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Abstract 51 

Polycystic ovary syndrome (PCOS) lacks the generally accepted diagnostic biomarkers 52 

and targeted therapy. Increasing evidence indicates that microRNAs (miRNAs) play a 53 

crucial role in PCOS. Hereby, we tested the functional implications of a novel miRNA 54 

(miR-423-3p) as a mediator in the progress of hyperandrogenic PCOS, as well as its 55 

potential as a new serum biomarker and therapeutic target for the PCOS. We found 56 

significantly decreased miR-423-3p levels in serum, granulosa cells (hGCs), and 57 

follicular fluid (FF) of PCOS patients (n=40) compared to healthy controls (n=30), and 58 

this decrease corroborated in PCOS-like mouse models. The receiver operating 59 

characteristic (ROC) curve analysis for circulating miR-423-3p indicated high 60 

diagnostic potential as a biomarker, with an area under the curve (AUC) of 82%. miR-61 

423-3p influenced human granulosa cell (KGN) proliferation by directly targeting 62 

CTNNBIP1 modulated WNT signaling pathway. We further proved as mechanistic role 63 

that the elevated dihydrotestosterone (DHT) inhibited the expression of miR-423-3p 64 

via the activation of the androgen receptor, and the overexpression of miR-423-3p 65 

normalized the function of androgen-induced GCs. While we overexpressed miR-423-66 

3p, it counteracted androgen-induced dysfunction in GCs. Antiandrogen treatment 67 

restored the reproductive phenotypes in letrozole-induced PCOS-like mice and 68 

regulated miR-423-3p expression and its downstream effects. Ovarian intrabursal 69 

injection of miR-423-3p antagomir in wildtype (WT) mice induced PCOS-like 70 

phenotypes, further underscoring its functional role. Our results demonstrated that miR-71 

423-3p emerged as a novel mediator in hyperandrogenic PCOS progression and it holds 72 



promise as both a diagnostic biomarker and a therapeutic target. 73 

Keywords: miR-423-3p, polycystic ovary syndrome, proliferation, biomarker  74 



Introduction 75 

Polycystic ovary syndrome (PCOS) is one of the most common endocrine diseases 76 

affecting up to 6–20% of reproductive-aged women, mainly characterized by two of the 77 

following three criteria: polycystic ovarian morphology, hyperandrogenism, and 78 

chronic anovulation [1, 2]. The ovarian follicular microenvironment and maternal 79 

signals, mediated mostly by the granulosa cells (GCs), are responsible for follicle 80 

growth initiation, oocyte maturation, and atresia [3, 4]. Dysfunction of GCs in patients 81 

with PCOS, including decreased proliferation, increased apoptosis, or unbalanced 82 

hormone production, may contribute to abnormal folliculogenesis [5, 6].  83 

MicroRNAs (miRNAs) are 21-25-nucleotide non-coding RNAs that can post-84 

transcriptionally regulate the gene expression by binding specifically to the 85 

3’untranslated region (UTR) of the target genes [7]. miRNAs have been found to play 86 

a crucial role in various diseases[8, 9]. In previous studies, we have found that miRNAs 87 

were involved in the pathogenesis of PCOS by mediating hormone secretion [10], 88 

ovarian granulosa cell proliferation, and apoptosis [11]. Therefore, revealing the 89 

biological function of miRNAs in the process of PCOS is beneficial for the diagnosis, 90 

treatment and understanding of the pathogenesis of PCOS. 91 

In this study, by filtering the published databases and combined with a series of 92 

experimental verifications, we found that miR-423-3p was significantly decreased in 93 

the serum, human granulosa cells (hGCs), and follicular fluid (FF) samples of both 94 

PCOS patients and PCOS-like mouse models. We hypothesized that miR-423-3p might 95 

be a novel mediator during the progression of PCOS. To test our hypothesis, we 96 



analyzed the function of miR-423-3p by using human GC cell line and mice models to 97 

explore the mechanistic role of miR-423-3p in the dysfunction of GCs. Our findings 98 

may provide a better understanding of miR-423-3p and its potential novel diagnostic 99 

effects in PCOS. 100 

101 



Methods 102 

Participants 103 

Before conducting the experiment, the required clinical sample size for this study 104 

were calculated by using PASS 11 (NCSS, USA). A total of 70 cases were recruited, 105 

including 40 patients with PCOS diagnosed on the basis of the Rotterdam criteria [12] 106 

and 30 women with no history of reproductive disorders as a normal group. The control 107 

group consisted of women with regular menstruation and no hyperandrogenization who 108 

underwent an in-vitro fertilization (IVF) program due to the male factor. hGCs and 109 

follicular fluid (FF) were collected from patients who underwent IVF treatment at the 110 

Department of Reproduction and Gynecological Endocrinology, at the Medical 111 

University of Bialystok, Poland. Seum samples were collected from all participants 112 

after a 12 h overnight fasting. Concentrations of luteinizing hormone (LH), follicle-113 

stimulating hormone (FSH), estradiol (E2), prolactin (PRL), anti- Müllerian hormone 114 

(AMH), testosterone (T), insulin, sex hormone-binding globulin (SHBG), 115 

dehydroepiandrosterone sulfate (DHEA-S) were assessed by immunoradiometric 116 

assays. Anthropometric variables such as age, body mass index (BMI), and the levels 117 

of FSH, LH, T, E2, AMH, etc., and the biochemical parameters were recorded in Table 118 

1. 119 

The research was based on the ethical principles of the Declaration of Helsinki. 120 

