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Abstract: Circular RNAs (circRNAs) are an abundant class of endogenous non-coding RNAs (ncR-
NAs) generated from exonic, intronic, or untranslated regions of protein-coding genes or intergenic
regions. The diverse, stable, and specific expression patterns of circRNAs and their possible functions
through cis/trans regulation and protein-coding mechanisms make circRNA a research hotspot in
various biological and pathological processes. It also shows practical value as biomarkers, diagnos-
tic indicators, and therapeutic targets. This review summarized the characteristics, classification,
biogenesis and elimination, detection and confirmation, and functions of circRNAs. We focused on
research advances circRNAs in the mammalian ovary under conditions including ovarian cancer,
polycystic ovarian syndrome (PCOS), and maternal aging, as well as during reproductive status,
including ovarian follicle development and atresia. The roles of circRNAs in high reproductive
traits in domestic animals were also summarized. Finally, we outlined some obstructive factors and
prospects to work with circRNA, aiming to provide insights into the functional research interests of
circRNAs in the reproduction and gynecology areas.
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1. Introduction

Circular RNAs (circRNAs) are a highly abundant class of endogenous non-coding
RNAs (ncRNAs) discovered originally in RNA viruses [1] and then demonstrated ubiqui-
tously in eukaryotic organisms in recent decades [2]. Studies suggested that circRNAs are
primarily within 200–1000 nt in size (range from100 nt to over 4 kb) [3,4], and participate in
multiple molecular processes in physiological and pathological conditions by posttranscrip-
tional regulation of classical cell signaling pathways such as PI3K/Akt, Wnt/β-catenin, and
RTK/Ras [5]. The fertility potential of the female is based on the development, growth, and
final maturation and ovulation of ovarian follicles, which consist of an oocyte surrounded
by granulosa cells (GCs) and theca cells (TCs). Follicular growth starts from primordial
follicles, undergoes primary, secondary, preantral, and antral stages, and then continually
grows during follicle recruitment, selection, and ovulation [6]. Under natural conditions,
the mammalian follicle utilization rate is extremely low, as approximately 90% of follicles
are removed from the ovary through a degenerative process known as atresia [7,8]. Dysreg-
ulation during follicle growth also leads to ovarian dysfunctions such as polycystic ovarian
syndrome (PCOS) and ovarian cancer. Here, the characteristics, biogenesis and elimination,
function, and detection of circRNA are summarized. The research advances of circRNAs in
mammalian ovarian follicle development, atresia, and related dysregulation and diseases
are reviewed.
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2. Characteristics, Functions and Detection of CircRNA
2.1. Stability, Abundance, Conservation, and Specificity of CircRNAs

As the name implies, the most critical feature of circRNAs is their covalently closed
loop structure without free 5′,3′ ends and poly(A) tail. As a result, circRNAs resist exonu-
cleases (which require free ends) represented by RNase R, while still sensitive to endonu-
cleases such as RNase A [9]. With such stability, circRNAs have remarkably longer half-life
(20–48 h) than their full-length linear RNA counterparts (4–10 h) [10], and, therefore, have
great potential as biomarkers.

Despite being widely expressed in most tissues, circRNAs showed a lower global
abundance than their cognate mRNAs with some single-gene level exceptions, in which
circRNAs can be 10-fold more abundant than their linear analogues [11,12]. Interestingly,
although not completely confirmed, there seems to be a negative correlation between
circRNA levels and cell division rate. Evidence announced an age-dependent accumulation
of circRNA, which lead to their enrichment in brain tissue [13,14], and a division-driven
‘dilution’ of circRNA, which results in lower universal levels of circRNAs in cells with
higher proliferative rates [15].

The evolutionary conservation of circRNAs has been proved by their sequences (origi-
nating from conserved exons/introns across eukaryotic species), formation manner, and
even regulatory mechanisms [16,17]. Meanwhile, a remarkable cell/tissue and stage-
specific expression pattern of circRNAs has been proved by numerous high-throughput
studies, and thus makes them specific and reliable biomarkers [18]. The potential of
circRNAs as biomarkers in diseases including cancer [5,19], cardiovascular [20], and ageing-
related [21] conditions have been well summarized.

2.2. Classification, Biogenesis, and Degradation of CircRNAs

According to their distinct sequence composition, circRNAs are classified into three
main types: exonic circRNAs (ecircRNAs); intronic circRNAs (ciRNAs); and exon–intron
circRNAs (EIciRNAs). Note that three other classifications were also announced recently.
tRNA intronic circRNAs (tricRNAs) were so far only reported in archaea and Drosophilid
species, in which tRNA introns are highly conserved [22]. Interior circRNAs (i-circRNAs)
originate from inside exons, introns, and intergenic transcripts under the trigger of AC/CT
motif [23]. Moreover, a small group of circRNAs that are synthesized in an antisense
orientation, termed antisense circRNA, were revealed by high-throughput analysis [24].

The essential event for most circRNA biogenesis is the back-splicing process that ligates
a downstream 5′ splice donor site with an upstream 3′ splice acceptor site to form a closed-
loop structure. The detailed circularization may be induced through several non-exclusive
pathways, including lariat-driven circularization (exon skipping), direct back splicing (intron-
pairing driven circularization), and spatial proximity due to binding and interaction of RNA-
binding proteins (RBPs). The varied biogenesis processes were represented nicely by the
schematic diagrams in reviews of Huang [25], Tran [26], and Zang [27].

The typical RNA degradation pathways are inapplicable for circRNAs as they have
no free ends. Recent studies found that circRNA degradation can be initiated by N6-
methylation of adenosine (m6A) recruited endonucleases [28] and the release of extracel-
lular vesicles or microbubbles such as exosomes [29,30]. Moreover, posttranscriptional
small RNA-mediated silencing of circRNAs was also identified [31], and related artificial
shRNA/siRNA-based systems have been well used for circRNA loss-of-function stud-
ies [2,32].

2.3. Molecular Functions of CircRNAs

In the cytoplasm, the most straightforward function of circRNA EOC s is based on
the complementary binding of miRNAs as sponges, which reduces active miRNA and
consequently regulates the expression of its target genes [33]. In other words, both circRNA
and mRNA may have complementary sites of particular miRNAs. Thus, they can compete
for the binding of the same miRNA. In this case, circRNAs are considered competitive
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endogenous RNA (ceRNA) in the circRNA-miRNA-mRNA networks. In addition, based
on the specific circRNA–protein interaction, circRNAs have also been shown to interact
with RBPs, act as a direct protein sponge/sequester, or constitute a scaffold or decoy to
facilitate other protein interactions [34]. Moreover, although not yet proved in mammals,
some circRNAs containing open reading frames (ORF) showed translation potential [35].
The circRNAs translation mechanism initiated by internal ribosome entry sites (IRESs)
and m6A-induced ribosome engagement sites (MIRESs) was reviewed by Anne-Catherine,
et al. [36]. On one hand, the possible proteins or peptides products of circRNAs may have
their function per se, on the other hand, synthetic circRNAs can be used as a potent tool for
durable protein production in vivo [37].

ciRNAs located in the nucleus may have diverse functions in the cis-regulation of genes.
The formation of ecRNAs that are derived from exons may compete with the selective
splicing of their precursor mRNAs (pre-mRNAs), which may lead to reduced levels of
linear mRNAs and changes in their composition due to the missing of specific exons [38,39].
On the contrary, some circRNAs may promote the transcription of corresponding genes
by interacting with the Pol II complex [40]. Currently, more functions of circRNAs are
continuously being revealed.

2.4. Detection and Confirmation of CircRNAs

The detection, validation, and quantification of circRNAs is somehow analogous to
studying other types of coding or non-coding RNAs. The main change is to separate
circRNA from other RNA species as the majority of their sequence that is generated
from the same host gene is shared. The combination of high-throughput sequencing and
bioinformatic technology is no doubt the most effective way to explore novel circRNAs.
General total RNA library can be used for circRNA identification/prediction with tools such
as CircRNA finder [41], MapSplice [42], CIRI [43], and CIRCexplorer [44] based on spliced
alignment algorithms. Further, circRNAs can be much enriched using rRNA-depleted and
RNase R-treated libraries, which, however, carries with it the risk of losing large molecular
weight circRNAs [45].

