Published online 26 April 2023

Nucleic Acids Research, 2023, Vol. 51, No. 12 5981-5996
https:[ldoi.orgl10.1093/narlgkad271

Progesterone receptor mediates ovulatory
transcription through RUNX transcription factor
interactions and chromatin remodelling

Doan T. Dinh “17,

James Breen?:3, Barbara Nicol

4 Natalie J. Foot', David C. Bersten’,

Alaknanda Emery', Kirsten M. Smith', Ying Y. Wong', Simon C. Barry’,
Humphrey H.C. Yao*, Rebecca L. Robker! and Darryl L. Russell'’

"Robinson Research Institute, School of Biomedicine, Faculty of Health & Medical Sciences, University of Adelaide,
Australia, 2Indigenous Genomics, Telethon Kids Institute, Adelaide, Australia, 3College of Health & Medicine,
Australian National University, Canberra, Australia and *Reproductive Developmental Biology Group, National
Institute of Environmental Health Sciences, Research Triangle Park, NC 27709, USA

Received August 15, 2022; Revised March 30, 2023; Editorial Decision April 01, 2023; Accepted April 19, 2023

ABSTRACT

Progesterone receptor (PGR) plays diverse roles in
reproductive tissues and thus coordinates mam-
malian fertility. In the ovary, rapid acute induction
of PGR is the key determinant of ovulation through
transcriptional control of a unique set of genes that
culminates in follicle rupture. However, the molec-
ular mechanisms for this specialized PGR function
in ovulation is poorly understood. We have assem-
bled a detailed genomic profile of PGR action through
combined ATAC-seq, RNA-seq and ChiP-seq analysis
in wildtype and isoform-specific PGR null mice. We
demonstrate that stimulating ovulation rapidly repro-
grams chromatin accessibility in two-thirds of sites,
correlating with altered gene expression. An ovary-
specific PGR action involving interaction with RUNX
transcription factors was observed with 70% of PGR-
bound regions also bound by RUNX1. These tran-
scriptional complexes direct PGR binding to proxi-
mal promoter regions. Additionally, direct PGR bind-
ing to the canonical NR3C motif enable chromatin
accessibility. Together these PGR actions mediate
induction of essential ovulatory genes. Our findings
highlight a novel PGR transcriptional mechanism
specific to ovulation, providing new targets for in-
fertility treatments or new contraceptives that block
ovulation.
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INTRODUCTION

Ovulation is a highly controlled tissue remodelling process
that ensures the release of appropriately mature oocytes
from the ovary, timed to coincide with the receptivity of the
uterus for embryo implantation. The mechanism of ovu-
lation begins with a surge of luteinizing hormone (LH)
from the pituitary that acts on ovarian granulosa cells to
cause pervasive reprogramming of gene expression, struc-
tural remodelling of the ovarian follicle and the resumption
of oocyte meiotic maturation (1,2).

Progesterone signalling through progesterone receptor
(PGR) is an obligatory transcriptional regulator in granu-
losa cells mediating ovulation (3.4), while coincidently pro-
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moting uterine receptivity, lactation in the mammary gland,
and many other roles, making PGR a diverse critical reg-
ulator of female fertility. PGR expression is induced by
the LH-surge and is activated through endogenous proges-
terone, which is locally synthesised by the highly steroido-
genic granulosa cells throughout the majority of the oestrus
cycle (5). However, the tissue-specific molecular interac-
tome of PGR and the mechanism through which PGR in-
duces genes that are essential for follicular rupture and the
release of oocytes is not known. Female mice with either to-
tal or granulosa-specific null mutation of the nuclear PGR
have a complete anovulatory phenotype without affecting
oocyte meiosis or follicle luteinization (3,4,6). Likewise, in
primates and humans, administration of PGR antagonists
(mifepristone or ulipristal acetate) blocks ovulation (7,8).
However, disrupting systemic progesterone action has side
effects across target organs, necessitating further research
into the unique ovarian PGR action and its downstream
target genes in order to understand fertility regulation and
discover selective targets for ovulation-blocking contracep-
tives.

As a steroid receptor belonging to the NR3C family,
PGR is a ligand activated nuclear transcription factor. The
classical PGR action involves ligand-activated binding of
the NR3C response element (minimally ACAnnnTGT),
which activates target gene transcription. However, this
classic model does not explain the complexity of diverse
actions of PGR in its many target tissues. Furthermore, as
the NR3C motif is also recognized by other steroid recep-
tors, other non-canonical mechanisms are required to allow
for hormone and tissue-specific transcriptional regulation
by steroid receptors. PGR-chromatin interaction and tran-
scriptional induction is highly intricate and involves coop-
eration with specific transcription factors in different cel-
lular contexts (9,10). The transcriptional complex can re-
cruit histone and chromatin remodellers including steroid
receptor coactivators (SRC), CBP/p300 and PRMT1 (11—
13) to facilitate accessibility for the basal transcriptional
machinery and RNA Pol II to induce expression of target
genes (14). PGR isoforms provide some functional speci-
ficity, including distinct protein-protein interaction capabil-
ities (15), as demonstrated by repression of PGR-B tran-
scriptional activity by PGR-A in the uterus (16) and breast
cancer cells (17). In the ovary, both PGR isoforms are in-
duced by the LH surge (18,19); however, PGR-A is cred-
ited as the more essential isoform in ovulation, as shown
through PGR-A specific KO mouse model (AKO) (20). In
contrast, female mice lacking only PGR-B (BKO) exhibit
normal ovulation (21). The relative importance of PGR-A
and PGR-B throughout reproductive physiology remains
an active topic of investigation (22-24), and their molec-
ular mechanisms in granulosa cells that control ovulation
remain unknown.

