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ABSTRACT

Circular RNAs (circRNAs) have recently been shown to exert effects on multiple pathological processes by acting
as miRNA sponges. However, the roles of circRNAs in ovarian senescence are largely unknown. The objective of
this study was to identify the circRNAs involved in ovarian aging and predict their potential biological functions.
We first performed RNA-sequencing to generate ovarian circRNA expression profiles from young (n = 3) and
aging (n = 3) groups. In total, 48,220 circRNAs were identified, of which 194 circRNAs were significantly up-
regulated and 207 circRNAs were down-regulated during aging (fold change > 2, P < 0.05). Bioinformatics
analysis demonstrated that the metabolic process, regulated secretory pathway, oxidation-reduction process,
steroid hormone biosynthesis, and insulin secretion pathways, which may be associated with ovarian aging,
were significantly enriched (P < 0.05). The biological characteristics of ovary-derived circRNA, such as back-
splicing, RNase R resistance, stability, and alternative splicing, were further validated. Bioinformatics predicted
that most of the circRNAs harboured miRNA binding sites, of which circDDX10-miR-1301-3p/miR-4660-SIRT3
axis may be involved in the regulation of ovarian function. Our study indicates that circRNAs are aberrantly
expressed in the aging ovary and may play potential roles in the development of ovarian senescence.

INTRODUCTION

Ovarian senescence is an age-related decline of female
reproductive capacity, characterized by a gradual
reduction in the quantity and quality of oocytes [1, 2].
Neuroendocrine, genetic and environmental factors are
involved in the regulation of ovarian senescence [3].
Poor oocyte quality, including meiotic abnormalities,
mitochondrial defects, and ooplasm quality, are clearly
linked to adverse reproductive outcomes [4]. Given the
role of the epigenome in controlling gene expression

and chromatin structure, it is likely a contributor to the
decline in fecundity in aging females [5]. Non-coding
RNAs (ncRNAs), such as miRNAs, piRNAs, and
IncRNAs, are important regulators of gene expression,
particularly at the post transcriptional level, and are
important members of the epigenetic regulation network
[6]. In recent years, a new type of ncRNA, circular
RNA (circRNA), has attracted attention. It is a rising
star of the RNA family after the discovery of miRNAs
and IncRNAs, and it is also the latest research hotspot in
the RNA family [7].
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CircRNAs were once considered splicing by-products
or artefacts until the recent development in RNA-
sequencing (RNA-seq) technology [8]. Unlike
traditional linear RNAs, circRNA forms a covalently
closed continuous loop, which is resistant to nucleic
acid exonuclease [9]. During the past decades,
circRNAs were identified in various eukaryotic tissues
and cells from Drosophila, nematodes, mice, monkeys,
cows and humans, and presented significant tissue- and
developmental stage-specificity [10-13]. The intron
circRNA (ciRNA) and exon intron circRNA (EICiRNA)
located in the nucleus function as cis regulators of host
gene expression, whereas the circRNA located in the
cytoplasm is a competitive endogenous RNA (ceRNA)
and becomes miRNA "sponge", thus regulating
expression of the corresponding target gene [14]. More
recently, several studies have found that circRNAs
could encode proteins in vivo and may participate in
important biological activities [15, 16].

In the past few years, various studies reported the role
and mechanism of circRNA in cardiovascular diseases
[17], diabetes [18], tumours [19] and nervous system
diseases [20]. CircRNA may be a potential biomarker
for the diagnosis and prognosis of many diseases, and
its dysregulated expression may play an important role
in the pathogenesis of many human diseases [21, 22].
More recently, circRNA was reported to be closely
associated with cell senescence and cell survival. In
studies of fruit flies [12], monkeys [11], mice [10] and
nematodes [13], researchers discovered a large number
of circRNAs closely related to cell senescence, which
might be used as "miRNA sponges" to promote the
expression of downstream target genes by binding to the
corresponding miRNAs, thereby participating in the
occurrence and development of cell senescence and
senescence-related diseases. In 2014, researchers first
identified the expression profile of circRNAs in
Drosophila ovarian tissue [23]. Subsequently, the
potential effects of circRNAs in pre-ovulatory ovarian
follicles of goats were discovered [24]. More recently,
Chen and colleagues revealed the potential effects of
circRNAs on ovary activation and oviposition in
honey bees [25]. Given the previous studies in
reproductive processes, the investigation of circRNAs
in human ovaries would provide a valuable opportunity
to understand the molecular basis of human
reproduction.

Therefore, to further explore the key factors in the
regulation of ovarian function and better understand the
complicated regulatory network of ovarian aging, high-
throughput sequencing and bioinformatics analyses of
circRNAs in normal human ovaries were performed.
Tens of thousands of novel circRNAs were identified for
the first time in the human ovary. The general molecular

biological characteristics of circRNAs were also
determined. A circRNA-miRNA-mRNA network related
to ovarian senescence was subsequently constructed to
explore the interaction among different molecules.

RESULTS

Overview of circRNA expression in human ovarian
tissues

A total of 48,220 circRNAs were identified in the ovary
tissues, of which 31,839 were novel based on comparison
with other databases (e.g., circBASE, CIRCpedia). The
majority of circRNAs were exonic (96.3%), whereas only
a small proportion of circRNAs contained introns and
unannotated intergenic regions (Fig. 1A). The
distribution of newly discovered circRNAs among
different circRNA isoforms was presented in Fig. 1B.
Commonly, circRNAs were widely distributed across all
chromosomes. Chromosome 1 and chromosome 2 both
produced over 4,000 circRNAs, whereas most of the
other chromosomes generated 1,000-3,000 circRNAs.
The distribution of different types of circRNAs in the
human genome was shown in Fig. 1C. There were 70
circRNAs specifically expressed in the young group, 78
circRNAs specifically expressed in the aging group, and
253 circRNAs commonly expressed in both groups (Fig.
1D). For exonic circRNA, there were up to 52 exons in
one single circRNA (circANKRD36). However, we
found that the majority (25,155, > 54%) of exon
circRNAs were composed of 2 to 4 exons within the
same host genes (Fig. 1E). The mean lengths of exonic
circRNAs were 687 and 715 nucleotide (nt) in the total
and newly discovered circRNAs, respectively.
Additionally, the mean lengths of other circRNA
isoforms were also demonstrated in Fig. 1F. The mean
lengths of circRNA isoforms for up-regulated and down-
regulated circRNAs were similar (Fig. 1G). Details for all
the circRNAs identified in this study are provided in
Supplementary Table S1.

Identification and functional annotation of
differentially expressed (DE) circRNAs

Circular RNAs are often expressed in the tissue and are
developmental stage specific. In particular, during
ovarian aging, circRNA expression levels exhibit
dynamic global changes. DEGseq analysis (fold change
> 2, P < 0.05) identified a total of 401 DE-circRNAs
(fold change > 2, P < 0.05) in the young (n = 3) and
aging (n = 3) groups, con-sisting of 194 up-regulated
and 207 down-regulated circRNAs. Of them, 139
circRNAs were four folds significantly up-regulated,
and four circRNAs were eight folds significantly up-
regulated. Moreover, 144 circRNAs were four folds
significantly down-regulated, and five were eight folds
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significantly down-regulated (Fig. 2A). The volcano
plot and heat map indicated that the DE-circRNAs
were clustered based on their expression profiles (Fig.
2B, C). Furthermore, the distribution and characteris-

tics of the DE-circRNAs were exhibited in
Supplementary Fig. S1. Details of the DE-circRNAs
identified in this study were presented in Supplemen-
tary Table S2.
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Figure 1. Overview of circRNA expression in human ovarian tissues. (A) The proportion of different types of circRNAs among all
predicted circRNAs. (B) The proportion of newly discovered circRNAs among different types of circRNAs. (C) The distribution of newly
discovered circRNAs in the human genome. (D) Differentially expressed (DE) circRNAs between young and aging human ovarian tissues.
(E) The distribution of exons among all predicted circRNAs. (F) The mean length of circRNA isoforms among all predicted and newly

discovered circRNAs. (G). The mean length of DE-circRNA isoforms.
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Figure 2. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation of host genes.
(A) Schematic diagram of the DE-circRNAs between young and aging groups. (B) The volcano plot is constructed using fold-change and P-
values. The vertical lines correspond to 2.0-fold up- and down-regulation between YA and AA samples, and the horizontal line represents
a P-value. Green and red circles represent differentially expressed (DE) circRNAs with statistical significance (fold change > 2.0 and P <
0.05). Green circles represent the down-regulated circRNAs, whereas red circles represent the up-regulated circRNAs. (C) Hierarchical
clustering analysis of DE-circRNAs in the ovarian tissues of three young (< 30 years) and three older (> 40 years) women. The expression
values (Fold change > 2.0, P < 0.05) were represented in different colours, indicating expression levels above and below the median
expression level across all samples. (D) Top 20 GO terms in each category, and top 20 KEGG signalling pathway annotations (E and F).
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Gene Ontology (GO) ans Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment of DE-circRNAs

