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Polycystic ovary syndrome (PCOS), one of the most common types of endocrine
diseases, is characterized by a high prevalence among women of reproductive-age.
However, its pathogenesis and molecular mechanisms remain unclear. CircMTO1 has
been reported to participate in numerous biological processes, but, its role in PCOS
progression remains unknown. In the current study, we elucidated the expression and
circRNA characterization of circMTO1 in human granulosa-like tumor cells. We found
that circMTO1 knockdown promoted human granulosa-like tumor cell proliferation and
inhibited its apoptosis rate. Next, we explored the underlying molecular mechanisms by
using a series of experiments. Our results revealed the effect of the novel circMTO1/miR-
320b/MCL1 axis in human granulosa-like tumor cells. Furthermore, we found that the
expression of circMTO1 was induced by Snail family transcriptional repressor 2 (SNAI2)
in human granulosa-like tumor cells. Our results may provide potential targets for PCOS
research and a novel direction for the diagnosis and treatment of PCOS.

Keywords: circular RNA, circMTO1, miR-320b, MCL1, SNAI2, polycystic ovaries syndrome

INTRODUCTION

Polycystic ovary syndrome (PCOS),one of the most common types of endocrine diseases, occurs
in about 5-10% of women of reproductive age worldwide (Azziz et al., 2004). Multiple risk factors,
such as hyperinsulinemia, polycystic ovaries, and dysfunction of the ovulatory cycle (Azziz et al.,
2006; Diamanti-Kandarakis and Dunaif, 2012) lead to its high prevalence and considerable burden
for clinical management. However, the pathogenesis and molecular mechanisms of PCOS remain

Abbreviations: cicrRNA, circular RNA; PCOS, Polycystic ovary syndrome; qRT-PCR, quantitative reverse transcription
polymerase chain reaction; FISH, Fluorescent In Situ Hybridization; RIP, RNA-binding protein immunoprecipitation assay;
CCK-8, Cell Counting Kit-8; MCL1, MCL1 Apoptosis Regulator; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase;
circMTO1, circular RNA Mitochondrial TRNA Translation Optimization 1; SNAI2, Snail Family Transcriptional Repressor
2; siRNA, small interfering RNA.
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poorly understood. Therefore, finding new potential targets for
understanding the progression of PCOS is urgently needed.

Previous studies have demonstrated that granulosa cells (GCs)
may play an essential role in PCOS development. In comparison
with GCs from women with normal ovulatory cycles, GCs from
PCOS patients have lower proliferation and apoptosis ability
than GCs from women with normal ovulatory cycles (Das et al.,
2008). Human granulosa-like tumor cells (KGN and SVOG) have
similar pathological features to GCs, and could be well-cultured
(Nishi et al., 2001); therefore, KGN and SVOG cells have been
widely used in PCOS research (Zhang et al., 2010; Han et al., 2018;
Li M. et al., 2019; Chen et al,, 2020). Indeed, human granulosa-
like tumor cells represent a promising research direction for
PCOS therapeutic targets.

With the technological innovations in high-throughput
sequencing (RNA-seq) over the past two decades, the structure
and biological functions of circular RNAs (circRNAs) have been
intensely studied (Patop et al., 2019). CircRNA is a covalently
closed RNA without polyadenylation (Jeck and Sharpless, 2014)
and is abundantly expressed and conserved in eukaryotic
organisms (Jeck et al, 2013). Mechanistically, circRNAs are
mainly considered as post-transcriptional regulators that act
as sponges for microRNAs (miRNAs) and affect the binding
capability of messenger RNAs (mRNAs) to downstream factors
(Hansen et al., 2013; Memczak et al.,, 2013). Circular RNAs
interact with proteins and even translate proteins (Hentze and
Preiss, 2013; Legnini et al., 2017; Yang et al., 2017). Biologically,
the essential roles of circRNAs in multiple cellular processes
have been widely reported, including proliferation, apoptosis,
migration, invasion, and angiogenesis (Bian et al., 2018; Liu et al.,
2018; Ouyang et al., 2019; Song et al., 2019; Zhou et al., 2019).

CircRNA expression profiles have been studied in detail
in PCOS (Che et al, 2019; Wang et al, 2019; Zhang C.
et al., 2019). Lu et al. (2020) found that CiRS-126 acts as a
sponge for miR-21 to inhibit ovarian granulosa cell viability.
Deng et al. (2020) reported that circPUMI1 regulates PCOS
development by interacting with miR-760. These studies indicate
the crucial role of circRNAs in PCOS progression. CircRNA
mitochondrial translation optimization 1 (MTO1 homolog;
hsa_circRNA_0007874/hsa_circRNA_104135) has been found to
participate in the progression of multiple diseases, including
hepatocellular carcinoma, cervical cancer, rectal cancer, and acute
kidney injury (Han et al., 2017; Chen et al., 2019; Shi et al., 2020).
Several studies have reported the modulation of circMTO1 of
cell proliferation behavior (Ge et al., 2018; Zhang X. et al,, 2019;
Wang N. et al,, 2020). However, the involvement of circMTO1
in the cellular progression of human granulosa-like tumor cells
remains unclear.

In this study, we aimed to elucidate the function of circMTO1
in human granulosa-like tumor cells. Our study revealed the
expression and circRNA characterization of circMTO1 in human
granulosa-like tumor cells. We performed CCK8 and flow
cytometry to elucidate the cellular effects of circMTO1 on human
granulosa-like tumor cells. Further, we explored the underlying
molecular mechanisms and subsequently demonstrated a novel
snail family transcriptional repressor 2 (SNAI2)/circMTO1/miR-
320b/MCLL1 axis in PCOS cellular progression.