Our previous characterization of the granulosa cell PGR
cistrome through ChIP-seq suggests that the classic path-
way involving PGR binding the canonical NR3C motif
is not favoured by PGR in this context. Instead, PGR-
bound sites in granulosa cells are specifically enriched for
the RUNX-binding RUNT motif (19). Here we performed
a comprehensive analysis of LH- and PGR-driven tran-
scriptomes and chromatin accessibility through RNA-seq

and ATAC-seq in wildtype, PGR null and isoform-specific
PGR mutant mouse granulosa cells stimulated in vivo.
This defined the remarkably acute and pervasive change
in transcriptional and accessible chromatin landscapes in-
duced by the LH surge and PGR. To understand the
tissue-specific mechanisms of PGR action in mediating ovu-
latory gene expression patterns, we performed compara-
tive ChIP-seq analyses along with proximity ligation assay
and immunoprecipitation-mass spectrometry to identify
the physical interaction between PGR and RUNXI. The
results establish a new molecular model for tissue-specific
PGR action involving PGR and RUNXI1 co-operativity to
shape granulosa cell chromatin epigenetic reprogramming
and transcriptional response to the LH surge.

MATERIALS AND METHODS
Reagents and antibodies

Unless otherwise stated, reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Animals

21-day old CBA x C57BL/6 F1 (CBAF1) mice were ob-
tained from the Laboratory Animal Services (University of
Adelaide). Null mutant mouse strains with ablation of ei-
ther all PGR isoforms, or specific ablation of PGR-A or
PGR-B (6,20,21) were obtained from the Jackson Labo-
ratory (Bar Harbor, USA). PGRKO mice are a targeted
mutation strain with the Jackson Laboratory designation
Pgrim!Bve PGR-A KO (AKO) mice are a targeted mutation
strain with the Jackson Laboratory designation Pgrtm!Ome,
PGR-B KO (BKO) mice are a targeted mutation strain
with the Jackson Laboratory designation Pgri™?°mc  Mice
from KO strains are routinely genotyped from ear or tail
biopsies before allocation to experiments and confirmed
from replicate biopsies collected at the time of experiments.
All mice were maintained in 12 h light/12 h dark condi-
tions and given water and rodent chow ad libitum. Litter-
mate females of each genotype were allocated for exper-
iments at 21 days of age. All experiments were approved
by The University of Adelaide Animal Ethics Commit-
tee and were conducted in accordance with the Australian
Code of Practice for the Care and Use of Animals for Sci-
entific Purposes (ethics number m/2015/075, m/2018/100,
m/2018/122, m/2018/117).

Granulosa cell culture and hormone treatment

CBAF]1 female mice were stimulated with 5 IU eCG (Lee
BioSolutions, Maryland Heights, USA) and culled at 44 h
post-eCG, upon which ovaries were dissected and granulosa
cells isolated. Cumulus-oocyte complexes were removed
and granulosa cells were counted before being seeded
into an 8-well fibronectin-coated chamber slide (minimum
100 000 cells/well). Cells were cultured in DMEM:F12 me-
dia (Thermo Fisher) at 37°C, 5% CO, for 90 min then
washed with PBS to remove debris. Cells were incubated
overnight and were treated with 2 IU/ml hCG (Merck
Sharp & Dohme B.V., Haarlem, Netherlands) and 100 nM
R5020 (PerkinElmer, Waltham, USA) for indicated dura-
tions at 37°C, 5% CO,.



ATAC-seq

ATAC-seq was performed as previously described (25).
Briefly, granulosa cells were collected from superovulated
female CBAF1 or PGRKO mice at 0 h or 6 h post-hCG
as above. Cells from 2-3 animals were pooled together
for one biological replicate, two replicates were obtained
per condition. Granulosa cells were lysed and tagmenta-
tion was performed on the nuclei using the Illumina Tag-
ment DNA TDE1 Enzyme and Buffer Kits (Illumina, San
Diego, USA). DNA purification was performed using the
Monarch PCR & DNA Cleanup Kit (NEB, Ipswich, USA).
Libraries were then amplified and purified before being
size selected using magnetic AMPure XP Beads (Beck-
man Coulter, Brea, USA). Library fragmentation was con-
firmed using the LabChIP GX Bioanalyser (PerkinElmer)
and sequencing was performed on the HiSeq2500 Se-
quencing System (Illumina). For all datasets, adapters were
trimmed from 150-base sequences using Cutadapt (26) and
aligned to the mm10 mouse genome using Bowtie2 algo-
rithm (27). Alignment was filtered using samtools for non-
mitochondrial reads with MAPQ >30 cut-off and was de-
duplicated using Picard tools. Peak calling from read count
followed the algorithm for Model-based Analysis for ChIP-
Seq (MACS?2) with a g-value cut-off = 107! and a mouse
genome size of 1.87 x 10° (28). Differential binding analysis
for LH ATAC-seq and PGR ATAC-seq was performed us-
ing DiffBind (29) with DESeq?2 linear model, with differen-
tially enriched sites determined to have FDR <0.05. Spear-
man correlation between biological replicates was assessed
using deepTools (Supplementary Figure S8A-B) (30). Ge-
nomic distribution of peak subsets was determined using
the ChIPsecker package (31). Gene ontology enrichment
analysis was performed using GREAT (32). Differential en-
richment of transcription factor binding motif and DNA
footprinting analysis was performed using TOBIAS (33).
Motif analysis for de novo sequence motifs was performed
using HOMER motif finding algorithm with random 200
bp-long sequences from the mouse genome used to estimate
motif frequency in random sequence (34). Visual represen-
tation of ATAC signal was through the UCSC Genome
Browser (Santa Cruz, USA).

