al. 1979) (Table 1). Then, we separated
follicular components for confirming classification of the
follicles with two other characteristics including the ratio of
progesterone and 17p-estradiol level (P4/E2) and the antral
GC density. Follicles were opened using fine watchmaker
forceps, follicular fluid (including antral GCs) and the follicle
wall (including theca interna and granulosa layer) from each
follicle were separated by centrifugation (6000g, 5s) using a
homemade microsieve, which pore size was about 1.5mm in
diameter, fixed inside an 1.5 mL Eppendorf (EP) tube. After
re-suspending antral GCs immediately in follicular fluid,
10pL aliquots of follicular fluid from were diluted in 40pL
PBS in another tube for granulosa cells (ones that comes
out spontaneously with follicular fluid) density analysis. The
remaining follicular fluid was centrifuged again (6000g, 20s).
Five microliters aliquots of supernatant were diluted and kept
at —80°C for subsequent E2 and P4 assay. The granulosa wall,
COC and GCs remaining in the precipitate were stored at
—80°C for later RNA extraction. Meanwhile, E2 and P4 levels
were retrospectively measured using chemiluminescent kits
(Shenzhen Labkit Bioscience Co., Ltd., Shenzhen, China)
to confirm the follicle classification. According to previous
findings (Sugimoto et al. 2001, Maeda et al. 2007) and our
study (Zhang et al. 2013), follicles with a P4/E2 ratio of <5
were classified as H, 5 to 20 as EA and >20 as PA. In addition,
number of the antral granulosa cells in follicular fluid was
counted using a hemocytometer, and the density was calculated
based on the counting results. Densities of <250 cells/pL were
classified as H, 250-1000 cells/pL were classified as EA and
>1000cells/uL were classified as PA. Based on a uniform
determination among the above three criteria (morphological
feature, P4/E2 ratio and the density of granulosa cells), we
selected H, EA and PA follicles for further study.

Total RNA isolation and purification for microarray
analysis and PCR

After uniform determination among the criteria described
earlier, we picked nine follicles for microarray including H
(n=3), EA (n=3) and PA follicles (n=3). Then, three follicle

samples of each group were pooled together as one mixed
sample. Additionally, 30 follicles including H (n=10),
EA (n=10) and PA follicles (n=10) were picked for PCR
verification. Total RNA of the follicle samples was extracted
with TRIzol reagent (Invitrogen) and further purified with an
RNeasy mini kit (Qiagen) according to the manufacturers'
instructions. Total RNA was quantified by spectrophotometer.
The integrity test of purified total RNA was assessed by agarose
gel (containing 1.2% formaldehyde) electrophoresis analysis.
The subsequent hybridization of microarray slides was
performed by the CapitalBio Corporation (Beijing, China).

Microarray hybridization and data analysis

After RNA quality test for microarray, the PA follicles sample
was excluded from microarray hybridization because of
insufficient RNA quality, thus two microarrays were used
in this study, corresponding to the RNAs from H and EA
follicles. According to the Affymetrix Expression Analysis
Technical Manual (CapitalBio Corporation), each RNA sample
separately hybridized with the GeneChip Porcine Genome
Array (purchased in 2012, Affymetrix), which contained
23,937 probes (23,256 transcripts) representing 20,201 Sus
scrofa genes. Array scanning and data extraction were carried
out following the standard protocol. Quantitative analysis of
microarray hybridization was performed using the GeneChip
Operating System (GCOS 1.4, Affymetrix). Data normalization
and filtering analysis were carried out with DNA-Chip
Analyzer (dChip). The signal log ratio (SLR) was used to
estimate the changes in transcript level when two arrays were
compared (H vs EA). The data were log base 2 transformed.
The log base 2 scale is advantageous because each unit then
will be equals a two-fold difference. The genes with SLR >1
or <—1 (two-fold expression change) between H and EA were
filtered using Student’s t-test for significance at a threshold
of P<0.05, reported as the ‘upregulated’ or ‘downregulated’
differential expression. The differentially expressed genes
(DEGs) were then annotated by the latest version (Revision
6) of the Affymetrix porcine annotation (Tsai et al. 2006) and
combining with the current annotation data of pig (Sus scrofa
11.1) in NCBL.

Expression pattern, function enrichment and pathway
analysis of DEGs

To recognize the main biological functions that DEGs exercise,
we mapped all DEGs to terms in KEGG database and gene
ontology (GO) database and looked for significantly enriched
terms comparing to the porcine genome background. DEGs
were functionally grouped into GO networks using the
Cytoscape v3.6.0 software (http:/cytoscape.org/index.php)

Table 1 The morphological criteria for follicle classification.