MATERIALS AND METHODS

Cell Culture and Transfection

Human granulosa-like tumor cell lines (KGN and SVOG cells)
and 293T cells were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). DMEM high
glucose (HyClone, Logan, UT, United States) supplemented
with 10% FBS (BI, Israel) was used to culture cells in an
environment containing 5% CO, at 37°C. All lentiviruses,
siRNAs, and plasmids were synthesized by GeneChem (Shanghai,
China). Lipofectamine 3,000 (Invitrogen) was used to perform all
transfections according to the manufacturer’s instructions.

RNA Isolation and Quantitation and

RNase R Treatment

We used TRIzol reagent (Invitrogen) was used to harvest
RNA from the cells. A superscript RT Kit (TOYOBO) was
used to reverse transcribe cDNA following the manufacturer’s
protocol. For miRNA detection, a TagMan MicroRNA Assay
(Applied Biosystems, United States) using a specific TagMan
miRNA probes hsa-miR-320b (ID 002844) (Applied Biosystems,
United States) was applied following the manufacturer’s
protocols. RNA quality was assessed using a NanoDrop 2,000
spectrophotometer (Thermo Fisher Scientific, United States).
GAPDH and U6 were used as the internal controls. RNA
levels were detected using a 7,500 Fast PCR instrument
(Applied Biosystems, United States). RNA expression
fold change level was presented by the 272AC method.
For RNase R treatment, 3 U/mg of RNase R (Epicenter,
United States) was used to digest 1 ug of RNA for 30 min
at 37°C, following the manufacturer’s instructions. The
stability of mMTO1 and circMTO1 was assessed by RT-
PCR assay. Target values were assessed using the 2-AACT
method. The primer sequence information was as follows:
circeMTO1;  5-GAGCTGTAGAAGATCTTATTC-3'(F), 5'-
CACAGGCCATCCAAGGCATC-3'(R), miR-320b; RT primer:
5'GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGA
TACGACTTTTCGAC 3/, 5 TCCGAAACGGGAGAGTTGG
3'(F), 5 GTGCAGGGTCCGAGGT 3’ (R); MCL1; 5-GCTGC
ATCGAACCATTAGCA-3'(F), 5-ATGCCAAACCAGCTCCT
ACT-3/(R), SNAI2; 5'-GTATCTCTATGAGAGTTACTCCATGC
CTG-3' (F), 5-TTACATCAGAATGGGTCTGCAGATGAGC-
3’ (R); GAPDH; 5 GCACCGTCAAGGCTGAGAAC 3/(F),
5" TGGTGAAGACGCCAGTGGA 3/(R), U6 5 TCCGA
TCGTGAAGCGTTC 3'(F), 5 GTGCAGGGTCCGAGGT 3'(R).

Western Blot

Total proteins were isolated using radioimmunoprecipitation
assay buffer (Thermo Scientific). Protein quantification was
performed using a BCA protein concentration assay Kit
(Solarbio). Proteins were separated by SDS-PAGE on a 10%
gel and transferred onto polyvinylidene fluoride membranes
(Millipore, United States). Subsequently, the membranes were
subjected to 5% non-fat milk (Sangon, China) for 45 min. The
membranes were then incubated with primary antibodies for
12 h at 4°C. The membranes were washed 3 times with TBS-T
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and then incubated with secondary antibodies for 1.5 h at 23°C.
The experimental results were visualized using an image analysis
system (WD-9413B, Liuyi, Beijing, China). The antibodies used
in this study were as follows: MCL1 (1:1,000, CST, 94296S),
GAPDH (1:1,000, CST, 5174S).

RNA Fluorescence in situ Hybridization

(FISH) Assay

A fluorescent in situ hybridization (FISH) kit (RiboBio, China)
was used to conduct our RNA FISH experiment following the
manufacturers protocol. The probes used in this study were
purchased from GeneChem (Shanghai, China). The experimental
results were visualized using confocal microscopy.

Cell Viability Detection
Cell Counting kit-8 (CCK8, Dojindo, Japan) was used to measure
cell viability following the manufacturer’s protocol. A 96-well

plate was used to seed the cells (2 x 10* cells per well). 2 days
later, we added 10 pul CCK-8 solution was added to the culture
cells for 120 min. The OD values of the cells were measured at a
wavelength of 450 nm.

Cell Apoptosis Measurement

The apoptosis rate of the cells was assessed using flow cytometry
(BD Biosciences, United States). First, the cells were collected and
resuspended in a binding buffer. Second, cells were cultured with
0.25 mg/ml Annexin V-FITC (Dojindo, Japan) and 10 mg/ml
propidium iodide (Dojindo, Japan) in a dark environment at
room temperature for 30 min. Finally, the treated cells were
subjected to flow cytometry for apoptosis analysis.

