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SUMMARY

Despite the widespread use of progesterone or progesterone receptor (PGR) blockers as contraceptives, the 

complete set of PGR-regulated genes and their roles in human ovulatory follicles remain unidentified. Here, 

we identified the PGR-regulated transcriptome, revealing numerous genes involved in metabolism, steroido

genesis, signaling activation, cell cycle regulation, and transcriptional control during ovulation using integra

tive omics and a primary human granulosa cell model that recapitulates the in vivo ovulatory phenomenon. 

These results led us to discover SRY-box transcription factor 9 (SOX9) as a human-specific, PGR-target 

gene during ovulation. Further functional studies showed that SOX9 regulates the expression of steroidogen

esis-related genes, impacting progesterone production. In summary, we mapped the full spectrum of PGR- 

responsive genes in human ovulatory follicles and identified SOX9 as a human-specific mediator of the 

ovulatory process. These data provide critical insights into PGR-regulated ovulatory pathways, laying the 

foundation for developing targeted therapeutic strategies for infertility treatment and contraception.

INTRODUCTION

Ovulation is a fundamental process for fertility. Initiated by the 

surge of luteinizing hormone (LH), it depends on a complex inter

play of hormonal signals and transcriptional regulation to coordi

nate the molecular and cellular events that culminate in follicle 

rupture.1,2 The midcycle LH surge triggers a cascade of signaling 

pathways that drive intrafollicular changes, including the hor

monal shift from estradiol to progesterone (P4), significantly 

increasing P4 levels in follicular fluid. This increase in P4 is crucial 

for regulating the gene expression necessary for the successful 

release of the oocyte and subsequent luteinization of granulosa 

cells.3

P4 exerts its effect primarily through the activation of the pro

gesterone receptor (PGR), a ligand-activated transcription factor 

that regulates the expression of a set of specific genes control

ling various aspects of female reproductive physiology.4–6

Upon binding to P4, PGRs dimerize and translocate to the nu

cleus, interacting with progesterone response elements (PREs) 

in the promoter regions of target genes, thereby modulating their 

transcriptional activation.7

The expression profile of PGR in the ovary is highly conserved 

across species, with selective and transient increases observed 

in the granulosa cells of preovulatory follicles following the LH 

surge or stimulation with human chorionic gonadotropin (hCG) 

at various time points.8–11 In rodents, PGR expression is signifi

cantly up-regulated between 3 and 6 h after the LH surge or hCG 

stimulation.10,12–14 In cows, PGR expression peaked at 6 h 

following gonadotropin-releasing hormone administration, 

which declined by 12 h and then increased again at 24 h.15 In 

non-human primates, the expression of PGR was also biphasic, 

showing the highest expression at 12 h after hCG administration, 

which declined at 24 h and then slightly increased at 36 h.16

Notably, our lab has demonstrated that in humans, PGR expres

sion peaks 12–18 h after hCG in the granulosa cells of ovulatory 

follicles obtained from regularly cycling women.8

Multiple studies have demonstrated the pivotal role of the PGR 

signaling pathway in mediating the ovulation process. For 

instance, inhibiting PGR activity with antagonists such as mife

pristone (RU486) or ulipristal acetate has been shown to delay 

or block ovulation in mice, rats, and humans.17–20 In Pgr-null 

mice, ovulation is impaired due to defects in the degradation of 

the follicular wall, resulting in the entrapment of oocytes within lu

teinized follicles.9 Additionally, knocking down the expression of 

PGR in macaque granulosa cells prevented follicle rupture and 

disrupted the rise in P4 levels.21 Further investigation into the 

identification of downstream effectors of the PGR pathway has 

been conducted using animal models, primarily cultured bovine, 
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Figure 1. Identification of differentially regulated genes (DEGs) and PGR downstream targets in hGLCs 

(A) MDS plot of gene expression profiles by replicate, with each color representing an individual patient sample across treatments: C (control), H (hCG), and RH 

(hCG + RU486). 

(legend continued on next page) 
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equine, or rat granulosa cells treated with PGR antago

nists.15,22–24 With the advancement in the generation of different 

Pgr knockout (PgrKO) mouse models and large-scale gene 

expression analyses, such as microarray and RNA sequencing 

(RNA-seq), research from multiple laboratories has generated a 

list of PGR-regulated genes by comparing differentially ex

pressed genes (DEGs) between wild-type (WT) and PgrKO 

mice.9,25–27 More recently, Dinh et al. utilized chromatin immuno

precipitation sequencing (ChIP-seq) to map PGR-binding sites 

on DNA, revealing PGR direct target genes and its potential 

co-transcriptional regulators in mouse granulosa cells collected 

after hCG administration.25,26

Despite considerable research into the role of PGR in ovulation 

using animal models described earlier, species-specific differ

ences in gene regulation limit the applicability of findings from an

imal studies to human biology. Moreover, there are significant 

gaps in our understanding of the role of PGR in human ovulatory 

follicles due to the lack of an experimental model that can mimic 

in vivo periovulatory changes in humans. To address this knowl

edge gap, we have established a primary human granulosa/lutein 

cell (hGLC) culture model that recapitulates the ovulatory hCG- 

induced increase in progesterone production and PGR expres

sion in vivo.8,28 Utilizing this culture model in combination with 

RU486, we investigated the LH/hCG-PGR-mediated pathway in 

human ovulatory follicles. By integrating RNA-seq and ChIP- 

seq datasets, we identified numerous ovulatory hCG-induced, 

PGR-regulated genes in human granulosa cells. Additionally, 

we performed a comparative analysis with the existing datasets 

from mouse studies to determine conserved and species-spe

cific PGR-mediated ovulatory pathways between humans and 

mice. This comprehensive approach revealed SRY-box tran

scription factor 9 (SOX9) as a human-specific, ovulatory hCG- 

induced, and PGR-regulated gene in hGLCs. SOX9, a transcrip

tion factor critical for testis development, is highly expressed in 

the male gonad.29 Conversely, Sox9 expression is thought to 

be suppressed in the ovary to maintain the granulosa cell pheno

type.30,31 Therefore, we further characterized the expression pro

file of SOX9 in granulosa cells isolated from dominant follicles or 

whole-follicle tissues obtained from regularly cycling women at 

different phases during the ovulatory period and investigated 

the regulatory mechanisms involved in SOX9 expression and its 

potential roles using primary hGLCs.

RESULTS

Identification of PGR-regulated downstream genes in 

hGLCs

To identify the transcriptome regulated by PGR in hGLCs, we 

performed RNA-seq using hGLCs treated with vehicle (control), 

hCG alone, or hCG + RU486 for 12 h, which is the time point 

showing the peak expression of PGR both in vivo and in vitro in 

response to hCG.8

Multidimensional scaling (MDS) plots of our RNA-seq data re

vealed a distinct clustering of samples among each biological 

replicate (Figure 1A) and different treatments (Figure 1B). These 

findings indicate high consistency among each patient replicate 

and clear differentiation across the treatments, reflecting the sig

nificant impact of the experimental conditions in the gene 

expression. Consistent with the MDS plots, a heatmap of the 

RNA-seq data showed replicates in the same group with similar 

expression profiles, while distinct gene clusters emerged be

tween treatments. For example, genes highlighted in the 

green-boxed region were up-regulated in samples treated with 

hCG alone but down-regulated in the hCG + RU486 group, 

providing a comprehensive view of the transcriptional changes 

induced by each treatment (Figure 1C).

Differential expression analysis of the RNA-seq data identified a 

total of 1,995 DEGs between the control and hCG-alone groups, 

(B) MDS plot of gene expression profiles by treatment, with each color representing a different treatment. The number of dots in each color indicates the number 

of replicates used for each treatment. 

(C) Heatmap of gene expression levels obtained from RNA-seq data. Each row represents a different gene, and each column corresponds to a sample, with four 

replicates per treatment. The numbers at the bottom represent each replicate sample. The color gradient indicates expression levels, with red representing higher 

expression and blue representing lower expression. The box highlights a cluster of genes that were up-regulated in hCG-treated samples but down-regulated in 

the hCG + RU486 group. 

(D) Pie chart shows the differentially expressed genes (DEGs) in pairwise comparisons between hGLCs treated without (control) and with hCG for 12 h in RNA-seq 

analysis using the following criteria: q value < 0.05, |fold change (FC)| > 1.5, and Avg Expr> 0. 