Classification Transparency Color CoC GC layers

Health (H) Clear Rosy Visible Continuous

Early atresia (EA) Slightly turbid Dark orange Hard to identify Crenation or partly fell into the antrum
Progressively atresia (PA) Milky Gray Fell into the antrum Severely fell off and formed deposits

COC, cumulus-oocyte complex.
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with the ClueGO plug-in v2.5 (http://www.ici.upmc.fr/cluego/)
(Bindea et al. 2009). ClueGO established a significant gene-
term matrix and biological functional groups for all DEGs at
different GO term levels with a threshold of corrected P value
<0.05. Pathway-based analysis helped to further understand
the biological functions of DEGs, which identified significantly
enriched metabolic pathways or signal transduction pathways
in DEGs comparing with the whole genome background. The
statistical significance of the terms analyzed was calculated
with two-sided enrichment/depletion hypergeometric test and
Bonferroni P value correction, taking corrected P value <0.05
as a threshold.

Analysis of RNA changes by relative gRT-PCR

To confirm the transcriptional differences observed in the
microarray analysis, fluorescent quantitative real-time PCR
was carried out on ten selected porcine genes: vascular
endothelial growth factor A (VEGFA), steroidogenic acute
regulatory protein (STAR), cytochrome P450 19A1 (CYPT19AT),
radical S-adenosyl methionine domain containing 2 (RSAD2),
activated leukocyte cell adhesion molecule (ALCAM),
cytochrome P450, family 11, subfamily A, polypeptide 1
(CYPT1AT), Fas Ligand (FASLG), Tumor Protein P53 (TP53),
Caspase 3 (CASP3) and BCL2 antagonist/killer 1 (BAKT)
respectively. First-strand cDNA was synthesized using the
M-MLV Reverse Transcriptase kit (Promega), according to the
manufacturer’s protocol. The ten selected genes were detected
by real-time PCR using the SYBR Premix Ex Taq (TaKaRa Bio)
according to the manufacturer's instructions. Primers were
designed based on the porcine mRNA sequences from the
GenBank database for all these genes, using the primer Premier
5 software (Premier Biosoft Int., Palo Alto, CA, USA). All primers

Table 2 Primer and PCR reaction conditions for real-time PCR.

Key genes in early follicular atresia 25

were synthesized by Invitrogen. Porcine glyceraldeyhyde-
3-phosphate dehydrogenase (GAPDH) gene was used as an
internal control. The expression level of each target gene was
analyzed according to previously described methods (Livak
& Schmittgen 2001, Lu et al. 2010). The PCR amplification
products were analyzed by melting curve analysis and 2%
agarose gel electrophoresis, and the results were analyzed
using the LightCycler software (ver. 3.5; Roche Diagnostics).
Standard curve methods were used to calculate the relative
gene expression ratio of a target gene. For each gene, controls
for each primer set containing no cDNA were included on
each plate, and the reaction was repeated three times for every
sample on each plate. The amplification profiles of each gene
are shown in Table 2.

Statistical analysis

For gene expression analysis, data were described as
mean=s.e.m. and statistically analyzed using SPSS 20.0 for
windows statistical package (SPSS Inc.). Differences with
P<0.05 were considered statistically significant. For both H
and EA follicle groups, the relative mRNA expression levels
of the investigated transcripts between were analyzed by the
independent-samples t-test process.

Results

Microarray hybridization profiles and statistical
analysis of DEGs

According to the hybridization signal on the two arrays,
the transcriptional profiles of ovarian follicles were
determined. A total of 12,601 probe sets (52.64% of

Gene Accession No. Primer sequence Size Annealing temperature (°C)