RNA-seq

Three-week old female mice, either CBAF1 (for LH RNA-
seq) or WT and KO from PGRKO, AKO and BKO strains
(for PGR RNA-seq) were hormonally stimulated as above,
before being culled at 8 h post-hCG injection for granulosa
cell collection. For LH RNA-seq, eCG-treated mice that did
not receive hCG injection served as negative control. For
each condition, four biological replicates were collected,
each containing cells pooled from three individual animals.
RNA was extracted from granulosa cells using RNeasy
Mini kit (Qiagen, Chadstone, VIC, Australia). RNA quality
was assessed using the RNA ScreenTape System (Agilent,
Santa Clara, CA, USA).

For LH response RNA-seq, RNA was subjected to
rRNA depletion using a modified Ribozero method and
library preparation using Clontech SMARTer Stranded
RNA-Seq Kits (Takara Bio, Shiga, Japan). Sequencing
was performed on the Illumina HiSeq2500 100bp PE
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Rapid run (Ramaciotti Centre for Genomics, Kensing-
ton, Australia). For PGR RNA-seq, the library was pre-
pared using the Universal RNA-Seq library kit with
NuQuant Mouse AnyDeplete (Nugen, Redwood City,
USA) and sequencing was performed on the NovaSeq
6000 S1 Sequencing System (South Australian Health &
Medical Research Institute, Adelaide, Australia). Over-
represented adapters were checked using FastQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
adapters were trimmed using AdapterRemoval (35) when
required. Quasi-aligment of each dataset to the GEN-
CODE mouse transcriptome (GRCm38.p6, M25 release)
and transcript quantification were through Salmon (36).
Expression profiles and differential gene expression were
assessed with limma (37) and edgeR (38) using mean-
variance estimates from log counts as described in the
limma voom method. Differential gene expression for each
experiment was defined as a fold-change > 2 (llog FCl >
1) and Benjamini-Hochberg adjusted P-value < 0.01. Up-
stream regulator analysis of DEGs was through IPA soft-
ware (QIAGEN). For visualization of RNA-seq on the
UCSC Genome Browser, read coverage was processed us-
ing deepTools (30).

ChIP-seq

Granulosa cells from CBAF1 female mice were collected
by puncturing ovarian follicles 44 h after eCG (0 h hCG)
and 6 h after hCG stimulation. Two biological replicates
were obtained for each sample from 10 mice, each with
at least 1 x 107 cells. ChIP-seq for RUNXI was per-
formed by Active Motif (Carlsbad, USA) as previously
described (19) using in-house RUNXI antibody (39). For
all datasets, sequences were aligned to the mm10 mouse
genome using Bowtie2 algorithm. Peak calling from read
count followed the algorithm for MACS2 with a p-value
cut-off = 10~!°. Overlapped peaks determined using the
ChIPpeakAnno package (40) were used as the consensus
data in all subsequent comparisons. Genomic distribution
was performed using the ChIPseeker package. Spearman
correlation between biological replicates was assessed us-
ing deepTools (Supplementary Figure S§C) (30). Differen-
tial binding analysis for RUNX1 ChIP-seq was performed
using DiffBind as described above. Peak characterization
was determined using the ChIPseeker package. Motif anal-
ysis for known and de novo sequence motifs was performed
using HOMER as described above. Visualization of ChIP-
seq signal was through the UCSC Genome Browser. For es-
timation of PGR binding affinity at ChIP peaks, a quan-
titative DNA binding model of NR3C from AR Round
1-4 HT-SELEX data (41,42) was generated using the No
Read Left Behind tool (NRLB) (43). The AR round-4
15mer dinucletotide model (index 22) (Supplementary Fig-
ure S6A) was selected for energy logo motif representa-
tion and scoring of DNA sequences. All possible offsets of
the 15mer sequence within each PGR ChIP peak or ran-
domly selected genomic regions (350 bp) were scored using
FASTscoreBED.indx (44) and the Area Under the Curve
(AUC) for each DNA region was calculated. pROC (45) was
used to generate the ROC.
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Integration of chromatin capture data

Mouse granulosa cell Hi-C data (46) and human ovary
promoter capture-C data (47) was obtained from associ-
ated GEO entries. For Hi-C data, contact matrix as pro-
cessed in (46) was obtained and statistically significant chro-
matin loops at 10 kb bin and P-value = 0.05 threshold
were determined through HiCExplorer tools (48). Chro-
matin loops were annotated to mouse genes using the
org.Mm.eg.db package (49) or overlapped with PGR and
RUNX1 ChIP-seq peaks using the ChIPpeakAnno pack-
age. For capture-C data, hgl9 coordinates of loops called in
the original publication for human ovary were converted to
mm10 using liftOver utility (UCSC toolkit) (50) at 50% nu-
cleotide matching criteria, then annotated and overlapped
with PGR ChIP-seq data. Visualization of integrated data
was through the UCSC Genome Browser.