(E) Volcano plot of RNA-seq data showing the DEGs between control and hCG-treated hGLCs. Up-regulated genes (red), down-regulated genes (blue), and non- 

significant genes (black). A total of 15,367 genes are plotted, with the 10 most up-regulated genes labeled. 

(F) Venn diagram of DEGs in hGLCs treated with hCG and hCG + RU486 at 12 h, identified using q value < 0.05, |fold change (FC)| > 1.5, and Avg Expr >0. 

(G) Volcano plot of DEGs in hGLCs treated with hCG and hCG + RU486 for 12 h. Down-regulated genes (blue), up-regulated genes (red), and non-significant 

genes (black). A total of 16,596 genes are plotted, with the 10 most down-regulated genes labeled. 

(H) Venn diagram illustrating hCG-upregulated and RU486-downregulated genes in hGLCs. The left circle (purple) represents genes up-regulated by hCG 

compared to control, while the right circle (blue) represents genes down-regulated by hCG + RU486 compared to hCG. The overlap indicates genes significantly 

up-regulated by hCG but down-regulated by RU486. 

(I) Venn diagram showing that among 399 PGR-regulated genes, 182 genes are also found to be up-regulated after ovulatory induction in granulosa cells in vivo 

(Poulsen et al.32). 

(J) List of the 10 most significantly down-regulated genes by RU486 from (I)(182 genes), ordered by fold change (FC) between hCG and hCG + RU486, including 

FC between control and hCG. 

(K) Dot plot showing the biological process terms significantly enriched by 1,166 genes up-regulated by hCG vs. control at 12 h, with each term depicted by the 

number of associated genes (size), − log10(p value) (color), and fold enrichment (x axis). 

(L) Dot plot illustrating the enriched KEGG pathways of 399 PGR-regulated genes from RNA-seq, with each pathway depicted by the number of associated genes 

(size), − log10(p value) (color), and fold enrichment (x axis). 

hGLCs were treated without hCG or with hCG or hCG + RU486 for 12 h, followed by RNA-seq analysis. Four individual patient samples (replicates) were used 

across all treatments.
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with 1,166 genes up-regulated and 829 genes down-regulated in 

response to hCG (Figure 1D; Table S2). The distribution of DEGs 

was visualized using a volcano plot, where up-regulated genes 

were shown in red and down-regulated genes in blue, with the 

top 10 most up-regulated genes labeled (Figure 1E; Table S3). 

The most up-regulated genes encode functional proteins, 

including a ligand of the transforming growth factor β (GDF6), a 

neuropeptide (NTS), enzymes involved in histidine metabolism 

(HAL), fatty acid metabolism (PCKS9), and sodium ion transport 

regulation (NKAIN1) (Figure 1E). Next, when comparing the hCG 

to the hCG + RU486-treated group, a total of 1,413 DEGs were 

identified, with 600 genes up-regulated and 813 genes down- 

regulated by hCG + RU486 (Figure 1F). The volcano plot high

lighted the top 10 down-regulated genes in blue, including those 

encoding immunophilin (FKBP5) and transporters for prosta

glandin (SLCO2A1) and amino acid (SLC7A4) (Figure 1G). To iden

tify the list of genes downstream of the ovulatory hCG-PGR 

pathway, we overlapped the list of DEGs up-regulated by hCG 

compared to control with that of DEGs down-regulated by 

hCG + RU486 compared to hCG. Of the 1,166 genes up-regulated 

by hCG, 399 were significantly down-regulated by hCG + RU486 

(Figure 1H; Table S4), revealing the subset of genes regulated by 

PGR. To determine whether the 399 genes (hCG-upregulated 

genes and RU486-downregulated genes) are also up-regulated 

after an ovulatory induction in granulosa cells in vivo, we 

compared our findings with the microarray dataset reported by 

Poulsen et al.,32 which used granulosa cells collected at various 

time points after ovulatory induction from patients undergoing 

in vitro fertilization (IVF). Among the 399 identified PGR-regulated 

genes, 182 (45.6%) of them were also induced after ovulatory in

duction in their microarray data (Figure 1I; Table S4), including the 

10 genes, such as key ovulatory genes like SLCO2A1, FKBP5, 

and RGS2 (Figure 1J).

To understand the biological processes associated with the 

identified hCG-upregulated genes in our RNA-seq analysis, 

we performed Gene Ontology (GO) enrichment analysis using 

DAVID (version 6.8). There was significant enrichment of bio

logical processes related to key aspects of ovulation, 

including the biosynthesis and metabolism of cholesterol, ste

rols, steroids, lipids, phospholipids, and fatty acids, as well as 

angiogenesis, glycolysis, and lipid transport (Figure 1K). 

Consistent with these findings, Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathway analysis showed that PGR- 

regulated genes were involved in metabolic pathways and 

other signaling pathways critical for ovarian function, such 

as TNF signaling, mitogen-activated protein kinase (MAPK) 

signaling, estrogen signaling, Hippo signaling, and cAMP 

signaling (Figure 1J). Ingenuity Pathway Analysis (IPA) up

stream regulation analysis of the list of hCG-upregulated 

genes identified PGR as the most significant upstream regu

lator (Table 1), further supporting its role in mediating hCG- 

induced gene expression changes in human granulosa cells. 

In addition to PGR, the analysis identified other transcription 

factors crucial for normal reproductive function, including 

FOS, CEBPB, and SOX9 (Table 1).

Comparison of PGR-regulated genes in hGLCs and 

PgrKO mouse granulosa cells

A previous study identified a set of PGR-regulated genes in 

mice granulosa cells by comparing the transcriptome 

collected at 8 h after hCG administration from PgrKO with 

that of WT mice.26 To determine the similarities in gene 

expression between mice and humans, the PGR-regulated 

genes (399 genes) in hGLCs were compared to those of 

PgrKO mouse granulosa cells (638 genes, Table S6). The 

comparison revealed that only 31 genes were common to 

both datasets (Figure 2A). These include genes encoding a 

tight junction protein (CLDN3), a transcriptional coactivator 

(CITED1), Kruppel-like factors (KLF15 and KLF9), metallothio

nein (MT3), a prostaglandin transporter (SLCO2A1), and 

Table 1. IPA upstream regulator analysis of 1,166 genes up-regulated by hCG at 12 h

Upstream regulatora Molecule typeb Fold change (C_H)c Activation Z scored p value of overlape # of regulated genesf

PGR ligand-dependent 

nuclear receptor

3.933 3.350 3.34E− 14 540

FOS transcription regulator 8.112 2.773 7.96E− 13 476

AMFR transmembrane receptor 1.505 3.606 2.91E− 12 319

XBP1 transcription regulator 1.869 4.957 2.41E− 10 380

NCOA2 transcription regulator 1.712 4.077 1.60E− 07 595

CEBPB transcription regulator 2.856 5.999 2.62E− 07 447

IGF1R transmembrane receptor 2.003 4.777 8.57E− 04 491

SOX9 transcription regulator 6.965 2.269 3.58E− 03 462

KLF15 transcription regulator 5.296 2.095 8.33E− 03 360

Table presenting the list of enriched upstream regulators identified by IPA upstream regulator analysis that are significantly up-regulated by hCG (1 IU/ 

mL) at 12 h in our RNA-seq database, with criteria including p value < 0.01, activation state: activated, and molecule type: transcription regulator or 

receptor.
aOfficial symbol of the regulator.
bThe type of the upstream regulator.
cThe fold change in the expression of the upstream regulator induced by hCG, as observed in our RNA-seq data.
dA statistical measurement predicting the activation state of the upstream regulator, with positive values indicating activation.
eThe statistical significance of the overlap between the dataset genes and the genes regulated by the upstream regulator (p value < 0.01).
fThe number of genes in the dataset predicted to be regulated by the upstream regulator.
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an extracellular matrix proteoglycan (VCAN) (Figure 2B). To 

visualize these results, we examined CLDN3/Cldn3 and 

SLCO2A1/Slco2a1 transcripts from both datasets using the 

UCSC Genome Browser. Both genes displayed a marked 

up-regulation in the hCG-treated group compared to the con

trol in hGLCs. In contrast, the expression levels of these genes 

were decreased in granulosa cells of both humans and mice 

when PGR activity was inhibited (hCG + RU486) and Pgr 

expression was ablated (PgrKO), respectively (Figure 2C).

