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ARTICLE INFO ABSTRACT

Keywords: Accumulating evidence has shown an abnormal expression of several non-coding RNAs in ovarian tissues which
Polycystic ovary syndrome might be closely linked with the pathogenesis of PCOS. The aim of this study was to identify competing
ﬂi?j\}rl endogenous (ce) RNA network: long non-coding RNA (IncRNA), microRNA (miRNA) and their target genes:

androgen receptor (AR), follistatin (FST) and insulin receptor substrate-2 (IRS-2), which are relevant to PCOS, to
underline the molecular pathogenesis of PCOS and assist in early diagnosis and treatment. Bioinformatic analysis
was performed to retrieve a ceRNA network: [IncRNA (NEAT1 and MALAT1) - miRNA (miR-30a-5p and miR-
30d-5p) - mRNA (AR, FST and IRS-2)] linked to PCOS. Expression of the selected RNAs was examined by
qPCR in peripheral blood leukocytes obtained from 73 PCOS patients (41 obese and 32 non-obese) and 31
healthy controls. PCOS patients showed significantly higher expression levels of NEAT1, miR-30a-5p, AR, FST
and IRS-2, with significantly lower expression levels of MALAT1 and miR-30d-5p relative to controls especially in
obese versus non-obese patients. Receiver operating characteristic (ROC) curve analysis indicated that most of
the selected RNAs could serve as potential early diagnostic markers for PCOS with the highest efficiency obtained
upon combining NEAT1 and miR-30d-5p or MALAT1 and miR-30a-5p with either of PCOS target genes. More-
over, all addressed RNAs had been proved as potential predictors of PCOS. The obtained data of ceRNA network
raised the possibility that NEAT1 overexpression may increase the expression levels of AR, FST and IRS-2 by
sponging miR-30d-5p, while low expression of MALAT1 may allow higher expression of the above genes via
increasing miR-30a-5p, suggesting their involvement in PCOS pathogenesis and promising role for future diag-
nosis and targeted therapy.

Androgen receptor
Follistatin and insulin receptor substrate-2

1. Introduction higher risk for afflicting diabetes, dyslipidemia, cardiovascular diseases,

infertility and other medical problems.

Polycystic ovary syndrome (PCOS) represents one of the most com-
mon heterogenous reproductive and metabolic disorders affecting about
5-10% of women during their reproductive age and 75% of the
anovulatory infertility worldwide [1,2]. The major clinical features of
PCOS include: hyperandrogenism, irregular menstruation, chronic
anovulation, polycystic ovarian morphology, obesity, follicular arrest as
well as insulin resistance with hyperinsulinemia [3]. PCOS patients have
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Among the difficulties for timely treatment and management of
PCOS are the complexity of the disease resulting from its multiple un-
derlying mechanisms and lack of sensitive and specific biomarkers for
early detection, prognosis and potential therapy. Hence, enhanced un-
derstanding of PCOS pathogenesis would aid in the early detection and
optimal disease management. In PCOS, large number of biochemical and
molecular pathways, causing follicular arrest and ovulatory dysfunction
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were previously linked to hyperandrogenism, hyperinsulinemia and to
an imbalance between ovarian activin and follistatin (FST) [4].

Hyperandrogenism has been arised from high level of testosterone
and/or increased androgen receptor (AR) expression and activity [5].
Excessive androgen production is mainly linked to hyperinsulinemia
and elevated insulin like growth factor-1 (IGF-1) level which may ac-
count for irregularity in pulsatile secretion of hypothalamic gonado-
tropin releasing hormone (GnRH) with subsequent hypersecretion of
luteinizing hormone (LH), leading to ovulatory dysfunction and poly-
cystic ovarian morphology [3,6]. In spite of an increased number of
follicles in PCOS compared to normal ovaries, their growth is prema-
turely arrested, resulting in failure of ovulation [7]. In this respect,
Suganthi et al. [8] have demonstrated an imbalance between ovarian
activin and FST in their action, where FST can bind to activin sup-
pressing its role in stimulating the secretion of follicle stimulating hor-
mone (FSH) resulting in ovarian follicular arrest.

Moreover, Insulin and IGF-1 initiate their signal transduction
through phosphorylation of tyrosine residues on insulin receptor sub-
strate (IRS)-1 and IRS-2 [9]. IRS-1 appears to mediate mainly the
metabolic pathways in peripheral tissues such as: skeletal muscle and
adipose tissue, whereas IRS-2 has a potential role in ovarian mitogenic
and steroidogenic responses [10]. In PCOS, there is a selective impair-
ment in metabolic response, along with enhanced ovarian mitogenic and
steroidogenic responses [9]. Thus, it is reasonable to anticipate that the
alteration in IRS-2 expression may account for impaired downstream
signaling pathways for insulin action and ovarian function in PCOS.
Nevertheless, molecular mechanisms responsible for PCOS pathogenesis
still deserve further investigation.

