
iScience

Article

ll
OPEN ACCESS
LncRNA SNHG5 adversely governs follicular
growth in PCOS via miR-92a-3p/CDKN1C axis
Zuwei Yang, Jiexue

Pan, Chengliang

Zhou, ...,

Jianzhong Sheng,

Li Jin, Hefeng

Huang

jinli96@163.com (L.J.)

huanghefg@hotmail.com (H.H.)

Highlights
SNHG5 is upregulated in

granulosa cells (GCs) of

PCOS women

Overexpression of SNHG5

can induce PCOS-like

features in mice

SNHG5 inhibits GC

proliferation, induces

apoptosis, and causes cell-

cycle arrest

SNHG5 may exert its

function through the miR-

92a-3p/CDKN1C axis

Yang et al., iScience 27, 108522
February 16, 2024 ª 2024 The
Authors.

https://doi.org/10.1016/

j.isci.2023.108522

mailto:jinli96@163.com
mailto:huanghefg@hotmail.com
https://doi.org/10.1016/j.isci.2023.108522
https://doi.org/10.1016/j.isci.2023.108522
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108522&domain=pdf


iScience

Article

LncRNA SNHG5 adversely governs follicular
growth in PCOS via miR-92a-3p/CDKN1C axis

Zuwei Yang,1,2,3,6 Jiexue Pan,1,3,6 Chengliang Zhou,2,6 Chuanjin Yu,1 Zhiyang Zhou,1 Guolian Ding,1 Xinmei Liu,1

Jianzhong Sheng,1 Li Jin,1,3,* and Hefeng Huang1,2,3,4,5,7,*

SUMMARY

Small nucleolar RNA host genes (SNHGs) have been implicated in various biological processes, yet their
involvement in polycystic ovary syndrome (PCOS) remains elusive. Specifically, SNHG5, a long non-coding
RNA implicated in several human cancers, shows elevated expression in granulosa cells (GCs) of PCOS
women and induces PCOS-like features when overexpressed in mice. In vitro, SNHG5 inhibits GC prolif-
eration and induces apoptosis and cell-cycle arrest at G0/G1 phase, with RNA-seq indicating its impact
on DNA replication and repair pathways. Mechanistically, SNHG5 acts as a competing endogenous
RNA by binding to miR-92a-3p, leading to increased expression of target gene CDKN1C, which further
suppresses GC proliferation and promotes apoptosis. These findings elucidate the crucial role of
SNHG5 in the pathogenesis of PCOS and suggest a potential therapeutic target for this condition. Addi-
tional investigations such as large-scale clinical studies and functional assays arewarranted to validate and
expand upon these findings.

INTRODUCTION

Polycystic ovary syndrome (PCOS) is the most common endocrine and metabolic disorder in women of reproductive age, with a prevalence

ranging from 6% to 20%.1 According to the Rotterdam criteria,2 the diagnosis of PCOS is based on the presence of at least two of the

following characteristics: clinical and/or biochemical hyperandrogenism, ovulatory dysfunction, and polycystic ovarian morphology, which

excludes other specific diagnoses. Heterogeneous by nature, the exact etiology and pathophysiology of PCOS remain largely obscure.3

However, abnormalities of folliculogenesis have been well documented in anovulatory women with PCOS, including an accumulation of

growing preantral follicles and arrest of follicle development beyond mid-antral stage.4–6 Despite significant research, the mechanisms un-

derlying aberrant follicle development in PCOS require further investigation. Granulosa cells (GCs) play a critical role in follicle develop-

ment and ovulation by providing essential nutrients and a supportive microenvironment around the oocyte.7 It has been reported follicular

growth is regulated by survival and death of GCs8–10 and that proper follicle development is dependent on an adequate number of GCs.11

Abnormal proliferation and apoptosis of GCs may contribute to the pathogenesis of aberrant follicle development observed in PCOS

women.12–14

Long non-coding RNAs (lncRNAs) are a class of transcripts greater than 200 nucleotides in length that do not commonly encode

proteins.15 Some investigations have emphasized their potential involvement in PCOS.16 In our previous RNA-sequencing (RNA-seq)

analysis, we found a significant increase of small nucleolar RNA (snoRNA) host gene 5 (SNHG5) expressions in GCs from PCOS

women.17 SNHG5 belongs to the SNHG family, which comprises a group of lncRNA.18 SNHGs were previously reported to mainly

act as carriers of snoRNAs.18 However, recent studies have reported their involvement in various cellular processes such as cell pro-

liferation, apoptosis, progression, metastasis, and chemoresistance in different cancers,19,20 thus attracting increasing attention. In this

study, we profiled the expression of 19 SNHGs in GCs of PCOS women, and found 12 of these SNHGs were significantly elevated in

PCOS women compared to controls. Among the 12 SNHGs, SNHG5 was the most highly upregulated. SNHG5, also known as U50HG,

is located on chromosome 6q14.3 and consists of six exons and five introns.21 The exons splice into lncRNA SNHG5, while introns 4

and 5 encode snoRNA U50 and U50’, correspondingly.21 SNHG5 has been implicated in various cancers,21 but its role in PCOS
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remains unclear. Therefore, we explored the expression, clinical significance, function and underlying mechanisms of SNHG5 in PCOS

in this study.

RESULTS

LncRNA SNHG5 is upregulated in granulosa cells from women with PCOS

To identify differentially expressed SNHGs, we analyzed a panel of 19 SNHGs in GCs from 30 PCOS women and 30 controls (cohort 1) by

quantitative reverse transcription-polymerase chain reaction (RT-qPCR). Among the SNHGs quantified, we found the upregulation of

Figure 1. LncRNA SNHG5 is upregulated in granulosa cells from PCOS women

(A) Relative expression of SNHG family members in granulosa cells from 30 controls and 30 PCOS women (Cohort 1) analyzed by qRT-PCR.

(B) Relative expression of SNHG5 in granulosa cells from an independent cohort (Cohort 2) consisting of 60 controls and 60 PCOS patients.

(C) Correlation between SNHG5 expression levels in granulosa cells and antral follicle count (AFC) in a combined cohort of 90 PCOS women and 90 controls

(Cohort 1 + Cohort 2).