All clinical samples were collected according to protocols approved by the local Human 121 

Investigation Ethics Committee (license numbers APK.002.38.2021). The informed 122 

consent was signed by each patient for the collection and use of their samples in this 123 



study. 124 

Clinical sample preparation 125 

hGCs and FF were collected at the time of the follicle aspiration. Briefly, after 126 

oocyte removal, FF containing hGCs were pooled from the follicles and centrifuged at 127 

250 × g for 10 min. FF were centrifuged to remove cells and stored at −80℃. The 128 

fraction containing hGCs was carefully aspirated, transferred to a new centrifuge tube, 129 

resuspended in phosphate-buffered saline (PBS) and centrifuged at 250 × g for 5 min. 130 

hGCs were collected and frozen at −80°C until analyzed. 131 

RNA extraction and real-time quantitative reverse transcription-PCR (qRT-PCR) 132 

The total RNA was extracted by TRIzol (Invitrogen, USA), and cDNA was 133 

obtained with a reverse transcription kit. The targeted gene expression was measured 134 

by qRT-PCR using the SYBR Premix Ex Taq (Takara, Japan). Glyceraldehyde 135 

phosphate dehydrogenase (GAPDH) was taken as the internal reference (U6 was taken 136 

as the internal reference). The 2−ΔΔCt method was applied to analyze mRNA expression 137 

levels. The primer sequences of the tested genes are listed in Table S2. 138 

Biomarker validation 139 

A total of 48 patients were recruited, including 28 patients with PCOS and 20 non-140 

PCOS women. The diagnosis of PCOS is based on the Rotterdam consensus. The 141 

exclusion criteria included pregnant women, malignant tumor history, other diseases 142 

that could cause similar symptoms of PCOS (hyperthyroidism, Cushing syndrome and 143 

hyperprolactinemia, etc.), or treatment with steroid hormone drugs or herbal 144 

medications with known or uncertain interactions with steroid hormone within three 145 



months. The Non-PCOS women were those who had menstrual abnormalities and the 146 

further examination results of biochemical tests and B-ultrasound were not consistent 147 

with the diagnosis of PCOS. The Non-PCOS women also met the following exclusion 148 

criteria: previous ovary surgery, malignant tumor history, severe dysfunction of 149 

important organs or treatment with the drugs that may influence the steroid hormone. 150 

Written informed consent was obtained from all participants prior to testing. The blood 151 

sample from each participant was collected on the 2–5th day of menstruation. Key 152 

clinical characteristics of this validation cohort, including hormonal profiles and 153 

anthropometric data, are summarized in Supplementary Table 1. The experiments 154 

adhered to ethical guidelines approved by the Medical Ethics Committee of Affiliated 155 

Jinling Hospital, Medical School of Nanjing University (Approval No. 2024DZGJJ-156 

013). Serum and hGCs were collected using protocols identical to those described as 157 

above. cDNA synthesis was performed using the TaqMan®MicroRNA Reverse 158 

Transcription Kit (Applied Biosystems, USA). TaqMan miRNA probes (cel-miR-39, # 159 

000200; RNU6B, #001093; miR-335-5p, #000543; Applied Biosystems, USA) were 160 

used to assess the selected miRNA expression profile. Quantitative real-time PCR 161 

(qPCR) assays were performed in a total 20 µL reaction volume with TaqMan Universal 162 

PCR Master Mix, no AmpErase UNG (Applied Biosystems, USA). The miRNA Ct-163 

values were normalized using the exogenous cel-miR-39 and RNU6B. 164 

Cell culture 165 

The hGC line KGN and mGCs were cultured in Dulbecco’s modified Eagle’s 166 

medium/nutrient mixture F-12 (DMEM/F12) (Gibco, USA) containing 10% charcoal-167 



stripped fetal bovine serum (Thermo Fisher Scientific, USA) and 1% antibiotics 168 

(mixture of penicillin, streptomycin, and neomycin; Gibco) in a 37°C, 5% CO2 169 

incubator (Thermo Fisher Scientific, USA). Cells were passaged every 3 days. KGN 170 

cells were purchased from Wuhan Pricella. 171 

Establishment of the PCOS-like mouse models 172 

C57BL/6J mice were obtained from Beijing Vital River Laboratory Animal 173 

Technology Co., Ltd. China, and housed in quarters controlled for temperature (25 °C) 174 

and light (12 h, 12 h dark). Mice were provided with non-purified commercial chow 175 

diet (Beijing Hfk Bioscience Co., Ltd. China) and fresh water ad libitum. All the 176 

procedures were approved by the Ethics Committee for Animal Experimentation of 177 

China Agricultural University (license numbers: AW62201202-3-7).  178 

To establish the DHEA-induced PCOS mouse model, 3-week-old female mice 179 

were subcutaneously injected daily with DHEA (6 mg/100 g body weight) dissolved in 180 

sesame oil for 28 consecutive days, with only sesame oil injection as the control group 181 

[13]. 182 

To establish the letrozole-induced PCOS mouse model, 3-week-old female mice 183 

were treated daily with letrozole (1 mg/kg body weight) dissolved in 1% 184 

carboxymethylcellulose (CMC) daily by oral gavage for 28 consecutive days, the 185 

control group received the vehicle only (1% aqueous solution of CMC) once daily [14].  186 

The DHT-induced mouse model was established using a previously published 187 

methodology [15]. Briefly, adult C57BL/6J females were paired with males at 16: 00 188 

in the afternoon. Mice with vaginal plugs were identified the next morning and housed 189 



individually. Pregnant mice were injected subcutaneously with sesame oil (control 190 

group) or sesame oil containing 200 μg of DHT on days 16, 17, and 18 of pregnancy. 191 