VEGFA NM_214084 F: CCTTGCTGCTCTACCTCC 239 60
R: CTCCAGACCTTCGTCGTT

STAR NM_213755 F: ACTTTGTGAGTGTCGGCTGTA 274 58.6
R: CGCTTTCGCAGGTGATT

CYP19A1 NM_214431 F: GCTGCTCATTGGCTTAC 187 60.8
R: TCCACCTATCCAGACCC

RSAD?2 KC109004.1 F: GGAAAGGGTATGATGAAGA 219 60
R: GAATTTGTTCCTTGACCC

ALCAM XM_013982482.1 F: CCAGAACACGATGAGGCAGACG 108 60
R: CAGAGCAGCAAGGAGGAGACC

CYPT1AT DN837451.1 F: AGACACTGAGACTCCACCCCA 120 65.0
R: GACGGCCACTTGTACCAATGT

FASLG AY033634 F: TGGAATTGCCTTGGTCTC 190 56
R: CATCTTTCCCTCCATCAG

TP53 AF098067 F: TGACTGTACCACCATCCACTAC 143 56.2
R: AAACACGCACCTCAAAGC

CASP3 NM_214131 F: TGGATGCTGCAAATCTCA 327 58

R: TCCCACTGTCCGTCTCAA
BAK1 XM_001928147 F: CGGGACACGGAGGAGGTTT 313 58.5
R: CCAGAAGAGCCACCACTCG

CAPDH

AF017079 F: GATGGTGAAGGTCGGAGTG 500 58.0

R: CGAAGTTGTCATGGATGACC

ALCAM, activated leukocyte cell adhesion molecule; BAK1, BCL2 antagonist killer 1; CASP3, apoptosis-related cysteine peptidase; CYPT1AT1,
cytochrome P450 11A1; CYP19AT1, cytochrome P450 19AT1; FASLG, FAS ligand; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; RSAD2,
radical S-adenosyl methionine domain containing 2; STAR, steroidogenic acute regulatory protein; TP53, tumor suppressor p53; VEGFA,

vascular endothelial growth factor A.
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all probe sets) were identified to be expressed in the H
follicles, 13,541 (56.57%) in the EA follicles and 11,858
(49.54%) in both. At the cutoff criteria of more than
two-fold change (SLR >1) and P<0.05 when comparing
between two groups, a total of 556 transcripts (2.39%
of total transcripts on the array) were differentially
expressed between H and EA follicles, 164 (0.71%)
of which were upregulated in EA with respect to H
group, while 392 (1.69%) were downregulated. Further
functional annotation analysis identified 450 functional
genes in current annotation database (Sus scrofa 11.1),
representing 142 and 308 significantly upregulated and
downregulated genes respectively (Table 3).

Validation of microarray data by quantitative RT-qPCR

We performed SYBR green-based quantitative RT-PCR
(qRT-PCR) to validate the expression level of six DEGs
identified by microarrays with 30 follicles (10 for H, EA
and PA respectively). The mRNA levels of PA follicles
were detected by PCR although they were not up to
standard for microarray detection. We observed a
significant correlation between qRT-PCR results and
microarray data. All the six genes were of the similar
expression trends in both methods, which indicated
the reliability of the microarray analysis. Expression in
PA group suggested a progressed change during atresia
process (Fig. 1). In addition, four typical apoptosis-
related genes including FASLG, TP53, CASP3 and BAK1
were also detected by gRT-PCR. Although these genes
were not significantly changed in microarray detection
which only involved H and EA follicles, a significantly
increase was observed when analyzing the expression
level of these genes in PA group (Fig. 2).

GO analysis

To further investigate the biological relevance of all the
DEGs, thefunctional categories of DEGs were determined
by the GO annotations (http://www.geneontology.org/
GO.database.shtml). According to the analysis outcome,
450 DEGs were categorized into 89 significant functional
groups, including 45 biological processes, 24 cellular
components and 20 molecular functions annotation
(Fig. 3). A total of 182 genes were significantly termed
as biological process. From the view of % associated
genes (enrichment factor), the top five dominant GO

Table 3 Number of DEGs in atretic follicles with respect to healthy
follicles.

P value SLR? Upregulated Downregulated ~ Total

P<0.05 >1 122 239 361
>2 12 36 48
>3 8 33 41

Total 142 308 450

SLR, signal log ratio, which represented the log base 2 transformed
fold change of the DEG expression level in EA compare to H follicles.
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Figure 1 To validate the microarray result, gene expression levels of
three downregulated genes including VEGFA (A), CYP19AT (B), STAR
(C) and three upregulated genes including RSAD2 (D), ALCAM (E)
and CYPT1AT (F) were detected by qRT-PCR in H, EA and PA groups.
Note: The different small letters indicate P<0.05. EA, early atresia; H,
healthy; PA, progressive atresia; qRT-PCR, quantitative RT-PCR.