Biotinylated RNA Pull-Down

Biotinylated RNA probes were obtained from GenePharma
(Shanghai, China). After transfection for 2 days, the cells were
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FIGURE 1 | Characterization of circMTO1 in Human granulosa-like tumor cells. (A1,A2) Relative circMTO1 expression in insulin-treated Human granulosa-like tumor
cells was detected by qRT-PCR. (B) Relative expression level of circMTO1 and liner MTO1 (mMMTO1) in KGN (B1) and SVOG (B2) cells after treated with ActD were
evaluated by gRT-PCR. (C) Relative expression of circMTO1 and mMTO1 in KGN (C1) and SVOG (C2) after treatment with RNase R were assessed by gRT-PCR.
(D) The distribution of circMTO1 in KGN (D1) and SVOG (D2) cells was measured using gRT-PCR. (E) The location of circMTO1 in Human granulosa-like tumor cells
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washed with PBS and cultured on ice for 10 min. Total RNA
was isolated from the cells pre-transfected with biotinylated RNA.
RNA was purified by centrifugation, and 100 ml purified RNA
was collected as input. We added M-280 streptavidin magnetic
beads (Sigma) to the cell lysates. Trizol was used to purify the
bound RNA for analysis.

RNA Immunoprecipitation

We used a Magna RIP™ RNA-Binding Protein
Immunoprecipitation ~ Kit  (Millipore, = Bedford, @ MA,
United States) for the RNA immunoprecipitation assay,
following the manufacturer’s instructions. AGO2 and IgG
antibodies were used. We then conducted a qRT-PCR experiment
to analyze the bound RNA.

Dual-Luciferase Reporter Gene Assay

The pmirGLO plasmids harboring the sequences of circMTO1
WT/MUT and MCL1 WT/MUT were synthesized and
commercially procured from GenePharma (Shanghai, China). All
the transfection processes were performed using Lipofectamine
3,000 (Invitrogen). After transfection, the luciferase activity was
measured and recorded.

Statistical Analysis

We used IBM SPSS Statistics for Windows, Version 21.0 (IBM
Corp., Armonk, NY) to analyze data from the experiment results.
All data are presented as the mean + standard deviation (SD).
For the measurement of data from two groups, we used Student’s
t-test, and for data from three or more groups, we employed a
one-way analysis of variance. All experiments were repeated at
least 3 times unless otherwise stated. Differences were considered
statistically significant at P < 0.05.

RESULTS

Characterization and Biological Behavior
of CircMTO1 in Human Granulosa-Like
Tumor Cells

Initially, we assessed the expression levels of circMTO1 in human
granulosa-like tumor cells after insulin treatment. As shown in
Figures 1A1,A2, the levels of circMTO1 in KGN and SVOG
cells were upregulated upon insulin treatment. Next, we verified
circRNA characterization of circMTO1 in human granulosa-like
tumor cells. Upon ActD treatment, MTO1 mRNA was obviously
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degraded, but not circMTO1 (Figures 1B1,B2). Our results also
suggested that the level of MTO1 mRNA, but not its circular form
(circRNA), in human granulosa-like tumor cells was significantly
decreased by RNase R treatment (Figures 1C1,C2). We found
that circMTO1 was mainly located in the cytoplasm of human
granulosa-like tumor cells (Figures 1D1,D2,E).

Subsequently, we evaluated the biological function of
circMTO1 in human granulosa-like tumor cells. CircMTO1

knockdown cell models were constructed (Figure 2A). Using
CCK-8 and EdU assays, we verified that circMTO1 knockdown
promoted PCOS cell proliferation (Figures 2B,C1,C2). The
flow cytometry experiment results indicated that circMTO1
knockdown inhibited the apoptotic rate of human granulosa-
like tumor cells (Figures 2D1,D2). These results suggest that
circMTO1 is involved in the cellular processes of human
granulosa-like tumor cells.
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CircMTO1 as an Efficient Molecular
Sponge for miR-320b

We used the Miranda dataset' to predict the downstream
targets of circMTO1 (CLIP-seq data: strict stringency > 5).
Further, we conducted biotinylated RNA pull-down and qRT-
PCR assays to measure the expression of putative miRNAs in
biotinylated probes. MiR-320b was found to be highly enriched
in Bio-circMTO1 probes in human granulosa-like tumor cells
(Figure 3A). Subsequently, we found that circMTOl and
miR-320b were abundantly enriched in anti-AGO2 purified
complexes compared with anti-IgG (Figures 3B1,B2). The

http://miranda.org.uk/

predicted binding sites are shown in Figure 3C. The luciferase
activities in miR-320b mimic and vectors containing circMTO1
WT sequence co-transfected cells were significantly decreased
(Figures 3D1,D2). Furthermore, circMTOl suppressed
miR-320b expression in human granulosa-like tumor cells
(Figure 3E). MiR-320b expression in human granulosa-like
tumor cells decreased after insulin treatment (Figure 3F).

MiR-320b Directly Targeting MCL1

We investigated the mRNA targets of miR-320b using the
starBase dataset’. We selected 8 potential targets of miR-320b
for biotinylated RNA pull-down assays (data were supported by
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the maximum number of Ago CLIP-seq). MCL1 was found to be
highly enriched in bio-miR-320b probes in human granulosa-like
tumor cells (Figures 4A,B). The predicted binding sites between
miR-320b and MCL1 are shown in Figure 4C. Luciferase reporter
assays confirmed the association between miR-320b and MCL1 in
293T and KGN cells (Figures 4D,E). MCL1 mRNA and protein
expression was found to be increased under insulin treatment
in human granulosa-like tumor cells (Figures 4F,G). CircMTO1
promoted MCLI expression in human granulosa-like tumor cells
and was reversed by the miR-320b mimic (Figures 4H,I).

