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Background: Polycystic ovary syndrome (PCOS) is a common multifactorial metabolic and endocrine 
disorder in women of reproductive age. Increasingly, evidence indicates that the microRNA (miRNA)-mRNA 
axis contributes to the development of PCOS. 
Methods: To investigate the molecular mechanisms through which miRNA-mRNA expression affects 
hyperandrogenism, ovarian tissue samples from prenatally androgenized (PNA) mice were subjected to 
miRNA-seq and RNA-seq analysis. Analyses were performed to identify differentially expressed microRNAs 
(DEmiRs) and differentially expressed genes (DEGs). In combination with our previous data obtained from 
clinical samples, we have performed an integrated miRNA-mRNA analysis of PNA mice and granulosa cells 
(GCs) from patients with PCOS. The changes in expression were validated by RT-qPCR in more mouse 
models and clinical samples. 
Results: In total, 3,432 genes and 16 miRNAs were differentially expressed in PNA mice compared with the 
control mice. We investigated the regulation pattern of miRNAs-mRNAs and observed a total of 12 miRNA-
mRNA pairs involved in negative regulation. Functional analysis concentrated on insulin resistance, the T cell 
receptor signaling pathway, and other inflammation-related pathways. Verification of these results by RT-qPCR 
showed that the expression of miR-106-5p and miR-155-5p in clinical GCs was consistent with that in PNA 
mice. After predicting the target genes of miR-106-5p and miR-155-5p and performing negative regulation 
analysis, six target genes were obtained in GCs. The integration analysis showed that the network of miR-106-
5p/miR-155-5p targets was mostly concentrated in pathway related to insulin resistance and inflammation. In 
addition, the upregulation of the inflammatory genes Il18/IL18 and Socs3/SOCS3 was validated in the PNA 
mice and GCs from patients compared with the appropriate control sample. The in vitro experiments showed 
that the regulatory relationship observed may be related to the direct stimulation of DHT. 
Conclusions: Our results showed that the miRNA-mRNA regulatory network in PCOS was associated 
with markers of insulin sensitivity and inflammation. Our study provides a new genetic basis and novel 
insight regarding the pathogenesis of PCOS.
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Introduction

As one of the most prevalent multifactorial endocrine 
diseases, polycystic ovary syndrome (PCOS) is also a 
common cause of ovarian dysfunction and infertility in 
women of reproductive age. PCOS is related to metabolic 
aberrations such as dyslipidemia and may also increase 
the risk of obesity, insulin resistance, and endometrial 
carcinoma (1,2). It is characterized by polycystic ovaries in 
morphology, chronic anovulation, and hyperandrogenism. 
Hyperandrogenism is one of the clinical diagnostic criteria 
for PCOS. The dihydrotestosterone (DHT)-induced 
prenatally androgenized (PNA) mouse model is commonly 
used to mimic hyperandrogenemia and is an important 
model for the serological, pathological, and “omics” studies 
of PCOS. 

The specific etiology of PCOS remains unexplored. 
In addition to genetic predisposition, environmental 
factors, and lifestyle factors, epigenetic modification, or 
regulation is also thought to promote the development 
of PCOS (2). Our previous study illustrated that the 
epigenetic si lencing of LPCAT1  and PCYT1A  was 
associated with lipidomic alterations in PCOS (3). 
As one of the main epigenetic modifiers, microRNAs 
(miRNAs) regulate gene expression. miRNAs are 
small non-coding RNAs that negatively regulate gene 
expression in post-transcriptional processing and 
participate in the regulation of various diseases including 
diabetes, inflammatory disease (4), and cancer (5).  
Increasingly, the available evidence indicates a role for 
the aberrant regulation of miRNA in PCOS. In human 
adipose tissue, granulosa cells (GCs), and peripheral blood 
leukocytes, miRNA expression may be altered, this has 
been found to be related to PCOS through the targeting 
of specific molecules and the regulation of pathways 
related to hormones and apoptosis (6,7). However, the 
aberrant expression of miRNAs in patients with PCOS 
and hyperandrogenemia has not been fully elucidated, and 
there have been few studies on the regulatory function of 
the miRNA-mRNA axis. 

To investigate the molecular mechanism of the 
hyperandrogenic phenotype of PCOS, the PNA mouse 
model was used for our research. To identify the 
differentially expressed genes (DEGs) and differentially 
expressed microRNAs (DEmiRs) in the ovarian tissues 
of PNA and control mice, we performed RNA-seq 
and miRNA-seq, respectively. We then constructed a 
regulatory network between the miRNAs and negatively 

regulated target mRNAs and identified the biological 
pathways that were significantly associated with DEGs 
and DEmiRs. The expression of the selected miRNAs and 
target genes was validated in animal models and clinical 
samples using RT-qPCR. In addition, we treated GCs with 
DHT in vitro to examine whether androgens had a direct 
effect on cells. We aimed to investigate whether miRNAs 
dysregulation is potentially involved in the pathogenesis 
of PCOS in mice. We present the following article in 
accordance with the ARRIVE reporting checklist and 
STROBE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-1288).

Methods

DHT induces the construction of PNA mice

Animal experiments in our research were approved by the 
School of Biomedical Engineering, Shanghai Jiao Tong 
University, Experimental Animals Welfare & Ethical 
Committee (no. 2019005), in compliance with Laboratory 
Animal Center of Shanghai Jiao Tong University guidelines 
for the care and use of animals. The Institute of Cancer 
Research mice (ICR mice) were purchased from Shanghai 
Jiesijie Laboratory Animal Co., Ltd. and housed at 
the Laboratory Animal Center of Shanghai Jiao Tong 
University in a suitable condition with light duration, 
constant temperature, and humidity with ad libitum access 
to food and water. 