(D) Correlation between SNHG5 expression levels in granulosa cells and serum testosterone (T) levels in a combined cohort of 90 women with PCOS and 90

controls (Cohort 1 + Cohort 2).

Data in (A) are presented asmeanG SEM, while (B) is represented as a box-whisker plot. Statistical significance in (A) and (B) was determined byMann-Whitney U

test. *p < 0.05; **p < 0.01; ***p < 0.001.
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SNHG1, SNHG2, SNHG5, SNHG7, SNHG8, SNHG9, SNHG15, SNHG16, SNHG17, SNHG19, SNHG21, and SNHG25 in GCs of PCOS

women compared to controls (Figure 1A), indicating their potential involvement in the pathogenesis of PCOS. Among these transcripts,

lncRNA SNHG5 exhibited the highest upregulation and was identified as being overexpressed in the GCs of PCOS women in our previous

RNA-seq data,17 which led us to focus our study on the potential role of SNHG5 in PCOS. Additionally, using data from National Center for

Biotechnology Information (NCBI), we observed that SNHG5 is relatively highly expressed in human ovaries. Further validation of SNHG5’s

elevated expression in PCOS was done in cohort 2 (60 PCOS women and 60 controls), which demonstrated that the median expression

level of SNHG5 was 2.1-fold higher (p < 0.001) in the GCs of PCOS women than that of controls (Figure 1B). Spearman correlation analysis

revealed the expression level of SNHG5 was significantly correlated with antral follicle count (AFC) in women with PCOS (Figure 1C), but

not with serum testosterone (T) levels (Figure 1D). These findings suggest that SNHG5 may play a role in the abnormal folliculogenesis

in PCOS.

Overexpression of SNHG5 induces PCOS-like features in mice

To evaluate the potential role of lncRNA SNHG5 in the pathogenesis of PCOS, a mouse model was constructed via bilateral intraovarian

injection of either recombinant adenovirus carrying human lncRNA SNHG5 (AdSNHG5) or an empty adenovirus vector (AdNC) (Fig-

ure 2A). Successful overexpression of SNHG5 in the ovaries of mice in the AdSNHG5 group was confirmed using RT-qPCR (Figure 2B).

Compared with mice injected with empty vector, AdSNHG5-injected mice exhibited disturbed estrous cycles (Figures 2C and 2D), as

well as elevated serum levels of T (Figure 2E) and anti-Mullerian hormone (AMH) (Figure 2F). Histological examination of ovarian sections

revealed an accumulation of antral follicles (Figure 2G) and a decrease of corpora lutea (CL) (Figure 2H) in AdSNHG5-injected mice. The

representative ovarian sections stained with H & E in both groups are shown in Figure 2I. Collectively, overexpression of SNHG5 in mice

can induce disruption of estrous cycles, hyperandrogenism, elevated AMH levels, and polycystic ovarian morphology, all of which are

hallmarks of PCOS.

LncRNA SNHG5 suppresses proliferation and promotes apoptosis of ovarian granulosa cells in vitro

Next, we investigated the effect of lncRNA SNHG5 on the proliferation and apoptosis of primary GCs and human ovarian granulosa

tumor cell line (KGN) cells. The expression of follicle-stimulating hormone receptor (FSHR) was used to identify the primary GCs (Figure S1).

Adenovirus carrying SNHG5 was introduced to overexpress SNHG5 in ovarian GCs, and two independent small interfering RNAs (siRNAs)

against SNHG5 (siSNHG5-1 and siSNHG5-2) were applied to knockdown SNHG5 in vitro. The efficiency of overexpression and knockdown

of SNHG5 was confirmed by RT-qPCR (Figures 3A and 3B). Cell Counting Kit-8 (CCK-8) and ethynyl-2-deoxyuridine (EdU) assays consistently

showed that SNHG5 overexpression significantly inhibited the proliferation of KGN cells (Figures 3C and 3E), while silencing SNHG5 signif-

icantly prompted KGN cell proliferation (Figures 3D and 3F). Flow cytometry analysis revealed that SNHG5 overexpression increased the per-

centage of apoptotic cells in GCs and KGN cells (Figure 3G), while SNHG5 knockdown reduced it (Figure 3H). In addition, overexpression of

SNHG5 in GCs and KGN cells led to elevated pro-apoptotic protein Bax and decreased anti-apoptotic protein Bcl-2 expression levels (Fig-

ure 3I). In contrast, SNHG5 knockdown led to decreased Bax and increased Bcl-2 expression levels (Figure 3J). Flow cytometry analysis of cell

cycle progression revealed that SNHG5 overexpression induced more cells arrest at G0/G1 phase and reduced the proportion of cells at S

phase (Figure 3K), whereas SNHG5 knockdown exhibited the opposite phenotype (Figure 3L). Taken together, these findings demonstrate

that lncRNA SNHG5 inhibits cell proliferation and cell cycle progression, and induces apoptosis in ovarian GCs.

SNHG5 modulates multiple signaling pathways involved in DNA replication and repair

In order to investigate the biological effects of SNHG5, RNA-seq was performed to analyze the gene expression profiles affected by SNHG5

knockdown in KGN cells. A total of 77 upregulated genes and 257 downregulated genes were identified in KGN cells transfected with

siSNHG5-1 compared to the control group (SiNC) (Figure 4A). GSEA revealed that SNHG5 knockdown predominantly affected DNA repli-

cation and repair mechanisms, as indicated by the top 8 highest-scoring signaling pathways (Figure 4B). Specifically, SNHG5 knockdown pro-

moted DNA replication and double-strand break repair while inhibiting cell apoptosis (Figure 4C). Heat maps of representative genes

involved in these signaling pathways are shown in the lower part of Figure 4C. Furthermore, RT-qPCR confirmed the dysregulated expression

Figure 2. Overexpression of lncRNA SNHG5 induces PCOS-like features in mice

(A) Experimental design of the animal study. Female C57BL/6 mice aged 8 weeks were bilaterally injected with either recombinant adenovirus carrying human

lncRNA SNHG5 (AdSNHG5) or an empty adenovirus vector (AdNC). The estrous cycle was assessed before sample collection of serum and tissues at 11 weeks of

age.