Remarkably, genetic and epigenetic variations may contribute
considerably to most of the alterations in PCOS [3]. Non-coding RNAs, a
class of RNA transcripts without protein-coding capacity have emerged
as regulatory molecules in wide variety of biological processes. Lately,
they are increasingly appreciated for their involvement in the regulation
of PCOS-related molecular processes [11]. A lot of evidence has indi-
cated that multiple microRNAs (miRNAs) (miR-122, miR-140, miR-193
b, miR-320 and miR-592) were abnormally expressed in follicular fluid
(F-F.) and serum of PCOS patients suggesting their participation in the
regulatory pathways of follicular development, androgen synthesis and
insulin sensitivity [12]. Importantly, miR-30 family was identified as an
epigenetic regulator of AR, FST and IRS-2 expression in diseases other
than PCOS [13-16]. Among the miR-30 family, miR-30a-5p expression
has been reported to be increased in clinical [17] and experimental
PCOS [18]. To date, reports demonstrating the expression of
miR-30d-5p in PCOS patients are still lacking.

On the other side, the function of long non-coding RNAs (IncRNAs) in
PCOS pathogenesis is just beginning to be understood. Recently, several
IncRNAs have been detected in PCOS and in various biological and
pathological processes of granulosa cells (GCs), F-F, peripheral blood
and ovaries suggesting their involvement in follicular development [11].
Interestingly, miR-30 family has been demonstrated to form comple-
mentary base pairing with these IncRNAs: nuclear enriched abundant
transcript 1 (NEAT1) and metastasis associated lung adenocarcinoma
transcript 1 (MALAT1) [19-21]. NEAT1 and MALAT1 have been
detected in early ovarian follicles, where they can function as miRNA
sponges or competing endogenous (ce) RNAs, hence minimizing the
availability of miRNAs for their target mRNAs [22-25]. Accordingly,
this evidence suggests that NEAT1 and MALAT1 may be involved in
PCOS development, possibly via cooperative interaction with a set of
miRNAs to modulate PCOS target genes.

Therefore, the aim of this study was directed to develop a network-
based system of three types of RNAs: IncRNA (NEAT1 and MALAT1),
miRNA (miR-30a-5p and miR-30d-5p), mRNA (AR, FST and IRS-2) and
to explore the interactive connections among the three types of RNAs in
regulation of PCOS pathogenesis, hoping that such work may aid in early
detection and optimal disease management.
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2. Subjects and methods
2.1. Studied population

This study included 104 women (age range: 20-35 years) recruited
from Kasr Al-Ainy hospital (Department of Obstetrics and Gynecology),
Cairo, Egypt between July 2021 to February 2022. Of these 104 women,
73 were PCOS patients and 31 were age-matched healthy women as
control group. All women provided informed consent before sample
collection and use for research purposes under the protocol approved by
the ethical committee of Faculty of Pharmacy, Cairo University (BC
2531) and in accordance with the ethical standard laid down in the
Helsinki declaration (2008).

PCOS patients were diagnosed in accordance with the 2003 Rotter-
dam criteria, which requires the presence of two or more of the
following features: clinical or biochemical evidence of hyper-
androgenism, oligoanovulation (oligomenorrhoea or amenorrhea) and
polycystic ovaries upon ultrasonography (at least 12 follicles measuring
2-9 mm or an ovarian volume >10 cm®). On the other side, controls had
no evidence of clinical or biochemical hyperandrogenism and no history
of menstrual cycle irregularities or other endocrine disorders related to
PCOS.

None of the participants had taken any hormonal drugs, such as oral
contraceptives, antiandrogens or insulin sensitizers for at least 3 months
before the study. The PCOS patients were divided into women with
normal weight (body mass index (BMI) < 25 kg/mz) and obese women
(BMI >30 kg/m?). Participants were excluded from the study if they had
Cushing’s syndrome, congenital adrenal hyperplasia, thyroid dysfunc-
tion and androgen secreting tumors. Physical examinations were carried
out on all participants and data were collected including: age, weight,
height and BMI. All patients also received transvaginal ultrasonography
to identify the presence of polycystic ovarian morphology.

2.2. Blood and follicular fluid sampling

5 ml intravenous blood samples were collected from all participants
after an overnight 12-h fasting at an early follicular phase to minimize
hormonal fluctuations from third to fifth days of a spontaneous men-
strual cycle or progesterone-induced withdrawal bleed between 8:00 a.
m. and 10:00 a.m. These blood samples were divided into 2 portions, one
portion was used to obtain serum and stored at —80 °C until further
analysis and the other was collected in ethylene diamine tetraacetic acid
(EDTA) coated tubes and used for isolation of peripheral blood leuko-
cytes. In addition, F.F. was obtained at the time of oocyte retrieval
during in vitro fertilization (IVF) from 10 PCOS patients and 5 healthy
women as controls who visited the IVF unit because of male factors
related infertility in order to confirm the reliability of peripheral blood
leukocytes results.