Females were mated with males and the copulatory plugs 
were checked daily. Day 1 of gestation meant the first day 
for plug development. On days 16–17 of gestation, 70 μL 
sesame oil having 350 μg DHT or only sesame oil vehicles 
were injected subcutaneously in pregnant dams daily. The 
offspring from the DHT-induced group were defined as 
PNA mice, and the control group’s offspring were defined 
as, in the same way, control mice. All offspring were placed 
in animal rooms in an environment of specific-pathogen-
free. The experimental materials were harvested after the 
mice were euthanized using the anesthetic chloral hydrate. 

Confirmation of PNA mice model establishment 

To confirm the establishment of the PCOS model, we 
randomly selected six PNA mice and six control mice 
and assessed estrus duration, serum testosterone level, 
and the number of secondary follicles at 8 weeks of age. 
Vaginal smears were undergone daily and last for at least 
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one complete estrous cycle to assess estrous duration. To 
assess the serum testosterone level, we collected the serum 
from each mouse in diestrus by removing the eyeball after 
anesthetizing with chloral hydrate. The serum testosterone 
level was assessed by the enzyme-linked immunosorbent 
assay (ELISA) kit (Beckman Coulter, Inc., USA) and 
microplate reader (BioTek, Inc., Winooski, USA).

After collecting blood from experimental mice, the 
ovaries were dissected, fixed in 4% paraformaldehyde 
at 4 ℃ overnight. After embedded in paraffin, sections 
a t  5 -μm th i ckne s s  were  cu t  and  mounted  on to 
3-aininopropyltricttiosilane-coated glass slides. Then the 
hematoxylin and eosin (HE) stain were performed on the 
sections to observe the growth of follicles and count the 
number of follicles. The assessor was blinded with respect 
to group assignment.

GCs isolation and DHT treatment in vitro

Ovaries dissected from female ICR mice at 6 weeks of 
age were incubated in DMEM basic medium containing 
10% fetal bovine serum, 2 mM glutamine, 1 mM sodium 
pyruvate, 100 μg/mL streptomycin, and 100 IU/mL 
penicillin (Gibco BRL/Invitrogen, Carlsbad, CA, USA). 
We used a syringe needle puncturing the ovaries quickly 
to release the GCs and oocytes. After filtered out the 
oocytes, isolated GCs in experimental group were cultured 
in a medium containing DHT (20649, MCE, China) 
accompanied by the control group was in a no DHT-
supplementary medium. The groups were all incubated 
at 37 ℃ and 5% CO2. After incubated for 48 hours, the 
samples were centrifuged to remove the supernatant and 
then resuspended by 1 mL of TRIzol reagents (Invitrogen, 
Waltham, MA, USA). 

Clinical characteristics and isolation of GCs

We recruited 12 participants including six female PCOS 
patients and six matched non-PCOS women for this study 
at the Yuncheng Center Hospital. The study was conducted 
in accordance with the Declaration of Helsinki (as revised 
in 2013) and was approved by the Ethics Committees on 
Human Research of Yuncheng Center Hospital (Approve 
ID: KYLL2019073). The PCOS patients were diagnosed 
by the Rotterdam ESHRE/ASRM (2003) criteria (8). 
And the patients had no other etiologies with similar 
symptoms and had not been treated with drugs for curing 
hyperandrogenism in the past 6 months. The control 

groups were healthy fertile women without symptoms 
of ovulatory dysfunction or androgen excess. Besides, all 
participants provided written informed consent. 

The gonadotropin-releasing hormone agonist (GnRHa) 
was injected into participants at the beginning of the 
middle luteal phase. Serum estradiol and ultrasonography 
were performed to monitor follicle size. When more than 
three 16 mm-size follicles were monitored, participants 
were injected with human chorionic gonadotropin 
(HCG). Oocytes were then collected under the ultrasound  
36 hours later. The isolated GCs were quickly immersed in 
liquid nitrogen for more than 20 min and then preserved 
at −80 ℃.

Total RNA extraction

Extract total RNA from tissue samples and GCs samples 
using TRIzol reagents (Invitrogen, Waltham, MA, USA) 
following the guidance of the Manual. The total RNA 
was quantified by Nanodrop 2000 (Thermo Scientific, 
Waltham, MA, USA) and the quality was evaluated via 
running 1% formaldehyde denaturing gel electrophoresis. 
The gel was stained with 10,000× 4S Red Plus Nucleic Acid 
Stain (Sango biology, Shanghai, China) and photographed 
under UV illumination using Bio-Rad Chemi Doc XRS 
imaging system (Bio-Rad, Hercules, CA, USA).

Transcriptome sequencing and data analysis

The RNA-seq libraries were constructed with five hundred  
nanograms of total RNA using the KAPA Stranded 
RNA-Seq Library Preparation Kit (KAPA Biosystem, 
Wilmington, MA, USA). The Agilent 2100 Bioanalyzer 
system (Agilent, USA) was used to assess the quality of 
libraries.