Identification of PGR-binding sites and PGR-regulated 

genes in hGLCs through integration of RNA-seq and 

PGR-ChIP-seq data

Our RNA-seq analysis identified a set of genes whose transcrip

tion is affected by RU486 in hGLCs by revealing transcriptional 

changes induced by the antagonism of PGR activity. However, 

differential expression analysis alone cannot determine direct 

regulatory relationships between PGR and its target genes. To 

uncover the underlying regulatory mechanisms driving these 

Figure 2. Comparison of PGR-regulated genes in hGLCs and PgrKO mouse granulosa cells 

(A) Venn diagram depicting the overlap of PGR-regulated genes in hGLCs (genes significantly up-regulated by hCG and down-regulated by RU486 at 12 h) and 

PgrKO mouse granulosa cells (wild-type, WT vs. PgrKO) at 8 h post-hCG. DEGs in the mouse dataset were selected based on a q value < 0.05 and |fold change 

(FC)| > 1.5, using the dataset published by Dinh et al.26

(B) List of 31 PGR-regulated genes common to both humans and mice, ordered alphabetically. 

(C) The UCSC Genome Brower visualizes gene expression on CLDN3 and SLCO2A. Tracks 1 to 3 display RNA-seq read coverage across the exons of CLDN3 and 

SLCO2A1, showing expression levels under control, hCG, or hCG + RU486 in hGLCs. Tracks 4 and 5 show the expression level in granulosa cells of WT or PgrKO 

mice. In all tracks, peak height represents expression levels.
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Figure 3. Identification of PGR-binding sites and PGR-regulated genes in hGLCs 

(A) Density plot showing the distribution of PGR-ChIP-seq signal around transcription start sites (TSSs) in hGLCs at 12 h post-hCG. The x axis represents the 

distance from the TSS, with upstream regions to the left and downstream regions to the right. The y axis indicates the frequency of read counts for PGR peaks. 

(B) Bar chart illustrating the total number of PGR-binding peaks and the corresponding genes in hGLCs treated with hCG for 12 h. 

(C) Bar chart displaying the proportion of PGR peaks across different genomic regions. 

(legend continued on next page) 
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transcriptional changes and to map PGR’s genomic-binding 

sites, we performed ChIP-seq with an antibody against PGR in 

hGLCs treated with or without hCG for 12 h. We identified 

60,349 enriched PGR-binding peaks across the genome that 

are associated with 15,875 distinct genes in hGLCs treated 

with hCG (Figure 3B; Table S7). PGR-binding sites were mostly 

distributed around 500 kb of transcription start sites (TSSs), as 

depicted in Figure 3A; however, only approximately 3% of peaks 

were located in the TSS region or its immediate vicinity, whether 

proximal or distal. The majority of the peaks were therefore found 

in other regions, such as intronic (51.92%) or intergenic areas 

(39.86%) (Figures 3C and 3D). The de novo motif analysis further 

revealed several highly enriched motifs within PGR-bound re

gions. As expected, the motif for PGR/NR3C was the most 

significantly enriched among identified motifs (Figure 3E). Addi

tionally, motifs associated with the transcription factor family of 

AP-1, SOX, SF1/NR5A, GATA, RUNT, CEBP, FOX, NFI, and 

ZNF were also prominently enriched. This suggests these tran

scription factors’ potential co-regulatory role in mediating the 

PGR-target gene transcription (Figure 3E).

To further elucidate whether PGR directly targets the genes 

identified as PGR regulated in RNA-seq, we integrated RNA- 

seq results with ChIP-seq data for a comprehensive analysis. 

Among the 399 PGR-regulated genes identified in the RNA- 

seq data, 302 genes were confirmed to have PGR-binding sites 

by ChIP-seq analysis (Figure 3F; Table S8). Notably, these tar

gets included key ovulatory genes involved in prostaglandin syn

thesis and transport (PTGES and SLCO2A1), follicle maturation 

(AREG, EREG, BDNF, and INHA), follicle rupture (ADAMTS9), 

steroidogenesis (HSD3B2 and HSD11B1), and steroid receptor 

regulation (FKBP5) (Figure 3G).

Genome browser tracks for PTGES and HSD3B2 are provided 

to demonstrate these findings. RNA-seq data indicated that 

expression levels of PTGES and HSD3B2 are higher in samples 

treated with hCG compared to control, and these levels were 

reduced by RU486 (Figures 3H and 3I). ChIP-seq data revealed 

enriched PGR-binding regions on PTGES and HSD3B2 in the 

hCG-treated group compared to the control, with binding sites 

located near the promoter and exon, respectively (Figures 3H 

and 3I).

Comparative analysis of PGR-ChIP-seq data in 

granulosa cells between humans and mice

A previous study has characterized PGR binding on the genome in 

mouse granulosa cells through ChIP-seq analyses.26 To examine 

evolutionary conservation and divergence, we compared our 

ChIP-seq data from humans to mouse data. Our analysis revealed 

that out of 60,349 PGR peaks identified in humans, 26,274 

(43.5%) were conserved in the mouse dataset (Figure 4B). Both 

species exhibited a similar distribution of PGR-binding sites, 

with peaks located within 500 kb upstream or downstream of 

TSSs, as depicted by human peaks in blue and mouse peaks in 

yellow (Figure 4A). Moreover, there was approximately a 50% 

overlap in the gene counts associated with PGR peaks between 

two species (Figure 4B). Examples of overlapping genes include 

well-known ovulatory genes such as ADAMTS9, CYP11A1, 

EGFR, FOS, HAS2, LYVE1, RUNX2, SNAP25, STAR, and 

VEGFA (Figure 4C).

To further explore these conserved PGR-binding sites, we 

focused on EGFR/Egfr and STAR/Star, which showed overlap

ping PGR peaks in both species. Notably, the PGR-binding pat

terns on EGFR/Egfr varied between species. In humans, binding 

was enriched around the promoter region, while in mice, it 

extended from the intron to the transcription termination site 

(Figure 4D). For STAR/Star, PGR binding was observed near reg

ulatory elements, specifically promoters, in both species 

(Figure 4D). These findings provide valuable insights into PGR- 

mediated gene regulation by revealing conserved binding sites 

shared between humans and mice and species-specific binding 

patterns.

SOX9 up-regulation after hCG administration in 

granulosa and cumulus cells of human periovulatory 

follicles

Based on our RNA-seq and ChIP-seq analyses, we identified 

SOX9 as a direct downstream target of PGR in humans. Addi

tionally, SOX9 emerged as one of the significant upstream regu

lators of genes induced by hCG (Table 1), underscoring its po

tential role in mediating the PGR-regulated signaling pathway 

in human periovulatory follicles. SOX9 is primarily known for its 

role in sex determination and gene expression regulation across 

various tissues29; however, its specific role in human periovula

tory follicles remains unexplored. To determine whether SOX9 

is expressed and regulated in human periovulatory follicles, we 

characterized its expression in dominant follicles retrieved 

before the LH surge or at defined hours after hCG administration, 

which was used to mimic the LH surge in regularly cycling 

women. The levels of mRNA for SOX9 in granulosa cells were 

increased during the early ovulatory phase (10.6-fold) compared 

to the levels before the LH surge and then rapidly declined to pre

ovulatory levels during the late ovulatory phase (Figure 5A). 

Consistent with the mRNA profile, SOX9 staining was elevated 

in dominant follicles obtained during the early ovulatory phase 

after hCG stimulation (Figure 5C). Notably, SOX9 staining was 

(D) Distribution of PGR-binding sites across the indicated genomic regions is expressed as a percentage of total binding sites. 

(E) Top 10 de novo motifs enriched at PGR-binding sites. Bars represent − log10(p value), and circles indicate fold enrichment relative to the background. 

(F) Venn diagram illustrating the overlap between the list of PGR-regulated genes identified by RNA-seq (Figure 1H) and PGR-bound genes identified by PGR 

ChIP-seq (B). 

(G) List of 10 known ovulatory genes identified in both RNA-seq and PGR-ChIP-seq datasets, including fold changes in expression after hCG vs. control, fold 

changes in down-regulation upon PGR antagonism by RU486 vs. hCG, and their known functions in the ovary. 