2.3. Biochemical analysis

Serum was used to determine the following parameters: LH, FSH,
estradiol (E2), total testosterone (TT), fasting insulin and glucose, total
cholesterol, triglycerides (TGs), high-density lipoprotein (HDL)-choles-
terol and low-density lipoprotein (LDL)-cholesterol. Serum concentra-
tions of LH, FSH, E2, TT and fasting insulin were determined using
Enzyme linked immunosorbent assay (ELISA) kits (Biovision, USA for
LH and FSH, Cat. No, K7426-100 and Cat. No, K7425-100, respectively,
Origene, USA for E2, Cat. No, EA100858, Elabscience, USA for TT, Cat.
No, E-EL-0155 and Raybiotech, USA for fasting insulin, Cat. No, ELH-
Insulin-1) by Tecan, A-5082 ELISA reader at wavelength 450 nm for
all of them according to the manufacturer’s instructions. Their concen-
trations were presented as mIU/ml for LH and FSH, pg/ml for E2, ng/ml
for TT and pIU/ml for fasting insulin. Serum fasting glucose concen-
tration was measured colorimetrically using glucose oxidase method
(Spectrum, Germany, Cat. No, 250 004) by Jenway 6051 at wavelength
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520 nm presented as mg/dl. The lipid profile was measured using an
automated colorimetric method by Beckman Coulter AU480 chemistry
analyzer presented as mg/dl.

2.4. Isolation of peripheral blood leukocytes

For each subject, 2 ml of blood were diluted with an equal volume of
phosphate-buffered saline (PBS), and then overlaid onto a Ficoll reagent
(Histopaque, Sigma Aldrich, UK, Cat. No, 10 771) in 1:1 ratio. Each
sample was then centrifuged at 800xg for 30 min at 4 °C using Hermle Z
323 k cooling centrifuge. After centrifugation, the middle layer con-
taining the mononuclear cells was obtained and washed twice with PBS
to remove Ficoll reagent and plasma. Then these samples were stored at
—80 °C until further analysis.

2.5. Bioinformatics analysis and rational of IncRNAs, miRNAs and
mRNAs selection

Initially, the Gene Atlas [26] was used to identify the relevant
protein-coding genes involved in the pathogenesis of PCOS. Second,
miR-30a-5p and miR-30d-5p were selected because they have been
identified as epigenetic regulators of the AR, FST and IRS-2 genes (Diana
tools [27] and TargetScan [28]). Using the Diana tools database [29],
the IncRNAs NEAT1 and MALAT1 were selected as ce for miR-30a-5p
and miR-30d-5p. Moreover, the association between the IncRNAs and
disease was investigated using IncRNA disease database [30].

2.6. RNA isolation and reverse transcription

Total RNA was extracted from isolated peripheral blood leukocytes
and follicular fluid samples using Direct-zol RNA Miniprep extraction kit
(Zymo research, USA, Cat. No, R2050-1-50) in accordance with the
manufacturer’s instructions. The concentration and purity of the resul-
tant RNA was then determined using Implen nanophotometer N50
UV-Vis spectrophotometer at 260/280 nm, so that a ratio of more than
1.8 was considered indicative of an acceptable yield and purity of RNA.
Next, NEAT1, MALAT1, AR, FST and IRS-2 were reverse-transcribed
using Omiscript RT kit (Qiagen, Germany, Cat. No, 205 111) using the
following cycle: 60 min at 37 °C. While, miR-30a-5p and miR-30d-5p
were reverse-transcribed using miRCURY LNA miRNA PCR starter kit
(Qiagen, Germany, Cat. No, 339 320) using the following cycle: 60 min
at 42 °C for reverse transcription, 5 min at 95 °C to inactivate the re-
action. Reverse transcription reactions were carried out by Step One
Real-time PCR system (Applied Biosystems, USA).

2.7. Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (QPCR) was carried
to measure the expression levels of the following: NEAT1, MALATI, AR,
FST and IRS-2 using QuantiNova SYBR Green PCR kit (Qiagen, Ger-
many, Cat. No, 208 052) in accordance with the manufacturer’s in-
structions with specific primers (eurofins, Germany). The primers’
sequences utilized for PCR reactions of NEAT1, MALAT1, AR, FST and
IRS-2 are illustrated in Table 1. PCR reactions were carried out by Step
One Real-time PCR system with the following cycling conditions: 2 min
at 95 °C for PCR initial heat activation step, 5 s at 95 °C for denaturation
and PCR amplification for 10 s at 60 °C (40 cycles).

In addition, miR-30a-5p and miR-30d-5p expression levels were
measured using miRCURY LNA miRNA PCR starter kit in which ready-
made primers were provided in accordance with the manufacturer’s
instructions. PCR reactions were carried out by Step One Real-time PCR
system using the following cycling conditions: 2 min at 95 °C for PCR
initial heat activation step, 10 s at 95 °C for denaturation and PCR
amplification for 60 s at 56 °C (40 cycles). Melting curve analysis was
used to determine the specificity of the reactions. Relative expression
levels of the studied RNAs in each sample were then determined by the
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Table 1
Primers’ sequences used in qPCR reactions of the selected IncRNAs and target
mRNAs.

RNA Primer sequence
p-actin Forward 5'-CCTGTACGGTCCACTGCTTA-3’
Reverse 5'-TGGACTTGCATCCAGGTTCA-3’
NEAT1 Forward 5'-TTACCAGCTTCCTCCTGGTG-3'
Reverse 5'-TCTGCTGCGTATGCAAGTCT-3'
MALAT1 Forward 5-ATGCGAGTTGTTCTCCGTCT-3'
Reverse 5'-TATCTGCGGTTTCCTCAAGC-3'
AR Forward 5'-CCTGGCTTCCGCAACTTACAC-3'
Reverse 5'-GGACTTGTGCATGCGGTACTCA-3’
FST Forward 5'-CTCTGCCAGTTCATGGAGGA-3'
Reverse 5'-TCCTTGCTCAGTTCGGTCTT-3'
IRS-2 Forward5'-CAAAAGCCATCTCGGTGTAGT-3'

Reverse 5'-GCTCTCCGACTACATGAACCTC-3'

NEAT1: nuclear enriched abundant transcript 1, MALAT1: metastasis associated
lung adenocarcinoma transcript 1, AR: androgen receptor, FST: follistatin and
IRS-2: insulin receptor substrate-2.