The sequencing data were firstly performed quality 
inspection and data preprocessing to obtain the clean 
reads. Then the reads were aligned to the UCSC Mouse 
Genome Browser (assembly with HISAT2, version 
2.0.5) and Stringtie (version 1.3.3) was used to define 
the read counts of each gene based on Ensembl gene-
level annotations (Mouse GRCm38/mm10) (9). The final 
unnormalized counts were assembled into an R (version 
3.6.0) count-matrix as an input for DESeq2 (version 1.24.0) 
and edgeR (version 3.26.5) (10,11). Expression changes 
with of |log2FC| ≥1 and P value <0.05 were thought to be 
significant. The transcriptome sequencing was presented in 
the dataset GSE156961.
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Small RNA sequencing and data analysis

The small RNA-seq libraries were constructed with one 
microgram of total RNA using TruSeq® Small RNA 
Library Prep Kit (NEB, San Diego, California, USA) 
following the manufacturer’s protocol. The Agilent 2100 
Bioanalyzer (Agilent, USA) was used to assess the quality 
of libraries. 

Briefly, after data quality inspection and preprocessing, 
the clean reads were mapped onto the reference mouse 
genome mm10 using the bowtie2 (version 2.1.0) (12). The 
mapped tags were then aligned against miRBase (version 
22.1), and read counts were calculated by customized  
script (13). Expression level change with an absolute value of 
|log2FC| ≥1, RPM ≥0.1, and P value <0.05 were considered 
significant and used for further analysis. The target genes 
of DEmiRs were predicted through the miRTarbase 
database. Then functional analysis was performed by  
clusterProfiler (14). Raw sequence data of miRNA-seq were 
uploaded to the GEO database (https://www.ncbi.nlm.nih.
gov/geo/) and presented in the dataset GSE168166. 

PPI network analysis of DEGs and DEmiRs in PCOS

Based on potential predicted target genes of DEmiRs 
and the negative-regulated mRNAs, the PPI network of 
DEmiR-DEG pairs was constructed through STRING 
database (version 11.0). The regulation network was 
visualized by Cytoscape (version 3.8.2).

Validation of the expression by RT-qPCR and statistical 
analyses

Five hundred nanograms of total RNA was used for 
reverse transcription using the PrimeScript™ RT reagent 
Kit (RR037, TAKARA), which was also used for reverse 
transcription with miRNA-specific stem-loop primers. 
Quantitative real-time PCR (RT-qPCR) was carried out 
with a Luna® Universal qPCR Master Mix (New England 
Biolabs, USA) at the StepOne Plus qPCR instrument 
(Applied Biosystems). Primer sequences are summarized in 
Table S1.

Statistical analyses were performed using GraphPad 
Prism version 7. software (GraphPad Software, Inc., San 
Diego, California, USA). Statistically significant differences 
between groups were determined by using a two-sided 
Student’s t-test and P value of <0.05 was considered 
statistically significant.

Results

Histological, physiological, and serological characterization 
of PNA mice

The statistical data for model characterization showing the 
duration of estrus, the serum testosterone concentration, and 
the number of secondary follicles are shown in Figure 1A. 
PNA mice had significantly higher serum testosterone level 
(P<0.001) and more secondary follicles (P<0.01) than the 
control mice. Moreover, the estrous duration was longer in 
the PNA mice than in the control mice (P<0.01). Histological 
results showed that the typical morphology of polycystic 
ovaries, with many fewer corpora lutea, was present in the 
ovaries of the DHT-induced PNA mice, indicating that 
ovulation occurred rarely. In contrast, numerous corpora 
lutea were present in the ovaries of the control mice, which 
was consistent with recent ovulation. Furthermore, in the 
ovaries of the PNA mice, which were different from the 
control mice, follicles with an atretic cyst-like appearance 
were observed (Figure 1B,1C).

Identification of DEGs and functional enrichment analyses

To identify the significant DEGs between the PNA mice 
and the control mice, we used RNA-seq to assess the 
transcriptome ovary profiles in PNA mice (n=3) and in the 
control mice (n=2). Detailed information of sequencing data 
was shown in Table S2. Two methods (DESeq2 and edgeR) 
were used to identify the DEGs accurately, and the research 
was focus on the common DEGs. The difference in expression 
patterns, as presented in the heatmap, between the PNA mice 
and the control mice, was illustrated by hierarchical clustering 
analysis (Figure 2A). In total, 3,432 DEGs were identified, 
1,964 upregulated genes and 1,468 downregulated genes 
(P<0.05, |log2FC| >1; Figure 2B and available online: https://
cdn.amegroups.cn/static/public/atm-21-1288-01.xlsx). We 
used Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analyses to determine if the enriched 
DEGs contained any regulatory genes. Certain GO biological 
processes, cellular components, and molecular functions 
were significantly enriched, including leukocyte proliferation 
(GO:0070661), cell activation involved in immune response 
(GO:0002263), and lymphocyte differentiation (GO:0030098) 
(Figure 2C). Furthermore, the KEGG enrichment analysis, 
demonstrated that the DEGs were related to the phagosome, 
the cell cycle, cytokine-cytokine receptor interactions, Th17 
cell differentiation, and the B cell receptor signaling pathway 
(Figure 2D). These pathways indicated that the various aspects 

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://cdn.amegroups.cn/static/public/ATM-21-1288-Supplementary.pdf
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of inflammation and the immune response were related to 
the occurrence and development of PCOS. Previous studies 
indicated that PCOS was associated with systemic low-
grade inflammation (LGI) (15). In recent research, increased 
intrafollicular inflammatory mediators were found in the 
periovulatory follicles of women with PCOS, which showed 
that chronic LGI may be a precursor of ovarian dysfunction 
in PCOS (16). 