Proximity ligation assay (PLA)

PLA was performed on cultured granulosa cells using the
Duolink PLA Probes and PLA Fluorescence in situ De-
tection Kit Red (Sigma) following the manufacturer’s pro-
tocol. Briefly, cultured granulosa cells were fixed in 4%
paraformaldehyde and permeabilized with PBS + 0.01%
Triton X-100 for 1 h at room temperature. Cells were
blocked with Blocking Buffer for 1 h at 37°C and incubated
with primary antibody couples (PGR — Cell Signalling
Technology (CST), #8757; RUNXI1 — Santa Cruz Biotech-
nology (SCB), #sc-365644; RUNX2 — SCB, #sc-390715; c-
JUN —SCB, # sc-376488; JUNB — SCB, #sc-8051; JUND —
SCB, #sc-271938; LRH]1 — Perseus Protemics, #PP-H2325-
00, CBP/p300 — CST, #7389) diluted in Antibody Diluent
for 2 h at room temperature or overnight at 4°C. Then, cells
were incubated with PLA probes of appropriate species for
1 h at 37°C, oligo probes were ligated for 30 min at 37°C
and the amplification reaction was at 37°C for a minimum
of 100 min. Between steps, cells were washed using the pro-
vided wash buffers. Slides were mounted with Prolong Gold
Mounting Media with DAPI (Thermo Fisher), cured for at
least 1 h in the dark and were stored at —20°C prior to imag-
ing by Olympus confocal microscope. The nuclear bound-
ary for each cell was determined through DAPI staining.
PLA signals were identified as fluorescent puncta in the nu-
cleus and quantified using the ‘Count Maxima’ function in
Image] for each cellular compartment. Significant differ-
ences between time points were determined through one-
way ANOVA with Tukey test for multiple comparison.

GFP-trap immunoprecipitation and mass spectrometry

KGN human granulosa cells were grown in Dulbecco’s
modified Eagle’s medium/Ham’s F12 nutrient mix
(DMEM/F12) supplemented with 10% fetal calf serum,
0.5 M HEPES and 100 units/ml penicillin-streptomycin at
37°C with 10% CO,. Cells were infected with GFP-tagged
PGR-A (or GFP alone as control) in the lentiviral vector
pLV-TRE3G-GtwyA-EF-Tet-On3G-P2A-puro, and stably
selected using puromycin. Gene expression was induced
by the addition of doxycycline 24 h prior to harvest. On
the day of experiment, cells were treated with 100 nM
R 5020 for 4 h. Cells were then trypsinised and resuspended

in HEPES buffered saline (40 mM HEPES pH 8.05,
150 mM NacCl) before being cross-linked with 1 mg/ml
Dithiobis(succinimidyl propionate) (DSP) for 2 min with
gentle rocking. 100 mM Tris—-HCI (pH 8.0) was then
added to cells to quench the DSP followed by washing
in cold PBS. Cells were then lysed in lysis buffer (40 mM
HEPES, 1% Triton X-100, 150 mM NacCl, 2.5 mM MgCl,,
2 mM EDTA, 0.85% Igepal/NP-40, HALT protease and
phosphatase inhibitors (Thermo Fisher), 50 pM PR-619
DUB inhibitor) at 4°C for 30 min, followed by removal
of cell debris by centrifugation at 14 000 rpm for 2 min
at 4°C. Protein complexes were then immunoprecipitated
using GFP-Trap magnetic agarose beads (ProteinTech,
Rosemont, USA), incubating overnight at 4°C with gentle
rocking. The following day, beads were washed five times in
lysis buffer, then once in PBS and protein complexes eluted
in 3 x 50 w1 0.1 M glycine pH 2.5 then neutralised with 30
plof 1 M Tris—HCI pH 9.

GFP-Trap pulldowns were subjected to quantitative
label-free based mass spectrometry analysis using a DIA-
MS approach, performed at the Walter and Eliza Hall Insti-
tute (Melbourne, Australia). Briefly, the eluted protein ma-
terial was subjected to FASP digestion prior to peptide sep-
aration using a 30-min linear gradient on a timsTOF pro
MS (Bruker) using data independent acquisition (DIA) in
diaPASEF mode. These data were subsequently searched on
DIA-NN software in a library-free approach. Differential
expression analysis was performed using limma (v. 3.52.4).
A protein was determined to be significantly differentially
expressed if the log, fold change was >1 and exhibited an
adjusted P-value <0.05 after Benjamini-Hochberg correc-
tion.

RESULTS

Ovulatory stimulus reprograms chromatin state and tran-
scription through distinct transcription factor binding

Ovulation induction by hCG injection in mice provides an
in vivo model for the rapid response to ovulatory cues in
granulosa cells. Comparative ATAC-seq revealed dynamic
changes in chromatin accessibility and ovulatory transcrip-
tion factor binding. Stringent ATAC-seq peak calling crite-
ria identified a total of 71 287 accessible chromatin peaks,
over two-thirds of which were modified within 6 h of LH
stimulus, 28 729 sites (40.3%) were LH-induced, 21 257 sites
(29.8%) were significantly repressed and 21 301 sites (29.8%)
with no change in accessibility (FDR < 0.05, Figure 1A).
LH-mediated change in accessibility occurred not only in
promoters but also at distal enhancers and throughout gene
bodies (Figure 1B). LH induced accessibility corresponded
to genes involved in cytoskeletal reorganization, mitochon-
drial functions, and signalling pathway activation which are
important processes leading up to ovulation, while signifi-
cantly, LH reduced open chromatin near genes that were
responsible for gene silencing and nucleosome modification
(Supplementary Figure S1).

