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Abstract

Purpose Circular RNAs (circRNAs) mediate the posttranscriptional regulation of multiple genes by functioning as micro-
RNA (miRNA) sponges. This study aimed to detect the novel expression of circRNAs in the cumulus cells (CCs) of polycystic
ovary syndrome (PCOS) patients and their potential significance in the pathogenesis of PCOS.

Methods circRNAs in the CCs from 6 PCOS patients and 6 normal control individuals were collected for microarray
analysis, and an independent cohort study including 25 PCOS patients and 25 normal control individuals was conducted
to validate the circRNA microarray results using quantitative real-time polymerase chain reaction (QRT-PCR). Spearman’s
rank correlation and receiver operating characteristic (ROC) were performed to delineate the potential correlation between
novel circRNAs and patients’ clinical characteristics and their potential efficacy for the diagnosis of PCOS. Bioinformatics
analysis was applied to investigate the potential roles of circRNAs in the pathogenesis of PCOS.

Results A total of 286 circRNAs (167 upregulated and 119 downregulated) were identified by microarray that was dif-
ferentially expressed between the PCOS and non-PCOS groups. After qRT-PCR validation, the expression levels of
hsa_circ_0043533 (p <0.05) and hsa_circ_0043532 (p <0.01) were significantly higher in the PCOS group, while the
expression level of hsa_circ_0097636 (p <0.01) was prominently lower versus the non-PCOS group. Spearman’s rank
correlation indicated that the serum testosterone (T) level positively correlated with the expression of hsa_circ_0043533
and hsa_circ_0097636 in the PCOS group. The ROC curve analysis found that the combination of hsa_circ_0097636 and
T resulted in a larger area under the curve (AUC) (0.893) compared with each circRNA alone (0.709, 0.738, and 0.718 for
hsa_circ_0043533, hsa_circ_0097636 and hsa_circ_0043532, respectively). Bioinformatics analysis revealed that the dys-
regulated circRNAs were potentially involved in cell cycle, oocyte meiosis, progesterone-mediated oocyte maturation, the
FOXO signaling pathway, phosphatidylinositol signaling and glycerophospholipid metabolism.

Conclusions The expression of circRNAs in CCs was significantly different between PCOS and normal control individuals.
We validated three circRNAs, which could lead to a better understanding of disease pathogenesis and the development of
effective therapeutic interventions for PCOS patients.
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Electronic supplementary material The online version of this Introduction
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and cardiovascular risk factors) and psychological (depres-
sion, anxiety, body image, and quality of life) disorders [4].

Circular RNAs (circRNAs), a class of noncoding RNAs,
were named for their covalently closed loop structures with
the absence of a canonical 5’ cap and 3’ poly A tail. Recently,
they were found to be stably conserved in diverse types of
eukaryotes; they are resistant to RNAse R, and often exhibit
spatiotemporal specific expression [5]. By functioning as
microRNA (miRNA) sponges, modifiers of alternative splic-
ing and regulators of parental gene expression, circRNAs
can regulate the progression of many diseases at the tran-
scriptional and posttranscriptional level [6]. Many studies
have revealed the potential close relationship between cir-
cRNAs and the initiation and development of many diseases
and physiological processes, especially in tumors [7-10].
More recently, circRNA expression profiling of preimplan-
tation embryos and human granulosa cells during maternal
aging was investigated, showing a promising correlation
with the development of oocytes and embryos [11, 12].

The aim of this study was to investigate the circRNA
expression profile of CCs isolated from the cumulus—oocyte
complex (COC) of PCOS and normal control patients under-
going controlled ovarian stimulation cycles by performing
circRNA microarray analysis and to assess their potential
significance in the pathogenesis of PCOS, which may serve
as novel biomarkers for the accurate diagnosis and effective
therapeutic intervention of PCOS.