The three-month-old female adult offspring of the mice and control mice were then 192 

observed throughout their postnatal lives. 193 

After the model was established, all mice were anesthetized with pentobarbital 194 

sodium (50 mg/kg) injected intraperitoneally, and blood was obtained by cardiac 195 

puncture. 196 

Antiandrogen treatment in the letrozole-induced mouse model of PCOS 197 

Three-week-old female mice were intragastrical injected daily with letrozole (1 198 

mg/kg body weight) dissolved in 1% CMC (2 mL/kg) and flutamide (5 mg/kg body 199 

weight) for 28 consecutive days. All mice were anesthetized with pentobarbital sodium 200 

(50 mg/kg) injected intraperitoneally, and blood was obtained by cardiac puncture. 201 

miRNA injection technique 202 

After isoflurane anesthesia, the back skin and muscles of mouse were incised and 203 

both ovaries were carefully pulled out and the intracapsular micor-injection was 204 

performed under stero-microscopic magnification. Mice were micro-injected with a 205 

micro-syringe (7653-01, Hamilton, USA). After injection, the treated mice were housed 206 

separately, and the estrous cycle was assessed by the vaginal cytology at 11 days after 207 

the injection. Mice sera were collected for the E2 and T analyses. The miR-423-3p 208 

antagomir and miR-NC were purchased from Shanghai GeneBio (China). 209 

Estrous cycle assessment and ovarian histology 210 

Estrous cycle was assessed by the vaginal cytology. Female mice were sacrificed 211 



and their ovaries were dissected for RNA/protein extraction. The specimens were fixed 212 

in 4% paraformaldehyde for 72 h. Ovaries were sectioned at a thickness of 5 μm and 213 

stained with hematoxylin and eosin.  214 

Plasmid construct 215 

To determine whether miR-423-3p targets CTNNBIP1, the entire 3’UTR of the 216 

human CTNNBIP1 gene was cloned into the psiCHECK-2 dual luciferase reporter 217 

vector (Promega, USA) by the endonuclease sites XhoI and NotI to established a 218 

CTNNBIP1 3’UTR plasmid. The deletions of the predicted seed regions of miR-423-219 

3p within the human CTNNBIP1 3’UTR were generated by the overlap extension PCR 220 

and then cloned into the psiCHECK-2 to establish a CTNNBIP1 3’UTR MUT plasmid.  221 

To study the effect of androgen receptor (AR) on the expression of miR-423-3p, 222 

the coding sequence of the AR gene was cloned into the eukaryotic expression plasmid 223 

pCDNA3.1 basic by the endonuclease sites SalI and XhoI to established plasmid 224 

pCDNA-AR. All generated constructs were confirmed by sequencing. All of the 225 

constructs were confirmed by sequencing. All primer sequences are listed in Table S2. 226 

Dual-luciferase reporter gene assay 227 

In luciferase reporter assays, 293T cells were transfected in triplicate with 228 

luciferase vector and the indicated transcription factors using the transfection kit 229 

Lipofectamine 2000 (Invitrogen, USA) following the manufacturer's instructions. The 230 

luciferase activity was measured using the dual-luciferase reporter assay (Promega, 231 

USA) at 48 h after transfection, the results were normalized by the activity of firefly 232 

luciferase against the activity of Renilla luciferase. 233 



Hormone analysis  234 

The culture medium and serum were collected and the T concentrations were 235 

measured. The measurements were performed by radioimmunoassay by the Institute of 236 

Beijing North Biotechnology. 237 

Cell apoptosis analysis 238 

Cell apoptosis was analyzed by the annexin V/propidium iodide (PI) staining. 239 

After stimulation, cells were washed twice with the ice-cold PBS solution and 240 

resuspended in 100 μL of 1× annexin binding buffer with 5 μL of annexin V-FITC 241 

(Beyotime Biotechnology, China) and 10 μL of PI (Beyotime Biotechnology, China). 242 

The cells were incubated for 15 min at room temperature in the dark and were then 243 

subjected to the flow cytometric analysis using FACSCalibur (Becton Dickinson, USA).  244 

Cell cycle analysis 245 

For cell cycle analysis, cells were harvested after treatment and then fixed in 70% 246 

ethanol at 4°C overnight, permeabilized, and stained with PI (Beyotime Biotechnology, 247 

China). After incubation for 30 min, 400 μL of binding buffer was added per sample, 248 

and the mixture was filtered through a 200-mesh nylon net prior to cell fluorescence 249 

measurement using FACSCalibur (Becton Dickinson, USA).  250 

Western blotting 251 

Cells were rinsed with the ice-cold PBS, and then the protein was extracted using 252 

the radioimmunoprecipitation assay method. Protein samples were separated by sodium 253 

dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to a 254 



polyvinylidene fluoride (PVDF，Millipore, IPVH00010, USA) membrane as described 255 

previously [10, 11]. After washing, the membranes were incubated with one of the 256 

antibodies for: β-catenin (1:1000, 51067-2-AP, Proteintech), C-Myc (1:1000, 67447-257 

1-Ig, Proteintech), CCND1 (1:1000, 26939-1-AP, Proteintech), β -actin (1:1000, 258 

20536-1-AP, Proteintech), GAPDH (1:5000, 10494-1 Proteintech). Finally, the protein 259 

bands were visualized by the enhanced chemiluminescence kits (Beyotime 260 

Biotechnology, China).  261 

miRNA database analysis 262 

In this study, we selected miRNAs from two published articles (PMID: 25622783, 263 