(H and I) PGR-binding sites and gene expression on PTGES and HSD3B2 were visualized using the UCSC Genome Browser. Tracks 1 to 6 display PGR-binding 

peaks along the PTGES and HSD3B2 gene loci in hGLCs treated without (control) or with hCG for 12 h. Peak height represents binding intensity, with the input 

track serving as a control for background noise for each treatment. Tracks 7 to 9 show RNA-seq read coverage across the PTGES and HSD3B2 exons under 

control, hCG, or hCG + RU486 treatments, with peak height reflecting expression levels.
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more prominent in granulosa cells than in the theca cell layer and 

appeared to be cytoplasmic in early ovulatory follicles 

(Figures 5C, b&f). Unlike mRNA levels, which were down-regu

lated during the late ovulatory phase, strong SOX9 staining per

sisted in granulosa cells of late ovulatory follicles, with predom

inant nuclear localization (Figures 5C, c&g). Even after ovulation, 

the strong staining for SOX9 remained in granulosa-lutein cells in 

post-ovulatory follicles (Figures 5C, d&h).

Next, to investigate whether SOX9 is also expressed in 

cumulus cells of ovulatory follicles, cumulus granulosa cells 

and mural granulosa cells were collected from the patients un

dergoing IVF procedure at the time of oocyte retrieval (36 h after 

hCG administration). The levels of mRNA for SOX9 were signifi

cantly higher in cumulus granulosa cells compared to those in 

mural granulosa cells from the same patient (Figure 5B).

Regulation of SOX9 expression by PGR and the role of 

SOX9 in progesterone production and the expression of 

steroidogenic factors in hGLCs

To confirm that the in vivo induction of SOX9 expression 

following hCG administration is directly mediated by hCG and 

PGR in human periovulatory follicles, we utilized the hGLC 

model. First, the cells were treated without (control) or with 

hCG at various time points to investigate the expression profile 

of SOX9. hCG treatment increased the levels of mRNA for 

SOX9 compared to those in the control (Figure 6A). Consistent 

with the mRNA profile, protein levels of SOX9 were also 

increased in hCG-treated cells compared to control, with the 

highest levels observed at 24 h (Figure 6B). To assess the role 

of PGR, cells were treated with or without RU486 in the presence 

or absence of hCG for 12, 24, or 36 h to determine the effect of 

PGR antagonism on hCG-induced SOX9 expression. As shown 

in Figures 6C and 6D, RU486 significantly attenuated hCG- 

induced increases in SOX9 at both the mRNA and protein levels, 

reducing the expression to levels comparable to control. 

Notably, our RNA-seq data revealed that RU486 did not alter 

LHCGR mRNA at 12 h following hCG stimulation (Figure S1A), 

indicating that the suppression of SOX9 mRNA by RU486 is 

not due to reduced LHCGR expression. Instead, this effect is 

mediated through the inhibition of PGR activity. Consistent 

with this interpretation, our RNA-seq and ChIP-seq data demon

strated reduced PGR mRNA expression following RU486 treat

ment and direct PGR binding on the SOX9 locus (Figures 6E 

and S1B). Further experiments using a small interfering RNA 

(siRNA)-mediated knockdown approach also showed a trend to

ward reduced SOX9 mRNA levels in PGR siRNA-treated hGLCs 

(p = 0.051), consistent with PGR-dependent control of SOX9 

transcription (Figure S2B).

Next, to investigate the role of SOX9 in granulosa cells of hu

man ovulatory follicles, we transfected the cells without (control) 

or with scrambled siRNA (negative control, siNC) or siRNA-tar

geting SOX9 (siSOX9). Following transfection, the cells were 

treated with or without hCG (1 IU/mL) for an additional 24 or 

36 h to assess the effects of SOX9 knockdown on hCG-induced 

gene expression and progesterone production. As shown in 

Figure 6F, treatment with hCG + siNC significantly increased 

the level of SOX9 mRNA compared to control. At 24 h after 

hCG treatment, siSOX9 treatment resulted in a significant reduc

tion in levels of SOX9 mRNA only at 50 nM but not at 10 nM 

compared to the levels observed with siNC. At 36 h, the levels 

of mRNA for SOX9 were significantly decreased with both doses 

of siSOX9 compared to siNC (Figure 6F). Meanwhile, SOX9 pro

tein was reduced in cells treated with 50 nM siSOX9 (Figures 6G 

and 6H), indicating the time- and dose-dependent knockdown of 

SOX9 expression. Importantly, hCG-induced progesterone pro

duction was significantly reduced in the siSOX9 (50 nM)-treated 

cells (Figure 6I). Consistent with the hCG-induced progesterone 

production, hCG increased the expression of steroidogenic fac

tors, such as STAR, HSD3B, and CYP11A1 (Figures 6J and 6K). 

However, the increase in the expression of STAR and CYP11A1, 

but not HSD3B, was reduced in cells treated with SOX9 siRNA 

(Figures 6J and 6K).

DISCUSSION

Successful ovulation depends on the precisely regulated tran

scription of various genes in preovulatory follicular cells, primar

ily mediated by transcription factors that are induced or acti

vated by the LH surge or ovulatory hCG stimulation. Among 

these transcription factors, PGR has been established as essen

tial for successful ovulation, as evident in the anovulatory pheno

type of PgrKO mice.9,27 Our recent study demonstrated the in

duction of PGR expression in granulosa cells of human 

preovulatory follicles after ovulatory hCG administration.8 In 

addition, in vitro studies using a PGR inhibitor, RU486, sug

gested that PGR is involved in various aspects of ovulation and 

luteinization in humans.8,33,34 Utilizing an hGLC model that 

mimics the in vivo conditions of LH/hCG-induced P4 production 

and PGR expression and integrating RNA-seq and ChIP-seq ap

proaches, the current study revealed a host of PGR-direct down

stream target genes and potential co-transcriptional regulators 

with which PGR collaborates to control its downstream gene ex

pressions. Of the PGR target genes, we identified SOX9 as a hu

man-specific ovulatory gene that plays an important role in ste

roidogenesis, likely acting as a transcriptional regulator in 

granulosa cells of periovulatory follicles.

Figure 4. Comparative analysis of PGR-ChIP-seq data in granulosa cells of humans and mice 

(A) Density plot showing the distribution of PGR ChIP-seq signal around transcription start sites (TSSs) in granulosa cells of humans at 12 h post-hCG (blue line) 

and mice at 6 h post-hCG (yellow line). The x axis represents the distance from the TSS, with upstream regions to the left and downstream regions to the right. The 

y axis indicates the frequency of read counts for PGR peaks. 

(B) Venn diagrams displaying the overlap of peak counts (left) and gene counts (right) between human and mouse PGR ChIP-seq datasets. 

(C) List of 20 selected ovulatory genes among the overlapping genes. 

(D) The PGR-binding sites on EGFR/Egfr and STAR/Star were visualized using the UCSC Genome Browser. Tracks 1 to 6 display PGR-binding peaks along the 

EGFR and STAR gene loci in hGLCs treated without (control) or with hCG for 12 h. Tracks 7 to 9 show PGR-binding peaks along the Egfr and Star gene loci in 

mouse granulosa cells treated with hCG for 6 h. Peak height represents binding intensity, and the input track serves as a control for background noise.
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Since the discovery of PGR as an essential transcription factor 

for successful ovulation, research has focused on identifying its 

downstream targets using various animal models to uncover the 

LH surge/ovulatory hCG-induced PGR-mediated pathways that 

are necessary for ovulation.9,14,25–27 Yet, in humans, unveiling 

these pathways has been challenging due to limited sample 

availability and ethical concerns. Therefore, our hGLC model 

provides a valuable alternative model for identifying hCG- 

induced transcriptomic changes and PGR-mediated pathways 

in human preovulatory follicles. Our RNA-seq data showed alter

ations in the expression profiles of numerous genes following 

hCG treatment and PGR-mediated regulatory shifts in these 

gene expressions. A previous study by Poulsen et al. has shown 

dynamic transcriptomic changes in human granulosa cells 

collected throughout the ovulatory period after ovulatory induc

tion.32 The comparison of our RNA-seq data on hGLCs and mi

croarray data using in vivo granulosa cells revealed a nearly 50% 

overlap in the genes up-regulated by hCG and down-regulated 

by RU486 in human granulosa cells. This finding is significant 

as, despite the inherent differences between in vivo and in vitro 

systems (e.g., follicular microenvironment and monolayered cul

ture plate vs. multilayered enclosed follicle), our hGLC model 

recapitulated the transcriptomic changes of numerous key 

ovulatory genes observed in vivo. Functional annotation and 

KEGG pathway analyses of hCG-upregulated genes further sup

port this claim by highlighting enriched biological pathways 

associated with cholesterol biosynthesis/metabolism, steroid 

biosynthesis, cellular metabolism, cortisol synthesis and secre

tion, angiogenesis, glycolysis, MAPK signaling pathway, and 

HIF-1 signaling pathway (Table S5). Previous studies by our lab

oratory and others have demonstrated that these pathways are 

up-regulated by hCG and down-regulated by RU486 and impli

cated in functional changes associated with ovulation and lutein

ization.11,17,34–38 Moreover, the IPA upstream regulator analysis 

further identified several enriched upstream transcriptional regu

lators for these genes, including PGR, FOS, CEBPB, SOX9, and 

KLF15, not only highlighting PGR as a core regulator of these 

genes but also identifying potential PGR co-transcriptional regu

lators involved in the ovulatory process. Together, these data 

strongly support the physiological relevance and validity of our 

model for studying PGR-mediated regulatory networks in 

humans.