Identification of DEmiRs and functional enrichment 
analyses

We used the miRNA-seq analysis of ovaries from PNA 

mice (n=4) and the control mice (n=3) to determine the 
significant DEmiRs and compared the differentially 
expressed miRNAs. Detailed sequencing data information 
is summarized in Table S3. We then identified 16 DEmiRs 
using DESeq2 and edgeR, which are commonly used 
methods, between the PNA mice and the control mice; 
these comprised seven upregulated miRNAs and nine 
downregulated miRNAs (P<0.05, |log2FC| >1; Table S4). 
There were significantly different expression patterns, as 
shown by the hierarchical clustering analysis, between the 
PNA mice and the control mice (Figure 3A,3B). We then 
characterized the regulatory roles of DEmiRs by predicting 
the potential miRNA target genes. In total, 59 target genes 
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Figure 1 Serological and histological identification of the PNA mice and the control mice. (A) Determination of the proportion of estrus (the 
proportion of estrus data multiply by 100 to ensure the height of the ordinate with no change of P value), serum testosterone (nmol/L), and 
number of secondary follicles in PNA mice and the control mice (**P<0.01, ***P<0.001). (B) Ovarian section in HE staining of the control 
mice. (C) Ovarian section in HE staining of PNA mice, the original follicles were marked by the arrows. PNA, prenatally androgenized; HE, 
hematoxylin-eosin.
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were predicted for the 16 DEmiRs, as shown in Figure 3C.  
Of the 16 DEmiRs, miR-106a-5p, miR-155-5p, and miR-
451a had the highest number of potential target genes. 
Moreover, GO annotation and KEGG enrichment analyses 
were performed for the 59 target genes of those 16 DEmiRs. 
Enrichment occurred in several biological processes related 
to cell proliferation and immune response, including muscle 
tissue development (GO:0060537), cytokine-mediated 
signaling pathway (GO:0019221), cellular response to 
insulin stimulus (GO:0032869), and positive regulation 
of protein kinase activity (GO:0045860) (Figure 3D). In 
addition, the KEGG analyses showed enrichment mainly 
in some metabolic function and inflammation-related 
pathways, such as the PI3K-AKT signaling pathway, 
signaling pathways regulating pluripotency of stem cells, 
the prolactin signaling pathway, and the insulin signaling 
pathway (P<0.05, Figure 3E). 

Identification of the negatively regulated miRNA-gene 
pairs in PCOS

MiRNAs are involved in the post-transcriptional regulation 
of their target genes. They can negatively regulate the 
expression of target genes through the inhibition of mRNA 
translation or the degradation of mRNA. To investigate 
the regulatory functions of miRNAs and mRNA in PCOS, 
the potential target mRNAs were mapped to our RNA-
seq results and the differently expressed target mRNAs 
were obtained. Based on the negative regulation of mRNA 
by miRNA, we obtained 12 differently expressed target 
mRNAs from the 3,432 DEGs identified. The regulatory 
relationship between the DEmiRs and their potential 
target mRNAs is presented in Table 1. There were only  
12 upregulated differently expressed target mRNAs and 
three downregulated differently expressed miRNAs. The 
KEGG functional enrichment analyses were enriched 
in EGFR tyrosine kinase inhibitor resistance, insulin 
resistance, the T cell receptor signaling pathway, and the 
mTOR signaling pathway (Figure 4A). We found that 
miR-106a-5p and miR-155-5p had the highest number 
of differential target genes that were strongly associated 
with the development and process of PCOS. The KEGG 
analysis showed that the target genes of these two miRNAs 
(Stat3, Gsk3b, and Nr1h3) were mostly concentrated within 
the pathway of insulin resistance. Moreover, Cd28 and 
Il10rb were reported to be involved in T cell activation 
and inflammation (17,18), suggesting that miR-106a-
5p and miR-155-5p may be involved in the regulation of 

inflammation and insulin resistance in PCOS.
MiR-155 has been shown to regulate insulin sensitivity 

in vitro (19) and in vivo in mice (20). To illustrate the 
changes in the expression of miRNAs and target mRNAs, 
RT-qPCR was performed on samples from the ovaries of 
six PNA mice and six control mice to validate the negative 
regulation of miR-106a-5p and miR-155-5p and their target 
genes Stat3, Cd28, Gsk3b, and Nr1h3, which are involved 
in insulin resistance and inflammation. In addition, three 
inflammation-related genes, Il18, Il10r, and Socs3 (21), 
were selected and validated as inflammation markers. The 
results indicated that the expression of miR-106a-5p and 
miR155-5p was downregulated in PNA mice compared 
with the control mice, and that this was accompanied by 
the upregulation of the target genes Stat3, Cd28, Gsk3b, and 
Nr1h3. The validation confirmed that the inflammatory 
marker genes were significantly upregulated. These results 
are shown in Figure 4B,4C.

Clinical characteristics and the expression of miRNAs  
in GCs

To explore the alternation of miR-106a-5p and miR-155-5p  
in human GCs, the clinical GCs were used to assess the 
change in expression. All participants were unrelated Han 
people from the same geographical region, with no significant 
difference in their average age, and agreed to participate in this 
research. The clinical characteristics of the participants and the 
serum levels of seven sex hormones are shown in Table 2. The 
characteristics of patients with PCOS were not significantly 
different, except for a higher BMI and an increased level 
of LH concentration (P<0.05). The GCs isolated from the 
abovementioned women were used in our validation study.

To compare the regulatory role of miRNAs-target 
mRNAs in inflammation in the GCs of patients with PCOS 
and in PNA mice, we performed RT-qPCR analysis of 
the expression of miR-106a-5p and miR-155-5p in GCs 
from six patients with PCOS and six patients in the control 
group. In the GCs from women with PCOS, the expression 
of miR-106a-5p and miR-155-5p was significantly 
downregulated; this was similar to the changes observed 
in the PNA mice (Figure 4D) and supported a similar 
regulatory role for miR-106a-5p and miR155-5p in PCOS. 