2725CT method using p-Actin as a house-keeping reference gene for
NEAT1, MALAT], AR, FST and IRS-2, whereas miR-103a-3p was used as
a reference gene for miR-30a-5p and miR-30d-5p.

2.8. Statistical analysis

Shapiro-Wilk test was used to check whether the data obey normal
distribution. Normally distributed data were compared using either
unpaired student’s t-test for 2 groups or one way analysis of variance
(ANOVA) followed by post hoc Tukey’s test for 3 groups. Data which did
not follow normal distribution were compared using either Mann-
Whitney U test for 2 groups or Kruskal-Wallis followed by post hoc
Dunn’s test for 3 groups. Spearman’s rank correlation test was used to
search for linear relationships between the studied RNAs expression and
clinical as well as biochemical characteristics. The diagnostic value of
RNAs levels in peripheral blood leukocytes was evaluated using a
receiver operating characteristic (ROC) curve, which analyzed PCOS
patients’ data as truly positive and healthy women data as truly nega-
tive. The sensitivity and specificity of detection were evaluated by the
area under the ROC curve (AUC). The positivity rates for each of the
studied RNA were then determined by Chi-square (x2) test. Univariate
analysis with logistic regression was used to evaluate the predictive
power of the studied RNAs for PCOS. P < 0.05 was considered statisti-
cally significant. All statistical calculations were done using computer
program IBM SPSS (Statistical Package for the Social Science; IBM Corp,
Armonk, NY, USA) version 26 and Microsoft Windows and GraphPad
prism 6.

3. Results

3.1. Anthropometric, biochemical and hormonal characteristics of the
study population

No statistically significant differences were observed in age, height,
FSH and E2 between controls and PCOS patients as shown in Table 2. In
comparison to controls, PCOS patients showed significantly higher
weight, BMI, LH, LH/FSH, TT, fasting insulin and glucose, HOMA-IR,
total cholesterol, TGs and LDL, with significantly lower HDL. Impor-
tantly, most of these changes were mainly contributed by obese PCOS.

3.2. Relative expression levels of the studied RNAs in peripheral blood
leukocytes and F-F. Samples

Compared with the healthy controls, PCOS patients demonstrated
significantly higher expression levels of IncRNA NEAT1, miR-30a-5p as
well as the mRNAs of AR, FST and IRS-2, with lower expression levels of
IncRNA MALAT1 and miR-30d-5p in peripheral blood leukocytes as
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Table 2
Anthropometric, biochemical and hormonal data of the studied participants.
Parameter Controls (n PCOS (n = 73)
=30 All Non-obese Obese PCOS
PCOS (n = (n = 41)
32)
Age (years) 28.87 £ 27.9 £ 0.54 26.88 + 0.73 28.71 £
0.77 0.76
Weight (kg) 64.77 + 78.05 + 61.22 + 0.99 91.2 £ 1.56
2.19 2.007%%* b
Height (m) 1.61 + 1.62 + 1.62 + 0.008 1.63 +
0.007 0.005 0.006
BMI (kg/mz) 24.81 + 29.44 + 23.24 + 0.22 34.27 +
0.72 0.71%%* 0.54°
LH (mIU/ml) 5.76 £ 0.25 11.69 + 11.55 + 0.42 11.8 + 0.55
0.36%%*
FSH (mIU/ml) 5.87 £ 0.25 5.28 £ 0.16 5.47 £ 0.202 5.14 £ 0.25
LH/FSH 0.98 + 0.01 222 + 2.11 £ 0.02 231 £
0.02%%* 0.04°
E2 (pg/ml) 46.46 + 48.79 £ 49.96 + 2.41 47.88 £
2.36 1.47 1.83
TT (ng/ml) 0.303 + 0.71 + 0.61 £+ 0.05 0.84 £+ 0.05
0.02 0.04*** a
Fasting insulin 8.203 + 12.07 + 9.33 +£0.29 14.2 £ 0.72
(uIU/ml) 0.109 0.509%%% b
Fasting glucose 81.19 + 109 + 84.73 £ 127.9 +
(mg/dl) 1.56 4.54%** 2.707 6.44°
HOMA-IR 1.65 + 0.05 3.65 + 2.01 £0.12 4.94 +
0.34%%* 0.51°
Total cholesterol 154.1 + 182.7 + 160 + 3.78 200.4 +
(mg/dl) 2.73 3.38%%% 31.89°
TGs (mg/dl) 94.45 + 136.6 + 110.3 + 4.88 157.2 +
2.48 4167+ 4.14°
HDL (mg/dl) 50.84 + 46.04 + 50.13 + 4285+ 1.2
1.209 0.97%* 1.303 b
LDL (mg/dl) 84.32 + 112.9 + 90.91 + 130.1 +
2.26 2.86%** 3.289 1.72°