(B) Successful overexpression of human lncRNA SNHG5 in mouse ovaries at 1–4 weeks after injection of the virus was confirmed by RT-qPCR. n = 3 per group.

(C) Representative estrous cycles during 14 consecutive days. P, proestrus; E, estrus; M, metestrus; D, diestrus.

(D) Average number of cycles during 14 consecutive days. n = 10 per group.

(E and F) Serum levels of testosterone (T) and anti-Mullerian hormone (AMH). n = 8 per group.

(G and H) Quantitative analysis of antral follicle count (AFC) and corpora lutea. n = 5 per group.

(I) Hematoxylin and eosin staining of representative ovaries.

* denotes corpora lutea. Scale bar: 100 mm. Images are representative of three independent experiments with similar results. Data in (B) and (D–H) are presented

as mean G SEM. Statistical significance was determined using a two-tailed t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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of genes related to cell proliferation, apoptosis, and cell cycle progression after SNHG5 knockdown in KGN cells (Figure 4D), which was

consistent with the RNA-seq results. These findings suggest that SNHG5 may exert its anti-proliferation and pro-apoptosis effects through

modulating cell cycle, proliferation, and apoptosis pathways in KGN cells.

SNHG5 functions as a molecular sponge for miR-92a-3p in KGN cells

To further investigate the mechanism by which SNHG5 regulates the proliferation and apoptosis of GCs, we first examined the subcellular

localization of SNHG5 in these cells. As revealed by RNA-fluorescence in situ hybridization (FISH) (Figure 5A) and subcellular fractionation

by RT-qPCR (Figure 5B), SNHG5 is predominantly expressed in the cytoplasmof both primary GCs and KGN cells. Many cytoplasmic lncRNAs

have been reported to act as competing endogenous RNAs (ceRNAs) by competitively binding to microRNAs (miRNAs).22 To identify the

miRNA(s) interacting with SNHG5, Starbase and miRcode were used to predict miRNAs containing binding sites for SNHG5. We obtained

14 potential target miRNAs after intersection analysis (Figure S2). Although these 14 miRNAs were detected by RT-qPCR in KGN cells over-

expressing SNHG5, only 6 miRNAs were satisfactorily amplified, which demonstrated that miR-92a-3p and miR-212-3p were significantly

downregulated (Figure 5C). MiR-92a-3p, a miRNA that has been reported to function as an oncogene in various cancers,23 was further inves-

tigated. Argonaute 2 (Ago2) is a critical component of the RNA-induced silencing complex (RISC), which is essential for miRNA-mediated

gene silencing.24 RNA immunoprecipitation (RIP) assays showed that SNHG5 andmiR-92a-3p were prominently enriched in Ago2-containing

micro-ribonucleoprotein complexes (Figure 5D), indicating that they are a part of the same RISC. RNAhybrid 2.2 software was utilized to pre-

dict the putative binding sites of SNHG5 with miR-92a-3p, revealing 4 potential binding sites (Figure S3). We then constructed different lucif-

erase reporter vectors based on SNHG5 wild-type (SNHG5-wt) and mutant type sequences (SNHG5-mut1, SNHG5-mut2, SNHG5-mut3, and

SNHG5-mut4), which were mutated in the binding sites for miR-92a-3p (Figure S3). These vectors were subjected to dual luciferase reporter

assays, which demonstrated that miR-92a-3p overexpression significantly reduced the luciferase activity of the vectors containing SNHG5-wt,

SNHG5-mut1, SNHG5-mut3, and SNHG5-mut4 but not SNHG5-mut2 (Figure 5E). This indicates that nt 175–208 of SNHG5 is the target bind-

ing site of miR-92a-3p. RT-qPCR analysis revealed that miR-92a-3p negatively regulated SNHG5 expression in KGN cells (Figure 5F). In func-

tional assays, we found that miR-92a-3p overexpression in KGN cells attenuated the growth inhibition effect of SNHG5 (Figures 5G and 5H).

Flow cytometry analysis (Figure 5I) and WB data (Figure 5J) confirmed that miR-92a-3p overexpression could rescue SNHG5-mediated

apoptosis. Furthermore,miR-92a-3pmimics reversed cell-cycle arrest at G1 stage inducedby SNHG5overexpression in KGNcells (Figure 5K).

In cohort 3 consisting of 30 PCOS women and 30 controls, we found that miR-92a-3p was downregulated in GCs from PCOS women

compared to controls (Figure 5L). Notably, Spearman correlation analysis revealed an inverse correlation between the expression levels of

SNHG5 and miR-92a-3p in GCs of PCOS women (Figure 5M). Overall, these results provided strong evidence that SNHG5 plays a critical

role in suppressing proliferation while promoting apoptosis in KGN cells through acting as a molecular sponge for miR-92a-3p.

CDKN1C is a target of miR-92a-3p

To elucidate the mechanism underlying the regulation of proliferation and apoptosis by miR-92a-3p in ovarian GCs, we utilized starBase v2.0

to predict potential target genes and obtained 236 candidates by intersecting the results of four different databases (targetScan, picTar, PITA,

and miRanda/mirSVR). Then, we further narrowed the list by finding the intersection of these 236 candidates with the 257 genes significantly

downregulated by the knockdown of SNHG5, as revealed by RNA-seq. Ultimately, we identified three potential target genes: cyclin depen-

dent kinase (CDK) inhibitor 1C (CDKN1C, p57KIP2), CCAAT enhancer binding protein alpha (CEBPA), and glutamine-fructose-6-phosphate

transaminase 2 (GFPT2).CDKN1C is well-established as a cyclin-dependent kinase inhibitor and negative regulator of cell proliferation.25 Bio-

informatics analysis indicated that both SNHG5 and CDKN1C 30 untranslated region (30 UTR) share a consensus binding site for miR-92a-3p,

suggesting SNHG5’s potential to act as a ceRNA to exert its regulatory effect. Confirming these findings, RT-qPCR and WB experiments

demonstrated that miR-92a-3p mimics significantly inhibited the expression of CDKN1C, while miR-92a-3p inhibitor displayed the opposite

effect (Figure 6A). We also found that the transcription of CDKN1C increased and decreased in KGN cells after overexpression and knock-

down of SNHG5, respectively (Figure 6B). Dual luciferase reporter assays (Figure 6C) additionally revealed that miR-92a-3p mimics reduced

Figure 3. LncRNA SNHG5 suppresses cell proliferation and cell cycle progression and induces apoptosis in vitro

(A and B) SNHG5 expression was evaluated by RT-qPCR in primary granulosa cells (GCs) and KGN cells infected with adenovirus expressing SNHG5 or an empty

vector (A), or two different siRNAs against SNHG5 or mock control (B).