The hybridization-based assays are reliable for the validation of known circRNAs,
and PCR-based methods can be used for quantification. Northern blot was considered
the gold standard for confirming the size and configuration of circRNAs but was limited
by its high requirement of RNA sample amount and time-consuming steps. For in situ
detection of circRNAs, fluorescence in situ hybridization (FISH) with probes specific for
the back-splice junction sites reveals their subcellular localization [46]. For batch targeted
analysis, circRNA microarrays, which are commercially available from Arraystar and
CapitalBio, etc., allow the identification of circRNAs expression levels on a large scale with
a higher efficiency [47]. Compared to hybridization-based methods, PCR-based approaches
are much more sensitive and can quantitate circRNA variation at the femtomolar level.
An RNase R treatment must be added before cDNA synthesis, and primers focused on
the specific splice junction must be used. In addition, adequate internal controls (foreign
RNA spike-in) can be used to eliminate the RNA sample composition change caused by
RNAse R treatment, and Sanger sequencing are necessary to guarantee the actual existence
of circRNA. Furthermore, related methods, such as reverse transcription-droplet digital
polymerase chain reaction (RT-ddPCR) [48] and Lexo-circSeq [49] are emerging rapidly.

The existing gain and loss of function methods used for gene function study can also be
applied for overexpression and depletion of specific circRNA with certain adjustments. When
applying RNAi-mediated degradation with small interfering RNA (siRNA) or short hairpin
RNA (shRNA), target the back-splicing junction to achieve a circRNA-specific knockdown
effect. Plasmids containing circRNA-producing exons and their flanking intronic sequences
can be used to introduce circRNAs to cells by transfection. Detailed experimental methods for
circRNAs validation were well reviewed and evaluated by Li et al. [50].
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3. CircRNAs in Mammalian Ovaries

The genome-wide profiles of ovarian circRNAs were mainly reported in humans,
mice, pigs, and goats. In humans, circRNA studies have been focused on pathological
examination of ovarian cancer, PCOS, and ageing. Luckily, studies in animals provided
more knowledge regarding ovary growth, changes in estrus, as well as follicle development,
and atresia. Comparisons between different reproductive performances and breeds were
also reported (Figure 1). Here, we reviewed the global studies of each field first and
summarized the proven function of individual circRNAs in Table 1.
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3.1. CircRNAs in Ovarian Cancer

CircRNAs in ovarian dysfunction attracted close attention due to their tight interac-
tion with miRNAs. In 2015, a comprehensive assessment compared circRNA levels across
several normal and cancerous tissues, including ovarian cancer, and discovered a global
reduction in circular RNA abundance in cancer compared to normal tissues, therefore sug-
gesting a negative correlation between circular RNA abundance and cell proliferation [15].
Ning et al. also performed circRNA-sequencing in epithelial ovarian cancer (EOC) and
normal ovarian tissues and identified 4388 differently expressed circRNAs [51]. Almost
simultaneously, Teng et al. analyzed circRNA expression profiles in EOC and normal ovar-
ian tissues, in which the expressions of 5551 circRNAs were differentially expressed [52].
Gao et al. sequenced and compared circRNA in high-grade serous ovarian cancer (HGSOC)
specimens and normal ovarian tissues. Among 710 differentially expressed circRNAs,
circRNA1656 was confirmed down-regulated in HGSOC tissues and ovarian cancer cell
lines [53]. Furthermore, Zhao et al. investigated the expression of circRNAs in paired
cisplatin-sensitive and cisplatin-resistant tissues of ovarian cancer by microarray analysis
and reported 339 aberrantly expressed circRNAs [54]. Cdr1as was proven to sensitize
ovarian cancer to cisplatin by regulating the miR-1270/SCAI axis. Based on these high-
throughput studies, a detailed functional analysis in single-circRNA level was reported in
continuance, which showed great potential as biomarkers for ovarian cancer.

3.2. CircRNAs in PCOS

PCOS is the most common endocrine disorder in women of reproductive age. To reveal
the functions of circRNAs in the development of PCOS, circRNA profiles from cumulus
cells and follicle fluid were assessed, respectively. Che et al. determined 311 increased and
721 decreased circRNAs in cumulus cells from PCOS compared to control participants who
underwent IVF using microarray [55]. With these data, Li et al. further combined data of
microRNA and mRNA in PCOS to predict circRNAs which may serve as RBP regulators
or miRNA sponges [56]. This study conducted a weighted correlation network analysis
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(WGCNA) to mine PCOS-associated circRNA-miRNA-gene networks and circRNA-RNA
binding protein (RBP) networks. Moreover, Wang et al. performed a delicate study by
sequencing ribosomal RNA-depleted total RNA from exosomes of follicle fluids. They
identified 167 up-regulated and 245 down-regulated circRNAs in PCOS patients [57].

3.3. CircRNAs during Maternal Ageing

The decline of female reproductive capacity with age, termed ovarian senescence,
results in a gradual reduction in the quantity and quality of oocytes. Cheng et al. first
compared circRNAs in GCs from in vitro fertilization (IVF) patients with young (≤30)
and advanced (≥38) ages using human circRNA microarrays. This study revealed 46 up-
regulated and 11 down-regulated circRNAs in aged samples. Later, Cai et al. compared
circRNA expression profiles between healthy ovarian cortex from young (25–28) and ageing
(44–46) groups and identified 194 up-regulated and 207 down-regulated circRNAs enriched
in oxidation-reduction, steroid hormone biosynthesis, and insulin secretion pathways,
during ageing [58].

3.4. CircRNAs and Ovary Development

CircRNA profiles during ovarian development, estrus cycles, and follicular growth
were explored mainly using large animals such as pigs and goats. CircRNA landscape
in adult and neonatal ovaries was first examined and compared in mouse ovarian tissue
using high-throughput sequencing. Estrogen signaling was found to be the most significant
pathway that up-regulates in adult ovaries [59]. In pigs, more specifically, ovarian circRNA
profiles at three developmental stages (0, 30, and 240 days after birth) were identified and
compared with other eight tissues (heart, liver, spleen, lung, kidney, testis, skeletal muscle,
and fat). This study revealed ovary-specific/enhanced circRNAs and provided valuable
resources for ovarian circRNA study [60]. In addition, the profiles of ovarian circRNAs
across pre-, in-, and post-pubertal stages were reported. The study identified 631 stage-
specific circRNAs generated from genes involved in steroid biosynthesis, progesterone-
mediated oocyte maturation, and autophagy [61].

Regarding the estrus cycle, Liu et al. analyzed the circRNA profiles of Yunshang
black goat ovarian tissues among high and low fecundity groups in the follicular phase
and luteal phase, and conclude that circRNAs play a key role in both the prolificacy trait
and transformation of the follicular phase to the luteal phase in the estrus cycle [62]. At
the follicle level, Xu et al. reported 290 differentially expressed circRNAs between large
(diameter > 4 mm) and small (diameter < 4 mm) follicles in Dazu black goats. This study
also simultaneously generated profiles of mRNAs, long non-coding RNAs (lncRNAs), and
microRNAs (miRNAs), creating a good start and helpful reference for integrated ncRNA
study during follicle development [63]. To explore the roles of circRNA in growth factors
response, Fu et al. [64] profiled circRNAs of bovine cumulus cells treated with or without
growth factors (bone morphogenetic protein 15 (BMP15), growth differentiation factor
9 (GDF9), and BMP15+GDF9). This study suggested that GDF9 induced a more significant
circRNA shift than BMP15, and BMP15 may play a role in assisting GDF9. Changed
circRNAs were involved in pathways, including thyroid hormone signaling ubiquinone
and terpenoid-quinones, which affected the proliferation and apoptosis of CCs.