Quantitative data are represented as mean + SE, BMI: body mass index, LH:
luteinizing hormone, FSH: follicle stimulating hormone, E2: estradiol, TT: total
testosterone, HOMA-IR: homeostasis model assessment for insulin resistance,
TGs: triglycerides, HDL: high-density lipoprotein and LDL: low-density lipo-
protein. Significantly different at **P < 0.01 and ***P < 0.001 versus controls
and significantly different at *P < 0.01 and ®P < 0.001 versus non-obese PCOS.

depicted in Fig. 1. Similarly, the expression levels of the above selected
RNAs in F.F. samples of PCOS patients revealed remarkable comparable
changes to those observed in peripheral blood leukocytes when
compared to controls (Supplementary Table 1). Notably, the significant
elevations in expression levels of NEAT1, AR, FST and IRS-2 were chiefly
observed in obese PCOS group compared to either non-obese or control
group. However, the significant higher expression levels of miR-30a-5p,
with the lower expression levels of MALAT1 and miR-30d-5p were found
in both obese and non-obese patients compared to controls, without any
significant differences detected between obese and non-obese patients as
demonstrated in Fig. 2.

3.3. The association of NEAT1, MALATI, AR, FST and IRS-2 expression
levels with clinical and biochemical characteristics in PCOS patients

As shown in Table 3, Spearman’s rank correlation analysis was used
to explore the potential relationship between the relative expression
levels of NEAT1, MALATI1, AR, FST and IRS-2 and clinical as well as
biochemical characteristics. The correlation analysis showed that the
expression level of NEAT1 was positively correlated with BMI, TT, total
cholesterol, TGs and LDL. However, no statistically significant differ-
ences were observed between the relative expression level of MALAT1
and any of these characteristics. Furthermore, AR and FST were posi-
tively correlated with BMI, TT, fasting insulin and glucose, HOMA-IR,
total cholesterol, TGs and LDL; however, they were negatively corre-
lated with HDL. Finally, IRS-2 was positively correlated only with BMI,
TT, total cholesterol and TGs.

266

Non-coding RNA Research 8 (2023) 263-271

3.4. Diagnostic values and positivity rates of the relative expression levels
of the studied RNAs for PCOS

The potential utility of the selected RNAs as diagnostic biomarkers of
PCOS in peripheral blood leukocytes was assessed by performing ROC
analysis. As shown in Table 4, the diagnostic power of MALAT1, miR-
30a-5p, AR, FST and IRS-2 relative expression levels was comparable
to each other with AUC of 0.7, 0.71, 0.73, 0.67 and 0.72, respectively,
whereas, the diagnostic power of NEAT1 and miR-30d-5p was more
promising with AUC of 0.76 and 0.79, respectively. Interestingly, the
highest potential efficiency was obtained upon combination of NEAT1
and miR-30d-5p or MALAT1 and miR-30a-5p with either of the selected
PCOS target genes, where AUC values for all NEAT1 combinations
increased to 0.8, while those of MALAT1 combinations increased to
0.86, 0.82 and 0.8, respectively. The combination of MALAT1, miR-30a-
5p and AR was particularly the most efficient for better diagnosis.

The positivity rates for each of the selected RNAs were determined
using the calculated cut-off values for the detection of PCOS as shown in
Table 5. IRS-2 and NEAT1 had the highest positivity rates in PCOS pa-
tients reaching 89% and 75.3%, followed by miR-30d-5p, AR, FST, miR-
30a-5p and MALAT1 with positivity rates of, 65.8%, 61.6%, 45.2%,
43.8% and 37%, respectively.

3.5. Univariate regression analysis of the predictive power of the studied
RNAs for PCOS

Univariate logistic regression analysis was conducted to evaluate the
predictive values of the selected RNAs for PCOS. Data revealed that
NEAT1, MALAT1, miR-30a-5p, miR-30d-5p, AR, FST and IRS-2 were
verified as significant predictors of PCOS with odds ratios: 1.14, 0.66,
1.11, 0.53,1.17, 1.23 and 1.28 as shown in Table 6.

4. Discussion

PCOS is a complex endocrine disorder in which etiology remains
mostly unclear. Over the past decade, genetic abnormalities have been
suspected. Thus, attention has been directed to genetic and epigenetic
variations which might have a potential regulatory role in such disorder
[3]. Previous studies performed whole genome transcriptomic analysis
of PCOS patients and healthy controls and identified many IncRNAs,
miRNAs and mRNAs to be differentially expressed in ovarian GCs and
plasma of PCOS patients [31,32]. Thus, in an attempt to give new in-
sights into the pathogenesis of PCOS, we have combined a
bioinformatic-based selection procedure with clinical validation to
identify ceRNA network. The proposed ceRNA network represented a
combination of IncRNA, miRNA and mRNA of target genes relevant to
PCOS. Studying the interactions between these non-coding RNAs and
target genes might explore and uncover mystery in PCOS pathogenesis
and help in early diagnosis and treatment.