To predict the activity of key transcription factors in-
volved in changes in the accessibility of LH-mediated open
chromatin sites, differential analysis of transcription fac-
tor binding motifs was performed (Figure 1C, Supplemen-
tary Table S1). The motif for many known ovulatory tran-
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Figure 1. Global change in the chromatin landscape of granulosa cells after hCG treatment. (A) Heatmap of LH ATAC-peak signals (left), with peaks
subset into those that were unchanged (top), LH-induced (middle) or LH-repressed (bottom). Representative profile plots of each condition are on the
right. (B) Genomic distribution of ATAC-peaks that were unchanged by LH, LH-induced or LH-repressed. (C) Differential analysis of transcription factor-
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scription factors, such as for JUN/FOS, RUNX, CREB
and CEBP, showed significantly increased binding score
in peaks for open chromatin after LH-stimulus, whereas
those for CTCF, NR5A and ESRR were enriched at pre-
LH open chromatin sites. Interestingly, the canonical mo-
tifs for the NR3C family, which includes PGR, gluco-
corticoid receptor (NR3C1/GR), mineralocorticoid recep-
tor (NR3C2/MR) and androgen receptor (NR3C4/AR),
showed significantly higher binding scores in open chro-
matin before LH-stimulus. In support of these findings, de
novo motif enrichment analysis using HOMER also identi-
fied JUN/FOS, RUNT and CEBP motifs in LH-induced,
but not LH-repressed open chromatin regions (Figure 1D).
Motifs for NR5SA and GATA families were similarly en-
riched in all ATAC-seq peak subsets. Importantly, a motif
best matched to that bound by NR3C members was identi-
fied only in the LH-repressed subset, consistent with the dif-
ferential transcription factor binding analysis pattern. Di-
rect binding of transcription factors to these motifs was ev-
ident in aggregated footprint plots (Figure 1E). Footprint
patterns indicative of transcription factors bound to these
sites could be observed with medium to deep indentation
(JUN/FOS, CTCF, NR5A) and shallower patterns (RUNT,
NR3C), alluding to the differences in the dwell time of these
transcription factors. Again JUN/FOS footprints were only
evident after LH-stimulus, while evidence of NR3C foot-
prints was most obvious in unstimulated cells.

Chromatin accessibility profiles were correlated with gene
expression change in response to LH-stimulus through
RNA-seq profiling of granulosa cells collected before or 8 h
after in vivo LH-stimulus. A total of 2088 differentially ex-
pressed genes (DEG) were identified, of which 52% were up-
regulated by LH-stimulus (Figure 2A). This included many
known genes associated with ovulation, such as Prgs2, Pgr,
Runxl, Runx2 and Adamtsl (Supplementary Table S2). Pre-
diction of the potential upstream regulators of LH DEGs
using Ingenuity Pathway Analysis (IPA) software identi-
fied a suite of transcription factors, many of which were
also among the DEGs in response to the LH surge, includ-
ing PGR (log FC = 6.4), RUNXI1 (log FC = 4.6), CEBP
(log FC = 2.5) and JUNB (log FC = 2.1) (Supplementary
Tables S2 and S3). Notably, apart from PGR, the binding
motifs for these same transcription factors also showed in-
creased accessibility following LH-stimulus (Figure 1C, D).
The global relationship between promoter accessibility and
downstream gene expression in peri-ovulatory granulosa
cells was demonstrated through a comparison between LH
DEG and LH-dependent chromatin accessibility at the pro-
moter (within 3 kb upstream of TSS) of these genes. Signif-
icant changes in promoter accessibility corresponded with
transcriptional changes in 69.3% of LH-driven DEGs (1447
out of 2088 genes) (Figure 2B, red symbols). Promoter ac-
cessibility largely increased in LH-induced genes and was
less accessible in LH-repressed genes (Spearman correla-
tion coefficient = 0.4297). As examples, Cxcr4 and Inhbb,
two genes that were respectively upregulated and downreg-
ulated, show clear association between expression pattern
and ATAC-seq signal at the gene promoter (Figure 2C).
In some instances, however, genes that were differentially
regulated had constitutively accessible promoters, as seen
in Citedl. Transcriptionally active genes with LH-induced

promoter accessibility were largely associated with biolog-
ical processes that are important for ovulation, including
angiogenesis, MAPK signalling pathway and inflammation
response (Supplementary Figure S2). Altogether, these re-
sults showed that global chromatin remodelling in response
to the LH surge, likely through the activation of a specific
suite of transcription factors, drives the ovulatory gene ex-
pression profile that is important for LH-triggered ovula-
tion.

PGR and RUNX1 mutually bind chromatin in peri-ovulatory
granulosa cells

RUNXI1 is functionally important in ovulation (51) and
RUNT motifs are highly enriched in PGR ChIP-seq peaks
in periovulatory granulosa cell (19). Furthermore, we found
regions which gained chromatin accessibility after LH-
stimulus contained enriched RUNT motifs (Figure 1C). Ex-
pression of RUNXI1 and RUNX2 was induced in gran-
ulosa cells in response to the LH surge (Supplementary
Figure S3A, B), and ovulation was delayed in granulosa
cell-specific Sf7-cre RUNX1 KO mice (Supplementary Fig-
ure S3C). To determine whether RUNXI is key to the
transcriptional regulatory mechanism that mediates ovula-
tory gene expression, we used ChIP-seq to define genome-
wide RUNXI1 targets in granulosa cells before or 6 h after
in vivo hCG treatment. Global RUNX1-chromatin bind-
ing was detected prior to the LH surge but was also in-
duced 7-fold after the LH surge (16065 LH-induced peaks)
(Figure 3A). LH-activated RUNXI1 binding was strongly
associated with LH-induced open chromatin as defined
through ATAC-seq (Supplementary Figure S4A). A clear
relationship between RUNX1 and PGR chromatin inter-
action in granulosa cells responding to LH stimulus was
identified through comparative RUNX1 and PGR ChIP-
seq. PGR and RUNXI1 shared a remarkable number of
mutual binding sites within 100 bp, with 9704 chromatin
sites (70% of total PGR or 52% of total RUNXI1 bind-
ing sites) having both PGR and RUNXI1 binding (Figure
3B). Among these shared PGR /RUNXI1 binding sites, 9288
were located in ATAC-seq open chromatin sites identified
at the same time point. Subsetting transcriptionally active
RUNXI1 and PGR cistromes into those that were shared or
uniquely-bound by each transcription factor shows PGR-
bound sites without RUNXI co-binding have a relatively
low level of association with gene promoters. A strong
preference for proximal promoter binding (within 1 kb of
TSS) was a predominant characteristic of PGR/RUNX1
co-binding sites (Figure 3C). The remarkably high overlap
of PGR and RUNXI1 binding sites, coupled with our pre-
vious report of enriched RUNX1-binding motifs in granu-
losa cell PGR ChIP-seq (19) suggests that the previously re-
ported granulosa-specific ability of PGR to target proximal
promoter relies on co-binding with RUNXI1. Such depen-
dency was not reciprocal, as RUNXI1 showed a prevalence
for proximal promoter occupancy that was independent
of PGR co-binding. To test whether LH-induced RUNX1
chromatin binding was dependent on PGR, we compared
LH-induced RUNXI1 binding intensity at PGR-overlapped
sites versus PGR-independent sites. No difference was ob-
served in the level of RUNXI1 enrichment, suggesting that
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PGR was unlikely to play a role in tethering or recruit-
ment of RUNXI to these shared sites (Supplementary Fig-
ure S4B).