3.5. CircRNAs and Follicular Atresia

circRNA profiles in healthy and atretic antral follicles were first deep sequenced by
Guo et al., and 192 circRNAs were reported to be differentially expressed during the atresia
process [65]. Based on this study, detailed functions of circRNAs serving as miRNA sponges
in the connective tissue growth factor (CTGF) regulatory pathway [65], inhibin–activin
balance [66], and cell viability [67] have been reported. It is widely accepted that GCs play a
significant role in the follicular development and atresia processes, thus determining the fate
of follicles [68]. Therefore, Meng et al. performed a more specific study to profile circRNAs
generated from porcine granulosa cells isolated from healthy atretic antral follicles [69],
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which is a perfect supplement and advancement to the earlier research. This study further
confirmed circRNA functions in oxidative stress inhibition and cell apoptosis pathways.

3.6. CircRNA and High Reproductive Traits

To explore the circRNA functions in reproductive performance, the circRNA func-
tion in litter size was investigated in pigs, goats, and sheep. In pigs, circRNA profiles
of ovaries from large and small litter sizes groups were performed by Xu et al. [70], and
56 down-regulated and 54 up-regulated circRNAs were observed in the large litter sizes
group. Parallelly, a similar study of ovaries from MeiShan (local breed with large litter)
and Large White pigs was performed and revealed 37 up-regulated and 48 down-regulated
circRNAs [71]. The pre-ovulatory follicles of the Boer goat and Macheng black goat, which
is highly fertile with a twin and multiparous lamb rate of 70%, were compared [72]. This
study not only examined goat ovarian circRNA profile for the first time but also identified
37 differentially expressed circRNAs in high litter size breeds. A more delicate analysis
was performed in ovarian tissues from both follicular and luteal phases of Harper sheep
that were either consecutive monotocous or polytomous. Totals of 183 and 34 differentially
expressed circRNAs were identified in h follicular and luteal phases, respectively, and
TGF-β and thyroid hormone signaling were highlighted to affect the litter size through
circRNAs [73]. However, all these studies suggested that in the ovary, the number of circR-
NAs that varies between breeds or reproductive performance is relatively low. During the
follicle cycle, destined ovarian follicles grow rapidly, which is based on the rapid division
of granulosa cells. Therefore, such observations agree with the speculation of a negative
correlation between circRNA levels and cell division rate in cancer studies. Moreover, an in-
teresting study in rats revealed potential functions of circRNAs in continuous light-induced
ovarian dysfunction, which provided novel clues of circRNA shift in response to temporary
environmental changes [74].

Table 1. Circular RNAs and their role in the different ovaries.

Species Tissue CircRNA Target
miRNA/Gene/Protein Function Ref.

human

OC

Cdr1as miR-1270/SCAI sensitizes ovarian cancer to cisplatin [54]
circ-ITCH miR-145/RASA1 inhibit tumour progression [75]

has_circ_0051240 miR-637/KLK4 suppresses cell proliferation, migration, and invasion [76]
circEPSTI1 miR-942 inhibit cell growth and invasion, induces apoptosis [77]

circRNA CDR1 miR-135b-5p/HIF1AN decreasing the occurrence and progression of ovarian cancer [78]
circLARP4 down-regulated in cancerous ovarian cells [79]

hsa_circ_0007444 miR-23a-3p/DICER1 [80]

circPLEKHM3 miR-320a/SMG1 exacerbated the effect of curcumin on ovarian cancer cell proliferation and apoptosis, as well as
the anti-tumour effect [81]

circABCB10 miR-1271 promotes cell proliferation and invasion but inhibits apoptosis [82]
circRNA1656 miR-1301-3p/miR-4660-SIRT3 down-regulated in HGSOC [53]

circ-CSPP1 miR-1236-3p promotes proliferation, invasion, and migration [83]
has-circ-001567 promotes cell proliferation and invasion [84]

circ-SMAD7 KLF6 promotes cell proliferation and invasion [85]
circ_0025033 miR-184/LSM4 promotes the progression of ovarian cancer [86]

circHIPK3 related to cell growth, migration, and apoptosis [52]

PCOS

circ_0023942 CDK-4 inhibit granulosa cell proliferation [87]
circ_0043533 miR-1179 related to Bcl-2, CDK2, and Cyclin D1 [88]
circ_RANBP9 miRNA-136-5p/XIAP exacerbates POS [89]

circASPH miR-375/MAP2K6 promotes cells proliferation [90]
circRHBG miR-515/SLC7A11 knockdown of circRHBG promotes ferroptosis in PCOS [91]

circ_0005925 miR-324-3p/MAP2K6 Promotes Granulosa Cell Growth [92]
circ_0043532 miR-182/SGK3 promote cell proliferation [93]

ovary circDDX10 ovarian aging [58]
KGN circUSP36 PTBP1/NEDD4L enhance autophagic granulosa cell death [94]
GCs circDDX10 affecting the proliferation and apoptosis and steroid hormone synthesis [95]

Pig

ovary circ-TCP11 miR-183 associated with swine litter size [70]
ovary circSCIN miR-133, miR-148a/b affecting estrogen secretion [71]

GCs ssc-circINHA-001 miR-214-5p, miR-7144-3p,
miR-9830-5p/INHBA mediated Inhibin–Activin balance [66]

GCs circSLC41A1 miR-9820-5p/SRSF1 resists porcine granulosa cell apoptosis and follicular atresia [67]
GCs circ-ANKHD1 miR-27a-3p/SFRP1 decreased the cell apoptosis rates [96]

Bovine GCs
circ_n/a_75 miR-339a growth factor response [64]
circ_n/a_303 miR-2400 and miR-30c [64]

Goat follicles chi_circ_0008219 miR-34c-5p, miR-483, miR-1468-3p higher fecundity rate [72]

Mouse GCs circEGFR miR-125a-3p/CYP19A1 promoted granulosa cell apoptosis [59]

4. Conclusions

circRNA-mediated regulation in the ovary has drawn more and more attention recently.
Unlike miRNAs, which are well examined in follicular development, atresia, and ovarian
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disorders [97], the biological functions of circRNAs in the ovary are still largely unknown.
The reasons include, but are not limited to:

(1) The detection and validation of circRNAs are less straightforward and accurate quan-
tification and manipulation of circRNAs are more time-consuming and are more likely
to be affected by the linear mRNA encoded by the same gene;

(2) The conservation of circRNA among species is relatively low, which makes it difficult
to make comparisons and transfer discovery of one species to another;

(3) The subcellular location and molecular function of circRNAs are varied, which adds
complexity to reveal the functional networks of circRNAs. However, precisely because of
their versatile and unique structure, circRNAs became a research hotspot of great potential.

In the ovarian pathology area, circRNAs show tumor-promoting properties by ei-
ther increase OC cell proliferation, invasion and migration through PTEN/PI3k/AKT,
JAK/STAT, and MAPK signalings or indirectly exert the suppression mechanisms, such as
apoptosis, ferroptosis and autophagy pathways through PPARγ, Hippo or Rho GTPase
signalings. The involvement of circRNAs also affect ovarian function by contributing in
oxidation–reduction and steroid hormone biosynthesis processes. The highly stable nature
and cell specificity of circRNAs makes them promising biomarkers for disease as they were
detectable in whole blood, plasma, and platelets [98] when released into the bloodstream
from damaged or diseased cells over time.