Materials and methods
Subjects and protocol

Participants were scheduled for in vitro fertilization (IVF)
or intracytoplasmic sperm injection (ICSI) at the Center
for Reproductive Medicine of Yantai Yuhuangding Hos-
pital affiliated to Qingdao University (Shandong, People’s
Republic of China) from May to November 2017. To inves-
tigate the expression profiles of novel circRNAs, CCs from
6 PCOS and 6 normal control participants were analyzed
with microarray. qRT-PCR was conducted in an independ-
ent cohort (PCOS group, n=25; control group, n=25) to
validate the microarray results. All participants in the PCOS
group (n=25) were included under the Rotterdam two of
three criteria [13]: oligo-ovulation or anovulation; polycys-
tic ovarian morphology (PCOM) on ultrasonography; and
hyperandrogenism with the exclusion of other etiologies
such as congenital adrenal hyperplasia, Cushing’s syndrome
and androgen-secreting tumors. Participants in the non-
PCOS group (n=25) were those who sought assisted repro-
ductive techniques primarily due to male factors or problems
with fallopian tubes (salpingemphraxis or salpingectomy on
both sides); patients with endometriosis, thyroid disease,
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abnormal endocrine condition and other systematic diseases
were all excluded. Basal serum hormone levels including
follicular stimulating hormone (FSH), luteinizing hormone
(LH), estradiol (E,), testosterone (7)) and progesterone (P)
were measured on day 2 of the menstrual cycle before ovar-
ian stimulation. Information regarding anti-Miillerian hor-
mone (AMH), inhibin B (INHB) and 25-(OH)D; was also
collected. All participants provided written informed con-
sent prior to study commencement.

Each participant in both groups underwent a conven-
tional agonist protocol as previously described by Huang
et al. [14]. Briefly, the gonadotropin-releasing hormone
agonist (GnRH-a) triptorelin acetate (0.05 mg/day, dipher-
eline; Ipsen Pharma Biotech, France) was applied subcuta-
neously during the mid-luteal phase. Once pituitary func-
tion was fully downregulated, as evidenced by a serum
LH level <3.0 ng/mL and serum E, level <30 pg/mL, the
patients would subcutaneously receive recombinant FSH
(150-187.5 IU, Puregon, follitropin beta; Merck & Co.,
Inc. USA) for controlled ovarian stimulation. When two
or more follicles were > 18 mm in diameter and the serum
E, level was greater than 300 pg/mL per dominant follicle,
participants were supposed to receive 250 pg hCG (Pro-
fasi; Merck Serono, Switzerland) to facilitate ovulation. The
clinical characteristics of all participants in the two groups
are shown in Table 1.

Cumulus cell isolation

COC retrieval was performed by transvaginal puncture under
the guidance of ultrasonography 36 h after hCG adminis-
tration. CCs surrounding each single oocyte were carefully
isolated by mechanical stripping with syringe needles, and
CCs from all oocytes per patient were pooled together as
one sample. After washing in phosphate-buffered saline
(HyClone, GE Healthcare Life Sciences, USA) three times,
CCs were then stored at —80 °C until RNA extraction.

Total RNA extraction and reverse transcription

Total RNA was extracted from cumulus cells using Trizol
reagent (Takara, Japan) according to the manufacturer’s
protocol. OD260/280 readings from a spectrophotometer
(NanoDrop ND-1000) were used to determine the purity
and concentration of sample RNA. RNA integrity was also
determined by 1% formaldehyde denaturing gel electro-
phoresis. A total of 1000 ng RNA was added to the 20 pl
reverse transcription system depending on the concentration
of each sample, and random primers were used in the follow-
ing step according to the recommendations of the Quanti-
Tect Reverse Transcription Kit (QIAGEN GmbH, Hilden,
Germany).
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Table 1 Comparison of clinical characteristics and hormone levels

Variables PCOS (n=25) Normal (n=25) p value
Age 29.60+2.76 31.16+3.28 NS
BMI (kg/m?) 24464247  21.16+2.04  <0.001
AMH (ng/mL) 12.27+4.88 5.73+2.78 <0.001
LH (mIU/mL) 9.99+5.18 5.56+1.63 <0.001
FSH (mIU/mL) 6.12+1.08 7.09+1.56 <0.05
LH/FSH 1.62+0.77 0.81+£0.25 <0.001
E, (pg/mL) 3472+1226 40.02+23.17 NS

T (ng/mL) 0.40+0.19 0.23+£0.12 <0.001
P (ng/mL) 0.83+0.42 0.61+£0.26 <0.05
PRL (ng/mL) 17.99+7.63 17.88+1.42 NS
INHB (ng/L) 121.55+£55.59 111.11+7.8 NS
25-(OH)D; (ng/mL) 2143+1396 23.11+£2.82 NS
Total Gn dosage (IU) 1697+491.75 1884+538.14 NS
Oocytes obtained 14.52+5.64 10.40+3.41 <0.01
Mature oocytes® 12.50+4.44 9.58+3.06 <0.05
Rate of mature oocytes’ 0.86+0.11 0.91+0.10 NS