terms were labyrinthine layer blood vessel development,
regulation of DNA-templated transcription in response
to stress, placenta blood vessel development, negative
regulation of cell adhesion and regulation of chemotaxis
in the biological process groups respectively. We also
observed a high percentage of genes in the biological
process group that were closely associated with signal
transduction, metabolic process, response to stress or
stimulus, blood vessel development or morphogenesis.
From the cellular component perspective, 71 genes
were significantly termed as this ontology, of which
many genes were clustered into extracellular matrix,
chromatin and nuclear chromosome part. Additionally,
in the molecular function category, the dominant
categories were molecular-binding activity, signaling
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Figure 2 Gene expression levels of four apoptosis-related genes
including FASLG (A), TP53 (B), CASP3 (C) and BAKT (D) were
detected by qRT-PCR. Significantly increases were observed in PA
group with respect to H and EA groups. Note: The different small
letters indicate P<0.05. EA, early atresia; H, healthy; PA, progressive
atresia; qRT-PCR, quantitative RT-PCR.
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Figure 3 GO analysis was performed using DEGs between H and EA follicles. The 2D bar graph of biological process (A), cellular components

(B) and molecular functions (C) categories was generated by ClueGO. The vertical axis shows terms GO categories and the horizontal axis

shows the percentage of DEGs out of all genes included in each term. Numbers in the end of each bar represent number of DEGs. Terms with
same color represents groups consisting of terms with interrelations. DEG, differentially expressed genes.
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adaptor or transducer activity, which consisted of 86
annotated genes.

Pathway analysis of DEGs to characterize the
transcriptomic shift during atresia initiation

To further understand the role of these DEGs in
physiological functions during ovarian follicular atresia,
we mapped them to terms in the KEGG database (http://
www.genome.ad.jp/kegg/). KEGG analysis indicated
that 41 potential signaling pathways, which involved
129 genes, were related to early follicular atresia. A
bubble chart was used to visualize main pathways
and number of related DEGs (Fig. 4) and the detailed
information of all pathways was listed in Table 4.
The key pathways involved in the porcine follicular
atresia including ferroptosis, ovarian steroidogenesis,
glutathione metabolism, HIF-1 signaling pathway, TGF-
beta signaling pathway, FoxO signaling pathway and so
forth. Predicted pathways and the corresponding DEGs
will be of strong interest for researchers to conduct
further investigation and verification analysis in porcine
follicular atresia. We also examined potential pathway
interactions of the 450 DEGs. The pathway interaction
analysis revealed seven associated pathway groups
(Fig. 5). In particular, the pathway interaction involved in
ovarian steroidogenesis, longevity regulating pathway,
autophagy and mitophagy, which included 15 genes

DEGs of pathway enrichment

(CYPT1A1, CYP19A1, IGFIR, INSR, PRKACB, STAR,
ATG5, HSPA1B, GABARAPL1, HIF1A, ITPR1, MAPK9,
TP53INP2, ATF4, TFEB) was highlighted.

Discussion

Follicle atresia is a complicated process that limits the
potential reproduction power of domestic animals. In
this study, a comprehensive gene expression profiling
by means of microarray analysis was applied to identify
groups of genes differently expressed in pig ovary
follicles during atresia. Similar microarray approaches
have been used previously to characterize healthy
antral follicles during growth (Bonnet et al. 2008)
and small (measuring 1-2 mm) follicles during atresia
(Terenina et al. 2016). However, the present study is the
first gene array analysis investigating health and early
atretic medium (measuring 3-5mm) antral follicles
in pigs with 450 DEGs highlighted according to the
latest pig genome annotation. When compared with
Terenina’s work (Terenina et al. 2016), we found that
overlapping rates of upregulated or downregulated
DEG were less than 10%, which suggests that follicles
of different development stages (which require different
classification methods) may apply very different
atretic mechanisms. Based on our findings, the
following aspects may be involved in the initiation of
follicular atresia.

Vibrio cholerae infection - 4
Type |l diabetes mellitus .
Transcriptional misregulation in cancer ©
TNF signaling pathway | ®
Tight junction ®
Thyroid hormone synthesis - *®
Thyroid hormone signaling pathway °
TGF-beta signaling pathway ®
Sphingolipid metabolism - L4
Signaling pathways regulating pluripotency of stem cells @
Shigellosis - L4
Salmonella infection | *
Ribosome ®
Relaxin signaling pathway ©
Proteoglycans in cancer| @
Protein processing in endoplasmic reticulum - ®
Prion diseases |
PI3K-Akt signaling pathway | @
p53 signaling pathway L4
Ovarian steroidogenesis L
Oocyte meiosis - ®
Mitophagy - ®
MAPK signaling pathway 1 [}
Longevity regulating pathway | °
Long-term potentiation - °
Kaposis sarcoma-associated herpesvirus infection - ®
InfluenzaA{ @
IL-17 signaling pathway - ®
Hippo signaling pathway ®
HIF-1 signaling pathway L ]
Glutathione metabolism - *
FoxO signaling pathway &)
Focal adhesion{ @
Fluid shear stress and atherosclerosis - ®
Ferroptosis
Epstein-Barr virus infection{ @
ECM-receptor interaction L
Cell cycle [@]
Autophagy ®
Apoptosis @
AGE-RAGE signaling pathway in diabetic complications - 1 O