(C andD) The proliferation of KGN cells was assessed using theCCK-8 assay following adenoviral infection with either AdSNHG5or AdNC (C), or transfection with

SNHG5 siRNAs or mock control (D).

(E and F) The proliferation of KGN cells was assessed using the EdU assay following adenoviral infection with either AdSNHG5 or AdNC (E), or transfection with

SNHG5 siRNAs or the control (F).

(G and H) Apoptosis was detected by flow cytometry in GCs and KGN cells infected with AdSNHG5 or AdNC (G), or transfected with SNHG5 siRNAs or the

control (H).

(I and J) Western blot analysis of protein expression levels of Bax and Bcl-2 in GCs and KGN cells infected with AdSNHG5 or AdNC (I), or transfected with SNHG5

siRNAs or the control (J).

(K and L) Flow cytometry was used to investigate the effect of SNHG5 on cell cycle distribution in KGN cells after overexpressing SNHG5 (K) or knockdown

SNHG5 (L).

The data were presented as the mean G SEM obtained from at least three independent experiments. Statistical significance was determined using either

Student’s t test or one-way ANOVA as appropriate. *p < 0.05; **p < 0.01; ***p < 0.001.
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the luciferase activities of the reporter plasmid harboring the CDKN1C 30 UTR sequencewith the putative binding site formiR-92a-3p (p57-wt),

and mutation of the binding site (p57-mut) abolished the inhibitory effect of miR-92a-3p on CDKN1C. Importantly, SNHG5 overexpression

was shown to rescue the inhibitory effect of miR-92a-3p on CDKN1C 30 UTR luciferase reporter (Figure 6C). To confirm that SNHG5 regulated

CDKN1C by acting as a miRNA sponge for miR-92a-3p, we examined the protein expression levels of CDKN1C. As shown in Figure 6D, over-

expression of SNHG5 significantly promoted p57 expression, which was significantly attenuated bymiR-92a-3p overexpression. This indicates

that SNHG5 regulates CDKN1C expression in a miR-92a-3p-dependent manner. Furthermore, we observed that the expression level of

CDKN1C was significantly higher in GCs of PCOS women compared to that of control women (Figure 6E). As expected, the expression of

CDKN1C was negatively correlated with miR-92a-3p and positively correlated with SNHG5 in GCs of PCOS women (Figures 6F and 6G).

Our results indicate that CDKN1C is a direct target of miR-92a-3p and that SNHG5 may exert its function through the miR-92a-3p/CDKN1C

axis.

DISCUSSION

In this study, we found that lncRNA SNHG5 was significantly upregulated in GCs of PCOS women, and that its expression level positively

correlated with AFC in these women. Our in vivo experiments using mouse models showed SNHG5 could induce PCOS-like features, while

in vitro studies demonstrated that SNHG5 could suppress proliferation, promote apoptosis, and induce cell-cycle arrest at theG0/G1 stage in

GCs by acting as a sponge for miR-92a-3p. Further investigations revealed that miR-92a-3p targeted CDKN1C. Thus, this study presents ev-

idence for the first time that lncRNA SNHG5 can suppress proliferation and promote apoptosis of GCs by regulating the miR-92a-3p/

CDKN1C axis.

It has been recognized that the distinctive features of folliculogenesis in PCOS include an increase of growing preantral follicles and arrest

of follicle development beyond mid-antral stage.6 Nevertheless, the mechanisms responsible for these phenomena remain unclear. As GCs

provide nutrients and growth factors for oocytes, proper proliferation and apoptosis of GCs are essential for follicle development. However,

there is controversy regarding changes in the proliferation and apoptosis of GCs in PCOS. Stubbs et al.26 and Das et al.27 reported increased

proliferation and decreased apoptosis of GCs in early growing follicles of PCOSwomen. In contrast, Zhao et al.28 found the expression level of

the cell proliferation marker proliferating cell nuclear antigen (PCNA) was significantly lower in GCs of PCOS women than in those of control

women, and several studies29–33 demonstrated a significantly increased apoptosis rate of GCs in women with PCOS. This difference may be

attributed to the follicles of different development stages. Das27 and Stubbs26 primarily investigated small follicles in the early growth stage,

whereas Zhao et al.28 and the other several studies29–33 primarily investigated luteinized large follicles. We speculate that GCs undergo

biphasic alterations in proliferation and apoptosis in PCOS, namely increased proliferation and decreased apoptosis in small follicles and

decreased proliferation and increased apoptosis in large follicles. Supporting this hypothesis, Stubbs et al.26 observed a lower but nonsig-

nificant tendency of GC proliferation in the secondary follicles of PCOS women than in those of controls. This aforementioned hypothesis is

also consistent with the stage-specific regulation of follicle growth by excess androgens, another important characteristic of PCOS, which

promotes pre-antral follicle growth but inhibits follicular development of later stages.13,34–36 The GCs investigated in this study were derived

from luteinized large follicles. Our data suggest decreased proliferation and increased apoptosis of GCs in PCOS women, in agreement with

this hypothesis.