In the female reproduction area, the following aspects may attract more attention in
future studies:

(1) circRNAs involved regulatory networks in critical pathways such as steroid hor-
mone biosynthesis, programmed cell death (apoptosis, autophagy, ferroptosis), and
oxidative stress response during ovarian physiological processes;

(2) circRNAs involved in tumorigenic or suppressive pathways which can be used as
therapeutic targets;

(3) circRNA serving as stable diagnostic and prognostic biomarkers to assess the repro-
ductive status, disease, and applications in assisted reproductive technology;

(4) The roles of exosomal circRNAs in oocyte-granulosa-thecal cell communication;
(5) Identification and functional studies of proteins or peptides products of circRNAs;
(6) Development of practical and effective techniques for quantitative detection of circR-

NAs. Although our understanding and application of circRNAs in the mammalian
ovary are still in the initial stage, these unique molecules hold immense potential for
further research and will pave new avenues for the field.

Author Contributions: J.Z. and Z.P. organized the review; J.Z., C.W. and C.J. drafted the work; Y.Z.
(Yi Zhang), X.Q. and Y.Z. (Yuge Zhang) made the table and figure; J.L., S.X. and Z.P. revised the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the National Natural Science Foundation of China (Grant
No. 31902123, 31672421, 32002175); the Scientific Research Fund of Jinling Institute of Science and
Technology (Grant No. 205/040521400182).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sanger, H.L.; Klotz, G.; Riesner, D.; Gross, H.J.; Kleinschmidt, A.K. Viroids are single-stranded covalently closed circular RNA

molecules existing as highly base-paired rod-like structures. Proc. Natl. Acad. Sci. USA 1976, 73, 3852–3856. [CrossRef]
2. Patop, I.L.; Wüst, S.; Kadener, S. Past, present, and future of circ RNA s. EMBO J. 2019, 38, e100836. [CrossRef] [PubMed]
3. Szabo, L.; Salzman, J. Detecting circular RNAs: Bioinformatic and experimental challenges. Nat. Rev. Genet. 2016, 17, 679–692.

[CrossRef] [PubMed]

http://doi.org/10.1073/pnas.73.11.3852
http://doi.org/10.15252/embj.2018100836
http://www.ncbi.nlm.nih.gov/pubmed/31343080
http://doi.org/10.1038/nrg.2016.114
http://www.ncbi.nlm.nih.gov/pubmed/27739534


Int. J. Mol. Sci. 2022, 23, 15204 8 of 11

4. Xin, R.; Gao, Y.; Gao, Y.; Wang, R.; Kadash-Edmondson, K.E.; Liu, B.; Wang, Y.; Lin, L.; Xing, Y. isoCirc catalogs full-length circular
RNA isoforms in human transcriptomes. Nat. Commun. 2021, 12, 266. [CrossRef] [PubMed]

5. Yu, T.; Wang, Y.; Fan, Y.; Fang, N.; Wang, T.; Xu, T.; Shu, Y. CircRNAs in cancer metabolism: A review. J. Hematol. Oncol. 2019, 12,
90. [CrossRef]

6. Orisaka, M.; Tajima, K.; Tsang, B.K.; Kotsuji, F. Oocyte-granulosa-theca cell interactions during preantral follicular development.
J. Ovarian Res. 2009, 2, 9. [CrossRef]

7. Quirk, S.M.; Cowan, R.G.; Harman, R.M.; Hu, C.L.; Porter, D.A. Ovarian Follicular Growth and Atresia: The Relationship between
Cell Proliferation and Survival. J. Anim. Sci. 2004, 82, E40–E52. [CrossRef]

8. Baker, T.G. A Quantitative and Cytological Study of Germ Cells in Human Ovaries. Proc. R. Soc. Lond. Ser. B Boil. Sci. 1963, 158,
417–433. [CrossRef]

9. Umekage, S.; Uehara, T.; Fujita, Y.; Suzuki, H.; Kikuchi, Y. In vivo circular RNA expression by the permuted intron-exon method.
Innov. Biotechnol. 2012, 4, 76–90.

10. Li, H.M.; Ma, X.L.; Li, H.G. Intriguing circles: Conflicts and controversies in circular RNA research. Wiley Interdiscip. Rev. RNA
2019, 10, e1538. [CrossRef]

11. Jeck, W.R.; Sorrentino, J.A.; Wang, K.; Slevin, M.K.; Burd, C.E.; Liu, J.; Marzluff, W.F.; Sharpless, N.E. Circular RNAs are abundant,
conserved, and associated with ALU repeats. RNA 2013, 19, 141–157. [CrossRef]

12. Kramer, M.C.; Liang, D.; Tatomer, D.C.; Gold, B.; March, Z.M.; Cherry, S.; Wilusz, J.E. Combinatorial control of Drosophila circular
RNA expression by intronic repeats, hnRNPs, and SR proteins. Genes Dev. 2015, 29, 2168–2182. [CrossRef] [PubMed]

13. Westholm, J.O.; Miura, P.; Olson, S.; Shenker, S.; Joseph, B.; Sanfilippo, P.; Celniker, S.E.; Graveley, B.R.; Lai, E.C. Genome-wide
analysis of drosophila circular RNAs reveals their structural and sequence properties and age-dependent neural accumulation.
Cell Rep. 2014, 9, 1966–1980. [CrossRef] [PubMed]

14. Rybak-Wolf, A.; Stottmeister, C.; Glažar, P.; Jens, M.; Pino, N.; Giusti, S.; Hanan, M.; Behm, M.; Bartok, O.; Ashwal-Fluss, R.
Circular RNAs in the mammalian brain are highly abundant, conserved, and dynamically expressed. Mol. Cell 2015, 58, 870–885.
[CrossRef] [PubMed]

15. Bachmayr-Heyda, A.; Reiner, A.T.; Auer, K.; Sukhbaatar, N.; Aust, S.; Bachleitner-Hofmann, T.; Mesteri, I.; Grunt, T.W.; Zeillinger,
R.; Pils, D. Correlation of circular RNA abundance with proliferation–exemplified with colorectal and ovarian cancer, idiopathic
lung fibrosis and normal human tissues. Sci. Rep. 2015, 5, 8057. [CrossRef] [PubMed]

16. Al-Balool, H.H.; Weber, D.; Liu, Y.; Wade, M.; Guleria, K.; Nam, P.; Clayton, J.; Rowe, W.; Coxhead, J.; Irving, J. Post-transcriptional
exon shuffling events in humans can be evolutionarily conserved and abundant. Genome Res. 2011, 21, 1788–1799. [CrossRef]
[PubMed]

17. Wang, P.L.; Bao, Y.; Muh-Ching, Y.; Barrett, S.P.; Hogan, G.J.; Olsen, M.N.; Dinneny, J.R.; Brown, P.O.; Julia, S.; Thomas, P. Circular
RNA Is Expressed across the Eukaryotic Tree of Life. PLoS ONE 2014, 9, e90859. [CrossRef]

18. Verduci, L.; Tarcitano, E.; Strano, S.; Yarden, Y.; Blandino, G. CircRNAs: Role in human diseases and potential use as biomarkers.
Cell Death Dis. 2021, 12, 468. [CrossRef]

19. Zhang, H.-D.; Jiang, L.-H.; Sun, D.-W.; Hou, J.-C.; Ji, Z.-L. CircRNA: A novel type of biomarker for cancer. Breast Cancer 2018, 25, 1–7.
[CrossRef]

20. Altesha, M.A.; Ni, T.; Khan, A.; Liu, K.; Zheng, X. Circular RNA in cardiovascular disease. J. Cell. Physiol. 2019, 234, 5588–5600.
[CrossRef]

21. Ren, S.; Lin, P.; Wang, J.; Yu, H.; Lv, T.; Sun, L.; Du, G. Circular RNAs: Promising molecular biomarkers of human aging-related
diseases via functioning as an miRNA sponge. Mol. Ther.-Methods Clin. Dev. 2020, 18, 215–229. [CrossRef] [PubMed]

22. Noto, J.J.; Schmidt, C.A.; Matera, A.G. Engineering and expressing circular RNAs via tRNA splicing. RNA Biol. 2017, 14, 978–984.
[CrossRef] [PubMed]