Pathway name

Gene number
5
® 1
@® 15
@ 2

~logyo(PValue)

Figure 4 Bubble chart of potential signaling
® pathways generated by DEGs. Pathway
analysis was performed to associate the
unique DEGs with pathways using the KEGG
database. The size and color of each bubble
represent number of DEGs in each pathway

50 75 10.0 125
Rich factor

Reproduction (2018) 156 23-33

150 and P value respectively. DEG, differentially
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Table 4 Potential pathways involved in atresia initiation indicated by KEGG analysis.
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Gene % Associated
KEGG ID Pathway term No. genes P value Associated genes found
4216 Ferroptosis 6 15.00 9.06E-04 ACSL1, ATG5, GCLC, PCBP2, SLC7ATI1, TF
4913 Ovarian steroidogenesis 6 12.00 2.95E-03 CYP11A1, CYP19AT, IGFIR, INSR, PRKACB,
STAR
5020 Prion diseases 4 11.43 1.75E-02 C7, EGR1, LAMC1, PRKACB
480 Glutathione metabolism 6 11.11 4.36E-03 GCLC, GPX5, GSTA1, GSTA2, IDH2, MGST2
600 Sphingolipid metabolism 5 10.64 1.09E-02 ASAH 1, KDSR, SGMS1, SPTLC3, UGCG
5110 Vibrio cholerae infection 5 10.00 1.41E-02 ACTB, ATP6V1G2, KDELR3, PRKACB, SEC61A1
4350 TGF-beta signaling pathway 8 9.52 2.78E-03 ID1,1D2,1D3, ID4, INHBA, INHBB, MYC,
THBS1
4137 Mitophagy 6 9.23 1.07E-02 ATF4, ATG5, GABARAPL1, HIFT1A, MAPK9, TFEB
4068 FoxO signaling pathway 12 9.09 4.02E-04 BCL6, CCND2, FBXO32, GABARAPLI,
GADD45B, GADD45G, IGFIR, INSR, KLF2,
MAPK9, NLK, TNFSF10
4066 HIF-1 signaling pathway 9 9.00 2.28E-03 ANGPT2, EDN1, HIF1A, IGF1R, INSR, RPS6,
SERPINET, TFE, VEGFA
4930 Type Il diabetes mellitus 4 8.70 4.27E-02 INSR, MAPK9, SOCS1, SOCS3
4668 TNF signaling pathway 9 8.33 3.85E-03 ATF4, CEBPB, CXCL2, EDN1, JUNB, MAP3K5,
MAPK9, SOCS3, TNFAIP3
4918 Thyroid hormone synthesis 6 8.11 1.95E-02 ATF4, ATP1A1, GPX5, HSP90B1, ITPR1,
PRKACB
4933 AGE-RAGE signaling pathway in 8 8.08 7.57E-03 COL1AI1, COL3AT1, EDNT1, EGR1, MAPK9,
diabetic complications PLCD3, SERPINE1, VEGFA
4110 Cell cycle 10 8.06 2.99E-03 ANAPC5, CCNA2, CCND2, CDC27, CDK7,
GADD45B, GADD45G, MYC, YWHAE,
YWHAZ
4213 Longevity regulating pathway 5 8.06 3.26E-02  ATG5, HSPATB, IGFIR, INSR, PRKACB
5418 Fluid shear stress and 11 7.91 2.18E-03 ACTB, DUSP1, EDN1, GSTA1, GSTA2,
atherosclerosis HSP90B1, KLF2, MAP3K5, MAPK9, MGST2,
VEGFA
5131 Shigellosis 5 7.69 3.89E-02 ACTB, ARPC4, ATG5, MAPK9, VCL
4657 IL-17 signaling pathway 7 7.53 1.75E-02 ANAPC5, CEBPB, CXCL2, HSP90B1, MAPK9,
SRSF1, TNFAIP3
4720 Long-term potentiation 5 7.46 4.34E-02 ATF4, ITPR1, PPP3CA, PRKACB, RAP1A
4115 p53 signaling pathway 5 7.35 458E-02  CCND2, GADD45B, GADD45G, SERPINET,
THBS1
4512 ECM-receptor interaction 6 7.32 3.05E-02 AGRN, COL1AT, LAMB1, LAMC1, THBS1, TNR
4141 Protein processing in endoplasmic 12 7.27 2.83E-03 ATF4, CALR, EIF2AK2, HSP90B1, HSPAI1B,
reticulum HSPH 1, MAP3K5, MAPK9, PPP1R15A,
SEC61A1, TRAM1, UBQLNT
4210 Apoptosis 10 7.25 6.40E-03 ACTB, ATF4, CTSC, GADD45B, GADD45G,
ITPR1, LMNA, MAP3K5, MAPK9, TNFSF10
4550 Signaling pathways regulating 10 7.19 6.73E-03 FZD5,1D1,1D2,1D3, ID4, IGF1R, INHBA,
pluripotency of stem cells INHBB, KLF4, MYC
4010 MAPK signaling pathway 21 7.14 1.05E-04 ANGPT2, ATF4, DUSP1, DUSP6, EFNAS5,
FGF10, GADD45B, GADD45G, HSPA1B,
IGFIR, INSR, MAP3K5, MAP4K4, MAPK9,
MYC, NLK, PPP3CA, PRKACB, RAP1A, TAOKT,
VEGFA
5167 Kaposi's sarcoma-associated 13 6.99 2.71E-03 ANGPT2, CXCL2, EIF2AK2, GABARAPLI,
herpes virus infection HIFTA, ITPR1, MAPK9, MYC, PPP3CA, PREXT,
RCAN1, VEGFA, ZFP36
5132 Salmonella infection 6 6.98 3.74E-02 ACTB, ARPC4, CXCL2, DYNC2H1, MAPKO9,
MYH10
3010 Ribosome 10 6.49 1.34E-02 RPL12, RPL13A, RPL17, RPL23, RPL24, RPL32,
RPL6, RPLP1, RPS6, UBA52
4390 Hippo Signaling pathway 10 6.49 1.34E-02 ACTB, CCND2, CTGF, FZD5, ID1, 1D2, MYC,
SERPINET, YWHAE, YWHAZ
4530 Tight junction 11 6.47 9.92E-03 ACTB, ACTR3, CGNL1, HSPA4, MAP3K5,
MAPK9, MPDZ, MYH 10, PRKACB, RAP1A,
RDX
4114 Oocyte meiosis 8 6.45 2.66E-02 ANAPC5, CDC27, IGFIR, ITPR1, PPP3CA,
PRKACB, YWHAE, YWHAZ
4140 Autophagy 8 6.25 3.13E-02 ATG5, GABARAPLI, HIF1A, IGFIR, ITPRT,