HQ embryos® 5.92+3.99 4.12+2.88 NS
Rate of HQ embryos* 0.59+0.29 0.60+0.33 NS

Data are presented as the mean+SD, p < 0.05 is in bold and consid-
ered to be statistically significant

BMI body mass index, AMH anti-Miillerian hormone, LH luteinizing
hormone, FSH follicle-stimulating hormone, E, estradiol, T testoster-
one, P progesterone, PRL prolactin, /NHB inhibin B, Gn gonadotro-
pin, NS no significant difference, HQ high quality

*Mature oocytes in our center are defined as those from follicles
which contain more than 2 ml of follicle fluid

"Mature oocytes rate =number of mature oocytes/oocytes obtained

“High-quality embryo in our center is defined as grade 1 or 2 embryo
with 6-9 cells on the 3rd day of fertilization

9HQ embryos rate =number of HQ embryos /2PN zygotes on the 3rd
day

CircRNA microarray and data analysis

Human CircRNA Array v2 (CapitalBio Corporation, Bei-
jing, People’s Republic of China) with four identical arrays
per slide (4 x 180 K format) was applied to detect circR-
NAs with differential expression in cumulus cells between
PCOS patients and normal controls. Each array contained
probes interrogating approximately 170,340 human circR-
NAs. Those circRNA target sequences are all from Circbase,
Deepbase and Rybak-Wolf2015 [15]. Array hybridization
and sample labeling were processed according to the manu-
facturer’s protocol.

Using GeneSpring software V13.0 (Agilent), the circRNA
array data summarization, normalization and quality con-
trol were obtained. The data were all Log2-transformed and
median-centered by genes using the Adjust Data function of
CLUSTER 3.0 software (Stanford University, Stanford, CA,
USA), and further analyzed by applying hierarchical clustering

with average linkage. Threshold values of >2 and <—2-fold
change and a ¢ test p value of 0.05 was regarded as proper
for selecting the differentially expressed genes. Using Java
Treeview (Stanford University School of Medicine, Stanford,
CA, USA), we also performed tree visualization. The microar-
ray data were analyzed with the help of CapitalBio Corpora-
tion (Beijing, People’s Republic of China). Detailed clinical
characteristics of the 12 patients in the microarray pilot group
can be found in the supplementary data.

Quantitative real-time PCR (qRT-PCR)

Given the unique covalently closed loop structure of circR-
NAs, divergent primers rather than canonical convergent prim-
ers were designed through Primer-BLAST (NCBI, USA) to
target the back-splicing sites, thus distinguishing circRNAs
from their linear counterparts. Sequences of all circRNAs are
available in certain sources (Circbase, Deepbase or Rybak-
Wolf2015). Primers were synthesized by Sangon Biotech
(Shanghai, China), and p-actin was chosen as the endogenous
control. qRT-PCR was performed using the QuantiNova
SYBR Green PCR Kit (QIAGEN GmbH, Hilden, Germany)
and monitored with the StepOnePlus Real-Time PCR Sys-
tem (Applied Biosystems, Life Technologies, Waltham, MA,
USA). The reactions were initiated in a 96-well optical plate
at 95 °C for 2 min, followed by 40 cycles of 95 °C for 5 s and
60 °C for 10 s; each reaction was run in triplicate. The Ct val-
ues were determined with the fixed default settings (threshold
0.2, baseline start cycle: 3, end cycle: 15).