SNHG5 is a member of the non-protein-coding SNHG family and was first discovered in 2000 by Tanaka et al. at a breakpoint of chromo-

somal translocation involved in human B-cell lymphoma.37 In recent years, aberrant expression of SNHG5 has been documented in multiple

tumors, where it shows strong correlations with clinicopathological features, metastasis, and prognosis.38–41 SNHG5 has demonstrated tu-

mor-suppressor or oncogenic functions in various tumors. For instance, it exerts pro-tumor effects in liver42 and lung cancer40 and has

anti-tumor properties in endometrial43 and ovarian cancer.44 Mechanism investigations have revealed that SNHG5 participates in a variety

of cellular activities, such as proliferation, apoptosis, invasion, migration, cell-cycle regulation, autophagy, fibrosis, and inflammation, through

the regulation of miRNAs, signaling pathways, as well as other proteins or molecules.38–41,45,46 Despite the known involvement of SNHG5 in

numerous tumors, its role andmechanism have not been reported in PCOS. Two studies have reported a tumor suppressive effect of SNHG5

in ovarian cancer,44,47 consistent with the anti-proliferative and pro-apoptotic effects of SNHG5 in GCs observed in this study.

Our in vivo experiments revealed that SNHG5 could induce PCOS-like features inmice, while in vitro studies demonstrated that it inhibited

GC proliferation and induced apoptosis and cell-cycle arrest at G0/G1 phase. Subcellular localization analysis showed that SNHG5 was pre-

dominantly located in the cytoplasm of GCs. One function of cytoplasmic lncRNAs is to act as ceRNAs by binding to sharedmiRNAs, thereby

reducing miRNA availability and modulating mRNA expression.22 Our in silico analysis and functional experiments identified miR-92a-3p as a

Figure 4. SNHG5 knockdown causes deregulation of genes involved in DNA replication and repair in KGN cells

(A) Heatmap displaying gene expression profiles of KGN cells transfected with SiSNHG5-1 or the mock control. Gene expression levels are represented by a

color-coded scale, with blue, white, and red indicating low, intermediate, and high expression, respectively.

(B) The top 8 significantly enriched ontology gene sets ranked by normalized enrichment score in KGN cells affected by SNHG5 knockdown.

(C) The upper half of the panel shows the GSEA plots of pathways involved in DNA replication, DNA double-strand break repair, and apoptosis in KGN cells with

SNHG5 knockdown. The lower half shows the heatmap of select genes from these pathways, with blue, white, and red colors indicating low, intermediate, and

high expression levels, respectively.

(D) RT-qPCR for selected genes from the ranked pathways in KGN cells transfected with SNHG5 siRNAs.

Data are presented as the mean G SEM from three independent experiments. Statistical significance was determined using a two-tailed unpaired t test.

*p < 0.05.
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ceRNAof SNHG5.MiR-92a-3p has been reported to promote proliferation and suppress apoptosis inmultiple cancers,23,48,49 as well as inhibit

porcine ovarian GCs apoptosis,49 consistent with our findings. Additionally, Lin et al.50 demonstrated downregulatedmiR-92a andmiR-92b in

ovarian theca interna tissues of PCOS women. Furthermore, it has been reported that miR-92a-3p plays a critical role in FSH-mediated Sertoli

cells maturation andmale fertility.51 As Sertoli cells and GCs share a common embryological origin,52 it is worthwhile to explore whether miR-

92a-3p plays an important role in ovarian folliculogenesis and ovulation.

Further investigations revealed that miR-92a-3p targets CDKN1C to regulate GCs proliferation and apoptosis. MiR-92a-3p has also been

reported to suppress proliferation and stimulate apoptosis in human colon cancer cells by targeting CDKN1C.53 CDKN1C is a paternally im-

printed gene with preferential expression of the maternal allele.54 Mutations in CDKN1C are implicated in Beckwith-Wiedemann syndrome

and sporadic cancers, emphasizing its potential as a tumor suppressor candidate.25 The protein encoded by CDKN1C, p57KIP2, belongs to

the Cip/Kip family, which also includes p27KIP1 and p21CIP1/WAF1.54 These proteins inhibit cyclin/CDK complexes to halt cell cycle progres-

sion and induce G0/G1 phase arrest, leading to suppressed cell proliferation and activated apoptosis pathways.54 Although the role of

CDKN1C in PCOS has not been elucidated, the inhibitory effect of its family member proteins, p27KIP1 and p21CIP1/WAF1, on cell prolif-

eration in the GCs of women with PCOS has been reported.12,28,55 Consistent with these findings, we observed KGN cells overexpressing

SNHG5 showed G0/G1 phase arrest, reduced proliferation, and increased apoptosis, supporting SNHG5 may function through the miR-

92a-3p/CDKN1C axis. RNA-seq analysis demonstrated SNHG5 knockdownmainly affects DNA synthesis signaling pathways, providing addi-

tional support for CDKN1C as the downstream target gene. Moreover, p57Kip2-deficient mice have been found to exhibit immaturity of

germinal tissues including ovaries, uterus, testes and prostate,56 highlighting the crucial role of p57KIP2 in reproductive system development.

In summary, our results demonstrate that the aberrant overexpression of lncRNA SNHG5 in GCs of PCOS women may adversely impact

folliculogenesis. Specifically, SNHG5 functions as a ceRNA to sequester miR-92a-3p, leading to elevated expression of CDKN1C and ulti-

mately causing suppressed proliferation and increased apoptosis in ovarian GCs. These findings suggest that SNHG5 has the potential to

serve as both a novel diagnostic biomarker and a therapeutic target for PCOS.

Limitations of the study

This study has several limitations that should be acknowledged. First, the GCs used in this study are collected following gonadotropin stim-

ulation and the induction of an ovulatory process, thus representing luteinizedGCs. Althoughwidely used, the transcriptional pattern of lutei-

nized GCs is distinct from that of GCs during the follicular phase, and its relevance to in vivomechanisms of follicular development remains a

topic of debate. Regrettably, it is currently not feasible to collect non-luteinized GCs. To address this limitation to some extent, KGN cells

were employed in this study. Second, the cause of SNHG5 overexpression in PCOS was not addressed in this study. Further research is war-

ranted to elucidate the molecular mechanisms of SNHG5 dysregulation in PCOS.
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Detailed methods are provided in the online version of this paper and include the following:
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Figure 5. SNHG5 functions as a molecular sponge for miR-92a-3p in KGN cells

(A) RNA-FISH was performed to visualize SNHG5 expression (red) and nuclei (blue) in GCs and KGN cells. Scale bar: 10 mm.

(B) RNA was extracted from the nuclear and cytosolic fractions of GCs and KGN cells to quantify SNHG5 levels using RT-qPCR. U6 and GAPDH were used as

nuclear and cytosolic controls, respectively.