23. Liu, X.; Hu, Z.; Zhou, J.; Tian, C.; Tian, G.; He, M.; Gao, L.; Chen, L.; Li, T.; Peng, H. Interior circular RNA. RNA Biol. 2020, 17,
87–97. [CrossRef] [PubMed]

24. Ma, J.; Du, W.W.; Zeng, K.; Wu, N.; Fang, L.; Lyu, J.; Yee, A.J.; Yang, B.B. An antisense circular RNA circSCRIB enhances cancer
progression by suppressing parental gene splicing and translation. Mol. Ther. 2021, 29, 2754–2768. [CrossRef] [PubMed]

25. Huang, Y.; Wang, Y.; Zhang, C.; Sun, X. Biological functions of circRNAs and their progress in livestock and poultry. Reprod.
Domest. Anim. 2020, 55, 1667–1677. [CrossRef]

26. Tran, A.M.; Chalbatani, G.M.; Berland, L.; Cruz De los Santos, M.; Raj, P.; Jalali, S.A.; Gharagouzloo, E.; Ivan, C.; Dragomir, M.P.;
Calin, G.A. A new world of biomarkers and therapeutics for female reproductive system and breast cancers: Circular RNAs.
Front. Cell Dev. Biol. 2020, 8, 50. [CrossRef]

27. Zang, J.; Lu, D.; Xu, A. The interaction of circRNAs and RNA binding proteins: An important part of circRNA maintenance and
function. J. Neurosci. Res. 2020, 98, 87–97. [CrossRef]

28. Park, O.H.; Ha, H.; Lee, Y.; Boo, S.H.; Kwon, D.H.; Song, H.K.; Kim, Y.K. Endoribonucleolytic cleavage of m6A-containing RNAs
by RNase P/MRP complex. Mol. Cell 2019, 74, 494–507.e8. [CrossRef]

29. Preußer, C.; Hung, L.-H.; Schneider, T.; Schreiner, S.; Hardt, M.; Moebus, A.; Santoso, S.; Bindereif, A. Selective release of circRNAs
in platelet-derived extracellular vesicles. J. Extracell. Vesicles 2018, 7, 1424473. [CrossRef]

30. Li, Y.; Zheng, Q.; Bao, C.; Li, S.; Guo, W.; Zhao, J.; Chen, D.; Gu, J.; He, X.; Huang, S. Circular RNA is enriched and stable in
exosomes: A promising biomarker for cancer diagnosis. Cell Res. 2015, 25, 981–984. [CrossRef]

http://doi.org/10.1038/s41467-020-20459-8
http://www.ncbi.nlm.nih.gov/pubmed/33436621
http://doi.org/10.1186/s13045-019-0776-8
http://doi.org/10.1186/1757-2215-2-9
http://doi.org/10.2527/2004.8213_supplE40x
http://doi.org/10.1097/00006254-196408000-00038
http://doi.org/10.1002/wrna.1538
http://doi.org/10.1261/rna.035667.112
http://doi.org/10.1101/gad.270421.115
http://www.ncbi.nlm.nih.gov/pubmed/26450910
http://doi.org/10.1016/j.celrep.2014.10.062
http://www.ncbi.nlm.nih.gov/pubmed/25544350
http://doi.org/10.1016/j.molcel.2015.03.027
http://www.ncbi.nlm.nih.gov/pubmed/25921068
http://doi.org/10.1038/srep08057
http://www.ncbi.nlm.nih.gov/pubmed/25624062
http://doi.org/10.1101/gr.116442.110
http://www.ncbi.nlm.nih.gov/pubmed/21948523
http://doi.org/10.1371/journal.pone.0090859
http://doi.org/10.1038/s41419-021-03743-3
http://doi.org/10.1007/s12282-017-0793-9
http://doi.org/10.1002/jcp.27384
http://doi.org/10.1016/j.omtm.2020.05.027
http://www.ncbi.nlm.nih.gov/pubmed/32637451
http://doi.org/10.1080/15476286.2017.1317911
http://www.ncbi.nlm.nih.gov/pubmed/28402213
http://doi.org/10.1080/15476286.2019.1669391
http://www.ncbi.nlm.nih.gov/pubmed/31532701
http://doi.org/10.1016/j.ymthe.2021.08.002
http://www.ncbi.nlm.nih.gov/pubmed/34365033
http://doi.org/10.1111/rda.13816
http://doi.org/10.3389/fcell.2020.00050
http://doi.org/10.1002/jnr.24356
http://doi.org/10.1016/j.molcel.2019.02.034
http://doi.org/10.1080/20013078.2018.1424473
http://doi.org/10.1038/cr.2015.82


Int. J. Mol. Sci. 2022, 23, 15204 9 of 11

31. Hansen, T.B.; Wiklund, E.D.; Bramsen, J.B.; Villadsen, S.B.; Statham, A.L.; Clark, S.J.; Kjems, J. miRNA-dependent gene silencing
involving Ago2-mediated cleavage of a circular antisense RNA. EMBO J. 2011, 30, 4414–4422. [CrossRef] [PubMed]

32. Yu, C.-Y.; Li, T.-C.; Wu, Y.-Y.; Yeh, C.-H.; Chiang, W.; Chuang, C.-Y.; Kuo, H.-C. The circular RNA circBIRC6 participates in the
molecular circuitry controlling human pluripotency. Nat. Commun. 2017, 8, 1149. [CrossRef]

33. Panda, A.C. Circular RNAs act as miRNA sponges. Circ. RNAs 2018, 1087, 67–79.
34. Du, W.W.; Zhang, C.; Yang, W.; Yong, T.; Awan, F.M.; Yang, B.B. Identifying and characterizing circRNA-protein interaction.

Theranostics 2017, 7, 4183. [CrossRef] [PubMed]
35. Yang, Y.; Gao, X.; Zhang, M.; Yan, S.; Sun, C.; Xiao, F.; Huang, N.; Yang, X.; Zhao, K.; Zhou, H. Novel role of FBXW7 circular RNA

in repressing glioma tumorigenesis. JNCI J. Natl. Cancer Inst. 2018, 110, 304–315. [CrossRef]
36. Prats, A.C.; David, F.; Diallo, L.; Roussel, E.; Lacazette, E. Circular RNA, the Key for Translation. Int. J. Mol. Sci. 2020, 21, 8591.

[CrossRef]
37. Chen, R.; Wang, S.K.; Belk, J.A.; Amaya, L.; Li, Z.; Cardenas, A.; Abe, B.T.; Chen, C.-K.; Wender, P.A.; Chang, H.Y. Engineering

circular RNA for enhanced protein production. Nat. Biotechnol. 2022, 1–11. [CrossRef]
38. Ashwal-Fluss, R.; Meyer, M.; Pamudurti, N.R.; Ivanov, A.; Bartok, O.; Hanan, M.; Evantal, N.; Memczak, S.; Rajewsky, N.;

Kadener, S. circRNA biogenesis competes with pre-mRNA splicing. Mol. Cell 2014, 56, 55–66. [CrossRef]
39. Huang, Y.; Zhu, Q. Mechanisms regulating abnormal circular RNA biogenesis in cancer. Cancers 2021, 13, 4185. [CrossRef]
40. Shao, T.; Pan, Y.-H.; Xiong, X.-D. Circular RNA: An important player with multiple facets to regulate its parental gene expression.