Statistical analysis

Data in this study were represented as the mean + SD for
quantitative variables. The Gaussian distribution of the con-
tinuous variables was tested by the Kolmogorov—Smirnov
statistic. Student’s ¢ test for quantitative data with a Gauss-
ian distribution or Mann—Whitney U test for quantitative data
with a non-Gaussian distribution were used to evaluate the
differences between groups. Cytoscape (version 3.2.1) was
used to visualize the predictive network of circRNA/miRNA/
mRNA. Statistical analysis was performed with GraphPad Ver-
sion 6 (GraphPad Software Inc., San Diego, CA, USA). A p
value < 0.05 was considered to be statistically significant. The
relative expression level of each circRNA was presented using
the 2724 method.
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Results

Expression profiles of circRNAs in CCs of PCOS
patients

Hierarchical clustering and volcano plot revealed signifi-
cant circRNA expression differences between two groups
(Fig. 1); in total, 286 circRNAs were identified, including
167 that were upregulated and 119 that were downregu-
lated in the PCOS group. To test the genuineness of the
differentially expressed circRNAs revealed by microar-
ray and to seek a potential novel biomarker for PCOS,

sl
log10(p-value)

1

B

Fig.1 Microarray results. a Cluster map of the circRNA microar-
ray profiles in PCOS patients and control individuals. The expres-
sion of circRNAs is hierarchically clustered on the y-axis, numbers
marked P and N on the x-axis represent different CC samples from
PCOS patients and normal control individuals. b A volcano plot was
constructed using fold-change values and p values. The vertical lines

Table 2 Profiles of six candidate circRNAs revealed by microarray

we further validated six candidates (details are shown in
Table 2) selected using a stricter screening criteria: fold
change > 3.0, p < 0.02 and their relative raw intensity.

Gene ontology (GO) enrichment and KEGG pathway
findings

Investigations of circRNA biogenesis have shown that
circRNA and its linear isoform originate from the same
pre-mRNA but are derived following different subsequent
processing patterns [16]. The circulation of a given exon
is mainly promoted by the flanking intronic sequences
and back splicing, while canonical splicing contributes to

Volcano Plot for case vs control

- 0 1
log2(Fold Change)

correspond to 2.0-fold up- and downregulation between CC samples
from PCOS patients and normal control individuals, and the horizon-
tal line represents a p value of 0.05. Red and green signs in the two
figures represent statistically significant up- and downregulated cir-
cRNA expression in the PCOS group, respectively

CircRNA Regulation Gene symbol Fold change p value Source Chr Strand  Start Stop
hsa_circ_0118530 Up SF3B1 4.529029 0.012984 Rybak-Wolf2015 chr2 - 198,268,308 198,283,312
hsa_circ_0020491 Up MKI167 4.198367 0.001135 Circbase chrl0 - 129,921,144 129,921,433
hsa_circ_0043533 Up TOP2A 4.153623 0.009063  Circbase chrl7 - 38,544,772 38,556,319
hsa_circ_0097636 Down KNTCI 4.113090 0.002476 Rybak-Wolf2015 chrl2 + 123,028,705 123,047,246
hsa_circ_0043532 Up TOP2A 3.421536 0.014409  Circbase chrl7 - 38,544,772 38,552,717
hsa_circ_0074576 Up GPX3 3.1513854  0.000231 Circbase chr5  + 150,406,992 150,408,554
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the formation of its linear counterpart. General splicing
factors are supposed to determine the balance between
circRNA biogenesis and canonical splicing [16]. Fur-
ther, circRNAs were reported to have potential regula-
tory effects on the expression of parental genes [17, 18].
Given the intricate relationship among circRNAs, their
host gene and pre-mRNAs, GO enrichment and KEGG
Pathway analysis (Fig. 2) were conducted in our study to
better elucidate the novel role of dysregulated circRNAs
in the pathogenesis of PCOS. We found that the most
significantly enriched GO term in the biological process
was organelle fission (GO: 0048285, p=1.978¢ — 14)
(Fig. 2a); the most significantly enriched GO term in the
cellular component was condensed chromosome outer
kinetochore (GO: 0000940, p =4.798e — 09) (Fig. 2b);
and the most significantly enriched GO term in the
molecular function was cytoskeletal protein binding (GO:
0008092, p=1.140e — 06) (Fig. 2c). Among the top ten
most significantly enriched KEGG pathways (Fig. 2d),
cell cycle (hsa04110), oocyte meiosis (hsa04114) and
progesterone-mediated oocyte maturation (hsa04914) are
known to be involved in oocyte development. Further-
more, it had been reported that excess intraovarian andro-
gen in PCOS might promote hyperfolliculogenesis mainly
via the Foxo (hsa04068) and phosphatidylinositol signal-
ing pathway (hsa04070) [19]. Finally, abnormal glycer-
ophospholipid metabolism (hsa00564) has been shown
to play a profound role in the pathogenesis of PCOS and
complications of insulin resistance [20].