27001999) to identify those that are significantly differentially expressed in PCOS. We 264 

investigated small RNA sequencing (RNA-seq) data from two PCOS datasets and 265 

analyzed the differential expression of miRNAs using these databases. Through cross-266 

analysis of the differentially expressed miRNAs identified in both datasets, we found 267 

seven miRNAs that were significantly differentially expressed. 268 

Prediction of target genes 269 

To identify potential target genes of miR-423-3p, we employed a bioinformatics 270 

approach using three online prediction tools: PITA 271 

(http://genie.weizmann.ac.il/pubs/mir07/mir07_data.html), miRmap 272 

(http://mirmap.ezlab.org/), and TarBase (http://diana.imis.athena-273 

innovation.gr/DianaTools/index.php). Each tool was used independently to predict 274 

potential binding sites for miR-423-3p within the 3' UTRs of candidate genes. The 275 



predicted targets from all three databases were then intersected using an online Venn 276 

diagram tool (http://bioinformatics.psb.ugent.be/webtools/Venn/) to identify common 277 

target genes. This intersection was visualized as a Venn diagram to highlight the 278 

overlapping predictions. 279 

Statistical analysis 280 

Data were analyzed using SPSS 16.0 software (SPSS Inc., USA) and GraphPad 281 

Prism 7 (GraphPad software, Inc., USA). The measurement data conforming to the 282 

normal distribution were expressed as mean±standard error of mean (SEM), in which 283 

the differences between the two groups were analyzed with the use of the t test and the 284 

differences among multiple groups were analyzed by one-way analysis of variance 285 

(ANOVA). The values of *P<0.05, **P<0.01, and ***P< 0.001 are the indication of 286 

the statistical significance. 287 

  288 



Results 289 

The expression levels of miR-423-3p were significantly decreased in PCOS patients 290 

and PCOS-like mice. 291 

By re-analysis of the data from the published databases [16, 17], we screened out 292 

seven differentially expressed miRNAs in hGCs of PCOS patients, and confirmed that 293 

miR-423-3p, the most significant changed miRNAs out of seven, was downregulated 294 

in hGCs from patients with PCOS (n=8) vs. healthy women (n=8) by using qRT-PCR 295 

analysis (Figure 1A).  296 

To systematically investigate the relationship between miR-423-3p and PCOS, we 297 

analyzed the expression of miR-423-3p in a cohort of 40 PCOS patients and 30 age-298 

matched non-PCOS women, which included the initial subset of 8 individuals (4 PCOS 299 

patients and 4 healthy controls) used for preliminary validation. The clinical 300 

characteristics of patients with PCOS and controls are listed in Table 1; it was observed 301 

that women suffering from PCOS exhibited a dramatic increase in the levels of T, LH, 302 

LH/ FSH, AMH, and BMI.  303 

The expressions of miR-423-3p were significantly decreased in human serum 304 

(Figure 1B), FF (Figure 1C) and hGCs (Figure 1D) from PCOS patients compared with 305 

that of the healthy controls.  306 

To better understand the clinical significance of miR-423-3p levels in PCOS, we 307 

performed the Pearson's rank correlation analysis between the serum miR-423-3p 308 

expression levels and the clinical features of 70 human samples. As shown in Table 2, 309 

a statistically significant negative correlations observed between miR-423-3p 310 



expression and key clinical parameters, such as T, LH, LH/FSH ratio, AMH, and BMI, 311 

suggested that a potential contribution of miR-423-3p to the dysregulation of endocrine 312 

hormones and metabolic imbalances that is characteristic for PCOS pathogenesis. 313 

To strengthen the robustness of our findings, we collected clinical samples from 314 

another cohort in the Department of Reproductive Medicine, Jinling Hospital, Nanjing 315 

University School of Medicine for independent verification. Consistent with our 316 

original findings, miR-423-3p levels were significantly reduced in both serum and 317 

hGCs of PCOS patients compared to control women (Figure Support 1). The 318 

independent validation in a geographically distinct cohort strongly supports the 319 

reliability of miR-423-3p as a biomarker and its involvement in PCOS pathogenesis. 320 

To explore the possibility of miR-423-3p as a potential biomarker for PCOS, we 321 

carried out the receiver-operating-characteristic (ROC) analysis of these human serum 322 

samples. Our result showed that the area under the curve (AUC) was 0.82 (95% 323 

confidence interval: 0.7158-0.9217; Figure 1E) for all patients, suggesting miR-423-3p 324 

has a good serum diagnostic capacity to differentiate patients with PCOS from the 325 

control women. 326 

To further confirm the function role miR-423-3p in PCOS, we also established 327 

several PCOS-like mouse models in this study. In consistent with the clinical results, 328 

the expressions of miR-423-3p were significantly decreased in the ovaries of the 329 

letrozole-induced PCOS mouse model (Figure 1F), the dehydroepiandrosterone 330 

(DHEA)-induced PCOS mouse model (Figure 1G), and the dihydrotestosterone (DHT)-331 

induced PCOS mouse model (Figure 1H). 332 



miR-423-3p promoted E2 production and cell proliferation in GCs 333 

To assess the potential involvement of miR-423-3p in GCs, the gain or loss of 334 

function experiments were carried out in KGN cell line and mouse granulosa cells 335 