Mol. Ther.-Nucleic Acids 2021, 23, 369–376. [CrossRef]
41. Wu, Q.; Wang, Y.; Cao, M.; Pantaleo, V.; Burgyan, J.; Li, W.X.; Ding, S.W. Homology-independent discovery of replicating

pathogenic circular RNAs by deep sequencing and a new computational algorithm. Proc. Natl. Acad. Sci. USA 2012, 109,
3938–3943. [CrossRef] [PubMed]

42. Wang, K.; Singh, D.; Zeng, Z.; Coleman, S.J.; Huang, Y.; Savich, G.L.; He, X.; Mieczkowski, P.; Grimm, S.A.; Perou, C.M. MapSplice:
Accurate mapping of RNA-seq reads for splice junction discovery. Nucleic Acids Res. 2010, 38, e178. [CrossRef] [PubMed]

43. Gao, Y.; Wang, J.; Zhao, F. CIRI: An efficient and unbiased algorithm for de novo circular RNA identification. Genome Biol. 2015,
16, 4. [CrossRef] [PubMed]

44. Dong, R.; Ma, X.-K.; Chen, L.-L.; Yang, L. Genome-wide annotation of circRNAs and their alternative back-splicing/splicing with
CIRCexplorer pipeline. In Epitranscriptomics: Methods and Protocols, Methods in Molecular Biology; Springer: Berlin/Heidelberg,
Germany, 2019; pp. 137–149.

45. Schneider, T.; Schreiner, S.; Preußer, C.; Bindereif, A.; Rossbach, O. Northern blot analysis of circular RNAs. In Circular RNAs;
Springer: Berlin/Heidelberg, Germany, 2018; pp. 119–133.

46. Lim, A.; Lim, T.H. Fluorescence In Situ Hybridization on Tissue Sections. Methods Mol. Biol. 2017, 1541, 119. [PubMed]
47. Liu, W.; Zhang, J.; Zou, C.; Xie, X.; Wang, Y.; Wang, B.; Zhao, Z.; Tu, J.; Wang, X.; Li, H. Microarray Expression Profile and

Functional Analysis of Circular RNAs in Osteosarcoma. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2017,
43, 969. [CrossRef]

48. Zhang, M.A.; Chen, Z.B.; Jiang, C.C.; Liu, Y.A.; Wu, J.A.; Liu, L.A. Circular RNA detection methods: A minireview—ScienceDirect.
Talanta 2021, 238, 123066.

49. Naarmann-de Vries, I.S.; Eschenbach, J.; Schudy, S.; Meder, B.; Dieterich, C. Targeted Analysis of circRNA Expression in Patient
Samples by Lexo-circSeq. Front. Mol. Biosci. 2022, 9, 875805. [CrossRef]

50. Li, X.; Yang, L.; Chen, L.-L. The biogenesis, functions, and challenges of circular RNAs. Mol. Cell 2018, 71, 428–442. [CrossRef]
51. Ning, L.; Long, B.; Zhang, W.; Yu, M.; Wang, S.; Cao, D.; Yang, J.; Shen, K.; Huang, Y.; Lang, J. Circular RNA profiling reveals

circEXOC6B and circN4BP2L2 as novel prognostic biomarkers in epithelial ovarian cancer. Int. J. Oncol. 2018, 53, 2637–2646.
[CrossRef]

52. Teng, F.; Xu, J.; Zhang, M.; Liu, S.; Gu, Y.; Zhang, M.; Wang, X.; Ni, J.; Qian, B.; Shen, R. Comprehensive circular RNA expression
profiles and the tumor-suppressive function of circHIPK3 in ovarian cancer. Int. J. Biochem. Cell Biol. 2019, 112, 8–17. [CrossRef]

53. Gao, Y.; Zhang, C.; Liu, Y.; Wang, M. Circular RNA profiling reveals circRNA1656 as a novel biomarker in high grade serous
ovarian cancer. Biosci. Trends 2019, 13, 204–211. [CrossRef] [PubMed]

54. Zhao, Z.; Ji, M.; Wang, Q.; He, N.; Li, Y. Circular RNA Cdr1as upregulates SCAI to suppress cisplatin resistance in ovarian cancer
via miR-1270 suppression. Mol. Ther.-Nucleic Acids 2019, 18, 24–33. [CrossRef] [PubMed]

55. Che, Q.; Liu, M.; Xu, J.; Liu, Y.; Cao, X.; Dong, X.; Liu, S. Characterization of circular RNA expression profiles in cumulus cells
from patients with polycystic ovary syndrome. Fertil. Steril. 2019, 111, 1243–1251.e1241. [CrossRef]

56. Li, M.; Zeng, Z.; Zhang, A.; Ye, Q.; Su, S.; Xia, T. WGCNA analysis identifies polycystic ovary syndrome-associated circular RNAs
that interact with RNA-binding proteins and sponge miRNAs. Int. J. Gen. Med. 2021, 14, 8737. [CrossRef] [PubMed]

57. Wang, L.-P.; Peng, X.-Y.; Lv, X.-Q.; Liu, L.; Li, X.-L.; He, X.; Lv, F.; Pan, Y.; Wang, L.; Liu, K.-F. High throughput circRNAs
sequencing profile of follicle fluid exosomes of polycystic ovary syndrome patients. J. Cell. Physiol. 2019, 234, 15537–15547.
[CrossRef]

58. Cai, H.; Li, Y.; Li, H.; Niringiyumukiza, J.D.; Zhang, M.; Chen, L.; Chen, G.; Xiang, W. Identification and characterization of
human ovary-derived circular RNAs and their potential roles in ovarian aging. Aging 2018, 10, 2511. [CrossRef]

59. Jia, W.; Xu, B.; Wu, J. Circular RNA expression profiles of mouse ovaries during postnatal development and the function of
circular RNA epidermal growth factor receptor in granulosa cells. Metabolism 2018, 85, 192–204. [CrossRef]

http://doi.org/10.1038/emboj.2011.359
http://www.ncbi.nlm.nih.gov/pubmed/21964070
http://doi.org/10.1038/s41467-017-01216-w
http://doi.org/10.7150/thno.21299
http://www.ncbi.nlm.nih.gov/pubmed/29158818
http://doi.org/10.1093/jnci/djx166
http://doi.org/10.3390/ijms21228591
http://doi.org/10.1038/s41587-022-01393-0
http://doi.org/10.1016/j.molcel.2014.08.019
http://doi.org/10.3390/cancers13164185
http://doi.org/10.1016/j.omtn.2020.11.008
http://doi.org/10.1073/pnas.1117815109
http://www.ncbi.nlm.nih.gov/pubmed/22345560
http://doi.org/10.1093/nar/gkq622
http://www.ncbi.nlm.nih.gov/pubmed/20802226
http://doi.org/10.1186/s13059-014-0571-3
http://www.ncbi.nlm.nih.gov/pubmed/25583365
http://www.ncbi.nlm.nih.gov/pubmed/27910019
http://doi.org/10.1159/000481650
http://doi.org/10.3389/fmolb.2022.875805
http://doi.org/10.1016/j.molcel.2018.06.034
http://doi.org/10.3892/ijo.2018.4566
http://doi.org/10.1016/j.biocel.2019.04.011
http://doi.org/10.5582/bst.2019.01021
http://www.ncbi.nlm.nih.gov/pubmed/31019161
http://doi.org/10.1016/j.omtn.2019.07.012
http://www.ncbi.nlm.nih.gov/pubmed/31479922
http://doi.org/10.1016/j.fertnstert.2019.02.023
http://doi.org/10.2147/IJGM.S335108
http://www.ncbi.nlm.nih.gov/pubmed/34849014
http://doi.org/10.1002/jcp.28201
http://doi.org/10.18632/aging.101565
http://doi.org/10.1016/j.metabol.2018.04.002


Int. J. Mol. Sci. 2022, 23, 15204 10 of 11

60. Liang, G.; Yang, Y.; Niu, G.; Tang, Z.; Li, K. Genome-wide profiling of Sus scrofa circular RNAs across nine organs and three
developmental stages. DNA Res. 2017, 24, 523–535. [CrossRef]

61. Pan, X.; Gong, W.; He, Y.; Li, N.; Yuan, X. Ovary-derived circular RNAs profile analysis during the onset of puberty in gilts. BMC
Genom. 2021, 22, 445. [CrossRef]