A
organelle fission | GO:0048285
nuclear division | GO:0000280
mitotic nuclear division | GO:0007067
sister chromatid segregation | GO:0000819
mitotic cell cycle process | GO:1903047
chromosome segregation | GO:0007059
mitotic sister chromatid segregation | G0:0000070
mitotic cell cycle | GO:0000278
cell cycle process | GO:0022402
cell division | GO:0051301
Enrichment Score (-Ig p-value) o 2 a 6 8 10 12 14
C

cytoskeletal protein binding | GO:0008092
tubulin binding | G0:0015631
microtubule binding | GO:0008017
haptoglobin binding | G0:0031720
protein binding | GO:0005515

Ras GTPase binding | G0:0017016

small GTPase binding | G0:0031267
GTPase binding |G0:0051020
microtubule motor activity | G0:0003777
motor activity | GO:0003774

Enrichment Score (-Ig p-value) o 1 2 3 a s

Fig.2 GO enrichment and KEGG pathway analysis of dysregulated
circRNAs gene symbols revealed by microarray. a Most significantly
enriched GO (-lg p value) terms according to biological process. b
Most significantly enriched GO (-Ig p value) terms according to cel-

gRT-PCR validation

Three pairs of primers were designed for each circRNA,
but only one resulted in a single peak (Fig. 3) in the melt-
ing curve used (Table 3). The results are shown in Fig. 4;
the expression levels of hsa_circ_0043533 (p <0.01) and
hsa_circ_0074576 (p <0.05) were significantly higher in the
PCOS group while the expression level of hsa_circ_0097636
(p <0.01) was significantly lower versus the non-PCOS
group, which was consistent with the microarray data.
Finally, hsa_circ_0118530, hsa_circ_0020491, and hsa_
circ_0043532 showed no significant differences between
the two groups.

Diagnostic value of novel circRNAs in PCOS

A receiver operating characteristic (ROC) curve was per-
formed to determine the value of three novel circRNAs in
distinguishing PCOS patients from normal control indi-
viduals (Fig. 5). The area under the ROC curve (AUC) of
hsa_circ_0043533 was 0.709 (95% CI 0.566-0.851), and the
sensitivity and specificity were 60 and 72%, respectively.
Similarly, the AUC of hsa_circ_0043532 was 0.718 (95%
CI 0.573-0.864), and the sensitivity and specificity were
56 and 88%, respectively. The AUC of hsa_circ_0097636
was 0.738 (95% CI 0.599-0.877), and the sensitivity and
specificity were 52 and 96%, respectively. Intriguingly, when
the serum testosterone (T) level was applied in combina-
tion with hsa_circ_0097636 using binary logistic regression
analysis, the AUC increased significantly to 0.893 (95% CI
0.807-0.978), with 68% sensitivity and 100% specificity.

B

condensed chromosome outer kinetochore | GO:0000940
G0:0000793

nuclear

region | G0:0000780
G0:0000777

spindle | GO:0005819
condensed chromosome, centromeric region | GO:0000779
GO:0005856

G0:0000776

condensed nuclear chromosome kinetochore |G0:0000778
cytoskeletal part | G0:0044430

Enrichment Score (-Ig p-value) o 1 2 3 a 5 6 7

@@Cell cycle | hsa04110
Oocyte meiosis | hsa04114

diated oocyte hsa04914

pS3 signaling pathway | hsa04115

FoxO signaling pathway | hsa04068

African hsa05143

@@Axon guidance | hsa04360
Phosphatidylinositol signaling system | hsa04070
hsa00564