Identification of the target genes of selected miRNAs and 
validation in clinical GCs 

MiR-155 has a multifunctional role in autoimmune disease 
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and other chronic inflammatory diseases (22,23). To 
investigate the regulatory roles of miRNAs-target mRNAs 
in the inflammation in PCOS, we predicted the potential 
target genes of miR-106a-5p and miR-155-5p in the human 
genome using the miRTarbase database, which identified 
264 target genes for these two miRNAs (available online: 
https://cdn.amegroups.cn/static/public/atm-21-1288-02.
xlsx). The potential target mRNAs were mapped to our 
previous RNA-seq data of GCs from women with PCOS 
and the control group (24). Finally, we screened out one 
upregulated target gene of miR-106a-5p (RUNX1) and five 
upregulated target genes of miR-155-5p (CSF1R, FOS, 
MAPK14, SPI1, and STAT1) from the DEGs identified in 
our previous data (Table 3). RT-qPCR analysis of these genes 
was performed to detect the expression relationship of miR-
106a-5p and miR-155-5p and the target genes in GCs in six 
patients with PCOS and six healthy volunteers. Similarly, to 
illustrate the regulatory relationship between the miRNAs 
and inflammation, three inflammation markers (IL18, 
IL10R, and SOCS3) were also evaluated. Compared with the 
control group, the expression of miR-106a-5p and miR155-
5p was significantly downregulated in the PCOS sample, 
in addition to the upregulation of the target genes RUNX1, 
CSF1R, FOS, MAPK14, SPI1, and STAT1 (Figure 4D).  
The KEGG analysis indicated that the six genes were also 
concentrated within the inflammation and immune-related 
pathways, such as Th17 cell differentiation, Th1 and Th2 

cell differentiation, the TNF signaling pathway, and the 
Toll-like receptor signal pathway (Figure 4E). In addition, 
we observed higher expression of the inflammatory marker 
genes (IL18, IL10R, and SOCS3) in the PCOS samples 
than in the control group (Figure 4F), which indicated the 
activation and increase of inflammation in PCOS. 

To investigate the regulatory relationship of miR-106a-
5p and miR155-5p in PCOS, we mapped the sequences of 
the 12 target genes identified from the analysis of the PNA 
mice compared with the control mice against the human 
genome and obtained 12 homologous genes. Subsequently, 
the six target genes from the GCs identified in women with 
PCOS compared with the healthy volunteers group and the 
12 homologous genes were used to construct a PPI network, 
which was then studied using KEGG analysis. There was a 
high correlation between these genes, and STAT1, STAT3, 
and MAPK14 had the highest counts of the node. The top 
eight most significant pathways were mainly related to 
the immune response and metabolism-related pathways: 
Th17 cell differentiation; the IL-17 signaling pathway; Th1 
and Th2 cell differentiation; insulin resistance; the T cell 
receptor signaling pathway; the MAPK signaling pathway; 
the prolactin signaling pathway, and the FoxO signaling 
pathway (Figure 5A). Through the pathways identified, it 
was confirmed that miR-106a-5p and miR155-5p and their 
target genes were associated with inflammation and insulin 
sensitivity.

Table 1 Negatively regulated miRNA-gene pairs in PCOS (PNA mice compared with the control mice)

miRNA Log2FC Expression change Target gene Log2FC Expression change

miR-106a-5p −1.72 Down Cd28 8.39 Up

Il10rb 2.25 Up

Stat3 1.36 Up

Vegfa 1.09 Up

miR-155-5p −1.14 Down Arntl 1.30 Up

Gsk3b 2.04 Up

S1pr1 1.14 Up

Nr1h3 2.60 Up

Lpin1 2.22 Up

Maf 3.74 Up

Trp53inp1 1.04 Up

miR-184-3p −1.07 Down Fzd4 1.08 Up

PCOS, polycystic ovary syndrome; PNA, prenatally androgenized.

https://cdn.amegroups.cn/static/public/atm-21-1288-02.xlsx
https://cdn.amegroups.cn/static/public/atm-21-1288-02.xlsx
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The effect of DHT on expression of miR155-5p and  
miR-106a-5p and related inflammation markers in GCs 
in vitro

To determine whether DHT was directly associated with the 
changes in miRNA and mRNA expression, we performed 
the RT-qPCR analysis on miR-106a-5p, miR-155-5p, and 
the inflammation markers in DHT-treated GCs (n=6) and 
the control cells (n=6). After an initial series of concentration 
and time gradient experiments, a DHT treatment of  
1 μmol/L DHT-treated for 48 h was selected. This treatment 
significantly decreased the expression of the miR-155-5p, but 
increased the expression of miR-106a-5p. After 48 h, Il18 and 

Socs3 were significantly upregulated in the 1 μmol/L DHT 
treatment group. However, the expression of Il10r was not 
significantly altered (Figure 5B). The above results indicated 
that DHT directly caused the upregulation of miR-155-5p 
expression and increased the expression of some inflammation-
related genes. In PCOS, the aberrant expression of miRNAs-
mRNAs and the increased expression of inflammation markers 
may be affected by excessive androgens, other comprehensive 
factors, and more complex regulation. 