One thousand one hundred and twenty-three GO terms
were significantly enriched (FDR threshold of < 0.05)
for the host genes of the DE-circRNAs. As shown in
Fig. 2D, the top 20 significantly enriched biological
processes, cellular components, and molecular functions
were metabolic process, regulated secretory pathway,
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were mainly associated with the process of aging.
Additionally, the GO terms for the targeted genes of the
DE-circRNAs were also presented in Supplementary
Fig. S2. Details of the GO enrichment with statistical
significance were presented in Supplementary Table S3.
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Figure 3. Validation of the circRNA-sequencing results. (A) PCR products (eight up-regulated, eight down-regulated and six
commonly expressed circRNAs) were examined by 2% agarose electrophoresis. (B) The back-spliced junction of the randomly selected 22
circRNAs was confirmed by sanger sequencing. The black vertical line represented the back-spliced junction sites. The green horizontal
line indicated the 5' end and the red line indicated the 3' end of the circRNA sequence. (C) The expression levels of eight differentially
expressed (DE) circRNAs in a larger cohort (n = 44) were examined by gPCR. *, P < 0.05; **, P < 0.01; ***, P <0.001.
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associated with the DE-circRNAs. As shown in Fig. 2E,
F, the top 20 enriched pathways were highly associated
with fatty acid degradation, lysosomes, glycine, serine
and threonine metabolism, steroid hormone biosynthe-
sis, glycolysis/gluconeogenesis, synthesis and degrada-
tion of ketone bodies, and other important amino acid
metabolism processes. Similarly, we further performed
KEGG pathway analysis for the targeted genes of the
DE-circRNAs, which were shown in Supplementary
Fig. S3. Details of the KEGG enrichment with statistical
significance were presented in Supplementary Table S4.

Experimental validation of circRNA-sequencing

Several circRNAs (circCCSER?2, circPIK3CB, circQKI,
circCSEIL, circATXN3, circESYT2, circMNATI and
circMTR) identified as DE-circRNAs by high-throughput
sequencing were randomly selected for validation (Fig.
3). The qRT-PCR was performed to detect the expression
of these circRNAs in young (n = 22) and aging (n = 22)
ovarian cortex samples, including those used for RNA-
seq. Agarose gel electrophoresis and Sanger sequencing
were used to verify the specificity of the qRT-PCR
products (Fig. 3A, B). Melting curve analysis of each
circRNA validated was presented in Supplementary Fig.
S4. As shown in Fig. 3C, the results of the qRT-PCR in
a larger cohort (n = 44) were highly consistent with the
RNA-seq results.

Biological characteristics of these ovary derived
circRNAs

Circularization feature

Unlike linear RNAs, circRNAs are mainly formed by
the upstream 3' end and the downstream 5' end reverse
splicing form, and the circRNA ring diagram is shown
below (Fig. 4A). Using divergent primers, circRNAs
were successfully amplified from cDNA other than
gDNA. However, unlike circRNAs, linear RNAs were
successfully amplified by convergent primers from both
cDNA and gDNA. PCR products were confirmed by
2% agarose electrophoresis. The circCCSER2 and
circATXN3 were used as experimental groups, and
GAPDH was the control group (Fig. 4B). Total RNA
and polyA" RNA derived cDNA were used to amplify
several circRNAs (circATXN3, circSIRT3, circBMPR2
and circPVTI) and their linear forms using divergent
and convergent primers, respectively. As shown in Fig.
4C, total RNA and polyA” RNA derived cDNA
amplified linear RNAs, whereas polyA” RNA derived
c¢cDNA could not amplify circRNAs, indicating their
special circular structures.

RNase R resistance
We randomly selected ten circRNAs (circMNAI,
circESYT?2, circMTR, circATXN3, circSIRT3,

circCCSER?2, circBMPR2, circBACHI, circPVTI) and
six corresponding linear RNAs (ATXN3, SIRT3,
CCSER2, BMPR2, BACHI, PVTI) as controls for the
RNase R resistance study. The results of qRT-PCR
revealed that the expression of all linear RNAs
significantly decreased after 15 min of RNase R digestion
(P < 0.05); however, most of the circRNAs were only
slightly reduced (P > 0.05). This indicated that circRNAs
were resistant to RNase R digestion, whereas linear RNA
was sensitive to RNase R treatment (Fig. 4D).

Ovary-derived circRNAs are stably detected in
granulosa cells (GC) from follicular fluid

GCs were harvested and purified by Percoll density
gradient centrifugation and further identified by
immunofluorescence. Immunofluorescence revealed
that over 95% of cells were marked with FSHR
fluorescence in the samples (Supplementary Fig. S5).
To address the stability, we detected the expression of 4
pairs of circRNASs (circATXN3, circVWAS, circDDX10,
and circPIK3CB) and their linear RNAs (ATXN3,
VWAS, DDX10 and PIK3CB) in GCs at different time
points. The results showed that circRNAs were more
stable than their linear RNAs at 24 h after isolation from
the follicular fluid (Fig. 4E and Supplementary Fig. S6).

Alternative splicing

One gene can generate several different circRNAs,
which consist of different exons and/or introns. We
selected three circRNAs (hsa_circ_0060762,
hsa circ 0008707 and  chr20:49094140-49094963)
generated by the same gene, CSEIL, for alternative
splicing analysis. Divergent primers for these circRNAs
were designed at different exons as illustrated in Fig.
4F. Sequences of the primers and lengths of the PCR
products were listed in Table 1. Primers-1 (located on
exon 19 and exon 23) only amplified hsa_circ_ 0060762,
primers-2 (located on exon 21 and exon 23) amplified
both hsa circ 0060762 and hsa circ_0008707, and
primers-2 (located on exon 22 and exon 23) amplified
all three circRNAs, which were confirmed by
electrophoresis and Sanger sequencing of PCR products
(Fig. 4G, H).

Prediction of ovarian aging-associated circRNA-
miRNA-mRNA interaction network

To further clarify the potential roles of circRNAs in the
regulation of transcriptional and post-transcriptional
levels, we constructed a circRNA-miRNA-mRNA
interaction network using bioinformatics prediction
software. The top 5 of DE-circRNAs were selected to
construct the circRNA-miRNA interaction network as
presented in Fig. 5. The circRNA-miRNA-mRNA
interaction analysis for all DE-circRNAs was shown in
Supplementary Table S5.
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rapidly. (F) A schematic diagram of the alternative splicing. PCR products for three pairs of primers were examined by 2% agarose
electrophoresis (G) and Sanger sequencing (H). CircCSE1L was explored as an example. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

circDDX10-miR-1301-3p/miR-4660-SIRT3 4660, miR-1301-3p-SIRT3 and miR-4660-SIRT3 were
interaction axis may participate in ovarian aging demonstrated in Fig. 6B. The relative expression of

circDDX10 and SIRT3 mRNA in the ovarian cortex and
According to the results of the bioinformatics prediction, GCs were examined by qPCR. Consistently, both the
several targeted genes downstream (SIRT3, PIK3CB, and expression levels of circDDX10 and SIRT3 mRNA were
CSEIL) which may be associated with ovarian function significantly down-regulated with aging (n = 44, P <
(oocytes or GCs) were selected to construct the circRNA- 0.05, Fig. 6C). Immunofluorescence showed that SIRT3
miRNA-mRNA interaction networks (Fig. 6A and was co-localized with mitochondria (marked by Cyt-c)
Supplementary Fig. S7). Here, we selected circDDX10 as in human GCs. Additionally, the fluorescence intensity
an example to further observe the influence of circRNAs was higher in the young group compared with the aging
on the expression of predicted targeted genes and group (n = 10, Fig. 6D). Furthermore, the average level
proteins, to elucidate the circDDX10-miR-1301-3p/miR- of the SIRT3 protein was significantly higher in human
4660-SIRT3 interaction axis. The predicted binding sites GCs from the young group compared with the aging
between circDDX10- miR-1301-3p,  circDDX10-miR- group (n =6, P <0.05, Fig. 6E).
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Table 1. Primer sequences and aim products of circRNAs for alternative splicing analysis.