Malaria | hsa05144

Enrichment Score (-Ig p-value) o 05 1 15 2 25 3 35 4 a5 5

lular component. ¢ Most significantly enriched GO (-lg p value) terms
according to molecular function. d Top ten significantly enriched
KEGG pathways according to dysregulated circRNA gene symbols
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Fig.3 Melt curves of six candidate circRNAs’ qRT-PCR results, which all showed a single peak
Table 3 Paired pri.mer 51_3/ 3_5¢
sequences for the internal
control and candidate circRNAs  g_Actin CTGGACTTCGAGCAAGAGATG GAGTTGAAGGTAGTTTCGTGGA
hsa_circ_0118530 = CCATATGTGCATAAGGAGGGAA TGCTGCTCCATTGACGACTT
hsa_circ_0020491 ATGAGCCTGTACGGCTAAAACA CATTCAATACCCCTGAAGGAACG
hsa_circ_0043533  AACCCAGTGCTTTTTGACCAC CCAAGCATTCCTAGGAGCCAT
hsa_circ_0097636 CCAGAAAAATTCAGTTACAAGGACA TCCAGCCACAAGACTGAGAC
hsa_circ_0043532  ATTGCAACCCAGCTGTTGAAGC AGGCAAAACTTCAGCCATTTGT
hsa_circ_0074576 ~ TGCAGCAGCTGAGTATGTCC ATCCCCTTTCTCAAAGAGCTGG
Prediction and annotation of the ceRNA network targets and visualize the interactive network (Fig. 6). The
using the three validated circRNAs potentially most important and widely recognized function of circRNAs

involved in PCOS

is acting as an miRNA sponge; therefore, we first manually
selected all miRNAs which have been reported to have a

To investigate the biological role of the three validated cir-  role in the pathogenesis of PCOS and then tested whether
cRNAs, we used bioinformatic tools to predict their potential ~ they have potential binding sites for the three dysregulated
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Fig.4 Relative expression levels of six candidate circRNAs quanti-
fied by qRT-PCR between the PCOS (n=25) and non-PCOS (n=25)
groups. The expression levels of hsa_circ_0043533 (¢, *p<0.05)
and hsa_circ_0043532 (e, **p<0.01) were significantly higher in
the PCOS group, and the expression level of hsa_circ_0097636 (d,
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Fig.5 ROC curves revealed that serum testosterone (T) level com-
bined with hsa_circ_0097636 enhanced the efficacy of distinguish-
ing PCOS patients from normal control individuals. The AUC of
hsa_circ_0097636, hsa_circ_0043533, and hsa_circ_0043532 alone
was 0.738 (95% CI 0.599-0.877), 0.709 (95% CI 0.566-0.851), and
0.718 (95% CI 0.573-0.864), respectively. The AUC of combination
model (hsa_circ_0097636+T) increased significantly to 0.893 (95%
CI 0.807-0.978)

**p <0.01) was significantly lower versus the non-PCOS group. hsa_
circ_0118530 (a, p=0.4157), hsa_circ_0020491 (b, p=0.1536) and
hsa_circ_0074576 (f, p=0.4440) showed no significant differences
between the two groups

circRNAs by miRanda (34.236.212.39/microrna/home.do)
and TargetScan (http://www.targetscan.org/vert_71/). We
also predicted miRNA potential binding with the input genes
involved in the six significantly enriched KEGG pathways
related to PCOS. Remarkably, the coprediction revealed that
four input genes (FOXO3, DGKI, PCYT1B, and CCNB1)
have binding sites for the three validated circRNAs’ poten-
tial target miRNAs.

Discussion

PCOS is widely considered an intricate trait resulting from
the intrinsic interaction of multiple inherited and environ-
mental factors that first manifests at adolescence on most
occasions [21]. To date, many signaling cascades have
been proposed in the pathogenesis of PCOS and hold great
promise as potential targets for effective treatment strategies,
including the MAPK-ERK [14], Wnt/B-catenin [22] and PI3
K-Akt [23] pathways. Although the exact etiology of PCOS
remains obscure, its clinical manifestations are also highly
heterogeneous, including abnormal folliculogenesis, aber-
rant steroidogenesis, prominent functional ovarian hyperan-
drogenism, and adipocyte dysfunction are the major features.

Although the first evidence was in the early 1970s in
higher plants, the history of circRNA research is relatively
short due to the lack of useful techniques and tools. Only
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Fig.6 Mapping of the predictive interaction network of circRNA/
miRNA/mRNA and six significantly enriched KEGG pathways
related to PCOS. White rectangles represent KEGG pathways and