CircMTO1 Regulation of Human
Granulosa-Like Tumor Cell Behaviors via

miR-320b/MCL1 Axis

Cell models were constructed by transfecting OE-NC, OE-
circMTO1, OE-circMTO1 + si-NC, and OE-circMTO1 + si-
MCLI into human granulosa-like tumor cells to elucidate the role
of the circMTO1/miR-320b/MCL1 axis. Next, we then evaluated

the transfection conditions (Figure 5A). The promotive effects
of OE-circMTOL1 on cell proliferation were rescued by si-MCL1
(Figures 5B,C1,C2). Moreover, si-MCL1 reversed the inhibitory
effect of OE-circMTOL1 on cell apoptosis (Figures 5D1,D2). The
results showed that circMTOL1 facilitated human granulosa-like
tumor cell behavior by regulating MCL1 expression via miR-
320b.

Induction of CircMTO1 Expression in
Human Granulosa-Like Tumor Cells Is
Induced by SNAI2

The aforementioned results revealed the novel circMTO1/miR-
320b/MCL1 axis in the cellular process of human granulosa-
like tumor cells. However, the upstream regulator of circMTO1
requires further investigation. By utilizing the databases of
the National Center for Biotechnology Information (NCBI),’
Genomics Institute at the University of California, Santa Cruz

3https://www.ncbi.nlm.nih.gov/
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(UCSC),* and JASPAR,’ we determined that SNAI2 is a promising
putative transcription factor of MTOL.

We generated SNAI2 overexpression and knockdown cell
models were generated (Figure 6A). SNAI2 positively regulated
circMTO1 expression in human granulosa-like tumor cells

“http://genome.ucsc.edu/
Shttp://jaspar.genereg.net/

(Figure 6B). Subsequently, the DNA motif of SNAI2 was
obtained from the JASPAR dataset (Figure 6C). We separated the
promoter sequence of MTO1 into five parts (S1-S5) (Figure 6D).
The predicted binding sites between SNAI2 and MTO1 were
located in S2 and S3 fragments (P1-P3) (Figure 6E). The
association between SNAI2 and the S2 (P1) or S3 (P2/P3)
region of the MTO1 promoter was verified using the ChIP
assay (Figure 6F) and further confirmed by a luciferase reporter
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gene assay (Figures 6G,H) in human granulosa-like tumor cells.
Therefore, our results revealed that the expression of circMTO1
in human granulosa-like tumor cells was facilitated by SNAI2.

DISCUSSION

Despite of the fact that PCOS is one of the most common
endocrine diseases in women, and with an incidence of 6-12%
(Yau et al., 2017), the etiology of PCOS is still poorly understood.
On the one hand, the diagnosis and clinical intervention
strategies for PCOS are inefficient and poorly improved. On the
other hand, PCOS patients suffer varied presentations of PCOS
clinical features including hyperandrogenism, oligomenorrhea,
ovarian polycystic disorder, anovulation, infertility, and are
facing multiple additive risks such as type II diabetes mellitus,
metabolic diseases, hypertension and cardiovascular events
(Azziz, 2018; Zhang J. et al.,, 2019). To improve the quality of
life of PCOS patients, and reduce the economic burden of the
world health care system, novel diagnosis or therapeutic targets
for PCOS are urgently needed.

In this study, we verified that the expression and circRNA
characterization of circMTO1 in human granulosa-like tumor
cells. We also found that circMTO1 knockdown promoted cell
proliferation and the inhibited the apoptotic cell rate in human
granulosa-like tumor cells. Our results suggest that circMTO1
plays a role in the cellular processes of human granulosa-like
tumor cells. Subsequently, the underlying molecular mechanisms
are investigated. CircMTO1 sponged miR-320b in 293T cells and
human granulosa-like tumor cells and negatively regulated miR-
320D expression. We also identified MCL1 as a downstream target
of miR-320b. Thus, CircMTO1 mediated human granulosa-
like tumor cell progression through the miR-320b/MCL1 axis.
Furthermore, we confirmed SNAI2 as an upstream transcription
factor of circMTO1 in human granulosa-like tumor cells. We
found a novel SNAI2/circMTO1/miR-320b/MCLI axis in human
granulosa-like tumor cell progression.

Evidence has revealed the biological functions of miR-
320b in many diseases, such as osteosarcoma, psoriasis,
osteoporosis, non-small cell lung cancer, and colorectal
cancer (Wang et al., 2015; Lv et al, 2018; Wang Y. et al,
2018; Zhang L. et al, 2019; Zhang S. et al, 2019). Our
findings revealed that miR-320b is a downstream factor of
circMTO1 in human granulosa-like tumor cells. Its expression
is suppressed by circMTOL. A previous study reported decreased
miR-320b expression in ovarian cancer tissues, indicating
that it might be a useful target for distant metastasis in
ovarian carcinoma (Cha et al, 2017). Similarly, our results
revealed that circMTOLI significantly downregulated miR-320b
expression. However, the dysregulated expression of miR-
320b in the ovary has different outcomes. The potential role
and molecular mechanisms of miR-320b in ovarian disease
require further study.

We also conducted biotinylated RNA pull-down and dual-
luciferase gene assays, which confirmed that miR-320b directly
targeted to MCL1. MCL1 has been found to be involved in
the development of ovarian disorders in multiple ways, such as

by deubiquitinating and interacting with miRNAs (Li C. et al,,
2019; Wu et al, 2019). In this study, we transfected OE-NC,
OE-circMTO1, OE-circMTOL1 + si-NC, and OE-circMTOL1 +- si-
MCLI into human granulosa-like tumor cells, we found that
the downregulation of MCLI reversed the effects of circMTO1
on human granulosa-like tumor cell proliferation and apoptosis.
Thus, circMTOL1 exerts its functions in PCOS by regulating
MCLI1 expression.