(mGCs). The miR-423-3p mimic/inhibitor effectively increased/decreased the 336 

expression of miR-423-3p in KGN and mGCs (Figure S2A-S2D), respectively. In 337 

addition, we assessed the potential involvement of miR-423-3p in regulating the steroid 338 

hormone secretion and observed that overexpression of miR-423-3p increased the 339 

production of E2 (Figure 2A), while knockdown of miR-423-3p decreased the 340 

production of E2 in both KGN cells and mGCs (Figure 2B). Although CYP19A1 is a 341 

key enzyme in E2 biosynthesis in the GCs steroidogenesis, we noted that miR-423-3p 342 

did not affect the expression of CYP19A1 (Figure 2C).  343 

To determine whether miR-423-3p plays a role in cell growth or death, we first 344 

examined the apoptotic rate in the KGN by flow cytometry with Annexin V-FITC 345 

staining. As shown in Figure 2D, transfection of miR-423-3p mimic or inhibitor had no 346 

effect on the apoptosis rate of KGN cells. 347 

Moreover, we noticed that miR-423-3p overexpression promoted the growth of 348 

KGN cells, while miR-423-3p knockdown significantly inhibited the growth of KGN 349 

cells (Figure 2E-2G). The results of the flow cytometry showed that miR-423-3p 350 

significantly decreased the ratio of cells in G0-G1 phase, and increased the percentage 351 

of cells in the S phase (Figure 2H). Taken together, these results showed that miR-423-352 

3p promoted the proliferation of KGN by regulating the cellular processes. 353 

CTNNBIP1 is a potential target of miR-423-3p in KGN cells 354 



To investigate how the underlaying molecular mechanism of miR-423-3p 355 

regulates GCs proliferation, we predicted the target genes of miR-423-3p using the 356 

bioinformatics websites PITA, miRmap and TarBase. By intersecting the predictions 357 

from different databases, we obtained four candidate target genes of miR-423-3p 358 

(Figure 3A). The results of the RT-qPCR detection showed that overexpression of miR-359 

423-3p significantly reduced the levels of CTNNBIP1 (Figure 3B), suggesting that 360 

CTNNBIP1 may be an appropriate downstream target, which is involved in cell 361 

proliferation. Moreover, we found that miR-423-3p mimic decreased the relative 362 

luciferase activity of the CTNNBIP1 3’UTR-contained luciferase vector, compared 363 

with the mut vector control (Figure 3C-3D). The results of qRT-PCR showed that miR-364 

423-3p mimic significantly reduced the expression of CTNNBIP1, while miR-423-3p 365 

inhibitor increased the expression of CTNNBIP1 (Figure 3E).  366 

We further detected the expressions of CTNNBIP1 in hGCs of PCOS patients and 367 

ovaries of PCOS-like mice. The expressions of CTNNBIP1 were significantly increased 368 

in the hGCs of PCOS patients and the ovaries of PCOS-like mice (Figure 3F-3I). These 369 

results indicated that miR-423-3p suppresses the expression of CTNNBIP1 by directly 370 

binding to the domain of its 3′UTR. 371 

miR-423-3p induced the proliferation of GCs through the WNT signaling pathway 372 

Given that CTNNBIP1 is a type of β-catenin interacting protein, which can prevent 373 

the binding of β-catenin with TCF/LEF, thereby serving as a negative regulator of the 374 

activation of the WNT signaling pathway [18]. Therefore, we supposed that miR-423-375 

3p promotes GCs proliferation by activating the WNT signaling pathway. To verify this 376 



hypothesis, we detected the expression of the WNT signaling pathway-related proteins 377 

after overexpression or knockdown of miR-423-3p in KGN cells, respectively. The 378 

results showed that the miR-423-3p mimic promoted the expressions of β-catenin, C-379 

Myc and CCND1 (Figure 3J and 3K), while the miR-423-3p inhibitor had the opposite 380 

effect (Figure 3L and 3M). Our data suggest that miR-423-3p may promote GCs 381 

proliferation, at least in part, by downregulating CTNNBIP1 and subsequently 382 

modulating WNT signaling components. 383 

DHT inhibited GCs proliferation via miR-423-3p.  384 

Hyperandrogenemia is one of the typical characteristics of PCOS. By using the 385 

bioinformatics software JASPAR (https://jaspar.genereg.net/), we obtained several 386 

predicted androgen response elements (AREs) at the promoter region of miR-423-3p 387 

(Figure 4A). To confirm whether androgens regulate the promoter activity of miR-423-388 

3p, we constructed and co-transfected the AREs overexpression plasmid pCDNA 3.1-389 

AR (pAR) and the luciferase plasmid pGL3-miR-423-3p (pGL3-423) into 293T cells. 390 

The expressions of AR mRNA showed that the AR overexpression plasmid is 391 

constructed successfully (Figure 4B) by increasing the expression of AR in mRNA 392 

levels. And co-transfection of pGL3-423 and pAR significantly inhibited the luciferase 393 

activity of pGL3-423 (Figure 4C). DHT inhibited the luciferase activity of pGL3-423 394 

in a dose-dependent manner (Figure 4D). Accordingly, qRT-PCR assays showed that 395 

DHT induction could repress the expression of miR-423-3p and promote the expression 396 

of CTNNBIP1 in KGN in a dose-dependent manner (Figure 4E-4F). Furthermore, we 397 

demonstrated that DHT inhibited cell proliferation and induced G0-G1 phase arrest of 398 



KGN cells, which could be partly reversed by over-expressed miR-423-3p (Figure 4G-399 