Primers Primer sequences EXOI.I. Aim products Product length
composition (bp)
circCSEIL-1 F: AGAGCATGATCCTGTAGGT .
. 23-19 hsa circ 0060762 186
(Primers-1) R: GGCATGTGCTCTATTATACTG - -
23-1 h i 2 2
circCSEIL-2  F: AGAGCATGATCCTGTAGGT 3-19 sa_cire_006076 33
Pri -2 R: CTTGTAGTGCTAGTGCCCCAT
(Primers-2) 2321 hsa_circ_0008707 148
23-19 hsa_circ_0060762 388
circCSEIL-3  F: CAAGTTGTCTACCGCCTGTC .
. 23-21 hsa circ 0008707 197
(Primers-3) F: CCAACCGCACAGATCTTTTTCT - -
chr20:49094140-
23-22 49094963 13
F, forward; R, reverse.
g A circRNA
hsa- 66-3
ST 60-20 & MIRNA

hsa-:‘-29&;a-mi@1 60-5p

hsa—mi‘61 9-5p
hsa-mi‘779-5p

hsa-mf}5193

hsa—mi‘685-5p
hsa—mi‘1 89-5p

hsa-n’v6860 hsa-n’1 ﬁ%&-n‘BOBQ

hsa-mi‘792-3p

3:125166 12532773

hsa—mi‘786-3p

hsa-mig=6720-5p
‘ hsa-mi‘1 92-5p
hsa—mi‘620-5p

hsa-mil‘m 1a-5p

hsa-mi‘763-3p hsa-miR#6829-3p
11:2821 1*28228931 hsa-miR@§851-5p
: hsa-riiR-612 hsa-miR®&%722-5p hsa-mi‘858-5p
hsa-miRg736-3p ¥ 6:3561 90*35680422 04

hsa-mi‘721 -5p

hsa-mi 187-5]
hsa-mi‘791 -3p W P

hsa-mi‘692-5p
2:24563904(24584560

hsa—mi‘632-5p hsa—‘-sss

hsa—mi‘884-5p

hsa-mi‘825-5p

hsa-r‘-1 184
hsa-mi‘WO-Sp

hsa—mi‘691 -5p

hsa—n‘5787 el ‘-762

hsa-mi‘793-3p

hsa-mig3135b hsa-miRg§783-3p

hsa-mi‘301 -3p

18:763705‘76380303 hsa-mf-4459
hsa-mi‘504-5p

hsa-mi‘001 -5p

hsa-mi‘064-5p

hsa-miRg§875-3p

hsa—mi‘880-5p

Figure 5. CircRNA-miRNA network analysis. The top 5 differentially expressed circRNAs and 47 predicted miRNAs were
selected to generate a network map. The circRNA-miRNA network was constructed using bioinformatics online programs
(starBase, circBase, TargetScan, and miRBase). The red triangle indicates circRNA and the green diamond indicates miRNA.
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B hsa_circ_0024246-hsa-miR-1301-3p-SIRT3

hsa_circ_0024246-hsa-miR-4660-SIRT3
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Figure 6. The circDDX10-miR-1301-3p/miR-4660-SIRT3 interaction axis is associated with ovarian aging. (A) The predicted
circRNA-miRNA-mRNA interaction network was predicted using bioinformatics online programs (starBase, circBase, TargetScan, and
miRBase). The red triangle indicates circRNA, the green diamond indicates miRNA, and the blue circle indicates the targeted gene. (B)
The predicted binding sites between circDDX10-miR-1301-3p/miR-4660 and miR-1301-3p/miR-4660-SIRT3 were exhibited. The
matching types (in blue) and matching positions (in black and brown) were presented. The 7mer-m8, was an exact match to positions 2-
8 of the mature miRNA (the seed + position 8), and the 8mer was an exact match to positions 2-8 of the mature miRNA (the seed +
position 8) followed by an 'A". (C) The expression of circDDX10 and SIRT3 in the ovarian cortex and granulosa cells (GCs) was examined
by gPCR. (D) Co-localization of the SIRT3 protein to mitochondria in GCs. Patients (n = 5) per group and all samples were run in
duplicate. Blue indicates 4', 6-diamidino-2-phenylindole (DAPI) or nuclear staining. Red indicates cyto-chrome C (Cyt-c) and was used as
a mitochondrial marker. Green indicates the SIRT3 protein. The scale bar is shown in the image of the bottom right corner (a) and
equals 100 um. (E) The expression of SIRT3 protein was determined using western blot. Proteins were isolated from GCs as described.
Semi-quantitative analyses of protein levels were performed. Data indicate the mean + SD, n = 3. *, P < 0.05; **, P < 0.01; ***, P <0.001.

DISCUSSION

In this study, we first identified and annotated 48,220
human ovary-derived circRNAs using RNA-seq
analysis. Most of these circRNAs were composed of
protein-coding exons, which were similar to those in
other human organs [26]. Several hundred circRNAs
were significantly changed during aging. Of them, some
were closely associated with biological processes
involved in key signalling pathways, which may play
essential roles in ovarian aging. Using a series of bio-
logical experiments, we further confirmed that ovary-
derived circRNAs were resistant to RNase R digestion
and were stably expressed in GCs. This indicates that

circRNAs may be used as a potential biomarker for
ovarian function and to predict the prognosis of re-
productive outcomes in the future. Furthermore,
construction of the circRNA-miRNA-mRNA interaction
network provided a better understanding of the intrinsic
relationship of different molecules involved in this
complicated regulatory network.

Recently, it has been demonstrated that circRNAs play
a role in both cellular senescence and cellular survival
[27]. From a wide range of organisms, including C.
elegans [13], Drosophila [12], mice [10], rats [28],
monkeys [11], tree shrews [29], and pigs [30], a large
number of circRNAs significantly changed during aging
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were identified. For example, the accumulation of
circRNAs in the brain was discovered across different
species compared to their linear isoforms [10, 13, 23,
29]. This may account for the abundant enrichment of
post-mitotic cells in neural tissues and the high stability
of circRNAs in cells [13]. Consistent with these studies,
we also identified many circRNAs differentially expres-
sed during aging. We found that circRNAs identified in
this study were distributed across the genome and most
harboured 2-6 exons. The majority of circRNAs were
exonic and approximately 700 nt in length, which were
different from those in other organs or mammals [26,
29]. These findings indicate that the distribution of
circRNAs is tissue- and developmental stage-specific.
Our study demonstrated that the majority (66.0%) of
circRNAs identified are novel and uniquely expressed
in the ovary and do not occur in other tissues. This may
be attributed to low abundance in the ovary or bio-
logical differences between the two groups, which
needs further investigation.

The structure of circRNAs are different from linear
RNAs, as its 3' end is connected with the 5' end to form
a covalently closed circular molecule. This unique
structure without a polyA tail renders circRNA highly
insensitive to ribonuclease. RNase R is an efficient 3' to
5' ribonucleic acid exonuclease, which can fully digest
all linear RNAs, except for lariat RNAs and circRNAs,
contributing the stability of circRNAs in cells and
tissues [31, 32]. The results of our study showed that
circRNAs were more stable than their linear forms in
cells, further confirming this distinct property. Given
the advantage of stability, circRNAs are a promising
biomarker for the diagnosis and prognosis of human
diseases. For example, peripheral blood-derived circular
RNA100783 could regulate phosphoprotein expression
during CD28 related CD8(+) T cell aging, indicating its
potential role as a novel biomarker for global immuno-
senescence [33]. Cheng et al. [34] revealed that the
elevated expression of circRNA 103827 and
circRNA 104816 derived from human GCs from
follicular fluid were closely associated with a declining
ovarian reserve and adverse reproductive outcomes.
Moreover, circRNA 103827 has predictive perfor-
mance for pregnancy outcomes after assisted reproduce-
tive technique cycles, indicating its potential as a new
biomarker for IVF outcomes. However, the roles of
circRNAs as potential biomarkers for ovarian aging
needs further exploration.

Bioinformatics analysis is a method to better clarify the
biological functions of circRNAs. Using GO and KEGG
pathway annotation, we discovered several important
biological processes and pathways, such as metabolic
processes, regulated secretory pathways, oxidation-
reduction processes, serine and threonine metabolism,

steroid hormone biosynthesis, glycolysis/gluconeo-
genesis, and other important amino acid metabolism
processes, which were highly associated with ovarian
function during aging. Ovarian senescence is an age-
dependent decline of female reproductive capacity,
characterized by a reduction of the quality and quantity
of oocytes and GCs [1, 2]. Ovarian steroid production
and subsequent local steroid-mediated signalling are
critical for normal ovarian processes, including follicle
growth, oocyte maturation, and ovulation [35]. By
contrast, dysfunction of steroidogenesis, including
oestrogens, androgens, and progestogens, could lead to
ovarian dysfunction, such as polycystic ovarian synd-
rome, and even increase the risk of breast cancer [36,
37]. In the present study, results of the KEGG pathway
analysis showed that the circRNAs were highly
associated with steroid hormone biosynthesis, indicating
their potential effect on ovarian aging by regulating
ovarian steroidogenesis, although the specific mecha-
nisms remain to be elucidated.