Discussion

Epigenetic modifiers, such as small RNAs, are involved in gene 

Table 2 Clinical characteristics of PCOS and control subjects

Clinical characteristics PCOS (n=6) Normal (n=6) P value

Age (year) 30.33±3.98 31.5±5.05 0.666

BMI (kg/m2) 24.92±2.46 21.17±2.42 0.022

W (cm) 77±4.52 73.33±2.73 0.120

H (cm) 93.5±3.67 89.83±2.28 0.063

FSH (mIU/mL) 5.218±1.01 3.973±1.23 0.084

E2 (pg/mL) 42.11±16.04 43.06±18.07 0.925

P (ng/mL) 0.7683±0.33 0.56±0.26 0.258

PRL (ng/mL) 9.918±3.86 8.807±0.83 0.506

LH (mIU/mL) 7.442±4.44 2.095±0.98 0.016

T (ng/mL) 1.785±1.04 1.63±0.41 0.742

β-HCG (mIU/mL) 1.017±0.54 0.425±0.68 0.127

Fasting glucose (mmol/L) 5.085±0.40 5.035±0.29 0.808

All data are presented as the mean ± SEM. P<0.05 was considered significant. PCOS, polycystic ovary syndrome; BMI, body mass index; W, 
waist circumference; H, hip circumference; FSH, follicle stimulating hormone; E2, estrogen; P, progesterone; PRL, prolactin; LH, luteinizing 
hormone; T, testosterone; β-HCG, Human chorionic gonadotropin β.

Table 3 Negatively regulated miRNA-gene pairs in GCs from patients with PCOS and healthy women

miRNA Log2FC Expression change Target gene Log2FC Expression change

hsa-miR-106a-5p −1.72 Down RUNX1 1.46 Up

hsa-miR-155-5p −1.14 Down CSF1R 2.44 Up

FOS 1.00 Up

MAPK14 1.36 Up

SPI1 2.89 Up

STAT1 1.14 Up

GCs, granulosa cells; PCOS, polycystic ovary syndrome.
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translation and/or stabilization in various crucial physiological 
and pathological processes, including cell differentiation, 
development, homeostasis, and metabolism (25). Recently, 
the specific expression pattern of miRNAs in different body 
fluids was reported (26), which revealed significantly different 
expression levels in women with PCOS and healthy women, 

suggesting that miRNAs play an important role in the 
occurrence and development of PCOS. Women with PCOS 
had a lower expression of miR-145, which was proposed to 
stimulate cell proliferation via the modulation of the IRS1/
MAPK/ERK cascade in human GCs from patients with 
PCOS (27). The expression of miR-126-5p and miR-29a-5p 
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were downregulated in the GCs of patients with PCOS. This 
was reported to induce apoptosis in GCs in PCOS through 
klotho-associated signaling (28). However, the specific effects 
of miRNAs in PCOS with hyperandrogenism on the relevant 
gene expression and downstream regulation and metabolism 
remains relatively unexplored. MiR-106a, a member of the 
miR-17 family, has been shown to be aberrantly regulated in 
various tumors. It is reported that miR-106a is upregulated 
in most cancers, however, in renal carcinoma, astrocytoma, 
and glioma, it is significantly downregulated (29). The 
aberrant expression of miR-106a is prominently associated 
with increased invasiveness and metastasis of tumors (30). 
In 2020, miR-106a-5p was first reported to confer a risk of 
PCOS (31). In our present study, miR-106a-5p was found 
to be significantly downregulated in PNA mice compared 
with the control mice and in GCs from women with PCOS 
compared with the control group; this was accompanied by a 
significant increase in the target genes Stat3 and Cd28 in PNA 
mice and the target gene RUNX1 in women with PCOS. In a 
previous study, an increase in the expression of IL-6 and IL-11 
was associated with the AKT/STAT3 pathway in a rat model 
of PCOS (32). Cd28 is involved in T-cell activation and the 
induction of cell proliferation (33). RUNX1 is one of the key 
regulatory proteins in vertebrates and is generally involved 
in embryonic development, hematopoiesis, angiogenesis, 
tumorigenesis, and the immune response, such as the NF-
κβ signaling pathway (34). Further, the target gene App was 
reported to be involved in the phosphorylation signaling 
in Alzheimer’s disease (35). Vegfa is related to angiogenesis 
and is reported to be a negative regulator of miR-185-5p in  
PCOS (36). 

MiR-155 is considered a multifunctional regulator of 
inflammation. There are previous reports of increases in 
the aberrant expression of miR-155 in various activated 
immune cells indicating the importance of miR-155 in 
the immune response. MiR-155 is sensitive to many 
inflammatory stimuli, such as tumor necrosis factor-alpha, 
interferons, damage-associated molecular patterns, hypoxia, 
and Interleukin-1a (4). In particular, in PCOS, miR-155 is 
strongly related to inflammation, insulin resistance, obesity, 
and steroidogenesis (20,37,38), reflecting the main features 
of the disease. In this study, miR-155-5p was found to be 
downregulated in PCOS and the negatively correlated 
target genes, Gsk3b, Nr1h3, STAT1, MAPK14, CSF1R, 
SPI1, and FOS, were upregulated. The target genes were 
also concentrated in the insulin-sensitive pathway of ovaries 
and GCs, supporting that miR-155 may be involved in the 
regulation of inflammation and insulin sensitivity. Recently, 

it was reported that miR-155-5p directly regulated Gsk3b 
and participated in the regulation of steroid metabolism (39),  
and that Nr1h3 was related to autophagy. STAT1 was 
reported to be related to inflammation and insulin sensitivity 
in adipose tissue and obesity (40). MAPK14 has a wide 
effect on regulating inflammation and metabolism, and 
was shown to be regulated by miRNA epigenetics in 
PCOS in our previous study (24). CSF1R was a key gene 
in leukoencephalopathy (41). SPI1 was reported as an ETS 
transcription factor involved in the androgen-mediated 
transcriptional regulation of NR4A1 in PCOS (42). FOS 
was reported to mediate the regulation of neurotrophins in 
the placenta of female offspring of mothers with PCOS (43).  
The target gene Arntl was reported to affect PCOS by 
altering the circadian clock (44). Trp53inp1 is involved 
in the cell stress response, and acts as a dual regulator of 
transcription and autophagy (45). Maf was involved in 
the inhibition of Th17 cells and the induction of IL-10 
production (46). S1pr1 was involved in the many processes 
related to immune activation and is expected to be a target 
for cancer treatment (47). 