In the current study, peripheral blood leukocytes seemed to be well-
suitable for the analysis of RNA expression. Because PCOS is a well-
recognized systemic endocrinopathy of the whole body, therefore the
use of peripheral blood leukocytes may indicate the overall state of the
whole body at the time of sample collection [33,34]. Importantly, pe-
ripheral blood could be used to detect and monitor the disease much
earlier, even before symptoms appear. Accordingly, the differential
expression levels of selected RNAs: NEAT1, MALAT1, miR-30a-5p,
miR-30d-5p and their target genes; AR, FST and IRS-2 were estimated
in peripheral blood leukocytes obtained from PCOS patients as well as in
F.F. obtained from some participants in order to confirm the reliability
of peripheral blood leukocytes results.

In the current study, PCOS patients demonstrated significantly
higher expression levels of NEAT1, miR-30a-5p, AR, FST and IRS-2, with
significantly lower expression levels of MALAT1 and miR-30d-5p in both
peripheral blood leukocytes and F.F. samples. Notably, the upregulation
of NEAT1 and the three target genes was mostly observed in obese, not
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Fig. 1. Relative expression levels of (A) IncRNAs (NEAT1, MALAT1) and miRNAs (miR-30a-5p, miR-30d-5p), (B) target mRNAs (AR, FST and IRS-2) in peripheral
blood leukocytes obtained from controls (n = 31) and PCOS patients (n = 73). Horizontal lines inside the box plots represent the median; the boxes mark the interval
between the 25th and 75th percentiles. The whiskers denote the intervals between the 10th and 90th percentiles. Filled circles indicate data points outside the 10th
and 90th percentiles. NEAT1: nuclear enriched abundant transcript 1, MALAT1: metastasis associated lung adenocarcinoma transcript 1, AR: androgen receptor, FST:
follistatin and IRS-2: insulin receptor substrate-2. Significant P-values are indicated on graph at p < 0.05.

in non-obese patients. However, the differential expression levels of
other RNAs were demonstrated in both obese and non-obese patients,
without any significant difference in between.

Consistent with our study, previous studies have reported upregu-
lation of NEAT1 in serum and GCs of PCOS patients and ovarian tissues
of PCOS patients and experimental model [11,24,25]. On the other side,
downregulation of MALAT1 observed in our patients was in line with the
finding of Zhang et al. [35] and Li et al. [36] in GCs of PCOS patients as
well as with Chen et al. [23] in ovarian tissues of rat model. In these
studies, the roles of NEAT1 and MALAT1 in driving the development and
progression of PCOS were thought to be mediated through the regula-
tion of expression of related miRNAs and genes. One of the
well-characterized regulatory mechanisms of IncRNAs is their action as
ceRNAs to sponge complementary miRNAs. In support to the roles of
IncRNA-mediated ceRNA, recently, Zhou et al. [21] demonstrated the
augmenting role of NEAT1 in Hy0-induced human vascular smooth
muscle cell Injury by sponging miR-30d-5p. As well, NEAT1 was
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competing with miR-30d-5p in diabetic nephropathy [37]. Additionally,
MALATI1 was acting as a sponge for miR-30a-5p in hepatocellular car-
cinoma [19], breast cancer [20] and systemic sclerosis [38]. Such in-
teractions between (NEAT1, MALAT1) and (miR-30a-5p, miR-30d-5p)
stimulate our interest to elucidate their regulatory role in development
of PCOS.

MiRNAs have been emerged as crucial players in development and
progression of PCOS. As predicted by the bioinformatic analysis, miR-30
family was identified as epigenetic regulator of AR, FST and IRS-2
expression in diseases other than PCOS such as breast [16], prostate
[15] and colon [14] cancers. Bioinformatic analysis also indicated a
putative binding site for miR-30a and d in the 3’-untranslated region of
AR mRNA, confirming that AR gene is a direct target of miR-30a and d.
In the current study, our patients demonstrated higher expression of
miR-30a-5p, with lower expression of miR-30d-5p. Consistent with our
work, miR-30a-5p had been overexpressed in F.F. of PCOS women [17]
as well as in rat ovaries displaying PCOS with insulin resistance [18]. On
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Fig. 2. Relative expression levels of (A) IncRNAs (NEAT1, MALAT1) and miRNAs (miR-30a-5p, miR-30d-5p), (B) target mRNAs (AR, FST and IRS-2) in peripheral
blood leukocytes obtained from controls (n = 31), non-obese (n = 32) and obese (n = 41) PCOS patients. Horizontal lines inside the box plots represent the median;
the boxes mark the interval between the 25th and 75th percentiles. The whiskers denote the intervals between the 10th and 90th percentiles. Filled circles indicate
data points outside the 10th and 90th percentiles. NEAT1: nuclear enriched abundant transcript 1, MALAT1: metastasis associated lung adenocarcinoma transcript 1,

AR: androgen receptor, FST: follistatin and IRS-2: insulin receptor substrate-2. Significant P-values are indicated on graph at p < 0.05.