Previous studies confirmed that most circRNAs, located
in the cytoplasm, can act as miRNA sponges to regulate
gene expression and protein translation [38-41].
According to our results, circRNAs harboured nume-
rous well-conserved miRNA binding sites, indicating
their potential functions by interacting with miRNAs.
By constructing a circRNA-miRNA-mRNA regulatory
network using bioinformatics, we uncovered the
underlying mechanism by which circRNAs are involved
in the process of ovarian aging. For example, as shown
in Fig. 6A, we determined that the circDDXI0-miR-
1301-3p/miR-4660-SIRT3 interaction axis is involved in
the regulatory network. Recently, SIRT3, as one of the
sirtuin family members, is associated with aging.
Several studies confirmed the crucial roles of SIRT3 in
ovarian aging [42-44]. Our preliminary study revealed
that the expression of SIRT3 was significantly down-
regulated during aging, as demonstrated by
immunofluorescence and western blot analyses (Fig.
6C, D), which was consistent with previous studies.
Furthermore, we showed that the level of circDDXI10
was also down-regulated during aging, consistent with
the expression pattern of SIRT3. Given the potential
binding sites between circDDXI10-miR-1301-3p/miR-
4660 and miR-1301-3p/miR-4660-SIRT3, we propose
that circDDX10 may promote the expres-sion of SIRT3
through the absorption of miR-1301-3p/miR-4660.
However, the underlying mechanisms need further
investigation.

In recent years, several studies identified the expression
profiles of circRNAs in the ovaries of Drosophila [23],
goats [24] and honey bees [25]. However, to the best of
our knowledge, this study reported, for the first time,
the circRNA profiles of human ovarian tissues and
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identified hundreds of DE-circRNAs during ovarian
aging. The unique biological properties of circRNAs
were further confirmed, indicating their potential roles
as biomarkers of ovarian aging. The construction of a
circRNA-miRNA-mRNA interaction network will
provide a better understanding of the complex regula-
tory relationship and mechanism of ovarian aging.

There are several drawbacks inherent to our study. First,
the major limitation of our study is the relatively small
sample size included for RNA-seq and validation.
Second, due to ethical issues, it is not possible for us to
collect complete normal ovarian tissues from a healthy
population. Therefore, the influence from the
gynecological diseases themselves could not be
neglected. Moreover, to some extent, the existence of
biological differences could introduce bias to our data.
Finally, we did not perform further experiments to
confirm the regulatory relationship among circRNAs,
miRNAs and mRNAs and their roles in ovarian aging.

CONCLUSIONS

In conclusion, we first performed the genome-wide
identification of human ovary circRNAs by RNA-seq,
and found that they are abundant and spatiotemporal-
specific during ovarian aging. Most of the exonic
circRNAs harbour miRNA binding sites and some may
play key roles in ovarian function by sequestering
miRNAs, as well as other mechanism. The circDDX10-
miR-1301-3p/miR-4660-SIRT3 interaction axis may be
involved in the regulatory network of ovarian aging.
However, more experiments are needed to confirm this
relationship. The diversified biological functions of
circRNA in the ovary need further exploration. More
studies on the mechanisms of circRNA, particularly
during important biological events, such as the
maturation and meiosis of the oocyte, will help identify
a method to slow the process of ovarian senescence.

MATERIALS AND METHODS
Sample collection and preparation

Patients undergoing benign gynecological operations at
the Department of Obstetrics and Gynecology, Tongji
Hospital Affiliated to Tongji Medical College from
February 2017 and October 2017 were recruited in this
study. The mean age was 35.4 = 9.3 years old, ranging
from 20 to 49 (n = 44). Patients with acute infectious
diseases, malignant tumours, hereditary diseases and
systemic immune diseases were excluded. Moreover,
patients with polycystic ovary syndrome, premature
ovarian failure, endometriosis and other reproductive
endocrine diseases, such as thyroid disease, diabetes,
adrenal disease, efc., were further excluded. The basic
information of the patients included for RNA-seq (n =
6) was presented in Table 2. A small piece of the
ovarian cortex on the normal side of the patient was
excised during the operation and then immediately
washed with aseptic saline 2 times to rinse off the
surface blood and residual tissues. Part of the ovarian
sample was fixed with 4% paraformaldehyde for
histological analysis. The rest of the specimen was then
cut into a 0.5 x 0.5 x 0.1 cm slices and preserved in a 2
ml cryopreservation tube and then quickly put into a
liquid nitrogen tank within 2 min. This study was
approved by the ethics committee of Tongji Medical
College, Huazhong University of Science and
Technology (NO. 2016 (04)), Wuhan, China. Informed
consent was obtained from all participants in this study.

CircRNA high-throughput sequencing and biological
information annotation

Total RNA isolation and rRNA-depletion

Histological analysis using haematoxylin-cosin (HE)
staining was performed on the ovarian tissues to
confirm the suitability of the samples. Only those with

Table 2. Basic information of the included participants in this study.

Serum reproductive hormones evaluation

No. Age BMI (kg/m?)
AMH (ng/ml) FSH (IU/) LH (IU/1) E, (pg/ml)
1 25 2231 4.76 5.57 477 45
2 26 21.74 6.69 5.59 5.73 61
3 28 20.70 7.44 3.76 5.31 43
4 44 22.76 1.52 11.6 5.66 60
5 45 26.17 0.57 9.79 6.66 37
6 46 26.78 0.52 6.77 5.74 46

AMH, Anti-Millerian hormone; BMI, body mass index; E,, estradiol; FSH, follicle-stimulating hormone; LH, luteinizing

hormone; P, progesterone; PRL, prolactin; T, testosterone.
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normal morphological structures in accordance with
reproductive ages were eligible (As shown in
Supplementary Fig. S8). The histomorphological asses-
sment was confirmed by a sophisticated pathologist in
the laboratory. The total RNA from six ovarian cortex
samples (young and aging group, each with 3 samples)
was extracted using TRIzol reagent (Life Technologies,
CA, USA) and then treated with DNase (Takara,
Dalian, China) following the manufacturer’s instruct-
tions. RNA integrity was assessed using an Agilent
Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA, USA). The quantity (ng/ml) and purity (260/280
and 260/230 ratios) of total RNAs were assessed with a
NanoDrop 2000 spectrophotometer (Thermo, Waltham,
MA, USA) and denaturing agarose gel electrophoresis.
Total RNAs were incubated with RNase R (Ribo-
nuclease R, E. coli, Cat. No. RNR07250, Epicentre,
Madison, Wisconsin, USA) 1 IU enzyme/l nug RNA, at
37°C for 10 min for rRNA-depletion, followed by heat
inactivation at 95°C for 3 min. The RNAs were then
preserved at -80°C until the next step.

CircRNA library construction and Illumina deep
sequencing

CircRNA-Seq libraries were generated using the Tru
Seq RNA LT Sample Prep Kit v2 (Illumina, San Diego,
CA, USA) following the manufacturer’s instructions.
The libraries were sequenced using an Illumina Hiseq
3000 platform in PE150 sequencing mode with a
Paired-End module (at a depth of 50 million reads) by
Genergy Biotechnology Co., Ltd. (Shanghai, China).

Sequence mapping and circRNA annotation

Sequence reads were first mapped using TopHat
against the GRCh37/hgl9 human reference genome
with the UCSC Genes annotation. For all raw
sequencing data for each sample, adapter reads and
low-quality reads were removed using Trim Galore.
CIRCexplorer2 software was applied to obtain back-
spliced junction reads for circRNA prediction. The
expression of circRNAs was quantified using the
number of reads spanning back-spliced junctions
(circular reads). The relative expression of circRNAs
was denoted as BSRP (back-spliced reads per million
mapped reads), using circular reads normalized to per
million mapped reads.

Differential expression analysis

DE-circRNAs in the young and aging groups were
identified using the DESeq2 software with a ¢ test P
value < 0.05 and fold change > 2. The top 200 DE-
circRNAs were log, transformed, gene mean centred
and visualized as a heatmap using the Multi Experiment
Viewer (www.tm4.org). Volcano plots were generated
using gglpot2 in R (https://cran.r-project.org/web/
packages/ggplot2/index.html).