Several studies have reported that transcriptional factors
regulate circRNA expression in multiple cells (Wang R. et al,,
2018; Li H. et al.,, 2019; Wang W. et al,, 2020; Liu et al,, 2021).
Using the UCSC and JASPAR datasets of interest, we found that
SNAI2 might be a promising transcription factor for the MTO1
promoter. We assessed and confirmed the association between
SNAI2 and MTO1 promoters was assessed and confirmed using
ChIP and luciferase reporter gene assays. Additionally, circMTO1
expression in human granulosa-like tumor cells was positively
regulated by SNAI2.

CONCLUSION

In conclusion, our findings suggest that circMTO1 could
aggravate PCOS progression by upregulating MCL1 expression
through interaction with miR-320b. Meanwhile, SNAI2 also
induced the expression level of circMTO1 in human granulosa-
like tumor cells. Our results provide new insights for human
granulosa-like tumor cell research and may be a promising
direction for PCOS intervention.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

JD designed the experiments. JD and HC performed the
experiments and analyzed the data. YH and LS collected and
analyzed the experiments data. All authors read and approved the
final manuscript.

FUNDING

This work was supported by the Wuhan Young and Middle-aged
Medical Talents Foundation Project of Hubei Province, China
(No. 230727010).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2021.
689916/full#supplementary-material

Frontiers in Genetics | www.frontiersin.org

August 2021 | Volume 12 | Article 689916


https://www.frontiersin.org/articles/10.3389/fgene.2021.689916/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.689916/full#supplementary-material
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Duan et al.

CircMTO1 Aggravates Polycystic Ovaries Syndrome

REFERENCES

Azziz, R. (2018). Polycystic ovary syndrome. Obstet. Gynecol. 132, 321-336. doi:
10.1097/A0G.0000000000002698

Azziz, R., Carmina, E., Dewailly, D., Diamanti-Kandarakis, E., Escobar-Morreale,
H. F., Futterweit, W., et al. (2006). Positions statement: criteria for defining
polycystic ovary syndrome as a predominantly hyperandrogenic syndrome: an
androgen excess society guideline. J. Clin. Endocrinol. Metab. 91, 4237-4245.
doi: 10.1210/jc.2006-0178

Azziz, R., Sanchez, L. A., Knochenhauer, E. S., Moran, C., Lazenby, J., Stephens,
K. C, et al. (2004). Androgen excess in women: experience with over 1000
consecutive patients. J. Clin. Endocrinol. Metab. 89, 453-462. doi: 10.1210/jc.
2003-031122

Bian, L., Zhi, X., Ma, L, Zhang, J., Chen, P., Sun, S, et al. (2018).
Hsa_circRNA_103809 regulated the cell proliferation and migration in
colorectal cancer via miR-532-3p / FOXO4 axis. Biochem. Biophys. Res.
Commun. 505, 346-352. doi: 10.1016/j.bbrc.2018.09.073

Cha, S. Y., Choi, Y. H., Hwang, S., Jeong, J. Y., and An, H. J. (2017). Clinical impact
of microRNAs associated with cancer stem cells as a prognostic factor in ovarian
carcinoma. J. Cancer 8, 3538-3547. doi: 10.7150/jca.20348

Che, Q., Liu, M, Xu, J,, Liu, Y., Cao, X., Dong, X., et al. (2019). Characterization of
circular RNA expression profiles in cumulus cells from patients with polycystic
ovary syndrome. Fertil. Steril. 111, 1243-1251.el. doi: 10.1016/j.fertnstert.2019.
02.023

Chen, M., Ai, G., Zhou, J., Mao, W., Li, H., and Guo, J. (2019). circMTO1 promotes
tumorigenesis and chemoresistance of cervical cancer via regulating miR-6893.
Biomed. Pharmacother. 117:109064. doi: 10.1016/j.biopha.2019.109064

Chen, Y., Zhang, X., An, Y., Liu, B., and Lu, M. (2020). LncRNA HCP5 promotes
cell proliferation and inhibits apoptosis via miR-27a-3p/IGF-1 axis in human
granulosa-like tumor cell line KGN. Mol. Cell Endocrinol. 503:110697. doi:
10.1016/j.mce.2019.110697

Das, M., Djahanbakhch, O., Hacihanefioglu, B., Saridogan, E., Ikram, M., Ghali, L.,
et al. (2008). Granulosa cell survival and proliferation are altered in polycystic
ovary syndrome. J. Clin. Endocrinol. Metab. 93, 881-887. doi: 10.1210/jc.2007-
1650

Deng, L., Chen, Q., Xie, J., Wei, W., and Hui, H. (2020). circPUM1 promotes
polycystic ovary syndrome progression by sponging to miR-760. Gene
754:144903. doi: 10.1016/j.gene.2020.144903

Diamanti-Kandarakis, E., and Dunaif, A. (2012). Insulin resistance and
the polycystic ovary syndrome revisited: an update on mechanisms and
implications. Endocr. Rev. 33, 981-1030. doi: 10.1210/er.2011-1034