The importance of PGR and RUNXI cooperation on
gene expression in response to the ovulatory signal at
a genome-wide level was demonstrated by comparing
genes with PGR and/or RUNXI1 binding against our LH-
responsive DEG list (Figure 3D). Remarkably, 62.4% of all
LH-mediated DEGs contained at least PGR or RUNXI1
binding at their proximal promoters (within 3 kb), with
LH-induced DEGs more frequently bound by PGR and/or
RUNXI1 than LH-repressed DEGs (Supplementary Figure
S4C). Of these, the majority of RUNX1- (55%) and PGR-
bound (87%) LH DEGs were in fact co-bound by both
transcription factors, implying that simultaneous interac-
tion of both PGR and RUNXI at target promoters is a
major mechanism for each of these transcription factors in
gene regulation. Examples of PGR/RUNXI1 mutual chro-
matin occupancy were evident in the promoters of many
known PGR and RUNXI target genes in peri-ovulatory

4) signals for Oh-hCG (light) and 6h/8h-hCG (dark) at Cxcr4, Inhbb and

granulosa cells (Rgce (52), Adamtsl and Cstl (3)) (Figure
3E). PGR/RUNXI cooperation may also regulate target
genes via distal enhancers forming three-dimensional struc-
tures contacting the proximal promoters of regulated genes.
To investigate this we integrated chromatin-chromatin in-
teraction data from publicly-available mouse granulosa cell
Hi-C (46). Hi-C identified distal chromatin interactions to
the TSS of 516/2088 LH DEG, from which at least 28%
were bound by PGR and/or RUNXI1 (Figure 3D). Un-
like PGR and RUNXI binding at proximal promoters,
PGR/RUNXI1 binding at distal enhancers are equally as-
sociated with LH-induced and LH-repressed gene expres-
sion (Supplementary Figure S4C). An example for this dis-
tal regulation is seen in the PGR target gene Adamtsi, which
showed intense PGR/RUNXI co-binding at distal regions
interacting with the Adamtsl TSS, indicated through Hi-C
in mouse granulosa cells as well as promoter capture-C in
human ovary (47) (Figure 3F).

Motif enrichment analysis showed that the expected
canonical RUNT motif was highly and significantly en-
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riched in the RUNXI1 cistrome (3.5-fold over background,
P-value 1e-787) as well as PGR cistrome (2.8-fold, P-
value 1e-370) (Figure 3G). The NR3C motif was also
enriched in RUNXI-bound cistrome (2-fold over back-
ground, P-value 1e-25). This enrichment was restricted to
only PGR/RUNXI1 co-binding sites (Supplementary Fig-
ure S4D). Other enriched non-canonical motifs included
those corresponding to JUN/FOS, CEBP and GATA tran-
scription factors.

A close physical interaction between PGR and RUNX1
was supported by proximity ligation assay (PLA) of
PGR/RUNXI in the nucleus of mouse granulosa cells
treated for up to 8 h with hCG and R5020 to mimic the
in vivo ovulatory stimuli (Figure 4A). PLA signal showed
a rapid transient induction of PGR/RUNXI1 complexes by
LH-stimulus, indicating an acute temporal PGR/RUNX1
interaction that was largely absent before stimulus but in-
creased within 4 h of stimulation. Additionally, immunopre-
cipitation followed by mass spectrometry of PGR-binding
protein partners in PGR-expressing human granulosa cells
indicated the physical interaction between RUNXI1 and
PGR in response to R5020 treatment (Figure 4B). PGR
can also interact with other RUNX members, as illustrated
through PGR/RUNX2 PLA in granulosa cells exposed to
ovulatory stimuli (Figure 4C).