(C) The expression of a panel of miRNAs including miR-32-5p, miR-92a-3p, miR-212-3p, miR-367-3p, miR-1297, and miR-4465 were analyzed by RT-PCR in KGN

cells infected with AdSNHG5 or AdNC.

(D) RNA immunoprecipitation analysis of endogenous Ago2 binding to RNA in KGN cells, where IgGwas used as the control. SNHG5 andmiR-92a-3p levels were

determined by qRT-PCR and presented as fold enrichment in Ago2 relative to input.

(E) Relative luciferase activities of wild type (wt) and mutated (mut) SNHG5 reporter plasmids in HEK293 cells co-transfected with miR-92a-3p mimics.

(F) Relative expression of miR-92a-3p and SNHG5 in KGN cells transfected with mimics or inhibitor of miR-92-3p or the control.

(G and H) CCK-8 (G) and EdU (H) assays showed proliferation reduction caused by SNHG5 overexpression could be counteracted by miR-92a-3p mimics in KGN

cells.

(I and J) Flow cytometry (I) andWestern blot (J) experiments showed cell apoptosis induced by SNHG5 overexpression could be reduced bymiR-92a-3pmimics in

KGN cells. Images in (J) are representative of three independent experiments with similar results.

(K) Cell cycle recue experiments demonstrated that cell cycle inhibition induced by SNHG5 overexpression could be attenuated by miR-92a-3p mimics in KGN

cells.

(L) Relative miR-92a-3p expression levels in GCs from 30 PCOS women and 30 controls (cohort 3).

(M) Spearman correlation analysis of expression levels between SNHG5 and miR-92a-3p in GCs from 30 PCOS women.

Data in (B–I) and (K and L) were presented as the mean G SEM obtained from three independent experiments. Statistical significance was determined using

either Student’s t test or one-way ANOVA as appropriate. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 6. CDKN1C is a target of miR-92a-3p

(A) RT-qPCR and WB showed the relative expression of CDKN1C in KGN cells after miR-92a-3p was overexpressed or knocked down. The WB images are

representative of three independent experiments with similar results.

(B) Relative expression of CDKN1C in KGN cells after overexpression or knockdown of SNHG5.

(C) Relative luciferase activities of wild type (wt) and mutant (mut) p57 reporter plasmids in HEK293 cells co-transfected with miR-92a-3p mimics, with or without

AdSNHG5 infection.

(D) Overexpression of SNHG5 reduced the expression level of CDKN1C, and miR-92a-3p mimics were shown to reverse this effect in KGN cells. The images are

representative of three independent experiments with similar results.

(E) Relative expression level of CDKN1C was measured by RT-qPCR in GCs from 30 PCOS women and 30 controls.

(F andG) Spearman correlation analyses were employed to determine the expression levels of CDKN1CwithmiR-92a-3p (F) and SNHG5 (G) in GCs from 30 PCOS

women.

Data in (A–C) and (E) were presented as the mean G SEM obtained from three independent experiments. Statistical significance was determined using either

Student’s t test or one-way ANOVA as appropriate. *p < 0.05; **p < 0.01.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-FSHR Proteintech Group Cat# 22665-1-AP; RRID:AB_2631204

Anti-Bax Cell Signaling Technology Cat# 5023; RRID:AB_10557411

Anti-Bcl-2 Cell Signaling Technology Cat# 15071; RRID:AB_2744528

Anti-b-actin Cell Signaling Technology Cat# 3700; RRID:AB_2242334

Anti-Ago2 Proteintech Cat# 67934-1-Ig; RRID:AB_2918686

Anti-digoxin Roche Cat# 11207750910; RRID:AB_514501

Anti-p57 Abcam Cat# ab75974; RRID:AB_1310535

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Technology Cat# 7076; RRID:AB_330924

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology Cat# 7074; RRID:AB_2099233

Bacterial and virus strains

H215 pAdeno-EF1a-MCS-MCMV-EGFP-3FLAG (AdNC) Obio Technology (Shanghai) N/A

pAdeno-EF1-SNHG5-MCMV-EGFP-3FLAG (AdSNHG5) Obio Technology (Shanghai) N/A

Biological samples

Human granulosa cells International Peace Maternity

and Child Health Hospital

N/A

Critical commercial assays

PrimeScript� RT reagent kit with gDNA Eraser Takara Bio Cat# RR047Q

TB Green Premix Ex Taq Takara Bio Cat# RR420A

miRNA First Strand cDNA Synthesis (Tailing Reaction) kit Sangon Biotech Cat# B532451

Cell Counting Kit-8 Beyotime Biotech Cat# C0038

EdU Cell Proliferation Kit Beyotime Biotech Cat# C0078S

FITC Annexin V Apoptosis Detection Kit I BD Biosciences Cat# 556547

Cell cycle kit Absin Cat# abs50005

PARIS kit Thermo Fisher Scientific Cat# AM1921

RNA-binding protein immunoprecipitation kit Millipore Cat# 17-700

Dual-Luciferase Reporter Assay System Promega Cat# E1910

Testosterone ELISA kit R & D Cat# KGE010

AMH ELISA kit R & D Cat# DY1737

Deposited data

RNA-seq data This paper GEO: GSE246995

Experimental models: Cell lines

KGN cell line Procell Cat# CL-0603

Experimental models: Organisms/strains

Eight-week-old female C57BL/6 mice SLAC ANIMAL N/A

Oligonucleotides

SNHG5 probe TGCTAGTCAGTCACATTCGACA QIAGEN

siRNAs and miRNAs, see Table S4 This paper N/A

Primers, see Table S5 This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hefeng Huang

(huanghefg@hotmail.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The RNA-seq data have been deposited at Gene Expression Omnibus (GEO) and are publicly available as of the date of publication. Acces-

sion number is listed in the key resources table.