Table 3

Spearman’s rank correlation analysis of NEAT1, MALAT1, AR, FST and IRS-2 with clinical and biochemical characteristics in PCOS patients.
Parameter NEAT1 MALAT1 AR FST IRS-2

T P-value r P-value r P-value r P-value r P-value

BMI 0.47 0.000 —0.029 0.809 0.51 0.000 0.45 0.000 0.32 0.005
TT 0.308 0.008 0.082 0.49 0.27 0.018 0.403 0.0004 0.28 0.014
Fasting insulin 0.19 0.108 —0.105 0.37 0.302 0.009 0.33 0.004 0.18 0.12
Fasting glucose 0.17 0.14 —0.108 0.36 0.29 0.012 0.29 0.011 0.18 0.12
HOMA-IR 0.16 0.15 —-0.109 0.36 0.28 0.013 0.304 0.009 0.16 0.16
Total cholesterol 0.48 0.000 —0.05 0.65 0.37 0.001 0.41 0.0003 0.32 0.005
TGs 0.28 0.014 0.02 0.85 0.38 0.0007 0.43 0.0001 0.26 0.023
HDL —-0.12 0.309 —0.12 0.27 —0.301 0.009 —0.31 0.007 -0.1 0.39
LDL 0.48 0.000 —0.07 0.53 0.35 0.002 0.41 0.0003 0.22 0.061

r: correlation coefficient, NEAT1: nuclear enriched abundant transcript 1, MALAT1: metastasis associated lung adenocarcinoma transcript 1, AR: androgen receptor,
FST: follistatin, IRS-2: insulin receptor substrate-2, BMIL: body mass index, TT: total testosterone, HOMA-IR: homeostasis model assessment for insulin resistance, TGs:

triglycerides, HDL: high-density lipoprotein and LDL: low-density lipoprotein. Significant P-values are indicated in the table.
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Table 4

Receiver operating characteristic analysis of the selected RNAs in the studied participants.
RNA AUC P-value Cut off value Sensitivity (%) Specificity (%) PPV (%) NPV (%)
NEAT1 0.76 0.000 1.701 75.3 67.7 84.6 53.8
MALAT1 0.7 0.001 0.14 37 100 100 40.3
MiR-30a-5p 0.71 0.001 6.11 43.8 96.8 97 42.3
MiR-30d-5p 0.79 0.000 0.41 65.8 87.1 92.3 51.9
AR 0.73 0.0003 3.59 61.6 83.9 90 48.1
FST 0.67 0.006 3.309 45.2 83.9 86.8 39.4
IRS-2 0.72 0.0004 0.79 89 51.6 81.3 66.7
Combination of NEAT1, miR-30d-5p and AR 0.8 0.000 - 69.9 80.6 89.5 53.2
Combination of NEAT1, miR-30d-5p and FST 0.8 0.000 - 89 64.5 85.5 71.4
Combination of NEAT1, miR-30d-5p and IRS-2 0.8 0.000 - 60.3 90.3 93.6 49.1
Combination of MALAT1, miR-30a-5p and AR 0.86 0.000 - 79.5 83.9 92.1 63.4
Combination of MALAT1, miR-30a-5p and FST 0.82 0.000 - 64.4 93.5 95.9 52.7
Combination of MALAT1, miR-30a-5p and IRS-2 0.8 0.000 - 47.9 100 100 44.9

AUC: area under the curve, PPV: positive predictive value, NPV: negative predictive value, NEAT1: nuclear enriched abundant transcript 1, MALAT1: metastasis
associated lung adenocarcinoma transcript 1, AR: androgen receptor, FST: follistatin and IRS-2: insulin receptor substrate-2. Significant P-values are indicated in the

table.

Table 5

Positivity rates of the studied RNAs across the investigated groups.
RNA Controls PCOS e P-value
NEAT1
No. Of +ve cases (> 1.701) 10 (32.3%) 55 (75.3%) 17.23 0.000
MALAT1
No. Of +ve cases (< 0.14) 0 (0%) 27 (37%) 15.48 0.000
MiR-30a-5p
No. Of +ve cases (= 6.11) 1 (3.2%) 32 (43.8%) 16.56 0.000
MiR-30d-5p
No. Of +ve cases (< 0.41) 4 (12.9%) 48 (65.8%) 24.31 0.000
AR
No. Of +ve cases (> 3.59) 5 (16.1%) 45 (61.6%) 18.05 0.000
FST
No. Of +ve cases (= 3.309) 5 (16.1%) 33 (45.2%) 7.93 0.005
IRS-2
No. Of +ve cases (= 0.79) 15 (48.4%) 65 (89%) 20.25 0.000

¥% chi-square, NEAT1: nuclear enriched abundant transcript 1, MALATI:
metastasis associated lung adenocarcinoma transcript 1, AR: androgen receptor,
FST: follistatin and IRS-2: insulin receptor substrate-2. Significant differences
were detected between the investigated groups using chi-square (x°) test. Sig-
nificant P-values are indicated in the table.

Table 6
Univariate regression analysis of the predictive power of the studied RNAs for
PCOS.

RNA Coefficient (B) SE P-value OR 95% CI
Univariate analysis

NEAT1 0.13 0.06 0.033 1.14 1.01-1.29
MALAT1 —0.406 0.16 0.013 0.66 0.48-0.91
MiR-30a-5p 0.11 0.05 0.028 1.11 1.01-1.23
MiR-30d-5p -0.63 0.21 0.003 0.53 0.35-0.801
AR 0.16 0.06 0.009 1.17 1.04-1.32
FST 0.207 0.09 0.022 1.23 1.03-1.46
IRS-2 0.24 0.09 0.007 1.28 1.07-1.53

NEAT1: nuclear enriched abundant transcript 1, MALAT1: metastasis associated
lung adenocarcinoma transcript 1, AR: androgen receptor, FST: follistatin and
IRS-2: insulin receptor substrate-2. Coefficient (f), SE (standard error), P-values,
OR (odds ratio) and 95% CI (confidence intervals) were estimated by using bi-
nary logistic regression model. Significant P-values are indicated in the table.

the other side, no study has previously demonstrated the relative
expression of miR-30d-5p in PCOS patients although it has been impli-
cated in multiple human cancers including ovarian, cervical and breast
cancers, in which it had been downregulated [39].