Functional annotation, target miRNA and interaction
network prediction

For functional annotation, all parental genes of the DE-
circRNAs were subjected to GO (www.geneontology.
org) and KEGG (www.genome.jp/kegg) pathway
enrichment analyses using DAVID Bioinformatics
Resources 6.8 (david.nciferf.gov/home.jsp). The P
value was calculated using a hypergeometric test and
corrected by Benjamini-Hochberg adjustment. We
regarded the negative logarithm (base 10) as the
enrichment score that indicated the significance of cor-
relation. The prediction of potential circRNA-miRNA
binding sites was performed using miRanda
(www.microrna.org/microrna’home.do). The circRNA-
miRNA-mRNA interaction analysis was performed for
all DE-circRNAs. The enrichment score was the pro-
portion of combined miRNAs in all circRNA-binding
miRNAs/the proportion of mRNA-binding miRNAs in
all referenced miRNAs and was measured according to
the common combined miRNA between the mRNA
3’UTR sequences and cirRNA sequences. The cirRNA-
miRNA-mRNA interaction axis was considered
significant using a hypergeometric test (FDR value <
0.01, enrichment score > 20), and the predicted target
genes of the DE-circRNAs were further subjected to
GO term and KEGG analyses. The gene network
analysis was performed using Cytoscape (version 3.6.0,
United States).

c¢cDNA synthesis, PCR, electrophoresis and
quantitative real-time PCR (qRT-PCR)

Total RNA was reverse transcribed using random
primers with the PrimeScript RT reagent kit (RR047A,
Takara, Dalian, China) according to the manufacturer’s
protocol. We randomly selected 22 DE circRNAs (Fold
change > 2, P < 0.05), including eight up-regulated,
eight down-regulated circRNAs and six without
significant differences, for subsequent validation. We
designed at least three paired divergent primers
encompassing circRNA-specific back-splice junctions
for each of the candidate circRNA. Details of the primer
sequences are summarized in Supplementary Table S6.
Only primers achieving a single peak in the melting
curve were considered proper for qRT-PCR validation.
The qRT-PCR was performed using SYBR Premix Ex
Taq I (Takara, Dalian, China) on a Roche
LightCycler96  thermocycler according to the
manufacturer’s instruct-tions (95°C for 3 min and 40
cycles of 95 °C for 10 s, annealing temperature (58-62
°C) for 30 s, and 72 °C for 30 s, followed by 72 °C for 1
min). The relative expression of candidate circRNAs
was normalized to  glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and then calculated using the
2722 method [45]. All experiments were repeated in
triplicate and presented as the means £ SEM. Finally,
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PCR products were validated by 2% agarose gel
electrophoresis. To confirm the junction sequence of
circRNAs, PCR products were gel purified using the
TIANgel Midi Purification Kit (Beijing, China)
according to manufacturer’s instruct-tions and
submitted for Sanger sequencing at Icongene Co. Ltd
(Wuhan, China).

Genomic DNA extraction

Genomic DNA (gDNA) of the ovary samples was
extracted using the TIANamp Genomic DNA Kit
(DP304, TIANGEN BIOTECH, Beijing, China) in
accordance with the manufacturer’s instructions. The
gDNA fraction was immediately transferred to a 2 ml
microfuge tube and stored at —80 °C until further
processing.

RNase R treatment

Total RNA was incubated with RNase R (1 IU enzyme
per ug RNA) in 1x RNase R buffer at 37 °C for 15 min,
and then quickly placed on ice. Control group was
treated with equal volume of ddH,O. DNase digestion,
cDNA synthesis and qRT-PCR procedures were
performed as described above. qRT-PCR Ct values
were calculated automatically and ACt was termed as Ct
(RNase R treatment) — Ct (mock treatment). The
expression of circRNAs and mRNAs before the RNase
R treatment were normalized as 1. 27" was used to
compare the expression of circRNAs and mRNAs after
RNase R digestion.

PolyA” RNA extraction

PolyA” RNA was enriched wusing the kit
(Magnosphere™ UltraPure mRNA Purification Kit,
Takara, Dalin, China), according to the manufacturer’s
protocol manual. The polyA™ RNA fraction was
immediately transferred to a 2 ml microfuge tube and
stored at —80 °C until further processing.

Isolation, purification and identification of GCs

On the oocyte retrieval day, all follicular fluid samples
from the same patient were pooled after cumulus—
oocyte complexes were isolated for conventional in
vitro fertilization (IVF) or intracytoplasmic sperm
injection (ICSI) procedures. GCs were individually
isolated from follicular fluid samples using similar
methods as previously described [43]. Briefly, the
follicular fluid sample of each person was centrifuged
and resuspended in 1x phosphate-buffered saline (PBS).
Then, it was slowly placed on a 50% Percoll gradient
(GE Healthcare Life Sciences, Piscataway, NJ, USA)
and centrifuged at 400x g for 30 min at 4 °C. The cells

in the middle layer were carefully collected, washed and
resuspended in PBS. To confirm the purity of GCs, cells
were stained with antibodies against FSHR (follicle
stimulating hormone receptor; 1: 100; abl113421,
Abcam, Cambridge, MA, USA) according to a previous
study [46]. The harvested GCs were stored in TRIzol
reagent (Life Technologies, CA, USA) at -80°C until
RNA extraction.

Immunofluorescence

The expression of SIRT3 in the cultured GCs was
investigated by immunofluorescence according to a
previous study [43]. The cells in the 6-well plates were
fixed to poly-lysine slides with 4% paraformaldehyde
for 30 min at room temperature and then washed three
times with Dulbecco’s PBS. The slides were incubated
in blocking buffer (10% normal goat serum) for 10 min
at 37 °C. The localization of SIRT3 to the mitochondria
was detected using co-immunofluorescence with
cytochrome C as a marker of mitochondria. Then, the
slides were incubated overnight in a humidified
chamber at 4°C with anti-SIRT3 rabbit polyclonal
antibody (1:100; ab45067, Abcam, Cambridge, MA,
USA) and a cytochrome C primary antibody (1:500;
ab110325, Abcam, Cambridge, MA, USA) overnight at
4°C. After washing with PBS three times, the slides
were incubated with the appropriate secondary
antibodies (1:400) for 2 h at 37 °C. The slides were
further washed three times with PBS and were counter-
stained with DAPI (sc-3598, Santa Cruz Biotech, CA,
USA) to visualize nuclei. Images were obtained using a
Leica DMI3000B microscope. A negative control using
a SIRT3 blocking peptide (Abgent, BioCore,
Alexandria, New South Wales, Australia) was also
prepared and imaged. The expression of SIRT3 in the
cultured cumulus cells was served as a positive control.

Western blotting

The cultured GCs were lysed using RIPA protein
extraction reagent (Beyotime, Beijing, China)
supplemented with a protease inhibitor cocktail (Roche,
CA, USA). Protein quantification was determined by
the Bradford method (Beyotime, Shanghai, China).
Approximately 40 pg of protein extract was separated
by 10% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to a nitrocellulose
membrane (Sigma-Aldrich, MO, USA). After blocking
for 2 h, membranes were incubated with SIRT3
antibody (1:1000; as used for immunofluorescence) at 4
°C overnight. Membranes were washed and incubated
for 1.5 h with HRP conjugated secondary antibodies
(1:2000; ab6721, Abcam, Cambridge, MA, USA). ECL
chromogenic substrate was used to visualize the bands,
and the band intensity was measured using Image J
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(version 1.49s, National Institutes of Health, USA). B-
Actin was used as a control, and a negative control
without primary antibody was also prepared.

Statistical analysis

Statistical analyses were performed using SPSS
Statistics (version 23.0; IBM, Armonk, NY, USA) and
GraphPad Prism 6.0 (version 6.0c; GraphPad Software,
Inc., San Diego, CA, USA). All the data are displayed
as the mean + SEM for triplicate independent measure-
ments. Student's ¢ test was used to assess the differences
between experimental groups. Differences with P
values < 0.05 were considered statistically significant.

AUTHOR CONTRIBUTIONS

Conception and design (WPX, GC, HCC); performing
experiments (HCC, YML); data collection and analysis
(HCC, YML, JDN) and interpretation (all authors);
drafting the manuscript (HCC); critical revision of the
manuscript (all authors).

ACKNOWLEDGEMENTS

The authors would thank Dr. Wei Zhang, Dr. Yuan
Tian, Dr. Wanying Shan, Dr. Jie Li (Department of
Obstetrics and Gynecology, Tongji Hospital, Tongji
Medical College, Hubei Province) and Dr. Yifang Mao
(Department of Obstetrics and Gynecology, Maternal
and Child Health Hospital of Guangshui, Hubei
Province) for assistance in sample collecting. The
authors would also thank American Journal Experts
(Durham, North Carolina, U.S.A) for language editing.

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.
FUNDING

This work was supported by National Key Research and
Development Program of China (2017YFC1002002).

REFERENCES

1. te Velde ER, Scheffer GJ, Dorland M, Broekmans FJ,
Fauser BC. Developmental and endocrine aspects of
normal ovarian aging. Mol Cell Endocrinol. 1998;
145:67-73. https://doi.org/10.1016/S0303-
7207(98)00171-3

2. Qiao J, Wang ZB, Feng HL, Miao YL, Wang Q, Yu Y,
Wei YC, Yan J, Wang WH, Shen W, Sun SC, Schatten H,
Sun QY. The root of reduced fertility in aged women
and possible therapentic options: current status and

10.