MAPK9, PRKACB, TP53INP2
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Table 4 Continued.

Gene % Associated
KEGGID  Pathway term No. genes P value Associated genes found
4926 Relaxin signaling pathway 8 6.15 3.39E-02 ATF4, COLTAT, COL3A1, EDN1, EDNRB,
MAPK9, PRKACB, VEGFA
4919 Thyroid hormone signaling 7 6.03 4.99E-02 ACTB, ATP1AT, HIF1A, MYC, PLCD3, PRKACB,
pathway RCANT
4510 Focal adhesion 12 6.03 1.50E-02 ACTB, CCND2, COL1AT1, IGFIR, LAMBI,
LAMCI1, MAPK9, RAP1A, THBS1, TNR, VCL,
VEGFA
5202 Transcriptional misregulation in 11 5.91 2.25E-02 BCL6, CCND2, CEBPB, DUSP6, GADD45B,
cancer GADDA45G, ID2, IGFIR, MYC, NFKBIZ,
SLC45A3
5205 Proteoglycans in cancer 12 5.91 1.66E-02 ACTB, FZD5, HIF1A, HPSE2, IGFIR, ITPRIT,
MYC, PRKACB, RDX, RPS6, THBS1, VEGFA
5164 Influenza A 10 5.78 3.37E-02 ACTB, EIF2AK2, HSPATB, IL33, MAPK9, MX1,
RSAD2, SOCS3, TNFSF10, XPO1
5169 Epstein-Barr virus infection 11 5.42 5.00E-02 AKAP8L, CCNA2, EIF2AK2, HSPA1B, MAPK9,

MYC, PRKACB, TNFAIP3, XPO1, YWHAE,
YWHAZ

Cell ferroptosis and apoptosis involved in early and late
atretic stage respectively