4J). 400 

Verifying the role of miR-423-3p in the progression of PCOS in vivo 401 

To confirm whether miR-423-3p plays a critical role in the pathogenies of PCOS, 402 

we carried out a series of studies in vivo. Flutamide treatment meliorated the 403 

reproductive and metabolic phenotypes in the letrozole-induced PCOS mouse model 404 

[19]. In agreement, we found that flutamide treatment normalized the menstrual 405 

cyclicity (Figure 5A) and the circulating T levels (Figure 5B) in the letrozole-induced 406 

PCOS mice. Histologically, the increased cystic follicles were found in the ovaries of 407 

the letrozole-induced PCOS mice (Figures 5C and 5D). In addition, we observed that 408 

flutamide treatment significantly increased the expression levels of miR-423-3p up to 409 

normal levels and decreased the expression levels of Ctnnbip1 in the ovaries of PCOS 410 

mice (Figure 5E and 5F).  411 

Moreover, to evaluate the functional role of miR-423-3p in PCOS in vivo, we 412 

knocked down miR-423-3p by injecting the antagomir into the ovarian bursa of the WT 413 

mice. Antagomir at a dose of 200 pmol effectively inhibited the expression of miR-423-414 

3p and increased the expression of CTNNBIP1 until 15 days after injection (Figure 5G-415 

5H). Thereafter, these conditions (200 pmol of antagomir and 15 days of treatment) 416 

were used for the subsequent investigations. Decreased expression of miR-423-3p and 417 

the increased expression of CTNNBIP1 were found after the intraovarian injection of 418 

miR-423-3p antagomir in the ovaries of the WT mice (Figure 5J-5K). Thereafter, the 419 

dysregulated estrous cycle of mice injected with miR-423-3p antagomir was observed 420 



(Figure 5L). Histopathological analysis showed the decreased numbers of corpora lutea 421 

and the thickness of the GC layer in the miR-423-3p antagomir group compared to 422 

those of the NC (Figure 5M-5O). These findings proved that downregulated miR-423-423 

3p changed the ovary morphology of mice. 424 

Overall, we demonstrated that miR-423-3p was regulated by androgen and played 425 

a crucial role in the pathogenesis of PCOS in vivo and in vitro.  426 



Discussion 427 

Increasing evidence indicates that miRNAs play crucial roles in PCOS, and their 428 

underlying mechanisms need to be further clarified. In this study, we determined that 429 

miR-423-3p was significantly downregulated in serum, FF, and hGCs of the PCOS 430 

patients, as well as in the ovaries of three types of induced PCOS-like mouse models. 431 

The ROC analysis demonstrated that miR-423-3p has advantages in the reliability of 432 

PCOS diagnosis. Overexpression of miR-423-3p promoted the proliferation of KGN 433 

via regulating the cellular processes by targeting CTNNBIP1 which was upregulated in 434 

the GCs of PCOS patients. We demonstrated that miR-423-3p might be a novel 435 

mediator in the PCOS progress, which raises its potential as a new biomarker for PCOS 436 

diagnosis. 437 

Among the participants recruited in the study, PCOS patients exhibited 438 

reproductive hormonal disturbances, such as elevated T, LH, and AMH, which have 439 

found similar outcomes in other studies [20, 21]. The results of Pearson’s rank 440 

correlation coefficients analysis showed that the expression of miR-423-3p in serum 441 

was significantly negatively correlated with the contents of T, LH and AMH in serum, 442 

indicating that the imbalance of miR-423-3p in PCOS patients was significantly related 443 

to the reproductive hormone disorder in PCOS patients. Elucidating the function and 444 

mechanism of miR-423-3p in the disease process of PCOS is beneficial for 445 

understanding the pathogenesis of PCOS. 446 

Several previous cancer studies have found that miR-423-3p could serve as a 447 

diagnostic marker for various cancers and participate in cancer progression by 448 



promoting cell proliferation [22, 23]. Previous studies have shown that the expression 449 

of miR-423-5p was downregulated in GCs from patients with PCOS (n=46) compared 450 

to the controls (n=32) [24]. Moreover, they used an RNA oligonucleotide mixture 451 

containing miR-423-5p inhibitor, miR-33b mimic, and miR-142 mimic to study the 452 

effects on the cell proliferation of GCs, but did not analyze their function separately. 453 

miR-423-3p and miR-423-5p are two mature miRNAs respectively derived from the 3' 454 

and 5' ends of pre-miR-423. These "5p" and "3p" miRNAs exhibit biological 455 

differences in their stabilities and functions. In this study, we not only found that miR-456 

423-3p was downregulated in GCs from patients with PCOS, but also significantly 457 

downregulated in FF and serum. And miR-423-3p overexpression promoted the growth 458 

of KGN cells, decreased the ratio of cells in the G0-G1 phase, and increased the 459 

percentage of cells in the S phase. 460 

The observed regulation of E2 production by miR-423-3p in GCs, despite no 461 

detectable changes in CYP19A1 mRNA levels. This observation suggests that miR-423-462 

3p may influence E2 synthesis through alternative mechanisms that do not involve 463 

direct regulation of CYP19A1 expression. One possibility is that miR-423-3p affects 464 

the activity or post-translational modification of CYP19A1, rather than its expression 465 

levels. For instance, miR-423-3p might modulate the enzymatic activity of CYP19A1 466 

by influencing its phosphorylation status or subcellular localization, thereby altering its 467 

efficiency in converting androstenedione to estradiol. This could explain the observed 468 

changes in E2 production without corresponding alterations in CYP19A1 mRNA or 469 

protein levels.Another potential explanation is that miR-423-3p impacts the expression 470 



or activity of other enzymes or factors involved in the steroidogenic pathway. While 471 