This article contains no original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

Ovarian GCs were collected from Chinese women who received assisted reproduction technology treatment at the Reproduction Medicine

Center, International Peace Maternity and Child Health Hospital, School of Medicine, Shanghai Jiao Tong University between January 2018

and December 2020. This study has been approved by the local Ethics Committee. All participants have provided written informed consent,

and the study was performed in accordance with the Declaration of Helsinki. The diagnosis of PCOS was based on the RotterdamConsensus

for PCOS revised in 2003.2 Women with infertility due to tubal or male factors served as controls. All control women had regular menstrual

cycles, normal basal hormone levels, and normal ovaries on ultrasound. Demographic variables and endocrine characteristics of the subjects

are presented in Tables S1, S2, and S3.

Primary cell cultures

Ovarian GCs were extracted from follicular fluid as previously described.60 Briefly, follicular fluid was pooled and centrifuged at 2,000 rpm for

10 minutes. GCs were isolated by Ficoll-Paque density gradient centrifugation and washed with PBS. The isolated GCs were either frozen at

-80�C for further analysis or digested using TrypLE (Gibco, Grand Island, New York, USA) andAccumax (Invitrogen, Carlsbad, CA, USA) for cell

culture. GCs were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) (Gibco, Grand Island, New York, USA)

containing 10% fetal bovine serum (FBS, Gibco, Grand Island, New York, USA) and 1%Antibiotic-Antimycotic (Gibco, Grand Island, New York,

USA) and incubated at 37�C with 5% CO2. Primary GCs were identified by detecting FSHR through immunofluorescence.

Cell lines

KGN cells were cultured under the same conditions and in the same medium as that of GCs, with the exception of the antibiotic used: peni-

cillin-streptomycin (Gibco, Grand Island, New York, USA). KGN cells were subcultured when they reached about 80% confluency. KGN cells

were identified by short tandem repeat PCR in May 2019, and no cross-contamination with other cells was observed.

Mice

Female C57BL/6 mice aged 8 weeks were used to establish the animal model and all mice were housed in a specific pathogen-free facility at

Department of Laboratory Animal, School of Medicine, Shanghai Jiao Tong University. All experimental procedures were approved by the

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

ImageJ National Institutes of Health https://imagej.net/ij/index.html

Starbase v2.0 Li et al.57 http://starbase.sysu.edu.cn/

miRcode Jeggari et al.58 http://www.mircode.org/

RNAhybrid 2.2 software Marc et al.59 https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/

BioRender BioRender.com https://www.biorender.com/about

R version 3.5.1 The R Foundation https://www.r-project.org/

GraphPad Prism 8.0 Software GraphPad Inc. https://www.graphpad.com

SPSS 22.0 software IBM SPSS https://www.ibm.com/cn-zh/products/spss-statistics
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Animal Care Committee in accordance with institutional animal care and use guidelines. Body weight was measured before surgery, and

anesthesia was induced through intraperitoneal injection of 0.02 mL/g 1.25% tribromoethanol. The mice were subjected to the prone posi-

tion, and a small transverse incision of about 1.0–2.0 cm was made at the middle-dorsal surface of the ovary. Derma, muscular layer, and peri-

toneum were cut to expose and extract the bilateral ovaries from the abdominal cavity. Recombinant adenovirus carrying lncRNA SNHG5

(AdSNHG5) or an empty adenovirus vector (AdNC) was injected into the bilateral ovaries based on the randomly assigned experimental

group. Finally, the incision was stitched layer by layer and sprayed with antibiotics, and the mice were subjected to following experiments.

METHOD DETAILS

Cell transfection and treatment

KGN cells and GCs were seeded into six-well plates, cultured for 1 day, and then transfected with siRNAs (GenePharma, Shanghai, China),

miRNAmimics (Sangon Biotech, Shanghai, China), or miRNA inhibitors (Sangon Biotech, Shanghai, China) using Lipofectamine 2000 reagent

(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. Sequences of the siRNAs, miRNA mimics and inhibitors are

shown in Table S4.

Recombinant adenovirus carrying lncRNA SNHG5 (AdSNHG5, OBiO Technology, Shanghai, China) was constructed to overexpress

SNHG5. Cells were inoculated with either AdSNHG5 or adenovirus vector (AdNC) at a multiplicity of infection (MOI) of 10.

After transfection or infection, the cells were incubated for a period ranging between 24-72 hours before further treatment.

RT-qPCR

The total RNA of cells and tissues was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA), and cDNAwas obtained using PrimeScript� RT

reagent kit with gDNA Eraser (Takara Bio, Tokyo, Japan). PCR primers (Table S5) were synthetized by BioSune Biotech (Shanghai, China) or

Sangon Biotech, and the PCR was carried out as per the instructions of TB Green PCR kits (Takara Bio, Tokyo, Japan) on a QuantStudio 7 Flex

Detection System (Applied Biosystems, CA, USA). GAPDH and U6 were used as internal references, as applicable. cDNA and RT-qPCR for

miRNA were conducted using the miRNA First Strand cDNA Synthesis (Tailing Reaction) kit from Sangon Biotech, following the manufac-

turer’s instructions. Data were analyzed using the 2-DDCT method.

Western blot (WB)

Cells were harvested and lysed using radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher Scientific, USA) containing a protease and

phosphatase inhibitor cocktail (Thermo Fisher Scientific, USA). Proteins were separated by SDS-PAGE, transferred onto polyvinylidene di-

fluoride membranes, blocked with 5% skim milk, incubated with primary antibodies overnight at 4�C, and then incubated with horseradish

peroxidase (HRP)–conjugated secondary antibodies. The blots were visualized using an enzyme chemiluminescence (ECL) reagent (Millipore,

USA). b-Actin (Cell Signaling Technology, USA) was used as an internal reference for normalization. Details of the antibodies used in the WB

analysis are listed in the key resources table.

Immunofluorescence (IF)

Cells were seeded onto chamber glass slides, fixed with 4% paraformaldehyde, blocked with blocking buffer containing 0.3% Triton X-100,

incubated with the primary antibody overnight at 4�C, followed by incubation with the secondary antibody at room temperature for 1 hour.

The slides were washed with phosphatebuffered saline (PBS) before mounting with DAPI (Abcam), and then visualized using a fluorescence

microscope (Olympus, Tokyo, Japan). The antibodies used in IF are listed in the key resources table.