PCOS is considered a low-grade inflammatory endocrine 
disease accompanied by a variety of metabolic symptoms, 
such as hyperandrogenism and insulin resistance. Previous 
studies showed that there was an increase in indicators of 
insulin resistance and inflammation in PCOS mice (48,49). 
Our study indicated that the downregulation of miR-
155-5p and miR-106a-5p could inhibit the degradation 
of mRNA or stabilize mRNA, which indirectly increases 
the expression of the target genes. The functional analysis 
of the target genes indicated that the miRNAs-mRNAs 
regulatory network could be involved in inflammation in 
PCOS. The RT-qPCR results illustrated that in PNA mice 
or PCOS GCs, the expression of miR-155-5p, miR-106a-
5p, and targeting mRNAs was consistent with our analyses. 
Moreover, the inflammatory marker genes were detected 
to be upregulated in PNA mice and clinical samples, 
supporting our hypothesis that the miRNAs-mRNA axis 
was related to the inflammatory response in PCOS. In 
cell experiments, a significant downregulation of miR-
155-5p was observed in DHT-treated GCs in addition 
to the upregulation of the Il18/IL18 and Socs3/SOCS3. 
However, miR-106a-5p was upregulated, which indicated 
that an excess of androgens was not the direct cause of the 
downregulation of miR-106a-5p. The in vitro experimental 
results showed that excessive DHT was a direct cause of 
the abnormal expression of miR-155-5p and could lead to a 
high expression of inflammatory marker genes. 
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Due to the limitation of the sample size, some extended 
experiments need supplementing in the following research. 
The detection of the target protein is necessary for 
studying the regulation of miRNA on protein abundance 
intuitively. Quantitative detection of insulin resistance and 
inflammation in PNA mice also helps to understand the 
regulatory mechanism of PCOS. Knocking out or blocking 
the expression of target miRNAs is helpful to understand 
the specific mechanism of key miRNAs involving the 
regulatory network. Combining with the clinical studies 
on the pathogenesis of PCOS is essential, including the 
regulatory and endocrine function of GCs and follicular 
fluids, which could play a role in generating new treatment 
strategies and determining diagnostic and prognostic 
indicators in PCOS. In addition, despite the modeling 
methods of construct PCOS model mice were various, no 
one can completely mimic the human symptoms of PCOS. 
The physiological state of hyperandrogenemia could be 
simulated with high efficiency by DHT-induced PNA mice, 
but the level of luteinizing hormone (LH) in the serum 
was decreased, instead of being increased, which was not in 
accord with clinical features of PCOS patients. Moreover, 
the anti-Mullerian hormone (AMH) expression level 
was no different between the PNA mice and the control 
mice, which indicated that the PNA mice were lack of a 
neuroendocrine phenotype (50). Therefore, researchers 
usually choose a suitable modeling method according to the 
phenotype or symptom of the study requirements.

Conclusions

This research indicated that miR-106a-5p and miR-155-5p 
are important miRNAs in the ovaries and GCs in PCOS, 
and are related to insulin sensitivity and inflammation in 
the ovaries. We observed that the inflammation and insulin-
related genes were in significantly increased in expression 
in the ovaries of PNA mice, with similar manifestations 
observed in the GCs from patients with PCOS. In vitro, 
excessive androgens, such as DHT, alter the expression 
of specific miRNAs such as miR-106a-5p and miR-155-
5p, which affects the related genes, and may participate 
in the inflammation in PCOS. Overall, this study offers 
new insight into the epigenetics and pathophysiology of 
PCOS, supporting and extending the knowledge of the 
regulatory role of miRNAs and their target pathways in 
the immune and metabolic mechanisms of PCOS, and 
offers new insights into the metabolic disorders associated  
with PCOS. 
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Supplementary

Table S1 Primer sequences of RT-qPCR

Primer Sequence 5'→ 3'