when RNA deep-sequencing technology and bioinformatics
became highly developed over the past decade did scientists
realize that circRNAs are far more than simple byproducts
from mis-splicing during transcription but are rather a sort
of ubiquitous, conserved, abundant and stable type of RNA
molecule with great regulatory potency [5]. Until now,
several roles for circRNAs at the transcriptional and post-
transcriptional level have been proposed and investigated
[24]. The most cardinal and well-studied function is as an
miRNA sponge—a human circRNA, antisense to the cer-
ebellar degeneration-related protein 1 transcript (CDR1as),
was found to harbor 63 miR-7 in neuronal tissues. Similar to
knocking down miR-7, midbrain development in zebrafish
was impaired by the expression of human CDR1as [25].
In most studies, the expression of a certain circRNA nor-
mally downregulates its target miRNA and subsequently
improves the expression of specific mRNAs and proteins
downstream. For instance, upregulated circHIPK3 in dia-
betic retinas increased the expression of VEGF-C, FZD4
and WNT?2 by sequestering the activity of miR-30a-3p
through a “sponge mechanism”, which led to endothelial
proliferation and vascular dysfunction [9]. A heart-related
circRNA termed HRCR by Wang et al. was reported to act
as an endogenous miR-223 sponge, which negatively regu-
lated miR-223 function in cardiac hypertrophy [26]. Strik-
ingly, a novel and opposing effect of circRNA was recently
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octagons indicate input genes involved in the pathways: those in yel-
low are predicted to have binding sites for miRNAs by TargetScan

delineated [27] when Cdrlas-knockout animals displayed
a prominent neuropsychiatric phenotype with destabilized
mature miR-7 and enhanced expression of Fos and Nr4a3 in
neurons, direct targets of miR-7. These findings may suggest
more intricate and profound functions of circRNAs in the
competing endogenous RNA (ceRNA) networks, which still
requires in-depth investigation.

Compared to circRNAs, studies on miRNAs have been
relatively well established. Studies to date have unveiled
numerous miRNAs with significant regulatory effects in cir-
culating blood, follicular fluid and granulosa cells of patients
with PCOS. For example, miR-93 is upregulated in the adi-
pose tissue of PCOS patients, and can downregulate the
expression of insulin-sensitive glucose transporter isoform 4
(GLUT-4) through direct targeting of the 3' UTR of GLUT-
4, leading to insulin resistance [28]. miR-145 suppresses the
proliferation of isolated granulosa cells from PCOS patients
by targeting insulin receptor substrate 1 (IRS1) and subse-
quently inhibiting the MAPK/ERK signaling pathway [29].
miR-320a was found to be significantly downregulated in
CCs from patients with PCOS, which impaired its modula-
tion of CYP11A1 and CYP19A1 in the process of steroi-
dogenesis thus contributing to the development of estrogen
deficiency in CCs [30].

In light of the unique property of circRNAs as “miRNA
sponges” corroborated by previous studies, we first detected
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the expression of novel circRNAs in the CCs of patients with
PCOS, and three (hsa_circ_0043533, hsa_circ_0097636, and
hsa_circ_0043532) of six were found to be dysregulated
through qRT-PCR. Spearman’s rank correlation (Table 4)
indicated that the serum T level positively correlated
with both the expression of hsa_circ_0043533 and hsa_
circ_0097636 in the PCOS group. It has been commonly
acknowledged that most PCOS is due to hyperandrogenism
arising from dysregulation of steroidogenesis in theca cells
that are oversensitive to LH, while a previous study [31]
found that female androgen-receptor knockout mice had cru-
cial reproductive defects, indicating androgen’s vital role in
the balance between follicle growth and follicular atresia. In
this study, we also predicted circRNA-miRNA interactions
(Fig. 6) by miRanda and TargetScan. Among the numer-
ous potential targeting miRNAs, surprisingly, we found
that miR-125b and miR-30c had potential binding sites for
hsa_circ_0097636, miR-132 for hsa_circ_0043533, and hsa_
circ_0043532. All of these predicted miRNAs have been
previously studied in PCOS [31-34]. miRNA-125b has been
reported to be an anti-apoptotic miRNA and one of the most
plentiful miRNAs in the ovary among different species [35].
It can be upregulated by excess androgen and subsequently
prevent the ovarian follicle from apoptosis and atresia [31],
which may also explain the hyperfolliculogenesis in PCOS
patients with hyperandrogenemia. miR-30c was observed to
be upregulated in the serum of PCOS patients and rat granu-
losa cells following FSH exposure [32, 36]. The upregulated
expression of miRNA-125b and miR-30c described in pre-
vious studies and the downregulation of has_circ_0097636
validated in our work may together be involved in the onset
of PCOS. Likewise, through genome-scale screening, miR-
132 was identified to inhibit the release of all three steroid
hormones (P, E, and T) in human ovarian cells [34]. Hence,
we speculate that upregulated hsa_circ_0043533 and hsa_
circ_0043532 likely play a significant role in altering ster-
oidogenesis in PCOS by targeting miRNA-132, but further
studies are warranted to explore whether our speculation
is true and to reveal the exact underlying mechanisms. To
summarize, these three dysregulated circRNAs may have
potential significance in the abnormal hyperfolliculogen-
esis and steroidogenesis in PCOS patients by targeting cir-
cRNA-miRNA interactions.