Cell proliferation assays

The relative cell viability was assessed using the Cell Counting Kit-8 (CCK-8, Beyotime Biotech, Shanghai, China) according to the manufac-

turer’s instructions. Ethynyl-2-deoxyuridine (EdU) assays were conducted using the EdU Cell Proliferation Kit (Beyotime Biotech, Shanghai,

China) in accordance with themanufacturer’s protocols. The cells were observed using a fluorescencemicroscope to calculate the proportion

of EdU-positive cells. All assays were replicated at least three times.

Flow cytometry

The percentage of cells undergoing apoptosis was quantified using the FITC Annexin V Apoptosis Detection Kit I (BD Biosciences) or APC

Annexin V (BD Biosciences) along with 7-Amino-Actinomycin D (7-AAD, BD Biosciences) according to the manufacturer’s protocols. Briefly,

cells were collected, washed with PBS, incubated with Annexin V and a nucleic acid dye (either propidium iodide (PI) or 7-AAD) for 15 minutes

at dark, and then analyzed by flow cytometry (FACSCalibur, Becton Dickinson, USA).

Cell cycle analysis was carried out using the Absin cell cycle kit (Absin, Shanghai, China) as per the instructions. Briefly, cells were harvested,

fixed in 75% ethanol overnight at 4�C, and then incubated with RNaseA and PI for 30 minutes in the dark. Flow cytometry and ModFit LT soft-

ware were employed to analyze the cells.
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RNA-sequencing (RNA-seq)

Fourty-eight hours after transfection of either siRNA targeting SNHG5 or the control, KGN cells were harvested and RNAwas extracted. After

quality assessment, the RNAwas sent for library preparation and RNA-seq byOEbiotech Co. (Shanghai, China). The RNA-seq data have been

deposited at GEO, and accession number is provided in the key resources table. The differential expression mRNAs were identified by fold

change (FC) and p value (|log2FC| R 1 and p value < 0.05). Gene Set Enrichment Analysis (GSEA) was performed to interpret gene expres-

sion data.

Subcellular RNA fractionation analysis

Cytoplasmic and nuclear RNA were extracted using a PARIS kit (Thermo Fisher Scientific, USA) according to the manufacturer’s instructions,

followed by RT-qPCR assays. GAPDH and U6 were used as cytoplasmic and nuclear internal controls, respectively.

RNA-fluorescence in situ hybridization (FISH)

The SNHG5 probe, with the sequence TGCTAGTCAGTCACATTCGACA and digoxin labelled on both ends, was synthesized by QIAGEN

(Germany). Cells were seeded onto chamber glass slides, fixed in 4% paraformaldehyde, digested with pepsin, and dehydrated using graded

ethanol (70-100%). The slides were blocked by pre-hybridization buffer (Boster Biological Technology, Wuhan, China) for 2 hours at 54�C,
followed by overnight hybridization with the SNHG5 probes in a humidified chamber at 54�C. After washing with a gradient SSC solution

(Ambion), the slides were blocked with goat serum, incubated with rhodamine-conjugated anti-digoxin antibody (Roche) at 4�C overnight,

washed with PBS, and mounted with DAPI (Abcam). The slides were visualized using a confocal laser scanning microscope (TCS SP8, Leica).

RNA immunoprecipitation (RIP)

RIP experiments were performed using an RNA-binding protein immunoprecipitation kit (Millipore, Bedford,MA, USA) according to theman-

ufacturer’s instructions. Cells were lysed in RIPA buffer containing a protease and phosphatase inhibitor cocktail, followed by incubation with

magnetic beads conjugated with human anti-Ago2 antibody (Proteintech) or control normal mouse immunoglobulin G (IgG) in RIP buffer.

After digestion with proteinase K and purification, the immunoprecipitated RNA was then extracted with Trizol and subjected to RT-qPCR

analysis to detect the presence of the binding targets.

Dual-luciferase reporter assay

To determine the effect of miR-92a-3p on SNHG5, wildtype or mutant SNHG5 sequences were synthesized and cloned into the pGL3-basic

firefly luciferase reporter (GeneCreat, China). To evaluate the effect of miR-92a-3p on the target gene, CDKN1C sequences containing wild-

type or mutated binding sites for miR-92a-3p were synthesized and cloned into the pmirGLO luciferase vector. Luciferase activities were

measured using the Dual-Luciferase Reporter Assay System (Promega) following the manufacturer’s instructions.

Assessment of estrous cycle

The estrous cycle wasmonitored as previously described.61 Briefly, vaginal swabswere collected at 8 ameach day for 14 consecutive days. The

swabs were smeared onto glass slides to air dry, stained with 0.5% toluidine blue, and then viewed under a light microscope. Estrous-cycle

phase was determined based on the presence or absence of leukocytes, cornified epithelial, and nucleated epithelial cells.

Hormone assays

Mouse serum testosterone (T) and anti-Mullerian hormone (AMH) were determined using ELISA kits (R & D) according to the manufacturer’s

instructions. Themouse T detection limit was 0.03 ng/mL, with an intra-assay coefficient of variation (CV) of 3.3% and an inter-assay CV of 6.2%.

The AMH ELISA kit had an assay range of 93.8–6000 pg/mL with unspecified intra-assay CV and interassay CV.

Ovary preparation and morphological analysis

Dissected ovaries were fixed in 4% paraformaldehyde and embedded in paraffin. Serial sections of 5 mm were stained with hematoxylin and

eosin (H & E). Antral follicle count (AFC) and corpora lutea (CL) quantification were performed, sampling every 5th section of one ovary from

each mouse according to previously reported methods.62,63 Antral follicles include small antral follicles (oocyte surrounded by at least two

layers of GCs and/or one or two small areas of small areas of FF) and large antral follicles (containing a large single antrum).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analyses were conducted using either SPSS 22.0 software (IBM SPSS, Chicago, IL, USA) or GraphPad Prism 8.0 Software (GraphPad Inc.,

San Diego, CA, USA). Student’s t-test or Mann–Whitney test was used as appropriate for comparisons between groups, and one-way analysis

of variance (ANOVA) or Kruskal-Wallis test with Bonferroni’s correction was used for comparisons acrossmultiple groups. Correlation analyses

were performed using Spearman correlation test. P < 0.05 was considered statistically significant.
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