While the identification of potential PGR-regulated genes by 

inhibiting PGR’s action with RU486 in hGLCs has provided pre

liminary insight into the PGR-mediated ovulatory pathways in hu

man preovulatory follicles, the dual antagonistic nature of 

RU486, which inhibits both PGR and NR3C1, presents chal

lenges in distinguishing PGR-regulated genes from NR3C1- 

regulated genes. Particularly, recent studies have reported in

creases in cortisol levels and up-regulated expression of 

NR3C1 in human preovulatory follicles as well as in 

hGLCs.34,39–42 To address this concern, PGR-ChIP-seq analysis 

Figure 5. The expression of SOX9 in granu

losa and cumulus cells of human periovula

tory follicles during the ovulatory period 

(A) Dominant ovarian follicles were retrieved from 

women undergoing laparoscopic tubal steriliza

tion before the LH surge or at defined hours after 

recombinant hCG administration and divided into 

four phases: pre (Pre), early (EO), late (LO), and 

post- (Post) ovulatory phase. SOX9 mRNA levels 

in granulosa cells isolated from a dominant follicle 

collected at Pre, EO, and LO were measured using 

quantitative PCR (qPCR) and normalized to 

GAPDH mRNA levels in each sample. Results are 

presented as the mean ± SEM, with each dot 

representing an individual patient sample in each 

phase (n = 5/phase). Bars without common su

perscripts are significantly different (p < 0.05; one- 

way ANOVA, followed by Duncan’s test). 

(B) Cumulus granulosa cells (CGc) and mural 

granulosa cells (MGc) were collected at the time of 

oocyte retrieval from women undergoing an 

in vitro fertilization procedure. SOX9 mRNA levels 

were measured using qPCR and normalized to 

GAPDH mRNA levels in each sample (n = 5 paired 

individual patient samples). *p = 0.002 (paired 

t test). 

(C) Paraffin-embedded sections of dominant fol

licles (n = 2/Pre, n = 4/EO, n = 4/LO, n = 1/Post) 

were subjected to immunohistochemistry to 

detect SOX9. Pink staining indicates a positive 

signal, with SOX9 exhibiting predominantly in granulosa cells of early, late, and post-ovulatory follicles. Sections were lightly stained with hematoxylin (purple) for 

nuclear counterstaining. Gc, granulosa cells; Tc, theca cells; Glc, granulosa-lutein cells; Tlc, theca-lutein cells; BV, blood vessel. (*) indicates the antrum side of 

the follicle. 

The boxed areas in (a), (b), (c), and (d) are shown at higher magnification in (e), (f), (g), and (h), respectively. Dotted lines in (e), (f), (g), and (h) indicate the boundary 

between the granulosa and theca cell compartments. Scale bars: 100 μm.
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Figure 6. Regulation of SOX9 expression by PGR and the role of SOX9 in progesterone production and the expression of steroidogenic 

factors in hGLCs 

(A) hGLCs were treated without (control) or with hCG for various time points. SOX9 mRNA levels were measured by qPCR and normalized to GNPDA2 mRNA 

levels in each sample (n = 4–5 individual patient samples). *0.01 ≤ p < 0.05. **0.001 ≤ p < 0.01. Exact p values for control vs. hCG (3–36 h): 0.007, 0.026, 0.017, 

0.012, 0.006 (paired t test). 

(B) SOX9 was detected by western blot using whole-cell extracts from control or hCG-treated cells collected at various time points. The membrane was reprobed 

with an ACTB antibody to assess protein levels across all samples. The experiments were repeated three times, each with individual patient samples. 

(C) hGLCs were treated with or without RU486 in the presence or absence of hCG for various time points. SOX9 mRNA levels were measured by qPCR and 

normalized to GNPDA2 mRNA levels in each sample (n = 3–7 individual patient samples). Bars without common superscripts are significantly different within each 

time point (p < 0.05; one-way ANOVA, followed by Duncan’s test). 

(D) Representative western blot showing SOX9 protein levels in whole-cell extracts. The membrane was reprobed for ACTB protein as a loading control. The 

experiments were repeated three times, each with individual patient samples. 

(E) PGR-binding sites and gene expression levels on SOX9 in hGLCs were visualized using the UCSC Genome Browser. Tracks 1 to 6 display PGR-binding peaks 

along the SOX9 gene locus in hGLCs treated with or without hCG. Peak height represents binding intensity, and the input track serves as background noise 

control. Tracks 7 to 9 show RNA-seq read coverage across the SOX9 exons under control, hCG, or hCG + RU486 treatments, with peak height reflecting 

expression levels. 

(legend continued on next page) 
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was performed. Approximately 75% of the genes identified 

through RNA-seq were found to have PGR-binding sites on their 

promoters or in proximity, confirming the direct transcriptional 

regulatory role of PGR on these genes. These data not only 

confirmed our previous findings, which identified several genes 

listed34 in Figure 3G, but also revealed a new list of genes that 

are direct downstream genes of PGR in hGLCs (Table S8). While 

some PGR-binding sites were enriched near TSSs, we also 

discovered PGR binding within introns, exons, and intergenic re

gions of the same genes. Gene expression is known to be regu

lated not only by promoters but also by distal regulatory ele

ments such as enhancers, silencers, and insulators.43 These 

distal PGR-binding sites may participate in long-range chro

matin interactions or enhancer-mediated regulation.

For the remaining 25% of genes regulated by RU486 inhibition 

but not physically bound to PGR, their expression may be regu

lated by NR3C1 or other transcription factors downstream of 

PGR, such as FOS and SOX9. Consistent with this concept, a 

previous study showed that FOS regulates the expression of 

numerous genes in hGLCs.33,35 Additionally, de novo motif anal

ysis of ChIP-seq data detected AP-1 and SOX-binding motifs on 

PGR-bound DNA regions, suggesting that FOS and SOX9 not 

only act downstream of PGR-regulated genes but also work 

together with PGR to regulate the expression of crucial ovulatory 

and luteal genes. Among the transcriptional regulators newly 

identified to be regulated by PGR, SOX9 is particularly note

worthy, as its roles in ovarian function remain largely unstudied, 

warranting further investigation as a potential mediator of LH 

signaling in conjunction with PGR and other transcription factors 

during ovulation.

SOX9 is well known for its role in the gonadal sex determination 

in mammals.29 In developing gonads, Sox9 is initially expressed at 

a low level in both sexes but significantly increased by SRY (sex- 

determining region Y protein) in XY gonads, while it disappears 

or is repressed in XX gonads.29 The active repression of Sox9 

expression in granulosa cells in the ovary is thought to be crucial 

for maintaining ovarian cell fate and phenotype.30,31,44 Indeed, in 

the mouse ovary, SOX9 protein is absent in granulosa cells but 

only transiently expressed in non-steroidogenic cells in the theca 

layer.45 Contradicting this report, our RNA-seq and ChIP-seq ana

lyses indicate that SOX9 is expressed in hGLCs and is regulated by 

the LH-PGR signaling pathway. Interestingly, in the long-term 

bovine granulosa cell cultures, Sox9 expression was transiently 

increased and regulated by chemical inhibitors or activators of 

the specific signaling pathway.46 However, it is not known whether 

SOX9 is expressed in vivo in bovine granulosa cells of the follicle. 