Hyperandrogenism, insulin resistance and follicular arrest are not
only the main characteristic features of PCOS, but also are important
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pathogenic factors for PCOS. Emerging evidence indicated that AR
signaling plays key roles in PCOS pathogenesis. Increased AR expression
was in line with previous studies showing upregulation of its expression
in endometrium and ovary of PCOS women [40-42]. Excessive
androgen production is mainly linked to hyperinsulinemia and insulin
resistance observed in our patients particularly obese and documented
in other studies [43]. In PCOS, Wu et al. [9], reported a selective
impairment in insulin metabolic responses together with enhanced
ovarian mitogenic and steroidogenic responses. Under such conditions,
the authors highlighted a shift of the follicular insulin signaling from
IRS-1 to IRS-2, suggesting an association between such changes and
ovarian abnormality in PCOS. In line with our findings, He et al. [10]
demonstrated a significant upregulation of IRS-2 at both gene and pro-
tein level in GCs of PCOS patients.

The last gene addressed is FST, a member of the TGF-f superfamily,
expressed in various tissues, including ovarian GCs and acts as an
important regulator of follicular development due to its ability to bind
and neutralize activins. Supporting our findings, overexpression of FST
gene in transgenic mice resulted in infertility and arrest of ovarian fol-
liculogenesis at an early stage, similar to that in PCOS [44]. As well,
Raeisi et al. [45] documented a significant increase in circulating FST
level in PCOS patients.

In the current study, overexpression of AR, FST and IRS-2 can be
explained in the light of action ceRNAs which represent a novel mech-
anism of gene regulation that mediates aberrant expression of miRNAs
and mRNAs. Herein, upregulation of NEAT1 in PCOS patients indirectly
promotes the expression of AR, FST and IRS-2 by sponging miR-30d-5p.
As miR-30d-5p was found to be a negative regulator of AR expression in
prostate cancer [15]. Whereas, downregulation of MALAT1 may
contribute to overexpression of AR, FST and IRS-2 through releasing
more miR-30a-5p, since AR and IRS-2 were identified as a target for
miR-30a in breast [16] and colon [14] cancers. These findings partially
may unveil the roles of NEAT1 and MALAT1 in development of PCOS
pathogenesis. However, further studies using high-throughput gene-si-
lencing system are needed for the functional assessment and identifi-
cation of the interactive connection among the three RNAs types within
the postulated ceRNA network.

In the current investigation, the expression level of NEAT1 was
positively correlated with BMI, TT, total cholesterol, TGs and LDL. Such
a correlation may emphasize the preceding work of Gernapudi et al.
[46], in which NEAT1 had been noticed to promote adipogenesis in
adipocyte-derived stem cells. Remarkably, Wu et al. [25] observed that
downregulation of NEAT1 mitigated the metabolic disorders and alle-
viated the ovarian pathological changes in PCOS mice. In addition, AR
and FST were positively correlated with BMI, TT, fasting insulin and
glucose, HOMA-IR, total cholesterol, TGs and LDL; however, they were
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negatively correlated with HDL. Likewise, Diamanti-Kandarakis et al.
[47] demonstrated that excessive androgen in PCOS can adversely affect
insulin sensitivity, promoting visceral adiposity and insulin resistance.
On the other side, the positive correlation of IRS-2 with BMI, TT and
total cholesterol may account for the preferential role of IRS-2 in
mediating ovarian steroidogenesis.

Data of ROC curve analysis and positivity rates of the selected RNAs
posited that all of them may serve as potential diagnostic markers of
PCOS with the highest efficiency obtained upon combination of NEAT1
and miR-30d-5p or MALAT1 and miR-30a-5p with either of PCOS target
genes. On conducting univariate logistic regression analysis, all RNAs
were significant, thus these findings may provide additional competency
for their adequate usage as robust biomarkers for PCOS prediction.

The main study limitations are the small sample size and ethnic
limitation, since the study was conducted at a single center in Egypt,
which might limit the application of the findings to the wider popula-
tion. Therefore, further large multi-centered studies are recommended
to obtain more data with comparable outcomes.

In conclusion, the most prominent innovation of our study is to
introduce a multi-level gene regulatory network formed by interactions
among IncRNAs, miRNAs and mRNAs associated with PCOS pathogen-
esis. The obtained data of ceRNA network raised the possibility that
NEAT1 overexpression may increase the expression levels of AR, FST
and IRS-2 by sponging miR-30d-5p, while low expression of MALAT1
may allow higher expression of the above genes via increasing miR-30a-
5p, suggesting their involvement in PCOS development and progression
and a promising role for future diagnosis and targeted therapy. How-
ever, detailed functional analysis of these ceRNA networks in PCOS re-
quires further study in the future.
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