62. Liu, Y.; Zhou, Z.; He, X.; Jiang, Y.; Ouyang, Y.; Hong, Q.; Chu, M. Differentially Expressed Circular RNA Profile Signatures
Identified in Prolificacy Trait of Yunshang Black Goat Ovary at Estrus Cycle. Front. Physiol. 2022, 13, 576. [CrossRef]

63. Xu, L.; Liu, C.; Na, R.; Zhang, W.; He, Y.; Yuan, Y.; Zhang, H.; Han, Y.; Zeng, Y.; Si, W. Genetic Basis of Follicle Development in
Dazu Black Goat by Whole-Transcriptome Sequencing. Animals 2021, 11, 3536. [CrossRef] [PubMed]

64. Fu, Y.; Jiang, H.; Liu, J.B.; Sun, X.L.; Zhang, Z.; Li, S.; Gao, Y.; Yuan, B.; Zhang, J.B. Genome-wide analysis of circular RNAs in
bovine cumulus cells treated with BMP15 and GDF9. Sci. Rep. 2018, 8, 7944. [CrossRef] [PubMed]

65. Guo, T.; Zhang, J.; Yao, W.; Du, X.; Pan, Z. CircINHA resists granulosa cell apoptosis by upregulating CTGF as a ceRNA of
miR-10a-5p in pig ovarian follicles. Biochim. Biophys. Acta 2019, 1862, 194420. [CrossRef] [PubMed]

66. Ma, M.; Wang, H.; Zhang, Y.; Zhang, J.; Liu, J.; Pan, Z. circRNA-Mediated Inhibin–Activin Balance Regulation in Ovarian
Granulosa Cell Apoptosis and Follicular Atresia. Int. J. Mol. Sci. 2021, 22, 9113. [CrossRef]

67. Wang, H.; Zhang, Y.; Zhang, J.; Du, X.; Pan, Z. circSLC41A1 Resists Porcine Granulosa Cell Apoptosis and Follicular Atresia by
Promoting SRSF1 through miR-9820-5p Sponging. Int. J. Mol. Sci. 2022, 23, 1509. [CrossRef]

68. Matsuda, F.; Inoue, N.; Manabe, N.; Ohkura, S. Follicular growth and atresia in mammalian ovaries: Regulation by survival and
death of granulosa cells. J. Reprod. Dev. 2012, 58, 44–50. [CrossRef]

69. Meng, L.; Teerds, K.; Tao, J.; Wei, H.; Jaklofsky, M.; Zhao, Z.; Liang, Y.; Li, L.; Wang, C.C.; Zhang, S. Characteristics of Circular
RNA Expression Profiles of Porcine Granulosa Cells in Healthy and Atretic Antral Follicles. Int. J. Mol. Sci. 2020, 21, 5217.
[CrossRef]

70. Xu, G.; Zhang, H.; Li, X.; Hu, J.; Sun, S. Genome-Wide Differential Expression Profiling of Ovarian circRNAs Associated With
Litter Size in Pigs. Front. Genet. 2019, 10, 1010. [CrossRef]

71. Liang, G.; Yan, J.; Guo, J.; Tang, Z. Identification of Ovarian Circular RNAs and Differential Expression Analysis between MeiShan
and Large White Pigs. Animals 2020, 10, 1114. [CrossRef]

72. Hu, T.; Qi, X.; Feng, Z.; Zhang, N.; Yang, L.; 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 2018, 110, 257–266.

73. Liu, A.; Chen, X.; Liu, M.; Zhang, L.; Ma, X.; Tian, S. Differential expression and functional analysis of CircRNA in the ovaries of
low and high fecundity hanper sheep. Animals 2021, 11, 1863. [CrossRef] [PubMed]

74. Li, Y.; Xia, G.; Tan, Y.; Shuai, J. Expression profile of circular RNAs in continuous light-induced ovarian dysfunction. Ecotoxicol.
Environ. Saf. 2022, 242, 113861. [CrossRef] [PubMed]

75. Hu, J.; Wang, L.; Chen, J.; Gao, H.; Zhao, W.; Huang, Y.; Jiang, T.; Zhou, J.; Chen, Y. The circular RNA circ-ITCH suppresses
ovarian carcinoma progression through targeting miR-145/RASA1 signaling. Biochem. Biophys. Res. Commun. 2018, 505, 222–228.
[CrossRef] [PubMed]

76. Zhang, M.; Xia, B.; Xu, Y.; Zhang, Y.; Xu, J.; Lou, G. Circular RNA (hsa_circ_0051240) promotes cell proliferation, migration
and invasion in ovarian cancer through miR-637/KLK4 axis. Artif. Cells Nanomed. Biotechnol. 2019, 47, 1224–1233. [CrossRef]
[PubMed]

77. Xie, J.; Wang, S.; Li, G.; Zhao, X.; Jiang, F.; Liu, J.; Tan, W. circEPSTI1 regulates ovarian cancer progression via decoying miR-942. J.
Cell. Mol. Med. 2019, 23, 3597–3602. [CrossRef] [PubMed]

78. Chen, H.; Mao, M.; Jiang, J.; Zhu, D.; Li, P. Circular RNA CDR1as acts as a sponge of miR-135b-5p to suppress ovarian cancer
progression. Onco Targets Ther. 2019, 12, 3869. [CrossRef] [PubMed]

79. Ahmed, I.; Karedath, T.; Andrews, S.S.; Al, I.K.; Mohamoud, Y.A.; Querleu, D.; Rafii, A.; Malek, J.A. Altered expression pattern of
circular RNAs in primary and metastatic sites of epithelial ovarian carcinoma. Oncotarget 2016, 7, 36366. [CrossRef]

80. Zhang, M.; Sun, Y.; Xu, H.; Shi, Y.; Shen, R.; Teng, F.; Xu, J.; Jia, X. Circular RNA Hsa_Circ_0007444 Inhibits Tumor Progression
Through MiR-23a-3p/DICER1 in Ovarian Cancer. Res. Sq. 2021. [CrossRef]

81. Sun, S.; Fang, H. Curcumin inhibits ovarian cancer progression by regulating circ-PLEKHM3/miR-320a/SMG1 axis. J. Ovarian
Res. 2021, 14, 158. [CrossRef]

82. Lin, X.; Chen, Y.; Ye, X.; Xia, X. Circular RNA ABCB10 promotes cell proliferation and invasion, but inhibits apoptosis via
regulating themicroRNA1271mediated Capn4/Wnt/βcatenin signaling pathway in epithelial ovarian cancer. Mol. Med. Rep.
2021, 23, 387. [CrossRef]

83. Li, Q.-H.; Liu, Y.; Chen, S.; Zong, Z.-h.; Du, Y.-P.; Sheng, X.-J.; Zhao, Y. circ-CSPP1 promotes proliferation, invasion and migration
of ovarian cancer cells by acting as a miR-1236-3p sponge. Biomed. Pharmacother. 2019, 114, 108832. [CrossRef] [PubMed]

84. Bao, L.; Zhong, J.; Pang, L. Upregulation of Circular RNA VPS13C-has-circ-001567 Promotes Ovarian Cancer Cell Proliferation
and Invasion. Cancer Biother. Radiopharm. 2019, 34, 110–118. [CrossRef] [PubMed]

85. Zhao, Y.; Qin, X.P.; Lang, Y.P.; Kou, D.; Shao, Z.W. Circular RNA circ-SMAD7 promoted ovarian cancer cell proliferation and
metastasis by suppressing KLF6. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 5603–5610. [PubMed]