11.

12.

13.

future perspects. Mol Aspects Med. 2014; 38:54—85.
https://doi.org/10.1016/j.mam.2013.06.001

May-Panloup P, Boucret L, Chao de la Barca JM,
Desquiret-Dumas V, Ferré-L’Hotellier V, Moriniere C,
Descamps P, Procaccio V, Reynier P. Ovarian ageing:
the role of mitochondria in oocytes and follicles. Hum
Reprod Update. 2016; 22:725-43.
https://doi.org/10.1093/humupd/dmw028

Tarin JJ, Pérez-Albald S, Cano A. Cellular and
morphological traits of oocytes retrieved from aging
mice after exogenous ovarian stimulation. Biol
Reprod. 2001; 65:141-50.
https://doi.org/10.1095/biolreprod65.1.141

Marshall KL, Rivera RM. The effects of superovulation
and reproductive aging on the epigenome of the
oocyte and embryo. Mol Reprod Dev. 2018; 85:90—
105. https://doi.org/10.1002/mrd.22951

Wei JW, Huang K, Yang C, Kang CS. Non-coding RNAs
as regulators in epigenetics (Review). Oncol Rep.
2017; 37:3-9. https://doi.org/10.3892/0r.2016.5236

Chen LL. The biogenesis and emerging roles of
circular RNAs. Nat Rev Mol Cell Biol. 2016; 17:205-11.
https://doi.org/10.1038/nrm.2015.32

Chen I, Chen CY, Chuang TJ. Biogenesis, identification,
and function of exonic circular RNAs. Wiley
Interdiscip Rev RNA. 2015; 6:563-79.
https://doi.org/10.1002/wrna.1294

Qu S, Yang X, Li X, Wang J, Gao Y, Shang R, Sun W,
Dou K, Li H. Circular RNA: A new star of noncoding
RNAs. Cancer Lett. 2015; 365:141-48.
https://doi.org/10.1016/j.canlet.2015.06.003

Gruner H, Cortés-Lépez M, Cooper DA, Bauer M,
Miura P. CircRNA accumulation in the aging mouse
brain. Sci Rep. 2016; 6:38907.
https://doi.org/10.1038/srep38907

Abdelmohsen K, Panda AC, De S, Grammatikakis I,
Kim J, Ding J, Noh JH, Kim KM, Mattison JA, de Cabo
R, Gorospe M. Circular RNAs in monkey muscle: age-
dependent changes. Aging (Albany NY). 2015; 7:903—
10. https://doi.org/10.18632/aging.100834

Hall H, Medina P, Cooper DA, Escobedo SE, Rounds J,
Brennan KJ, Vincent C, Miura P, Doerge R, Weake VM.
Transcriptome  profiling of aging Drosophila
photoreceptors reveals gene expression trends that
correlate with visual senescence. BMC Genomics.
2017; 18:894. https://doi.org/10.1186/s12864-017-
4304-3

Cortés-Lépez M, Gruner MR, Cooper DA, Gruner HN,
Voda Al, van der Linden AM, Miura P. Global
accumulation of circRNAs during aging in
Caenorhabditis elegans. BMC Genomics. 2018; 19:8.

WWWw.aging-us.com 2524

AGING



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

https://doi.org/10.1186/s12864-017-4386-y

Liu J, Liu T, Wang X, He A. Circles reshaping the RNA
world: from waste to treasure. Mol Cancer. 2017;
16:58. https://doi.org/10.1186/s12943-017-0630-y

Yang Y, Fan X, Mao M, Song X, Wu P, Zhang Y, Jin Y,
Yang Y, Chen LL, Wang Y, Wong CC, Xiao X, Wang Z.
Extensive translation of circular RNAs driven by NE-
methyladenosine. Cell Res. 2017; 27:626-41.
https://doi.org/10.1038/cr.2017.31

Pamudurti NR, Bartok O, Jens M, Ashwal-Fluss R,
Stottmeister C, Ruhe L, Hanan M, Wyler E, Perez-
Hernandez D, Ramberger E, Shenzis S, Samson M,
Dittmar G, et al. Translation of CircRNAs. Mol Cell.
2017; 66:9-21.€e7.
https://doi.org/10.1016/j.molcel.2017.02.021

Li M, Ding W, Sun T, Tariq MA, Xu T, Li P, Wang J.
Biogenesis of circular RNAs and their roles in
cardiovascular development and pathology. FEBS J.
2018; 285:220-32.
https://doi.org/10.1111/febs.14191

Jiang G, Ma Y, An T, Pan Y, Mo F, Zhao D, Liu Y, Miao
IN, Gu YJ, Wang Y, Gao SH. Relationships of circular
RNA with diabetes and depression. Sci Rep. 2017;
7:7285. https://doi.org/10.1038/s41598-017-07931-0

Zhou R, Wu Y, Wang W, Su W, Liu Y, Wang Y, Fan C, Li
X, Li G, Li Y, Xiong W, Zeng Z. Circular RNAs (circRNAs)
in cancer. Cancer Lett. 2018; 425:134-42.
https://doi.org/10.1016/j.canlet.2018.03.035

Kumar L, Shamsuzzama, Haque R, Baghel T, Nazir A.
Circular RNAs: the Emerging Class of Non-coding
RNAs and Their Potential Role in Human
Neurodegenerative Diseases. Mol Neurobiol. 2017;
54:7224-34, https://doi.org/10.1007/s12035-016-
0213-8

Du WW, Yang W, Chen Y, Wu ZK, Foster FS, Yang Z, Li
X, Yang BB. Foxo3 circular RNA promotes cardiac
senescence by modulating multiple factors associated
with stress and senescence responses. Eur Heart J.
2017; 38:1402-12.
https://doi.org/10.1093/eurheartj/ehw001

Meng S, Zhou H, Feng Z, Xu Z, Tang Y, Li P, Wu M.
CircRNA: functions and properties of a novel potential
biomarker for cancer. Mol Cancer. 2017; 16:94.
https://doi.org/10.1186/s12943-017-0663-2

Westholm JO, Miura P, Olson S, Shenker S, Joseph B,
Sanfilippo P, Celniker SE, Graveley BR, Lai EC.
Genome-wide analysis of drosophila circular RNAs
reveals their structural and sequence properties and
age-dependent neural accumulation. Cell Reports.
2014; 9:1966-80.
https://doi.org/10.1016/j.celrep.2014.10.062

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tao H, Xiong Q, Zhang F, Zhang N, Liu Y, Suo X, Li X,
Yang Q, Chen M. Circular RNA profiling reveals
chi_circ_0008219 function as microRNA sponges in
pre-ovulatory ovarian follicles of goats (Capra hircus).
Genomics. 2017. Epub ahead of print.
https://doi.org/10.1016/j.ygeno0.2017.10.005

Chen X, Shi W, Chen C. Differential circular RNAs
expression in ovary during oviposition in honey bees.
Genomics. 2018. Epub ahead of print.
https://doi.org/10.1016/j.ygeno.2018.03.015

Dong WW, Li HM, Qing XR, Huang DH, Li HG.
Identification and characterization of human testis
derived circular RNAs and their existence in seminal
plasma. Sci Rep. 2016; 6:39080.
https://doi.org/10.1038/srep39080

Maiese K. Disease onset and aging in the world of
circular RNAs. J Transl Sci. 2016; 2:327-29.
https://doi.org/10.15761/JTS.1000158

Wang Z, Xu P, Chen B, Zhang Z, Zhang C, Zhan Q,
Huang S, Xia ZA, Peng W. Identifying circRNA-
associated-ceRNA networks in the hippocampus of
AB1-42-induced Alzheimer’s disease-like rats using
microarray analysis. Aging (Albany NY). 2018; 10:775—
88. https://doi.org/10.18632/aging.101427

Lu C, Sun X, Li N, Wang W, Kuang D, Tong P, Han Y,
Dai J. CircRNAs in the tree shrew (Tupaia belangeri)
brain during postnatal development and aging. Aging
(Albany NY). 2018; 10:833-52.
https://doi.org/10.18632/aging.101437

Chen J, Zou Q, Lv D, Wei Y, Raza MA, ChenY, Li P, Xi X,
Xu H, Wen A, Zhu L, Tang G, Li M, et al
Comprehensive transcriptional landscape of porcine
cardiac and skeletal muscles reveals differences of
aging. Oncotarget. 2017; 9:1524-41.
https://doi.org/10.18632/oncotarget.23290

Suzuki H, Tsukahara T. A view of pre-mRNA splicing
from RNase R resistant RNAs. Int J Mol Sci. 2014;
15:9331-42. https://doi.org/10.3390/ijms15069331