Ge, Z, Li, L. F, Wang, C. Y., Wang, Y., and Ma, W. L. (2018). CircMTO1 inhibits
cell proliferation and invasion by regulating Wnt/beta-catenin signaling
pathway in colorectal cancer. Eur. Rev. Med. Pharmacol. Sci. 22, 8203-8209.
doi: 10.26355/eurrev_201812_16513

Han, D, Li, J., Wang, H., Su, X, Hou, J., Gu, Y., et al. (2017). Circular RNA
circMTOL1 acts as the sponge of microRNA-9 to suppress hepatocellular
carcinoma progression. Hepatology 66, 1151-1164. doi: 10.1002/hep.29270

Han, Q., Zhang, W., Meng, J., Ma, L., and Li, A. (2018). LncRNA-LET inhibits
cell viability, migration and EMT while induces apoptosis by up-regulation of
TIMP2 in human granulosa-like tumor cell line KGN. Biomed. Pharmacother.
100, 250-256. doi: 10.1016/j.biopha.2018.01.162

Hansen, T. B., Jensen, T. L, Clausen, B. H., Bramsen, J. B., Finsen, B., Damgaard,
C. K, etal. (2013). Natural RNA circles function as efficient microRNA sponges.
Nature 495, 384-388. doi: 10.1038/nature11993

Hentze, M. W., and Preiss, T. (2013). Circular RNAs: splicing’s enigma variations.
EMBO J. 32, 923-925. doi: 10.1038/emb0;j.2013.53

Jeck, W. R., and Sharpless, N. E. (2014). Detecting and characterizing circular
RNAs. Nat. Biotechnol. 32, 453-461. doi: 10.1038/nbt.2890

Jeck, W. R,, Sorrentino, J. A., Wang, K., Slevin, M. K,, Burd, C. E,, Liu, J., et al.
(2013). Circular RNAs are abundant, conserved, and associated with ALU
repeats. RNA 19, 141-157. doi: 10.1261/rna.035667.112

Legnini, I, Di Timoteo, G., Rossi, F., Morlando, M., Briganti, F., Sthandier, O., et al.
(2017). Circ-ZNF609 is a circular RNA that can be translated and functions in
myogenesis. Mol. Cell 66, 22-37.€29. doi: 10.1016/j.molcel.2017.02.017

Li, C,, Zhang, Y., Zhao, W., Cui, S., and Song, Y. (2019). miR-153-3p regulates
progression of ovarian carcinoma in vitro and in vivo by targeting MCL1 gene.
J. Cell Biochem. 120, 19147-19158. doi: 10.1002/jcb.29244

Li, H., Shen, S., Ruan, X,, Liu, X., Zheng, J., Liu, Y., et al. (2019). Biosynthetic
CircRNA_001160 induced by PTBP1 regulates the permeability of BTB via the
CircRNA_001160/miR-195-5p/ETV1 axis. Cell Death Dis. 10:960. doi: 10.1038/
541419-019-2191-z

Li, M., Zhao, H., Zhao, S. G., Wei, D. M., Zhao, Y. R., Huang, T., et al. (2019).
The HMGA2-IMP2 pathway promotes granulosa cell proliferation in polycystic
ovary syndrome. J. Clin. Endocrinol. Metab. 104, 1049-1059. doi: 10.1210/jc.
2018-00544

Liu, H,, Bi, J., Dong, W., Yang, M., Shi, J., Jiang, N., et al. (2018). Invasion-related
circular RNA circEFNDC3B inhibits bladder cancer progression through the
miR-1178-3p/G3BP2/SRC/FAK axis. Mol. Cancer 17:161. doi: 10.1186/s12943-
018-0908-8

Liu, S., Yang, N, Jiang, X., Wang, J., Dong, J., and Gao, Y. (2021). FUS-induced
circular RNA ZNF609 promotes tumorigenesis and progression via sponging
miR-142-3p in lung cancer. J. Cell Physiol. 236, 79-92. doi: 10.1002/jcp.29481

Lu,J., Xue, Y., Wang, Y., Ding, Y., Zou, Q., Pan, M., et al. (2020). CiRS-126 inhibits
proliferation of ovarian granulosa cells through targeting the miR-21-PDCD4-
ROS axis in a polycystic ovarian syndrome model. Cell Tissue Res. 381, 189-201.
doi: 10.1007/s00441-020-03187-9

Lv, G. Y., Miao, J., and Zhang, X. L. (2018). Long noncoding RNA XIST
promotes osteosarcoma progression by targeting ras-related protein RAP2B
via miR-320b. Oncol. Res. 26, 837-846. doi: 10.3727/096504017X1492031881
1721

Memczak, S., Jens, M., Elefsinioti, A., Torti, F., Krueger, J., Rybak, A., et al. (2013).
Circular RNAs are a large class of animal RNAs with regulatory potency. Nature
495, 333-338. doi: 10.1038/nature11928

Nishi, Y., Yanase, T., Mu, Y., Oba, K., Ichino, L, Saito, M., et al. (2001).
Establishment and characterization of a steroidogenic human granulosa-like
tumor cell line, KGN, that expresses functional follicle-stimulating hormone
receptor. Endocrinology 142, 437-445. doi: 10.1210/endo.142.1.7862

Ouyang, Z., Tan, T., Zhang, X., Wan, J., Zhou, Y., Jiang, G., et al. (2019). CircRNA
hsa_circ_0074834 promotes the osteogenesis-angiogenesis coupling process in
bone mesenchymal stem cells (BMSCs) by acting as a ceRNA for miR-942-5p.
Cell Death Dis. 10:932. doi: 10.1038/s41419-019-2161-5