Gene

Stat3 F ATCTTTGGGCAATCTGGGCA

Stat3 R CTTCTGCTCTCAGCCCCATC

Cd28 F TTCTCAGTTCAAGTAACAGAAAACA

Cd28 R AGGCTGACCTCGTTGCTATC

Gsk3b F AGGAAGGAAAAGGTGATTCAAGA

Gsk3b R TGCTGCCATCTTTATCTCTGCT

Nr1h3 F CAGTAGGAAGGACCCCTTGG

Nr1h3 R AAGACACTGTCCTGGCCTT

Il18 F TACAAGCATCCAGGCACAGC

Il18 R CTGATGCTGGAGGTTGCAGA

Il10rb F CTTCTGGTGCCAGCTCTAGG

Il10rb R TCGTTTTGGGGAAAGCAGGT

Socs3 F ACGGCTGCCAACATCTGG

Socs3 R GCATCCCGGGGAGCTAGT

Gapgh F AGGTTGTCTCCTGCGACTTCA

Gapgh R TACCCCATAAACCCCACCAC

STAT1 F TCTGCCGGAGAAACAGTTGG

STAT1 R AGGTACCGTGTGTCAAGCTG

MAPK14 F TTATGCGTCTGACAGGAACACC

MAPK14 R AGTCGACAGCCAGGGGATTG

RUNX1 F GGTTTCGCAGCGTGGTAAAA

RUNX1 R GCACTGTGGGTACGAAGGAA

CSF1R F TGCGGCCAGGCTAAAAGGG

CSF1R R GGCTGTTTGTCTTGTTTTCCTCTT

FOS F GGGGCAAGGTGGAACAGTTA

FOS R AGTTGGTCTGTCTCCGCTTG

SPI1 F TCCTGAGGGGCTCTGCATTG

SPI1 R AGGTCTTCTGATGGCTGAGGG

IL18 F AAGATGGCTGCTGAACCAGT

IL18 R TCTGATTCCAGGTTTTCATCATCT

IL10R F AAGTGGCGCTCCTGAGGTAT

IL10R R GGTCACTGCGGTAAGGTCAT

SOCS3 F GCTCCTTTGTGGACTTCACG

SOCS3 R CCCGAATCGAAGTCTCCGTC

ACTB F GGACTTCGAGCAAGAGATGG

ACTB R AGCACTGTGTTGGCGTACAG

miRNA

mmu-miR-
106a-5p F

CGCCGAGCAAAGTGCTAACA

mmu-miR-
106a-5p RT

GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCTACCT

mmu-miR-155-
5p F

CGCCGAGTTAATGCTAATTG

mmu-miR-155-
5p RT

GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACACCCCT

Table S1 (continued)
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Table S4 Differentially expressed miRNAs in PNA mice compared with the control mice

miRNA logFC logCPM LR P value FDR

mmu-miR-5100 −5.365445964 0.262207305 15.62876477 0.000077073 0.017880982

mmu-miR-184-3p −2.163505579 3.971215579 10.10915882 0.001475343 0.228186364

mmu-miR-486a-5p 1.487138295 5.483623665 8.287379125 0.003992157 0.37344364

mmu-miR-486b-3p 1.487142721 5.483623665 8.272873274 0.004024177 0.37344364

mmu-miR-5121 −1.791298309 2.75279053 7.941968578 0.004830126 0.373529757

mmu-miR-451a 1.422733915 7.510176789 7.584771944 0.005886341 0.390180319

Table S4 (continued)

Table S1 (continued)

Primer Sequence 5'→ 3'

miRNA

hsa-miR-106a-
5p F

CGCCGAGAAAAGTGCTAACA

hsa-miR-106a-
5p RT

GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCTACCT 

hsa-miR-155- 
5p F

CGCCGAGTTAATGCTAATTG

hsa-miR-155- 
5p RT

GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACAACCCC 

U6 F CTCGCTTCGGCAGCACA

U6 RT AACGCTTCACGAATTTGCGT

Universal R CAGTGCGTGTCGTGGAGT

Table S2 Sequencing data information of RNA-seq in PNA mice compared with the control mice

Sample Total clean reads Mapped reads Mapped ratio Unique mapped reads Unique mapped ratio

P1 23501545 16529681 70.34% 15490986 65.91%

P2 31747833 21611959 68.07% 20310150 63.97%

P4 23361862 15079981 64.55% 14271278 61.09%

P-mean 26203747 17740540 67.65% 16690804.67 63.66%

C1 30726196 21023286 68.42% 19933938 64.88%

C4 18373080 13016258 70.84% 12263718 66.75%

C-mean 24549638 17019772 69.63% 16098828 65.82%

PNA, prenatally androgenized.

Table S3 Sequencing data information of miRNA-seq in PNA mice compared with the control mice

Sample Total clean reads
Mapping ratio of mature miRNA

Mapped reads Mapped ratio Unique mapped reads Unique mapped ratio

P1 15504772 6573625 42.39% 2467580 15.91%

P2 17271763 6851502 39.66% 2503535 14.49%

P3 10049532 4886138 48.62% 1545411 15.38%

P4 14250703 8664866 60.80% 3758167 26.37%

P-mean 14269193 6744033 47.66% 2568673 20.54%

C2 10273792 5176801 50.38% 2617114 25.47%

C3 13697931 5313779 38.79% 2110534 15.41%

C6 7447955 5069099 26.13% 654476 8.45%

C-mean 11422218 5575928 38.43% 1987699 16.44%

PNA, prenatally androgenized.
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Table S4 (continued)

miRNA logFC logCPM LR P value FDR

mmu-miR-130a-3p −1.353736584 9.231294641 7.053284482 0.007912004 0.440400025

mmu-miR-677-5p −1.63828883 3.677321457 6.857573796 0.008826632 0.440400025

mmu-miR-127-3p 1.198140538 11.55112459 6.727946668 0.00949138 0.440400025

mmu-miR-155-5p −1.148743107 4.171982512 5.962855006 0.014610364 0.508828416

mmu-miR-106a-5p −1.714259453 0.932564361 5.917072117 0.014994856 0.508828416

mmu-miR-3068-3p −1.119567509 4.824476871 5.875549382 0.015352582 0.508828416

mmu-miR-425-3p −1.677175406 3.286612848 5.736437283 0.016616464 0.513128298

mmu-miR-467d-5p 1.616936293 1.23981623 5.626187002 0.017694079 0.513128298

mmu-miR-128-1-5p 1.040296733 3.191899368 4.643657264 0.031168512 0.850717024

mmu-miR-431-5p 1.401225373 4.337566127 4.307541032 0.03794377 0.880295469

PNA, prenatally androgenized.
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