PGR mediates chromatin accessibility in granulosa cells

PGR-bound regions predominantly overlap with transcrip-
tionally active chromatin, as shown by 75% overlap in
PGR- and H3K27ac ChIP-seq peaks (19) and 90% of
PGR bound sites overlapping ATAC-seq peaks (Supple-
mentary Figure S5A). In addition, an interaction between
PGR and the histone acetyltransferase CBP/p300 was il-
lustrated in hormone-stimulated granulosa cells (Supple-
mentary Figure S5B). A functional relationship between
PGR binding and chromatin accessibility was further inves-
tigated through ATAC-seq in granulosa cells of PGRWT
and PGRKO mice. 1499 sites were found to have sig-
nificantly altered peak intensity in the absence of PGR
(Figure 5A); interestingly, only 6 of the 1499 sites had
increased ATAC peak intensity in PGRKO compared
to PGRWT while the majority of sites lost accessibil-
ity in PGRKO. Whereas PGR-chromatin binding favours
proximal promoter regions in granulosa cells, the PGR-
dependent ATAC-seq peaks were more evenly distributed
throughout all genomic features (Figure 5B). The ablation
of PGR resulted in the dysregulation of 236 genes, as iden-
tified through RNA-seq of PGRWT and PGRKO granu-
losa cells (Supplementary Table S2). Consistently a reduc-
tion in ATAC-seq intensity was evident at promoters of
these PGR-dependent genes (Spearman correlation coef-
ficient = 0.5116, P-value < 0.0001) (Figure 5C). This in-
dicated that promoter accessibility for these genes is sig-
nificantly influenced by PGR ablation. Examples of PGR-
dependent chromatin accessibility are shown for Gpz2,
whose promoter was differentially accessible in PGRKO,
and Abhd?2, the promoter accessibility of which was not sig-
nificantly altered in the absence of PGR (Figure 5D).
Transcription factor motif enrichment analysis was per-
formed on PGR-driven ATAC peaks and compared with
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motifs enriched in PGR ChIP-seq. As with ChIP-seq, the
most highly enriched and most significant motif identified
in PGR-driven ATAC peak sequences was the canonical
NR3C motif (12.4-fold over background). Again as with
PGR ChIP-seq, several non-canonical motifs were also sig-
nificantly enriched in PGR-dependent ATAC-peaks (Fig-
ure 5SE). Interestingly, 53% (795 of 1499) of PGR-dependent
ATAC sites were bound by PGR, while only 17.8% (267
sites) showed any RUNXI1 binding, almost all of which
(250/267 sites) was bound by both PGR and RUNXI1 (Fig-
ure 5F). Additionally, PGRKO ATAC-seq suggests that
PGR directly promotes chromatin accessibility at a sub-
set of regions through binding the canonical NR3C mo-
tif. To examine this we generated a quantitative model of
NR3C DNA binding using closely related AR HT-SELEX
data (41,42). Energy logos (15 bp) derived from dinucleotide
models of DNA-binding conformed to the NR3C consen-
sus or PGR motif (Supplementary Figure S6A). Next, we
used this model to estimate PGR binding affinity within
each peak and compared this to PGR ChIP-seq peak in-
tensity, which showed a modest linear relationship to PGR
binding scores (Supplementary Figure S6B). We exam-
ined the ability of DNA binding models to predict PGR
chromatin occupation by Receiver Operator Characteris-
tic (ROC) curve analysis and found that binding affinity
predicted chromatin occupancy only modestly for all PGR
ChIP sites (AUROC = 0.63, n = 13 976) but highly accu-
rately at PGR ChIP peaks that were also PGR-dependent
ATAC-seq peaks (AUROC = 0.9, n = 804) (Figure 5G).
This was supported by significantly stronger ChIP peak in-
tensity and NR3C motif binding affinities (Figure 5H) at
PGR-bound PGR-dependent ATAC peaks compared to all
PGR binding sites. Taken together, this suggests that PGR
drives chromatin remodelling through binding NR3C mo-
tifs at select chromatin regions, while shared PGR/RUNX
binding at non-canonical sites are less dependent on PGR
for promoting chromatin accessibility.

PGR isoforms mediate specific ovulatory gene regulation

The disrupted ovulatory phenotype has previously been
documented in both total PGRKO and AKO mice but not
BKO mice (20,21), which we verified through ovulation rate
assessment on these three mouse strains (Supplementary
Figure S7). We performed RNA-seq in granulosa cells ob-
tained from PGRKO, AKO or BKO and WT littermates
from each strain, and hierarchical clustering showed that
the global gene expression pattern in AKO granulosa cells
resembled that of total PGRKO, while BKO more closely
resembled the WTs of each strain (Figure 6A). Differen-
tial expression of 310 genes was identified in AKO, 153
(or 49.4%) of which were also identified in the absence of
both PGR isoforms (Figure 6B, Supplementary Table S2).
Among these, 48.6% and 58.5% of AKO and PGRKO DEG
respectively were also differentially expressed in response to
the LH surge. The loss of PGR-B, on the other hand, re-
sulted in no significant transcriptional changes (Figure 6B).

To identify transcription factors that co-regulate down-
stream PGR target genes, upstream regulators of the DEG
datasets were analyzed using IPA (Figure 6C). As ex-
pected, PGR was shown to be the most significant reg-
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ulator in both PGRKO and AKO datasets. Additionally,
transcription factors that are known to be induced by
PGR, such as PPARG (53) and HIF1A (54) were also en-
riched in both datasets. Importantly, this independent ap-
proach also supports RUNX, JUN/FOS and CBP/p300 as
mediators of the PGR-dependent transcriptional response
(19), as RUNX1, CBFR, JUN, FOS and p300 were also
identified through upstream analysis. We performed PLA
for PGR/RUNXI1 and PGR/RUNX2 in hCG/progestin-
stimulated granulosa cells obtained from WT, het and KO
animals from the AKO and BKO strains. A decrease in
protein-protein interaction with both RUNX1 and RUNX2
was observed in AKO but not BKO granulosa cells (Figure
6D).