Suzuki H, Zuo Y, Wang J, Zhang MQ, Malhotra A,
Mayeda A. Characterization of RNase R-digested
cellular RNA source that consists of lariat and circular
RNAs from pre-mRNA splicing. Nucleic Acids Res.
2006; 34:e63. https://doi.org/10.1093/nar/gkl151

Wang YH, Yu XH, Luo SS, Han H. Comprehensive
circular RNA profiling reveals that circular RNA100783
is involved in chronic CD28-associated CD8(+)T cell
ageing. Immun Ageing. 2015; 12:17.
https://doi.org/10.1186/s12979-015-0042-z

Cheng J, Huang J, Yuan S, Zhou S, Yan W, Shen W,
Chen Y, Xia X, Luo A, Zhu D, Wang S. Circular RNA
expression profiling of human granulosa cells during

WWWw.aging-us.com

2525

AGING



35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

maternal aging reveals novel transcripts associated
with assisted reproductive technology outcomes.
PLoS One. 2017; 12:e0177888.
https://doi.org/10.1371/journal.pone.0177888

Jamnongjit M, Hammes SR. Ovarian steroids: the
good, the bad, and the signals that raise them. Cell
Cycle. 2006; 5:1178-83.
https://doi.org/10.4161/cc.5.11.2803

Yager JD, Davidson NE. Estrogen carcinogenesis in
breast cancer. N Engl J Med. 2006; 354:270-82.
https://doi.org/10.1056/NEJMra050776

Pertynska-Marczewska M, Diamanti-Kandarakis E,
Zhang J, Merhi Z. Advanced glycation end products: A
link between metabolic and endothelial dysfunction
in polycystic ovary syndrome? Metabolism. 2015;
64:1564-73.
https://doi.org/10.1016/j.metabol.2015.08.010

Rong D, Sun H, Li Z, Liu S, Dong C, Fu K, Tang W, Cao H.
An emerging function of circRNA-miRNAs-mRNA axis
in human diseases. Oncotarget. 2017; 8:73271-81.
https://doi.org/10.18632/oncotarget.19154

Hansen TB, Jensen Tl, Clausen BH, Bramsen JB, Finsen
B, Damgaard CK, Kjems J. Natural RNA circles function
as efficient microRNA sponges. Nature. 2013;
495:384—-88. https://doi.org/10.1038/nature11993

Piwecka M, Glazar P, Hernandez-Miranda LR,
Memczak S, Wolf SA, Rybak-Wolf A, Filipchyk A,
Klironomos F, Cerda Jara CA, Fenske P, Trimbuch T,
Zywitza V, Plass M, et al. Loss of a mammalian circular
RNA locus causes miRNA deregulation and affects
brain function. Science. 2017; 357:357.
https://doi.org/10.1126/science.aam8526

Zheng Q, Bao C, Guo W, Li S, Chen J, Chen B, Luo Y, Lyu
D, Li Y, Shi G, Liang L, Gu J, He X, Huang S. Circular
RNA profiling reveals an abundant circHIPK3 that
regulates cell growth by sponging multiple miRNAs.
Nat Commun. 2016; 7:11215.
https://doi.org/10.1038/ncomms11215

Zhang J, Fang L, Lu Z, Xiong J, Wu M, Shi L, Luo A,
Wang S. Are sirtuins markers of ovarian aging? Gene.
2016; 575:680-86.
https://doi.org/10.1016/j.gene.2015.09.043

Pacella-Ince L, Zander-Fox DL, Lan M. Mitochondrial
SIRT3 and its target glutamate dehydrogenase are
altered in follicular cells of women with reduced
ovarian reserve or advanced maternal age. Hum
Reprod. 2014; 29:1490-99.
https://doi.org/10.1093/humrep/deu071

Zhao HC, Ding T, Ren Y, Li TJ, Li R, Fan Y, Yan J, Zhao Y,
Li M, Yu Y, Qiao J. Role of Sirt3 in mitochondrial
biogenesis and developmental competence of human

in vitro matured oocytes. Hum Reprod. 2016; 31:607—
22. https://doi.org/10.1093/humrep/dev345

45. OQuyang H, Chen X, Wang Z, Yu J, Jia X, Li Z, Luo W,

Abdalla BA, Jebessa E, Nie Q, Zhang X. Circular RNAs
are abundant and dynamically expressed during
embryonic muscle development in chickens. DNA
Res. 2017. Epub ahead of print.
https://doi.org/10.1093/dnares/dsx039

46. Wu S, Sun H, Zhang Q, Jiang Y, Fang T, Cui |, Yan G, Hu

Y. MicroRNA-132 promotes estradiol synthesis in
ovarian granulosa cells via translational repression of
Nurrl. Reprod Biol Endocrinol. 2015; 13:94.
https://doi.org/10.1186/s12958-015-0095-z

WWWw.aging-us.com

2526

AGING



SUPPLEMENTARY MATERIAL

SUPPLEMENTARY FIGURES

Number of circRNAs

12,3.0% F3’0'7% 0% 20% 40% 60% 80% 100%

= exon exon
" exon-intron
. " exon-intron
intergenic
intron < "
intergenic
intron = Up-regulated

® Down-regulated

()
]

u Up-regulated =Down-regulated

N
(3]

N
o

-
o

Number of circRNAs
o pr

E

w100 1 20 50 1 46, 46 m Up-regulated
< | ®Down-regulated
=
(14
o
o
o
o
o
S
Q
Q2
S
=
b4

12 3 45 6 7 8 9 1011 12 13 23 12 3 4 5 6 7 8 9 1011 12 13 23

Number of exons Number of exons

Figure S1. Overview of the DE-circRNAs in human ovarian tissues. (A) The proportion of different types
of circRNAs among the DE-circRNAs. (B) The proportion of DE-circRNAs among different types of circRNAs. (C)
The distribution of DE-circRNAs in human genome. (D, E) The distribution of exons among the DE-circRNAs.
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Figure S2. Gene Ontology (GO) annotation of the targeted genes. Histogram (A) and dendrogram (B) of the

Top 10 of the GO terms regarding each category (Biological process; cellular component and molecular function).
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Figure S3. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation of the targeted genes. Scatter diagram (A)
and histogram (B) of the Top 9 of the KEGG pathways. Circle indicates the gene count; The darker (red) color indicates that the enrichment score
is higher while the lighter (green) color indicates that the enrichment score is lower. The enrichment score was calculated as —log10 (P value).
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Figure S4. Melting curves of the randomly selected circRNAs for qPCR validation. The experiments were performed by a Roche
LightCycler® 96. All of the melting curves were demonstrated as single peaks.

WWwWw.aging-us.com 2529 AGING



DAPI FSHR

x200

x400

Figure S5. Purity identification of the harvested granulosa cells (GCs). Fluorescence microscopy
images of GCs isolated from human follicular fluid. Images of GCs stained with DAPI, FSHR (marker of GCs)
and their merged image are shown. The scale bar represents 20 um. APC indicates allophycocyanin; DAPI,
4', 6-diamidino-2-phenylindole; FSHR, Follicle Stimulating Hormone Receptor. Original magnification x200
and x400. Scale bar is representatively shown in (A), and equals 50 um (A, B and C) and 25 um (D, E and F).
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Figure S6. Ovary-derived circRNAs can be stably expressed in granulosa cells (GCs). The relative
expression of circRNAs and their linear counterparts were determined by qRT-PCR and measured to GAPDH.
Ovary- derived circRNAs can be stably detected in human GCs from follicular fluid in 24 h, while their linear
forms degraded rapidly. All data were performed triplicated and indicated as mean + SD.
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Figure S7. circRNA-miRNA-mRNA interaction network analysis and predicted binding sites. (A, B)
circFAM185BP-hsa-miR-130b-5p/hsa-miR-4682-mRNAs and predicted binding sites. (C, D) circVWAS8-hsa-miR-623/hsa-
miR-7158-3-mRNAs and predicted binding sites. (E, F) circLTN1-hsa-miR-29a-3p/hsa-miR-29b-3p/hsa-miR-29¢-3p-
mRNAs and predicted binding sites. The matching types (in blue) and matching positions (in black and brown) were
presented. The predicted circRNA-miRNA-mRNA interaction network were predicted through bioinformatics online
programs (starBase, circBase, TargetScan, miRBase). 7mer-m8: an exact match to positions 2-8 of the mature miRNA (the
seed + position 8); 8mer: an exact match to positions 2-8 of the mature miRNA (the seed + position 8) followed by an 'A'.
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Figure S8. Histological analysis of the ovarian tissues. Hematoxylin-eosin (HE) staining was
performed on the ovarian tissues of young and aging groups. From left to right, image magnifications
of x100, x200, and x400 are displayed. Scale bar = 200 um, 100 um and 50 um, respectively.