CYP19A1 is a key enzyme in E2 biosynthesis, the overall production of E2 is also 472 

influenced by the availability of substrates, the activity of other steroidogenic enzymes 473 

such as StAR (steroidogenic acute regulatory protein), and the regulation of cholesterol 474 

transport into the mitochondria. miR-423-3p might indirectly affect E2 synthesis by 475 

modulating these upstream processes or by regulating the expression of other genes that 476 

interact with CYP19A1 in the steroidogenic pathway. Additionally, post-translational 477 

modifications of CYP19A1 or interactions with miR-423-3p-regulated proteins (e.g., 478 

β-catenin) might modulate aromatase activity. This result also highlights the complexity 479 

of miRNA-mediated regulation in cellular processes. miRNAs can exert their effects 480 

through multiple targets and pathways, and the absence of a direct impact on CYP19A1 481 

does not preclude indirect regulatory mechanisms. Future studies could investigate the 482 

potential targets of miR-423-3p that are involved in steroidogenesis, explore the post-483 

translational modifications of CYP19A1 influenced by miR-423-3p, and examine the 484 

broader transcriptional and metabolic changes induced by miR-423-3p in granulosa 485 

cells to elucidate the precise mechanisms underlying its regulation of E2 production. 486 

Given that CTNNBIP1 is a type of β-catenin interacting protein, which can prevent 487 

the binding of β-catenin with TCF/LEF, thereby serving as a negative regulator of the 488 

WNT signaling pathway activation [17]. Previous studies have shown that high 489 

androgen treatment increased the CTNNBIP1 expression in bovine GCs, and prevented 490 

CTNNB1 from interacting with the members of the WNT signaling pathway thereby 491 

inhibiting the cell cycle [25]. However, the molecular mechanism by which androgens 492 



regulate the expression of CTNNBIP1 has not been elucidated, nor has this regulatory 493 

relationship been mentioned in humans. In this study, we confirmed that androgen also 494 

increased the expression of CTNNBIP1 in human KGN cells and revealed that hyper-495 

androgen inhibited the expression of miR-423-3p by binding to the AREs of the miR-496 

423-3p promoter region, thereby increasing the target gene CTNNBIP1 in of miR-423-497 

3p and inhibiting KGN cell proliferation. 498 

Hyperandrogenemia is not only a key character of PCOS, but also a leading cause 499 

of subfertility or infertility. We found that the abundance of miR-423-3p in the serum 500 

of women with PCOS is negatively related to the concentration of testosterone in the 501 

serum. Our results indicated that a high concentration of androgen could downregulate 502 

the expression of miR-423-3p, upregulate CTNNBIP1, and inhibit the proliferation of 503 

KGN cells. The relationship between hyperandrogenemia and GCs proliferation arrest 504 

has been reported several times [26, 27], and miR-423-3p might be a mediator or 505 

treatment target in this pathway. 506 

However, this study has some limitations: it only includes 40 PCOS patients and 507 

30 healthy controls, investigating the level of miRNA candidates in a larger cohort is 508 

needed to confirm their role for clinical use; the miRNA function was analyzed only in 509 

vitro, and in vivo via the transient transfection with short duration, and the in vivo 510 

studies using the transgenic or knockout mouse models are needed; We have proved 511 

that downregulated miR-423-3p changed the ovary morphology of mice. Exploring 512 

whether miR-423-3p mimic could be used as a therapeutic drug for PCOS is the 513 

research focus of our ongoing study. 514 



Conclusion 515 

In summary, our findings showed that miR-423-3p was lower in the serum, FF, 516 

and GCs of women with PCOS, and its down-regulation was associated with 517 

hyperandrogenemia. miR-423-3p may promote the proliferation of GCs by targeting 518 

CTNNBIP1. Our study provides a new perspective molecular mechanism underlying 519 

the disordered folliculogenesis characteristic of PCOS and identifies miR-423-3p as a 520 

novel target for the treatment of PCOS. 521 

  522 
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Figure 1. miR-423-3p expression levels significantly decreased in PCOS patients 629 

and in induced PCOS-like mice. 630 

(A) qRT-PCR was used to screen the differentially expressed miRNAs in hGCs of the 631 

PCOS patients (n=8) and healthy women (n=8). (B) qRT-PCR detection of miR-423-632 

3p expression in serum from 40 PCOS patients and 30 normal control. (C) miR-423-3p 633 

expression in FF of PCOS patients detected by qRT-PCR. (D) miR-423-3p expression 634 

in hCCs of PCOS patients detected by qRT-PCR. (E) ROC analysis of the serum miR-635 

423-3p for discriminating PCOS. miR-423-3p expression in ovaries of the letrozole-636 

induced mice (n=10/group) (F), DHEA-induced mice (n=8/group) (G) and DHT mice 637 