Because our data on SOX9 expressions were also obtained from 

primary human granulosa cell cultures, it was critically important 

to determine whether SOX9 is truly expressed in granulosa cells 

of follicles in vivo in humans. Therefore, the present study charac

terized the in vivo expression of SOX9 in dominant follicles from 

regularly cycling women: the mRNA levels were markedly elevated 

in early ovulatory follicles but returned to preovulatory levels in the 

late ovulatory phase. However, the increased SOX9 protein local

ization continued in late and post-ovulatory follicles, indicating that 

SOX9 plays a role in both ovulation and corpus luteum develop

ment in humans. Notably, SOX9 localization was predominantly 

observed in granulosa cells, which contrasts with its localization 

in non-steroidogenic theca cells in mice.45 Another significant dis

covery of our study was the higher expression of SOX9 in cumulus 

cells compared to granulosa cells immediately prior to ovulation at 

the time of oocyte retrieval. At present, the significance of higher 

expression level in cumulus compared to mural granulosa cells re

mains unclear and requires further investigation. One possibility is 

that the SOX9 expression in cumulus cells contributes to local ste

roidogenesis, thereby supporting critical processes such as 

cumulus expansion, cumulus cell differentiation, and oocyte matu

ration. Together, these findings suggested the role of SOX9 in 

regulating the function of both granulosa cells and cumulus cells 

of human ovulatory follicles.

Indeed, a siRNA-mediated SOX9 knockdown approach 

showed the role of SOX9 in hCG-induced progesterone produc

tion and the expression of steroidogenic genes, STAR and 

CYP11A1, shedding light on the role of SOX9 in regulating ste

roidogenesis during the periovulatory phase. Our findings are 

consistent with a previous report showing that targeted degra

dation of SOX9 mRNA resulted in reduced expression of STAR 

and the levels of progesterone in bovine granulosa cells.46

(F) hGLCs were transfected with no siRNA (control), 10 or 50 nM of scrambled siRNA (negative control, siNC), or siRNA-targeting SOX9 (siSOX9). After 3 h of 

transfection, the cells were cultured with or without hCG for an additional 24 or 36 h. The efficiency of SOX9 knockdown was assessed by measuring SOX9 mRNA 

levels using qPCR, with normalization to GNPDA2 mRNA levels in each sample (n = 4 for 24 h; n = 3 for 36 h, using individual patient samples). Bars without 

common superscripts are significantly different within each time point (p < 0.05; one-way ANOVA, followed by paired two-tailed t test). 

(G) Representative western blot showing SOX9 protein levels in whole-cell extracts isolated from hGLCs treated without (Veh) or with siNC or siSOX9 in the 

absence or presence of hCG. The membrane was reprobed for ACTB protein as a loading control. 

(H) Densitometric quantification of SOX9 protein levels normalized to ACTB from 4 independent experiments, measured using ImageJ. Bars without common 

superscripts are significantly different (p < 0.05). Exact p values for indicated pairwise comparisons: *p = 0.018. **p = 0.013 (one-way ANOVA, followed by paired 

two-tailed t test). 

(I) Progesterone levels in the conditioned media collected at 36 h from control, or hCG with siNC or siSOX9 at 50 nM were measured (n = 7 individual patient 

samples). Bars without common superscripts are significantly different (p < 0.05). The exact p values for the indicated pairwise comparisons: *p = 0.002, 

**p = 0.004 (one-way ANOVA, followed by paired two-tailed t test). 

(J) The levels of mRNA for STAR and CYP11A1 were measured by qPCR in samples collected at 36 h from control, or hCG with siNC or siSOX9 at 50 nM and 

normalized to the levels of GNPDA2 mRNA (n = 6 for STAR; n = 4 for CYP11A1, using individual patient samples). Bars without common superscripts are 

significantly different (p < 0.05). The exact p values for the indicated pairwise comparisons: *p = 0.04, **p = 0.01, #p = 0.02, ##p = 0.048 (one-way ANOVA, followed 

by paired two-tailed t test). 

(K) STAR, CYP11A1, and HSD3B were detected by western blot using whole-cell extracts collected at 36 h from control, or hCG with siNC or siSOX9 at 50 nM. 

The membrane was reprobed for ACTB as a loading control. The experiments were repeated three times, each with individual patient samples. In all bar graphs, 

results are presented as the mean ± SEM. Each colored dot represents an individual patient, with the same color used across treatments or time points. 

hGLCs obtained from women undergoing in vitro fertilization were acclimated for 6 days.
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Together, these findings imply that SOX9 is integral to regulating 

steroidogenesis in granulosa cells, mediating the effects of the 

LH-PGR signaling pathway on progesterone production.

Previous studies on the ovulatory process have frequently 

used mouse models, taking advantage of their physiological 

and hormonal similarities to humans in the ovulatory process, 

as well as their well-characterized genetic modifications and 

shorter reproductive cycles. Multiple PgrKO mouse lines have 

been used to study the role of PGR in the ovulatory process, 

identifying its downstream target genes in preovulatory folli

cles.9,14,26,27 Comparing previous mouse data to our findings 

from human data is crucial for identifying conserved regulatory 

mechanisms as well as species-specific differences, enhancing 

the accuracy of conclusions applicable to human biology and 

medicine. Comparative analyses of our datasets with those of 

Dinh et al. identified a shared set of genes, highlighting the 

conserved ovulatory pathway between these two species.26

Notable RNA-seq overlaps included VCAN/Vcan and 

SLCO2A1/Slco2a1, genes involved in the stabilization of the 

cumulus oocyte complex (COC) matrix and proper COC expan

sion, both essential events during ovulation, highlighting their 

evolutionary significance in reproductive processes.47 From 

ChIP-seq datasets, we identified additional conserved genes 

associated with diverse ovulatory roles, including oocyte matu

ration (AREG, EREG, and EGFR), COC expansion (LYVE1 and 

HAS2), exocytosis (SNAP25), follicle rupture and oocytes 

release (EDN2 and PTGES), CL formation (RUNX1 and 

RUNX2), steroidogenesis (STAR and CYP11A1), and angiogen

esis (VEGFA).27,34,48–58 Our findings underscore the presence 

of conserved PGR-driven ovulatory pathways across species. 

Nevertheless, species-specific differences in gene regulation, 

such as those involving SOX9, emphasize the importance of 

cross-species studies to fully elucidate ovulatory mechanisms, 

as findings in animals may not always translate directly to human 

physiology.

In conclusion, our study demonstrates that PGR functions as a 

master coordinator of the ovulatory process and luteinization in 

the human ovary, directly regulating genes involved in transcrip

tional regulation, oocyte maturation, cumulus cell expansion, tis

sue remodeling, steroidogenesis, prostaglandin synthesis and 

transport, and angiogenesis. The identification of SOX9 as a new 

PGR downstream mediator, along with co-transcriptional regula

tors working in concert with PGR, reveals a complex transcrip

tional network governing hCG-induced and PGR-mediated ovula

tory pathways. Furthermore, by delineating both conserved and 

species-specific PGR regulatory mechanisms, the present study 

not only identifies pathways that can be explored using mouse 

models but also underscores the critical importance of investi

gating the human-specific changes to fully elucidate the ovulatory 

process in humans. Considering the clinical use of PGR inhibitors, 

such as RU486 and ulipristal acetate, as emergency contracep

tives due to their ability to delay or block ovulation,19,59 our findings 

provide valuable insights into potential therapeutic targets for 

advancing the management of women’s reproductive health.