Ferroptosis, which is a recently defined regulated form
of cell death, was highlighted in our result. Ferroptosis is
characterized by a production of reactive oxygen species
(ROS) from accumulated iron and lipid peroxidation
(Dixon et al. 2012). A decrease of TF (transferrin) and
increase of iron chaperone PCBP (poly (rC) binding
protein 2) in EA follicles implied accumulation of iron,
which may lead to ferroptosis in earlier atresia process.
The role of apoptosis in atresia, on the other hand, has
been argued in previous studies. It has been proposed
that apoptosis, which involves activation of a group of
caspases, was the main biological process involved in
follicular atresia (Tilly 1996a,b). Expression of apoptosis-
related genes such as CASP3 has been reported in
antral follicles of porcine, bovine (Feranil et al. 2005)
and ovine (Phillipps et al. 2011) during atresia and
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Figure 5 Main pathways and interactions. Pathway analysis was
performed using DEGs. Each solid circle represents an individual
pathway and the size of each circle indicates number of DEGs
included in the pathway. Circles that connected by straight lines
represent pathway interactions. DEG, differentially expressed genes.
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closely related with GC apoptosis. On the contrary,
recent studies suggested that none of classical granulosa
apoptosis markers such as FAS (Fas cell surface death
receptor), BAX (BCL2-associated X protein) or caspases
was significantly different in their expression during
atresia in granulosa cells of small-to-large bovine
follicles (Douville & Sirard 2014, Hatzirodos et al.
2014). Our study in which follicles were separated into
healthy, early and progressed atretic stages provided a
reasonable explanation of the paradox. Although no
typical apoptosis-related genes mentioned earlier were
detected to be differentially expressed between H and
EA follicles, following qRT-PCR revealed a significant
increase of TP53, BAKI, FASLG, CASP3 especially
between PA and H/EA follicles. It is known that activated
TP53 locates on mitochondrial membrane to enhance
apoptosis by interacting with members of Bcl-2 family
such as BAKT (Wang et al. 2015), while FASLG activates
FAS apoptosis pathway (Kim et al. 1999) and eventually
induces CASP3. Taken together, our results combined
with previous literature suggest that atresia process
involves multiple cell death mechanisms. Ferroptosis
mechanism may be involved earlier in atresia stage
through accumulation of iron molecules, classical
apoptosis mechanisms, however, may start during late
stage during atresia.

Autophagy and mitophagy play a role in cellular
damage control in EA

Autophagy and mitophagy are cellular processes related
to breaking down and reusing of cytoplasm components.
Under certain conditions, they may regulate cell death
both positively and negatively by cross-talking with
apoptosis (Gump et al. 2014). The role of autophagy
pathway during follicular atresia has started to be
valued by researchers recently (Sugiyama et al. 2015,
Zhou et al. 2017). In our microarray results, both ATG5
(autophagy-related 5) and GABARAPLT (GABA type A

www.reproduction-online.org

Downloaded from Bioscientifica.com at 03/05/2022 04:18:24PM
via free access



receptor-associated protein like 1), which are involved
in autophagic vesicle formation, were downregulated
during atresia. This trend suggested that autophagy may
play arole in apoptosis resistance during EA by preserving
energy and safeguarding against accumulation of
damaged and aggregated biomolecules. According to our
pathway interaction analysis, autophagy and mitophagy
pathways are also related to ovarian steroidogenesis.
However, further research was required to examine
mechanisms of autophagy in granulosa, theca cells and
oocytes during follicle development and atresia.

Steroid hormone metabolism involves in the initiation
of follicle atresia

Ovarian  steroidogenesis  pathway was shifted
significantly during atresia. Transcriptional levels of
STAR and CYP19AT were significantly greater in healthy
follicles, while level of CYPT1AT and SULTTET (estrogen
sulfotransferase) were significantly upregulated during
atresia process. It is known that STAR is responsible for
cholesterol transportation, which provides substrate for
further steroidogenesis. P450arom, on the other hand,
is the key enzyme in the synthesis of E2. Greater levels
of these two genes are consistent with the fact that
sufficient E2 is necessary for follicle maintenance and
development (Goldenberg et al. 1969, Mcnatty et al.
1979). These findings are in agreement with expression
pattern of CYP19A1,3 in small pigfollicles (Terenina et al.
2016) and the description of CYPT9AT as an accurate
indicator of follicular health in medium bovine follicles
(Douville & Sirard 2014). Besides, as a key enzyme in E2
homeostasis (Cole et al. 2010), SULTTET upregulation
may affect E2 activity in early atretic follicles, which
already lack E2 production due to lower level of
steroidogenic enzymes, and thus leads to aggravation
of atresia. On the other hand, P450scc catalyzes the
formation of pregnenolone, which is the substrate
for both P4 and E2. Upregulation of CYPTTAT and
downregulation of CYPT9AT in atretic follicle suggests
that abnormal P4 and further androgen production and
lack of E2 affect the internal environment of follicles,
which may be the major activator in atresia initiation.