SUPPLEMENTARY TABLES

Table S1. Detail information of all the circRNAs identified in this study — see Full Text version

Table S2. Detail information of the differentially expressed circRNAs identified in this study — see Full Text version
Table S3. Details of the GO enrichment with statistical significance — see Full Text version

Table S4. Details of the KEGG enrichment with statistical significance — see Full Text version

Table S5. The circRNA-miRNA-mRNA interaction analysis for all DE-circRNAs — see Full Text version

Table S6. Primer sequences used in this study.

Transcript ID or Gene Exon AT Product
Primer Sequence
Position Symbol Composition (C) Length (bp)

Up-regulated circRNAs

F: 5-TGTCATTGCCATCCAGTC-3'
hsa_circRNA_0018996 CCSER2 4-9 61 342
- - R: 5-AGCGGTTCATATTGTCACA-3'

F: 5'-CCTACTTCTCCGTCAATGTT-3'
hsa_circRNA_0008016 FGFRI 3 60 134
- - R: 5'-CAGCCAGTTGATGCTCTG-3'

F: 5-GGTTGATGTGAACTCAGAAG-3'
hsa circRNA 0003169 FAMI185BP 4-6 57 126
- B R: 5'-“GAAGACGAATCTACTGTGATG-3'

F: 5'-CTTGGACCTAGAGGACTTAC-3'
hsa circRNA 0005328 OKI 2-3 60 180
B B R: 5-CAGCATCAGGCAATTCTG-3'

F: 5'-CCAGTGTGAAAGAGACCCAATG-3'
hsa_circRNA 0008421 FBNI 3-6 60 108
B B R: 5-CCGGCAAATGGGGACAATAC-3'

F: 5'- GGCGAACCTGCTATGTTTTCA-3'
hsa_circRNA_ 0017105 NIDI 5-9 55 284
- - R: 5-GCGCCCGTGGTTCATTACTA-3'

F: 5-ATGAAGCCTTTGTGGCTGGT-3'
hsa_circRNA_0004431 PIK3CB 15-17 57 170
- - R: 5'-GAGTGCTTCAACCGAAGATCC-3'
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circRNAs

92096838

circRNAs

F: 5'-AGCACAGATTGACCTTCTT-3'
hsa_circRNA 0029434 ADGRDI1 9-13 52 100
R: 5-TCGATGAGACTCAGTACCA-3'
Down-regulated
F: 5'-GAGAGGAGTGACCAAGACGAT-3'
chr3:12516611-12532773 TSEN2 7-9 55 110
R: 5-AACATCCCAGAGCATAGACCAA-3'
chr14:92088730- F: 5'-CAGTCCAGAGTATCAGAGG-3'
ATXN3 2-4 55 198
R: 5-CTTCTTGCTTCCTGTTGTAA-3'
F: 5'-AAGCCATTCGAGAAGCAAT-3'
hsa_circRNA 0017160 MTR 16-18 61 326
- - R: 5-GTGTTCCTCCATTCCAGTC-3'
F: 5'-ACTGGCACCTATTCACAAG-3'
hsa circRNA 0004244 MNATI 4-7 61 262
R: 5-TCCTGTCGTTCCACTTCT-3'
F: 5'-TCTACACGCAGAACATCG-3'
hsa circRNA 0020611 SIRT3 2-4 59 196
a - R: 5-CACTTCCAACAACACTTGAA-3'
F: 5-"TAACTGGACAGGACTGACGAAT-3'
hsa circRNA 0083220 ESYT2 2-7 61 165
a B R: 5'-CCGCACGGCTGGTTCTATA-3'
F: 5'-AGAGCATGATCCTGTAGGT-3'
hsa_circRNA_ 0060762 CSEIL 19-23 60 186
- - R: 5-GGCATGTGCTCTATTATACTG-3'
Intron 2-3 + F: 5'-AACAGGAGTTCTTCTGCTAG-3'
hsa_circRNA 0000983 NCOAI 60 333
Exon 3-4* R: 5-CACACCACTGTTTGTAAGC-3'
F: 5'-GGAAATCAACACCCCTGCCA-3'
hsa circRNA 0024246 DDX10 7-10 60 204
B - R: 5-CGACCATGGAGTGCAAGGAT-3'
F: 5'-GGTGCTGCGGAAACTTTCAA-3'
hsa circRNA 0061363 LTNI 2-3 63 235
h B R: 5-GTCACTCTGAGATGTTCCA-3'
Common-expressed
F: 5' CAGTAGTCTTCAGCACAGT-3'
hsa circRNA 0058213 ARPC2 6-8 52 146
- - R: 5-ACATTGTATCAGAGGAGGTT-3'
F: 5'-“TCAGGCATCAGAAATTGTTG-3'
hsa_circRNA 0006166 RGPD2 13-14 55 267
- - R: 5-GGATCAATAGGTTCAGGAATAC-3'
Exon 2 + Intron  F: 5-TTGCAGCAGCATTGTAGA-3'
hsa_circRNA 0000442 MEDI3L 60 250
B - 2-3% R: 5-CCACCAGAATATCCATAACTC-3'
F: 5-ATCAAAGCCCAGAAGAGCAC-3'
hsa circRNA 0005078 BMPR?2 12 60 120
h - R: 5-AGGACCAATTTTTGGCACAC-3'
F: 5'-CGCTGTCGCAAGAGAAAAC-3'
hsa circRNA 0001181 BACHI 2-4 60 151
- - R: 5-AGGCAAAAACCGAGTTCTCA-3'
F: 5-GACTCTTCCTGGTGAAGCATCTGAT-3'
hsa circRNA 0001821 PVTI 2 60 144
R: 5-TACTTGAACGAAGCTCCATGCAGC-3'
F: 5-ACATTGATCAGTTTCAGACTCTCT-3'
hsa circRNA 0030122 VWAS 3-4 55 89
R: 5-AAACATCTTGCCCCAAAAGATCC-3'
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Linear RNAs
F: 5'-GCAGCAGTATACAGATAGGTGAG-

BMPR?2 / 3 60 398

R: 5-AGCAAGTCTTTGTTGCAGGG-3'
F: 5'-CTCTCGCTTCAGTCAGTCGG-3'

BACH1I / 60 233
R: 5'-CGCTGTCCCTCCACAAAGAT-3'
F: 5'-CTTCCAGTGGATTTCCTTGC-3'

PVTI / 60 125

R: 5'-CATCTTGAGGGGCATCTTTT-3'
F: 5'-GTGGAGTGTGACAATATGAAC-3'

CCSER2 / 63 123
R: 5-GTGGCTGAGGTGGTAATG-3'
F: 5-TGCTCAACATTGCCTGAA-3'

ATXN3 / 63 117
R: 5'-ACTCCTCCTTCTGCCATT-3'
F: 5'-CAAGGAGCTGTACCCTGGAAA-3'

SIRT3 / 60 124
R: 5'-CGACACTCTCTCAAGCCCATC-3'

Housekeeping gene

F: 5'-CACTAGGCGCTCACTGTTCTC-3'

GAPDH For qPCR 59 350
R: 5-GACTCCACGACGTACTCAGC-3'
F: 5'-GAAGGTGAAGGTCGGAGTC-3'

GAPDH Face-to-face 60 226
R: 5'-GAAGATGGTGATGGGATTTC-3'

F: 5'-GCTGAGTACGTCGTGGAGTC-3'
GAPDH Back-to-back 60 /
R: 5'-GAGAACAGTGAGCGCCTAGTG-3'

AT: Annealing Temperature. *, circRNA that contains parts of the introns.

Table S7. Prediction of circRNA-miRNA binding sites.

circRNA miRNA Local AU Matching type Position

. hsa-miR-130b-5p GAAAGAG 7mer-m8 182-201
hsa_circ_0003169 hsa-miR-4682 AACTCAGA 8mer 12-32
AGCTGCA 7mer-m8 23-46

hsa-miR-1301-3p

. AGCTGCA 7mer-m8 229-254
hsa_circ_0024246 hsamiRA660 GAGCTGCA 8mer 25-45

GAGCTGCA 8mer 229-253

hsa circ 0030122 hsa—m@R—623 CAAGGGA 7mer-m8 152-176
- = hsa-miR-7158-3p TAGTTCA 7mer-m8 12-32

hsa-miR-29a-3p TGGTGCT 7mer-m8 143-165

hsa circ 0061363 hsa—m@R-29b—3p TGGTGCT 7mer-m8 142-165

- = hsa-miR-29c¢-3p TGGTGCT 7mer-mg8 143-165

Notes: 7mer-m8: an exact match to positions 2-8 of the mature miRNA (the seed + position 8); 8mer: an exact
match to positions 2-8 of the mature miRNA (the seed + position 8) followed by an 'A’.
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