Limitations of the study

While our in vitro model effectively recapitulates key aspects of 

in vivo physiology, it may not fully capture the complexity of 

in vivo regulation. Cell transfection methods, although useful 

for targeted gene manipulation, may not fully reflect the physio

logical cellular condition.
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PGR Cell Signaling Technology Cat#8757; RRID: AB_2797144
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CYP11A1 Cell Signaling Technology Cat#14217

HSD3B Santa Cruz Biotechnology Cat#sc-30820

ACTB Santa Cruz Biotechnology Cat#sc-47778

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology Cat # 7074

bovine anti-goat IgG-HRP Santa Cruz Biotechnology Cat#sc-2378

Biological samples

Human follicular aspirates Bluegrass Fertility Center N/A

Human follicular tissues Sahlgrenska University Hospital N/A

Chemicals, peptides, and recombinant proteins

RU486 Cayman Chemical Cat# 10006317

hCG Sigma-Aldrich Cat# CG10

SuperScript IV Invitrogen Life Technologies Cat# 18090200

RNaseOUT Invitrogen Life Technologies Cat# 10777019

OptiMEM medium Gibco Cat# 31985062
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ImmPRESS-AP Horse Anti-Rabbit IgG 

Polymer Detection Kit

Vector Laboratories Cat# MP-5401
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ImmPACT Vector Red Vector Laboratories Cat# SK-5105

TaqMan Fast Advanced Master Mix Applied Biosystems Cat# 4444963

Critical commercial assays
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NovaSeq S2 reagent kit Illumina Cat# 20012862

ChIP-IT High Sensitivity Kit Active Motif Cat# 53040

UltraLow System V2 DNA-Seq Library 

Preparation Kit
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Deposited data
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acc.cgi?acc=GSE115820

GEO dataset GSE286909 NCBI GEO https://www.ncbi.nlm.nih.gov/geo/query/ 

acc.cgi?acc=GSE286909

GEO dataset GSE286910 NCBI GEO https://www.ncbi.nlm.nih.gov/geo/query/ 

acc.cgi?acc=GSE286910

Experimental models: Organisms/strains

Primary human granulosa/lutein cells This study N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The protocol using human tissues obtained in vivo was approved by the Human Ethics Committee of the Sahlgrenska Academy at the 

University of Gothenburg (Gothenburg, Sweden) (Dnr#732-10). Sample collection was conducted at the Division of Gynecology and 

Reproductive Medicine, Sahlgrenska University Hospital, and all participants provided written informed consent prior to participa

tion. All participants met the following criteria: were healthy 30-to-38-year-old women undergoing laparoscopic sterilization, had ex

hibited regular menstrual cycles, and had not taken any hormonal contraceptives for at least 3 months before their enrollment in the 

study, as previously described.28,62 Women were monitored by transvaginal ultrasound for two to three menstrual cycles before sur

gery to ascertain the occurrence of regular cycles and to monitor the growth of a dominant follicle during the follicular phase.62 For 

patients undergoing tubal ligation for sterilization, the entire dominant follicle was collected by laparoscopic excision at the time 

points described in the following sections.

Patients were assigned to four groups based on ovulatory stage: pre-, early, late, and post-ovulatory phases. In the preovulatory 

group, surgery was performed when the follicle reached a diameter between 14 and 17.5 mm before the endogenous LH surge. 

These patients were not administered with hCG. The remaining women were given recombinant hCG via subcutaneous injection 

(10,000 IU, Ovitrelle; Merck, Darmstadt, Germany) and were divided into three groups: early ovulatory (surgery between 12 and 

18 h post-hCG), late ovulatory (surgery between 18 and 34 h post-hCG), and post-ovulatory (between 44 and 70 h post-hCG) phase. 

To confirm that these patients exhibited a normal hormonal pattern before the LH surge or after hCG administration, blood samples 

were collected at the time of surgery and measured for serum progesterone and estradiol levels. Patient characteristics detailed in 

Table S1 were previously reported.28

The whole intact follicle was excised using laparoscopic scissors and then processed either for immunohistochemistry by fixing the 

whole follicle or for gene expression analysis by bisecting the follicle.62 When the follicle was bisected, mural granulosa cells were 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

SOX9 Invitrogen Life Technologies TaqMan primer (Hs00165814_m1)

GAPDH Invitrogen Life Technologies TaqMan primer (Hs00266705_g1)

STAR Eurofins Genomics (Foward ACGTGGATTAACCAGGTTCG, 

Reverse CAGCCCTCTTGGTTGCTAAG)

CYP11A1 Eurofins Genomics Foward AGACGGGCACACACAAAGTC 

Reverse AGGCTGCCGACTTCTTCAACA

GNPDA2 Eurofins Genomics Foward GTGCGTCACCGTAATGAGGC 

Reverse 

AGGTGTACTCCCTGTTGGTAAAC

SOX9 siRNA Thermo Fisher Scientific Assay ID s13306

Oligo (dT)20 primer Integrated DNA Technologies Custom oligonucleotide

Random Hexamer Integrated DNA Technologies Custom oligonucleotide

Software and algorithms

R (v4.4.2) R Foundation https://www.r-project.org/

IBM SPSS (v.27) IBM https://www.ibm.com/products/spss- 

statistics; RRID: SCR_019096

nf-core/rnaseq pipeline Ewels et al.60 https://nf-co.re/rnaseq

nf-core/chipseq pipeline Ewels et al.60 https://nf-co.re/chipseq

bcl2fastq v2.20 Illumina https://support.illumina.com

Ingenuity Pathway Analysis (IPA) QIAGEN RRID: SCR_008653

UCSC Genome Browser UCSC https://genome.ucsc.edu/

ImageJ v1.51 National Institutes of Health https://imagej.net

DAVID NIH https://david.ncifcrf.gov/

Primer3 Primer3 developers https://primer3.ut.ee/;RRID: SCR_003139

Primer-BLAST NCBI https://www.ncbi.nlm.nih.gov/tools/ 

primer-blast/; RRID: SCR_003095

edgeR Law et al.61 https://bioconductor.org/packages/edgeR; 

RRID: SCR_012802
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gently scraped from the interior using small tissue forceps. The follicular fluid and cell suspension were combined and centrifuged at 

500 × g to pellet and collect the granulosa cells. The collected granulosa cells were frozen for subsequent experiments.

Human granulosa/lutein cell Isolation and cultures

Human granulosa/lutein cells (hGLCs) were obtained from aspirates of women undergoing in vitro fertilization (IVF). The collection 

protocol was approved by the Institutional Review Board of the University of Kentucky Office of Research Integrity (IRB #44977). 

Ovarian stimulation was achieved using individualized doses of recombinant human follicle-stimulating hormone (FSH) administered 

to patients at the Bluegrass Fertility Center (Lexington, KY, USA). After 9 to 11 days of FSH administration, patients received an in

jection of 10,000 IU of human chorionic gonadotropin (hCG), and the dominant follicles were aspirated 36 h later. The retrieved oo

cytes were used for the IVF process, and the remaining cumulus cells and hGLCs were collected for further analysis. The procedure 

for handling hGLCs followed the methods described previously.8,28 Immediately after retrieval of the cumulus-oocyte complexes, the 

residual cells in the aspirates were subjected to 40% Percoll gradient centrifugation to remove red blood cells. The isolated cells were 

examined under a microscope to assess their morphology and were counted. They were then resuspended in an OptiMEM medium 

(Gibco; Waltham, Massachusetts, USA) supplemented with 10% fetal bovine serum and antibiotic-antimycotic and cultured on 

plates at a density of 2.5 × 105 cells/mL. The cells were acclimated for 6 days, changing media every 24 h to regain responsiveness 

to hCG. After the acclimation period, cells were serum-starved for 1 h and then subjected to various treatments in an OptiMEM me

dium supplemented with antibiotic-antimycotic. Treatments were carried out for the stated hours. All study participants were female; 

therefore, sex-based differences were not evaluated. Primary human granulosa/lutein cells were not subjected to cell line authenti

cation. Cells were routinely monitored and were negative for mycoplasma contamination. All procedures were conducted in accor

dance with institutional guidelines and applicable regulations.