Glutathione metabolism and oxidative stress

A greater expression of GSTA1, A2 (glutathione
S-transferase A1, A2), MGST2 (microsomal glutathione
S-transferase 2), GPX5 (glutathione peroxidase) and
GLUL (glutamate-ammonia ligase) was observed in H
than in EA follicles, which implied the involvement
of oxidative stress and glutathione metabolism during
atresia process. Under normal physiological conditions,
there is a balance maintained between oxidants and
antioxidants in cells. However, the excessive production
of ROS leads to oxidative stress, which may trigger
cell apoptosis or autophagy. In vitro studies proved
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that oxidative stress induces GC apoptosis in mouse
and porcine ovaries (Shen et al. 2012, Liechuan et al.
2016). GSTs function in detoxification process of
oxidative stress metabolites and environmental toxins
by conjugating with glutathione. GSTAT and 2 are
highly expressed in GC and hormonally regulated by
gonadotropins (Rabahi et al. 1999). In pig small antral
follicles (1-2mm in diameter), transcription levels of
GSTAT, 4 and 5 were also greater in healthy follicles
than in atretic ones (Terenina et al. 2016). Taken together,
greater GSTAT, 2 and microsomal GST expressions may
represent a better detoxification capability in healthy
follicles, independent of their diameters. In addition,
both glutathione peroxidases and glutamine synthetase
belong to the ROS scavenging system, which further
suppressed free radical damage in healthy follicles.

HIF-1 signaling and vascular regression

HIF-1 signaling pathway is also highlighted in our
study. Besides the downregulation of both HIFTA
(hypoxia inducible factor 1 alpha subunit) and IGF1R
in early atretic follicles, the shifts of other DEGs
including downregulated VEGFA and upregulated
ANGPT2 (angiopoietin 2) and TBXAST (thromboxane
A synthase 1) suggest that atresia is closely related to
angiogenesis process. Angiogenesis plays a role in
extensive physiological and pathological processes. In
mammal ovary, follicular capillary networks are located
in theca interna and make an important contribution
to follicular development. HIFTA is mediated by IGF1
and functions as a master regulator of cellular response
to hypoxia by activating transcription of downstream
genes. Dropping of HIF1 during atresia may directly
downregulate the transcription of VEGFA, which
regulates angiogenesis by specifically acting upon
vascular endothelial cells. Consistent with our results,
VEGFA mRNA or protein was detected in the antral
follicles from human (Neulen et al. 1998), porcine
(Shimizu et al. 2002), bovine (Greenaway et al. 2004),
goat (Bruno et al. 2009) and buffalo (Babitha et al. 2013)
and was proved to be involved in the development of
vascular network in follicles and inhibition of follicular
atresia (Shimizu et al. 2007). Angiopoietin 2 disrupts
the connections between endothelium and perivascular
cells and promotes cell death and vascular regression
(Fagiani & Christofori 2013). In concert with VEGFA,
angiopoietin 2 promotes neo-vascularization. During
EA, however, with the sharp decline of VEGFA, ANGPT2
alone may induce endothelial cell apoptosis with
consequent vascular regression. Moreover, endoplasmic
reticulum membrane protein TBXAST catalyzes the
conversion of prostaglandin H2 (PGH2) to thromboxane
A2 (TXA2), which is a potent vasoconstrictor and inducer
of platelet aggregation (Minami et al. 2015). Based on
their functions, we speculate firstly that greater HIFTA
and VEGFA levels in healthy follicles play a role in
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growth of follicular vascular networks, and thus provide
necessary nutrition supply to maintain healthy follicle
development. Secondly, greater ANGPT2 and TBXAST
levels in early atretic follicles may imply a programmed
vascular regression mechanism during atresia.

In summary, our study provides a comprehensive
profile of DEGs between healthy and early atretic
antral follicles in pig. Following bioinformatic analysis
suggests (1) a crosstalk of cell apoptosis, autophagy and
ferroptosis participates during EA process. However,
change of typical apoptosis markers only happens in late
atretic stage. (2) Dramatic shift of steroidogenic enzymes
and glutathione metabolism affect the environment of
follicular fluid during early stage of atresia. (3) Vascular
degeneration also plays a role in atresia initiation. In
future studies, intensive study of pathways discussed
above will offer a deeper understanding of atresia
initiation mechanisms. Moreover, particularity study of
theca cell, membrana granulosa cell and COC/oocyte
respectively will bring a much more comprehensive
view of this process.
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