Patop, L. L., Wust, S., and Kadener, S. (2019). Past, present, and future of circRNAs.
EMBO J. 38:¢100836. doi: 10.15252/embj.2018100836

Shi, C. C, Pan, L. Y., Peng, Z. Y., and Li, J. G. (2020). CircMTO1 attenuated
acute kidney injury through regulating miR-337. Inflammation 43, 1304-1311.
doi: 10.1007/s10753-020-01209-w

Song, T., Xu, A., Zhang, Z., Gao, F., Zhao, L., Chen, X,, et al. (2019). CircRNA
hsa_circRNA_101996 increases cervical cancer proliferation and invasion
through activating TPX2 expression by restraining miR-8075. J. Cell Physiol.
234, 14296-14305. doi: 10.1002/jcp.28128

Wang, H., Cao, F., Li, X., Miao, H., E, ], Xing, J., et al. (2015). miR-320b suppresses
cell proliferation by targeting c-Myc in human colorectal cancer cells. BMC
Cancer 15:748. doi: 10.1186/s12885-015-1728-5

Wang, L. P, Peng, X. Y., Ly, X. Q, Liu, L., Li, X. L., He, X,, et al. (2019). High
throughput circRNAs sequencing profile of follicle fluid exosomes of polycystic
ovary syndrome patients. J. Cell Physiol. Online ahead of print. doi: 10.1002/jcp.
28201

Wang, N,, Cao, Q. X, Tian, J., Ren, L., Cheng, H. L., and Yang, S. Q. (2020). Circular
RNA MTOL1 inhibits the proliferation and invasion of ovarian cancer cells
through the miR-182-5p/KLF15 axis. Cell Transplant. 29:963689720943613.
doi: 10.1177/0963689720943613

Wang, R., Zhang, S., Chen, X,, Li, N,, Li, J., Jia, R,, et al. (2018). EIF4A3-induced
circular RNA MMP9 (circMMP9) acts as a sponge of miR-124 and promotes
glioblastoma multiforme cell tumorigenesis. Mol. Cancer 17:166. doi: 10.1186/
$12943-018-0911-0

Wang, W., Li, Y., Li, X, Liu, B., Han, S., Li, X,, et al. (2020). Circular RNA circ-
FOXP1 induced by SOX9 promotes hepatocellular carcinoma progression via
sponging miR-875-3p and miR-421. Biomed. Pharmacother. 121:109517. doi:
10.1016/j.biopha.2019.109517

Wang, Y., Yu, X, Wang, L., Ma, W,, and Sun, Q. (2018). miR-320b is down-
regulated in psoriasis and modulates keratinocyte proliferation by targeting
AKTS3. Inflammation 41, 2160-2170. doi: 10.1007/s10753-018-0859-7

Wu, X,, Luo, Q., Zhao, P., Chang, W., Wang, Y., Shu, T,, et al. (2019). MGMT-
activated DUB3 stabilizes MCL1 and drives chemoresistance in ovarian cancer.
Proc. Natl. Acad. Sci. U.S.A. 116, 2961-2966. doi: 10.1073/pnas.1814742116

Frontiers in Genetics | www.frontiersin.org

August 2021 | Volume 12 | Article 689916


https://doi.org/10.1097/AOG.0000000000002698
https://doi.org/10.1097/AOG.0000000000002698
https://doi.org/10.1210/jc.2006-0178
https://doi.org/10.1210/jc.2003-031122
https://doi.org/10.1210/jc.2003-031122
https://doi.org/10.1016/j.bbrc.2018.09.073
https://doi.org/10.7150/jca.20348
https://doi.org/10.1016/j.fertnstert.2019.02.023
https://doi.org/10.1016/j.fertnstert.2019.02.023
https://doi.org/10.1016/j.biopha.2019.109064
https://doi.org/10.1016/j.mce.2019.110697
https://doi.org/10.1016/j.mce.2019.110697
https://doi.org/10.1210/jc.2007-1650
https://doi.org/10.1210/jc.2007-1650
https://doi.org/10.1016/j.gene.2020.144903
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.26355/eurrev_201812_16513
https://doi.org/10.1002/hep.29270
https://doi.org/10.1016/j.biopha.2018.01.162
https://doi.org/10.1038/nature11993
https://doi.org/10.1038/emboj.2013.53
https://doi.org/10.1038/nbt.2890
https://doi.org/10.1261/rna.035667.112
https://doi.org/10.1016/j.molcel.2017.02.017
https://doi.org/10.1002/jcb.29244
https://doi.org/10.1038/s41419-019-2191-z
https://doi.org/10.1038/s41419-019-2191-z
https://doi.org/10.1210/jc.2018-00544
https://doi.org/10.1210/jc.2018-00544
https://doi.org/10.1186/s12943-018-0908-8
https://doi.org/10.1186/s12943-018-0908-8
https://doi.org/10.1002/jcp.29481
https://doi.org/10.1007/s00441-020-03187-9
https://doi.org/10.3727/096504017X14920318811721
https://doi.org/10.3727/096504017X14920318811721
https://doi.org/10.1038/nature11928
https://doi.org/10.1210/endo.142.1.7862
https://doi.org/10.1038/s41419-019-2161-5
https://doi.org/10.15252/embj.2018100836
https://doi.org/10.1007/s10753-020-01209-w
https://doi.org/10.1002/jcp.28128
https://doi.org/10.1186/s12885-015-1728-5
https://doi.org/10.1002/jcp.28201
https://doi.org/10.1002/jcp.28201
https://doi.org/10.1177/0963689720943613
https://doi.org/10.1186/s12943-018-0911-0
https://doi.org/10.1186/s12943-018-0911-0
https://doi.org/10.1016/j.biopha.2019.109517
https://doi.org/10.1016/j.biopha.2019.109517
https://doi.org/10.1007/s10753-018-0859-7
https://doi.org/10.1073/pnas.1814742116
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Duan et al.