Additionally, ROC curves revealed that a combination
model using the serum T level and hsa_circ_0097636 sig-
nificantly enhanced the efficacy of distinguishing PCOS
patients from normal control individuals; the AUC was
0.893 (95% CI 0.807-0.978) with 68% sensitivity and 100%
specificity. In a previous study, many miRNAs including
miR-146a, miR-93 and let-7b were proposed as valuable bio-
markers for PCOS [32, 37, 38]. Considering its high cyto-
plasmic stability, we speculate that using a certain circRNA,
such as hsa_circ_0097636, together with the serum T level

Table 4 Spearman’s rank correlation coefficients of the expression of
three differentially expressed circRNAs and paticipants’ partial clini-
cal characteristics

PCOS group Non-PCOS group

r pvalue r p value

hsa_circ_0043533
Age —-0.1320 0.5294 0.1486  0.4882
BMI 0.0881 0.6752 —0.0936  0.6637
LH —-0.0573  0.7855 0.1652  0.4404
FSH 0.0281 0.8940 —0.1670 0.4355
LH/FSH —0.1381 0.5103 0.1705  0.4257
E, —0.0700 0.7395 —0.0904 0.7153
T 0.3999  0.0476 —0.3779 0.0686
P 0.3593  0.5294 0.1486  0.4882
Oocytes obtained 0.0844  0.688 40.1812  0.3967
HQ embryos —0.0788  0.7083 0.3799  0.0671
Rate of HQ embryos —0.1418  0.4988 0.3990  0.0534

hsa_circ_0097636
Age —0.1545 04609 -0.1738 04767
BMI —0.1105 0.5991 -0.2563 0.2896
LH 0.2677  0.1957 0.0684  0.7808
FSH 0.0823  0.6956 0.1509  0.5375
LH/FSH 0.2777 0.1789 —-0.0746  0.7614
E, 0.2954  0.1517 0.6088  0.0057
T 0.5075 0.0096 —0.2321 0.3389
P 0.1986  0.3413 0.2140  0.3789
Oocytes obtained 0.1653  0.4297 —-0.3176  0.1990
HQ embryos 0.1173  0.5766  —0.3898  0.1098
Rate of HQ embryos 0.1393  0.5066 —0.3536 0.1501

hsa_circ_0043532
Age 0.0125 0.9550 —0.1436 0.5346
BMI 0.1790 0.4138 —0.7371  0.0001
LH —0.0983 0.6553 —0.0935 0.6868
FSH 0.0776  0.7249 0.2455  0.2835
LH/FSH —0.1003 0.6488 —0.2730 0.2312
E, —0.1265  0.5652 0.2273  0.3218
T 0.1172  0.5943 —0.3005 0.1856
P —0.1033  0.5943 —0.0013  0.9955
Oocytes obtained —-0.2249 03023 -0.1736 04518
HQ embryos —0.1835 0.4019 0.3040 0.1803
Rate of HQ embryos 0.0842  0.7026 0.2477  0.2790

Spearman’s rank correlation of coefficients was performed since the
relative expression level of circRNAs did not conform to a Gaussian
distribution

r correlation coefficient, p < 0.05 is in bold and considered to be sta-
tistically significant

as the screening criteria could be of great diagnostic value
for PCOS.

To the best of our knowledge, this study is the first to
detect novel circRNA expression in the cumulus cells of
patients with PCOS. We validated several dysregulated

@ Springer
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circRNAs, which may offer great promise to better under-
standing the pathogenesis and to develop effective therapeu-
tic interventions for PCOS patients. Due to the limited size
of the samples in the present study, a larger population and
the specific mechanisms underlying circRNA involvement
are required for further investigation.
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