(n=8/group) (H) detected by qRT-PCR. Data are mean±SEM and were analyzed by 638 

Student’s t-test. * P <0.05, ** P <0.01, *** P <0.001. 639 

Figure 2. miR-423-3p promoted E2 production and GCs proliferation in KGN 640 

(A-B) E2 accumulation were measured via radioimmunoassay 48 h after transfection 641 

with miR-423-3p mimic/inhibitor and NC in KGN and mGCs. (C) The mRNA 642 

expression levels of CYP19A1 in KGN and mGCs were measured by qRT-PCR. (D) 643 

Effects of miR-423-3p on cell apoptosis using flow cytometry in KGN 48 h after 644 

treatment. (E-F) The proliferation of non-transfected or transfected KGN cells was 645 

measured using CCK8 after 24–72 h. (G) Using Ki67 assay, the percentage of 646 

proliferating cells (green/DAPI) differed between cells transfected with miR-423-3p 647 

mimic/inhibitor (48 h post-transfection). Scale bar: 50 µm. (H) The effect on cell cycle 648 

was assessed by PI staining in KGN (48 h post-transfection). Data are mean±SEM and 649 

were analyzed by Student’s t-test.. * P <0.05, ** P <0.01, *** P <0.001. 650 



Figure 3. CTNNBIP1 is a potential target of miR-423-3p. 651 

(A) Four candidate target genes for miR-423-3p were selected based on the intersection 652 

of the predicted results from three databases. (B) The mRNA expression levels of four 653 

candidate target genes in KGN after transfection with miR-423-3p mimic. (C) miR-654 

423-3p specific binding sites on CTNNBIP1 predicted by TarBase. (D) The regulative 655 

relationship between CTNNBIP1 and miR-423-3p was assessed in 293T cells by a dual-656 

luciferase reporter gene assay. (E) The mRNA expression levels of CTNNBIP1 in KGN 657 

after transfection with miR-423-3p mimic and inhibitor. (F) The mRNA expression 658 

levels of CTNNBIP1 in hGCs of PCOS patients (n = 40) and normal controls (n = 30) 659 

by qRT-PCR. The mRNA expression levels of CTNNBIP1 in ovaries of letrozole-660 

induced PCOS-like mice (G), DHEA-induced PCOS-like mice (H), DHT PCOS-like 661 

mice (I). (J and K) The protein levels of β-catenin、C-Myc、CCND1 and β-actin in 662 

KGN after transfection with miR-423-3p mimic for 48 h. (L and M) The protein levels 663 

of β-catenin、C-Myc、CCND1 and β-actin in KGN after transfection with miR-423-664 

3p inhibitor for 48 h. Data are mean±SEM and were analyzed by Student’s t-test. * P 665 

<0.05, ** P <0.01, *** P <0.001. 666 

Figure 4. DHT inhibited GCs proliferation via miR-423-3p. 667 

(A) The predicted binding sites of ARE by JASPAR software in the 2000 nucleotides 668 

upstream of the miR-423-3p. (B) The efficiency of AR overexpression vector (pAR) 669 

was detected in KGN. (C) The 293T cells were transfected with pGL3-423 and pAR 670 

and then subjected to luciferase measurement 48 h after transfection. (D) The 293T cells 671 

were transfected with pGL3-423 and treated with DHT and DMSO as a control. At 36 672 



h after transfection, luciferase activity was measured.The expression of miR-423-3p (E) 673 

and CTNNBIP1 (F) in KGN cells with different does of DHT. (G-H) Cell proliferation 674 

of KGN cells in each group was detected by Ki67 assay. Scale bar: 50 µm. (I) Cell 675 

proliferation of KGN cells in each group was detected by CCK-8 assay. (J) Cell cycle 676 

distribution of KGN cells in each group was detected by flow cytometry. Data are 677 

mean±SEM and were analyzed by one-way ANOVA. * P <0.05, ** P <0.01, *** P 678 

<0.001. 679 

Figure 5. Verifying the role of miR-423-3p in the progression of PCOS in vivo. 680 

(A) Estrous cycle was assessed by vaginal cytology for ten consecutive days. P, 681 

proestrus; E, estrus; M, metestrus; D, diestrus. (B) Serum T of mice was measured by 682 

radioimmunoassay (n=5/group). (C) HE staining showed morphology of ovarian tissues 683 

(n=5/group). (D) Number of antral follicles were counted after HE staining (n=5/group). 684 

The mRNA expression levels of miR-423-3p (E) and CTNNBIP1 (F) in the ovaries of 685 

mice (n=5/group). (G and H) The expression of miR-423-3p and CTNNBIP1 were 686 

determined by qRT-PCR 24 h after ovary- intrabursal injection of different dose of miR-687 

423-3p antagomir (n=4/group). (I) The expression levels of miR-423-3p were detected 688 

at time course after 200 pmol antagomir injection (n=4/group). (J) The expression of 689 

miR-423-3p determined by qRT-PCR 15 days after ovary- intrabursal injection of 690 

antagomir (n=5/group). (K) The expression of CTNNBIP1 determined by qRT-PCR 15 691 

days after ovary- intrabursal injection of antagomir (n=5/group). (L) Estrous cycle after 692 

ovary-subcutaneous injection of miR-423-3p antagomir (n=5/group). (M) 693 

Morphological analysis of the ovaries from WT mice injecting the miR-423-3p 694 



antagomir and NC by HE staining (n=5/group). Scale bars:100 μm. Number of corpus 695 

luteum (N) and thickness of granulosa cell layer (O) were measured after HE staining 696 

(n=5/group). Data are mean±SEM and were analyzed by one-way ANOVA. * P <0.05, 697 

** P <0.01, *** P <0.001. 698 

Figure 6. Graphical abstract 699 

Here, we found a novel, potent diagnostic biomarker of PCOS, circulating miR-423-3p, 700 

which was related to abnormal patients’ characteristics. miR-423-3p regulated the 701 

proliferation of KGN cells by directing targeting CTNNBIP1 to regulate the WNT 702 

signaling pathway. Importantly, ovarian intrabursal injections of miR-423-3p antagomir 703 

induced PCOS-like reproductive phenotype in WT mice. Figure done by Biorender.com. 704 
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