86. Hou, W.; Zhang, Y. Circ_0025033 promotes the progression of ovarian cancer by activating the expression of LSM4 via targeting
miR-184. Pathol.—Res. Pract. 2021, 217, 153275. [CrossRef]

http://doi.org/10.1093/dnares/dsx022
http://doi.org/10.1186/s12864-021-07786-w
http://doi.org/10.3389/fphys.2022.820459
http://doi.org/10.3390/ani11123536
http://www.ncbi.nlm.nih.gov/pubmed/34944311
http://doi.org/10.1038/s41598-018-26157-2
http://www.ncbi.nlm.nih.gov/pubmed/29786687
http://doi.org/10.1016/j.bbagrm.2019.194420
http://www.ncbi.nlm.nih.gov/pubmed/31476383
http://doi.org/10.3390/ijms22179113
http://doi.org/10.3390/ijms23031509
http://doi.org/10.1262/jrd.2011-012
http://doi.org/10.3390/ijms21155217
http://doi.org/10.3389/fgene.2019.01010
http://doi.org/10.3390/ani10071114
http://doi.org/10.3390/ani11071863
http://www.ncbi.nlm.nih.gov/pubmed/34201517
http://doi.org/10.1016/j.ecoenv.2022.113861
http://www.ncbi.nlm.nih.gov/pubmed/35835072
http://doi.org/10.1016/j.bbrc.2018.09.060
http://www.ncbi.nlm.nih.gov/pubmed/30243714
http://doi.org/10.1080/21691401.2019.1593999
http://www.ncbi.nlm.nih.gov/pubmed/30945557
http://doi.org/10.1111/jcmm.14260
http://www.ncbi.nlm.nih.gov/pubmed/30887698
http://doi.org/10.2147/OTT.S207938
http://www.ncbi.nlm.nih.gov/pubmed/31190886
http://doi.org/10.18632/oncotarget.8917
http://doi.org/10.21203/rs.3.rs-955306/v1
http://doi.org/10.1186/s13048-021-00916-8
http://doi.org/10.3892/mmr.2021.12026
http://doi.org/10.1016/j.biopha.2019.108832
http://www.ncbi.nlm.nih.gov/pubmed/30965236
http://doi.org/10.1089/cbr.2018.2641
http://www.ncbi.nlm.nih.gov/pubmed/30376358
http://www.ncbi.nlm.nih.gov/pubmed/31298312
http://doi.org/10.1016/j.prp.2020.153275


Int. J. Mol. Sci. 2022, 23, 15204 11 of 11

87. Zhao, C.; Zhou, Y.; Shen, X.; Gong, M.; Lu, Y.; Fang, C.; Chen, J.; Ju, R. Circular RNA expression profiling in the fetal side of
placenta from maternal polycystic ovary syndrome and circ_0023942 inhibits the proliferation of human ovarian granulosa cell.
Arch. Gynecol. Obstet. 2020, 301, 963–971. [CrossRef]

88. Chen, A.-X.; Jin, R.-Y.; Zhou, W.-M.; Ye, Y.-J.; Lu, J.-L.; Ren, Y.-F.; Xuan, F.-L. CircRNA circ_0043533 facilitates cell growth in
polycystic ovary syndrome by targeting miR-1179. Reprod. Biol. 2022, 22, 100637. [CrossRef]

89. Lu, X.; Gao, H.; Zhu, B.; Lin, G. Circular RNA circ_RANBP9 exacerbates polycystic ovary syndrome via microRNA-136-5p/XIAP
axis. Bioengineered 2021, 12, 6748–6758. [CrossRef]

90. Wu, G.; Xia, J.; Yang, Z.; Chen, Y.; Jiang, W.; Yin, T.; Yang, J. CircASPH promotes KGN cells proliferation through miR-
375/MAP2K6 axis in Polycystic Ovary Syndrome. J. Cell. Mol. Med. 2022, 26, 1817–1825. [CrossRef]

91. Zhang, D.; Yi, S.; Cai, B.; Wang, Z.; Chen, M.; Zheng, Z.; Zhou, C. Involvement of ferroptosis in the granulosa cells proliferation of
PCOS through the circRHBG/miR-515/SLC7A11 axis. Ann. Transl. Med. 2021, 9, 1348. [CrossRef]

92. Tu, P.; Yan, S.; Zhang, F. Circ_0005925 Promotes Granulosa Cell Growth by Targeting MiR-324-3p to Upregulate MAP2K6 in
Polycystic Ovary Syndrome. Biochem. Genet. 2022, 1–14. [CrossRef] [PubMed]

93. Xu, L.; Xiong, F.; Bai, Y.; Xiao, J.; Zhang, Y.; Chen, J.; Li, Q. Circ_0043532 regulates miR-182/SGK3 axis to promote granulosa cell
progression in polycystic ovary syndrome. Reprod. Biol. Endocrinol. 2021, 19, 103681. [CrossRef] [PubMed]

94. Zhou, J.; Zhou, J.; Li, Y.-Y.; Li, M.-Q.; Liao, H.-Q. CircRNA circUSP36 impairs the stability of NEDD4L mRNA through recruiting
PTBP1 to enhance ULK1-mediated autophagic granulosa cell death. J. Reprod. Immunol. 2022, 153, 103681. [CrossRef] [PubMed]

95. Cai, H.; Chang, T.; Li, Y.; Jia, Y.; Li, H.; Zhang, M.; Su, P.; Zhang, L.; Xiang, W. Circular DDX10 is associated with ovarian function
and assisted reproductive technology outcomes through modulating the proliferation and steroidogenesis of granulosa cells.
Aging 2021, 13, 9592. [CrossRef] [PubMed]

96. Li, X.; Gao, F.; Fan, Y.; Xie, S.; Li, C.; Meng, L.; Li, L.; Zhang, S.; Wei, H. A novel identified circ-ANKHD1 targets the miR-27a-
3p/SFRP1 signaling pathway and modulates the apoptosis of granulosa cells. Environ. Sci. Pollut. Res. 2021, 28, 57459–57469.
[CrossRef] [PubMed]

97. Zhang, J.; Xu, Y.; Liu, H.; Pan, Z. MicroRNAs in ovarian follicular atresia and granulosa cell apoptosis. Reprod. Biol. Endocrinol.
2019, 17, 9. [CrossRef] [PubMed]

98. Zhang, S.-J.; Chen, X.; Li, C.-P.; Li, X.-M.; Liu, C.; Liu, B.-H.; Shan, K.; Jiang, Q.; Zhao, C.; Yan, B. Identification and Characterization
of Circular Rnas as a New Class of Putative Biomarkers in Diabetes Retinopathy. Investig. Ophthalmol. Vis. Sci. 2017, 58, 6500–6509.
[CrossRef]

http://doi.org/10.1007/s00404-020-05495-5
http://doi.org/10.1016/j.repbio.2022.100637
http://doi.org/10.1080/21655979.2021.1964157
http://doi.org/10.1111/jcmm.16231
http://doi.org/10.21037/atm-21-4174
http://doi.org/10.1007/s10528-022-10238-z
http://www.ncbi.nlm.nih.gov/pubmed/35689709
http://doi.org/10.1186/s12958-021-00839-5
http://www.ncbi.nlm.nih.gov/pubmed/34740363
http://doi.org/10.1016/j.jri.2022.103681
http://www.ncbi.nlm.nih.gov/pubmed/35964538
http://doi.org/10.18632/aging.202699
http://www.ncbi.nlm.nih.gov/pubmed/33742605
http://doi.org/10.1007/s11356-021-14699-4
http://www.ncbi.nlm.nih.gov/pubmed/34091845
http://doi.org/10.1186/s12958-018-0450-y
http://www.ncbi.nlm.nih.gov/pubmed/30630485
http://doi.org/10.1167/iovs.17-22698

	Introduction 
	Characteristics, Functions and Detection of CircRNA 
	Stability, Abundance, Conservation, and Specificity of CircRNAs 
	Classification, Biogenesis, and Degradation of CircRNAs 
	Molecular Functions of CircRNAs 
	Detection and Confirmation of CircRNAs 

	CircRNAs in Mammalian Ovaries 
	CircRNAs in Ovarian Cancer 
	CircRNAs in PCOS 
	CircRNAs during Maternal Ageing 
	CircRNAs and Ovary Development 
	CircRNAs and Follicular Atresia 
	CircRNA and High Reproductive Traits 

	Conclusions 
	References