METHOD DETAILS

RNA-sequencing

Primary hGLCs obtained from IVF patients were treated with or without RU486 (20 μM) in the presence or absence of hCG (1 IU/mL) 

for 12 h. For each treatment, samples were collected from four individual patients, with each patient’s sample used across all treat

ments to ensure paired comparison among treatments. Total RNA was extracted from hGLCs using the RNeasy Mini Kit (Qiagen; 

Hilden, Germany) and treated with DNase I. The integrity of RNA was assessed using a NanoDrop and electrophoresis. The isolated 

RNA was then utilized for library construction and sequencing at the Roy J. Carver Biotechnology Center at the University of Illinois 

Urbana-Champaign. Libraries were prepared using the TruSeq Stranded mRNA Library Prep Kit (Illumina; San Diego, CA, USA). The 

libraries were quantitated by qPCR and sequenced on a single lane for 101 cycles from one end of the fragments on a NovaSeq 6000 

with a NovaSeq S2 reagent kit (Illumina). RNA-seq data were processed using the nf-core/rnaseq pipeline (v3.14.0) with default pa

rameters.60 Briefly, FASTQ files were generated and demultiplexed with the bcl2fastq v2.20 Conversion Software (Illumina). Adaptors 

were trimmed from the 3′ end of the reads, resulting in 2,332,045,900 filtered reads. Trimmed reads were aligned to the human 

genome version of GRCh38 from NCBI using STAR (2.7.10a) and SAMtools, and transcript levels were then quantified using Salmon 

(1.10.1). Differential gene expression analysis was performed using the Limma-trend method on edgeR package,61 and differentially 

expressed genes (DEGs) for each treatment were defined as having a fold change ≥ |1.5| (|log2FC| ≥ 0.5) and a False-Discovery Rate 

(FDR) adjusted p-value <0.05. Upstream regulators of DEGs were assessed using Ingenuity Pathway Analysis (IPA) software (

QIAGEN; RRID: SCR_008653). To visualize RNA-Seq data on the UCSC Genome Browser (RRID: SCR_005780), read coverage 

was processed using BEDTools (2.30.0). Further analyses, including KEGG pathways and Gene Ontology (GO) enrichment, were per

formed with DAVID (RRID: SCR_001881).

RNA-Seq data on PgrKO mouse granulosa cells collected at 8 h post-hCG were obtained from the publicly available database 

GEO: GSE168213.26

Chromatin immunoprecipitation (ChIP)-Sequencing

Primary hGLCs obtained from IVF patients were treated with or without hCG (1 IU/mL) for 12 h. The experimental design included one 

biological replicate for the control group and three biological replicates for the hCG-treated group, each containing at least 1 × 107 

cells. ChIP experiments were performed using the ChIP-IT High Sensitivity Kit (Active Motif; Carlsbad, CA, USA) according to the 

manufacturer’s protocol. Briefly, chromatin was extracted from cells fixed with 1.1% formaldehyde and fragmented using sonication. 

Sonicated chromatin (at least 10 mg per replicate) was immunoprecipitated with PGR antibody. The antibody-chromatin complexes 

were captured using Protein G agarose beads and eluted. Following elution, the crosslinks were reversed and purified. Libraries of 

purified DNA from ChIP and input samples were prepared with the UltraLow System V2 DNA-Seq Library Preparation Kit (Tecan; 

Durham, NC, USA). The libraries were pooled and quantitated by qPCR and sequenced on one 10B lane for 101 cycles from one 

end of the fragments on a NovaSeq X Plus with V1.0 sequenced kits (Illumina). ChIP-seq data were processed using the nf-core/chip

seq pipeline (v2.0.0) with default parameters. Briefly, FASTQ files were generated and demultiplexed with the bcl2fastq v2.20 Con

version Software (Illumina). Adaptors have been trimmed from the 3′ end of the reads, resulting in 760,113,797 filtered reads. 

Trimmed reads were aligned to the human genome version of GRCh38 from NCBI using BWA (0.7.17-r1188). Peak calling was per

formed with MACS2 (vers. 2.2.7.1; RRID: SCR_013291) using default settings and input DNA as a control to identify regions of 
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enriched binding. For the hCG-treated group, peaks from three replicates were merged using MACS2 Consensus to obtain a 

consensus set of peaks. Overlapped peaks were used for all subsequent comparisons. Peaks were annotated, and motif analysis 

was conducted using HOMER (vers, 4.11; RRID: SCR_010881). Additional analyses, including KEGG pathways and GO enrichment, 

were performed using DAVID.

ChIP-Seq data for PGR in mouse granulosa cells were obtained from the publicly available database (GEO: GSE115820)25 and 

analyzed as described above.

SOX9 Silencing by small interfering RNA (siRNA)

Primary hGLCs were transfected with siRNA targeting SOX9 (Assay ID s13306, Thermo Fisher Scientific) or with scrambled siRNA 

(Negative Control) using Lipofectamine RNAiMAX Transfection Reagent, following the manufacturer’s protocol for 3 h. The cells 

were then stimulated with hCG (1 IU/mL) and cultured for an additional 24 h or 36 h. The conditioned media and the cells were 

used for subsequent analyses.

Immunohistochemistry

Whole follicles were fixed in 4% formaldehyde, embedded in paraffin, sectioned at 4 μm, and processed for immunostaining. Depar

affinization and rehydration were achieved through a series of xylene and ethanol washes. Heat-induced antigen retrieval was per

formed using a Tris-Based Antigen Unmasking Solution (Vector Laboratories; Newark, CA). Endogenous peroxidase activity was 

quenched by incubating the sections with 1X Quenching Buffer. Sections were then incubated in 2.5% Normal Horse Serum and 

subsequently with the primary antibody for SOX9. The primary antibody was detected using an ImmPRESS-AP Horse Anti-Rabbit 

IgG Polymer Detection Kit (Vector Laboratories) and developed with ImmPACT Vector Red (Vector Laboratories) according to the 

manufacturer’s instructions. Slides were counterstained with hematoxylin. Negative control slides were prepared in an identical 

manner and processed without the primary antibody.

Gene expression analysis

Total RNA was isolated from cumulus cells and hGLCs using the RNeasy mini kit (Qiagen) according to the manufacturer’s instruc

tions. First-strand cDNA was synthesized by reverse transcribing 100 ng of total RNA using SuperScript IV with Oligo (dT)20 primer 

and Random Hexamer (Integrated DNA Technologies; Coralville, IA, USA). The mRNA levels of the examined genes were measured 

by quantitative PCR (qPCR) using Brilliant III Ultra-Fast SYBR Green (Agilent Technologies; Santa Clara, CA, USA) or TaqMan Fast 

Advanced Master Mix (Applied Biosystems; Waltham, MA, USA). Oligonucleotide primers for each gene were designed using 

Primer3 software (RRID: SCR_003139) or the Primer-BLAST program (RRID: SCR_003095). For SOX9 analysis, TaqMan primer 

(Hs00165814_m1) was used (primer sequence information is provided in the key resources table). The relative abundance of the 

target transcripts was normalized to GAPDH mRNA (Hs00266705_g1) for in vivo samples and GNPDA2 for in vitro samples and 

was calculated according to the Pfaffl method.63

Western Blot analysis

Whole-cell extracts were collected from hGLCs utilizing sonication. The extracts were denatured by heating at 95◦C for 5 min prior to 

electrophoresis. The samples were run on a 7.5-10% polyacrylamide gel and subsequently transferred to nitrocellulose membranes. 

Membranes were blocked with 5% skim milk or BSA in Tris-buffered saline containing 0.1% Tween-20 for 1 h. After blocking, the 

membranes were incubated overnight at 4◦C with the primary antibody against SOX9, STAR, CYP11A1, HSD3B, or ACTB (antibody 

information is provided in the key resources table). The blots were then incubated with the secondary horseradish peroxidase-con

jugated antibody for 1 h at room temperature. Protein bands were detected using the Amersham ECL Prime Western Blotting Detec

tion Reagent, and the signals were visualized using ChemiDoc (Bio-Rad Laboratories, Hercules, CA, USA).

Progesterone assay

The concentration of progesterone was measured using an Immulite kit (Siemens Healthineers; Erlangen, Germany). The assay 

sensitivity for progesterone was 0.02 ng/mL, with intra- and inter-assay coefficients of variation of 7% and 12%, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± standard error of the mean (SEM). For all data analysis, homogeneity of variance was tested using 

Levene’s test, and log transformations were performed, as appropriate. For in vivo data, One-way Analysis of variance (ANOVA) 

was used to test differences in mRNA levels for each gene across the time of tissue collection. If ANOVA revealed significant effects, 

Duncan’s test was used for mean comparisons, with p < 0.05 considered significant. A paired t-test was used to test differences in 

mRNA levels of SOX9 between cumulus cells and granulosa cells, as well as between the control and hCG stimulation. For exper

iments involving siRNA treatments, one-way repeated measures ANOVA, followed by paired two-tailed t-tests, was used to test dif

ferences in progesterone levels or mRNA levels for each gene between treatments within time points. The means were compared, 

with p < 0.05 considered significant. Statistical analysis was performed using IBM SPSS software (vers. 27).
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