CircMTO1 Aggravates Polycystic Ovaries Syndrome

Yang, Y., Fan, X., Mao, M., Song, X., Wu, P., Zhang, Y., et al. (2017). Extensive
translation of circular RNAs driven by N(6)-methyladenosine. Cell Res. 27,
626-641. doi: 10.1038/cr.2017.31

Yau, T. T., Ng, N. Y., Cheung, L. P., and Ma, R. C. (2017). Polycystic ovary
syndrome: a common reproductive syndrome with long-term metabolic
consequences. Hong Kong Med. ]. 23, 622-634. doi: 10.12809/hkmj
176308

Zhang, C,, Liu, J., Lai, M., Li, J., Zhan, J., Wen, Q., et al. (2019). Circular RNA
expression profiling of granulosa cells in women of reproductive age with
polycystic ovary syndrome. Arch. Gynecol. Obstet. 300, 431-440. doi: 10.1007/
500404-019-05129-5

Zhang, J., Bao, Y., Zhou, X, and Zheng, L. (2019). Polycystic ovary syndrome
and mitochondrial dysfunction. Reprod. Biol. Endocrinol. 17:67. doi: 10.1186/
§12958-019-0509-4

Zhang, L., Yao, Z., Liu, M., and Liu, Y. (2019). MiR-320b negatively regulates
ovariectomy-induced osteoporosis in rats by decreasing RUNX2. Panminerva
Med. Online ahead of print. doi: 10.23736/S0031-0808.19.03695-4

Zhang, S., Zhang, X., Sun, Q., Zhuang, C,, Li, G., Sun, L., et al. (2019). LncRNA
NR2F2-AS1 promotes tumourigenesis through modulating BMI1 expression
by targeting miR-320b in non-small cell lung cancer. J. Cell Mol. Med. 23,
2001-2011. doi: 10.1111/jemm.14102

Zhang, X., Zhong, B., Zhang, W., Wu, J., and Wang, Y. (2019). Circular RNA
CircMTOL inhibits proliferation of glioblastoma cells via miR-92/WWOX
signaling pathway. Med. Sci. Monit. 25, 6454-6461. doi: 10.12659/MSM.
918676

Zhang, Y., Huang, Q., Cheng, J. C., Nishi, Y., Yanase, T., Huang, H. F., et al. (2010).
Homeobox A7 increases cell proliferation by up-regulation of epidermal growth
factor receptor expression in human granulosa cells. Reprod. Biol. Endocrinol.
8:61. doi: 10.1186/1477-7827-8-61

Zhou, Z. B, Huang, G. X,, Fu, Q,, Han, B, Lu, J. J., Chen, A. M,, et al. (2019).
circRNA.33186 contributes to the pathogenesis of osteoarthritis by sponging
miR-127-5p. Mol. Ther. 27, 531-541. doi: 10.1016/j.ymthe.2019.01.006

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Duan, Cai, Huang and Shi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Genetics | www.frontiersin.org

11

August 2021 | Volume 12 | Article 689916


https://doi.org/10.1038/cr.2017.31
https://doi.org/10.12809/hkmj176308
https://doi.org/10.12809/hkmj176308
https://doi.org/10.1007/s00404-019-05129-5
https://doi.org/10.1007/s00404-019-05129-5
https://doi.org/10.1186/s12958-019-0509-4
https://doi.org/10.1186/s12958-019-0509-4
https://doi.org/10.23736/S0031-0808.19.03695-4
https://doi.org/10.1111/jcmm.14102
https://doi.org/10.12659/MSM.918676
https://doi.org/10.12659/MSM.918676
https://doi.org/10.1186/1477-7827-8-61
https://doi.org/10.1016/j.ymthe.2019.01.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	SNAI2-Induced CircMTO1 Promotes Cell Proliferation and Inhibits Apoptosis Through the miR-320b/MCL1 Axis in Human Granulosa-Like Tumor Cells
	Introduction
	Materials and Methods
	Cell Culture and Transfection
	RNA Isolation and Quantitation and RNase R Treatment
	Western Blot
	RNA Fluorescence in situ Hybridization (FISH) Assay
	Cell Viability Detection
	Cell Apoptosis Measurement
	Biotinylated RNA Pull-Down
	RNA Immunoprecipitation
	Dual-Luciferase Reporter Gene Assay
	Statistical Analysis

	Results
	Characterization and Biological Behavior of CircMTO1 in Human Granulosa-Like Tumor Cells
	CircMTO1 as an Efficient Molecular Sponge for miR-320b
	MiR-320b Directly Targeting MCL1
	CircMTO1 Regulation of Human Granulosa-Like Tumor Cell Behaviors via miR-320b/MCL1 Axis
	Induction of CircMTO1 Expression in Human Granulosa-Like Tumor Cells Is Induced by SNAI2

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