DISCUSSION

Our characterization of transcriptome and chromatin re-
modelling in granulosa cells responding to in vivo ovula-
tory stimulus has identified an ovary-specific gene regula-
tory network involving the interaction of PGR and RUNX.
The results indicate two modes of action for PGR—co-
binding of PGR and RUNX at non-canonical DNA mo-
tifs, and NR3C motif-driven PGR binding and chromatin
remodelling—through which PGR modulates chromatin
and transcriptional profiles.

The LH-surge induces extensive changes in the chro-
matin landscape and the ovarian gene expression profile,
resulting in the activation of biological processes required
for follicle rupture as well as luteinization. Extensive chro-
matin remodelling within 6 h of the ovulatory stimulus is
an example of rapid, pervasive hormonal reprogramming
of gene expression in vivo. ATAC-seq with de novo motif
identification and footprinting analysis confirmed RUNX,
JUN/FOS, NR5A and CEBP transcription factor binding
mediate LH-dependent chromatin opening. This is consis-
tent with the reported induced expression of JUN and FOS
(55), RUNX1/2 (56,57), LRH1 (58) and CEBPB (59) by
ovulatory stimulus (60,61).

PGR and RUNX co-binding at promoters is a key feature
of ovulatory genes. A remarkable overlap in PGR/RUNXI1
occupancy, accounting for 70% of total PGR binding sites,
is particularly abundant at TSS of ovulatory genes. This
was further supported by PLA and immunoprecipitation-
mass spectrometry, which demonstrate a close physical as-
sociation of PGR and RUNXI in granulosa cell that was
specifically induced in the presence of PGR agonist. En-
riched PGR-promoter binding was dependent on RUNX1,
while preferential RUNX1 binding to proximal promoters
was independent of PGR. Genes whose proximal promoter
was co-occupied by both PGR and RUNXI1 include well-
described downstream target genes of PGR (Adamtsl, Cstl
(3)) as well as RUNXI1 target gene (Rgce) (52), which are
involved in extracellular matrix remodelling and cell cycle
regulation, respectively. In addition to co-binding at pro-
moter regions, PGR/RUNXI1 interaction is also evident at
enhancers that are distal to target genes, shown through
chromatin looping that establishes contacts between shared
PGR/RUNXI1 sites and TSS of ovulatory genes including
Adamtsl. The conclusion that RUNX guides PGR bind-
ing to granulosa-specific chromatin targets is supported
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by the reported interactions between RUNX and close
NR3C family members, AR and GR, (62-65), as well as
RUNXI tethering of ERa-chromatin binding (66). Thus
PGR/RUNXI1 interaction guides PGR binding to pro-
moter regions to cooperatively regulate the ovulatory gene
expression program. While PGR /RUNX interaction is cru-
cial for PGR ovulatory action, disruptions in RUNX action
are not sufficient to completely block ovulation. RUNX1
by itself is not obligatory for ovulation, since granulosa-
specific ablation of RUNXI caused only a minor delay in
ovulation and no fertility defect. Blocking the action of
both RUNXI1 and RUNX2 through the ablation of their
shared co-factor CBF caused 70% reduction in ovulation
rate (67).

Our present genomic results, together with the reported
ovulatory defects in knockout mouse models, support a
functional interaction between PGR and RUNX1/2 in ovu-
lation. Showing that depletion of RUNX1 and RUNX2 dis-
rupts PGR target gene expression would be definitive proof
of this model; however, embryonic lethality of RUNX1/2
null mice and the roles of RUNX1/2 in granulosa cell spec-
ification (51,68) confound these experiments. In addition
to RUNX interaction, other mechanisms are also involved
in PGR ovulatory actions. Other proposed co-regulators
of PGR in granulosa cells include transcription factors
belonging to the JUN/FOS and CEBP family, both of
which are also activated in granulosa cells in response to
the LH surge. JUN/FOS transcription factors are involved
in prostaglandin production and metabolism in granulosa
cells (69,70), while the ablation of both CEBPa and CEBPB
results in complete anovulation and luteinization defects in
mice (59). Whether these transcription factors also cooper-
ate with PGR to exert ovulatory roles will require further
investigation.

Surprisingly, chromatin sites with the canonical motif
bound by NR3C steroid receptors including PGR was
more highly occupied prior to the LH-surge, in spite of the
very large LH induction of PGR. While this does not dis-
count the involvement of the canonical PGR mechanism
via NR3C motif binding in the ovarian context, it is an in-
dication that in granulosa cells, NR3C motif-independent
PGR action is more prevalent, a likely model of which is the
PGR /RUNXI1 cooperation described above. Despite this, a
subset of post-LH open chromatin regions was found to be
PGR-dependent, since deletion of PGR caused loss of ac-
cessibility in these regions. These regions also showed sig-
nificantly higher binding affinity for the canonical NR3C
motif and significantly higher PGR ChIP-seq peak inten-
sity, with no preference for gene promoters. The lack of
PGR/RUNXI co-binding at PGR-dependent ATAC sites
indicates that PGR-driven chromatin opening is not de-
pendent on PGR/RUNX interaction. Instead, direct PGR
binding to the full palindromic NR3C DNA motif is key
to PGR-mediated chromatin accessibility, indicating that
PGR itself can act as a pioneer factor that enables structural
modification and activation of chromatin, likely involving
the recruitment of the histone acetyltransferase CBP/p300
by PGR, as shown through PLA. While the contribution
of NR3C canonical mechanism is highly selective in PGR
action in granulosa cells, the high level of NR3C motif en-
richment at pre-LH accessible chromatin suggests that this
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remains a highly-utilized mechanisms for other NR3C tran-
scription factors that are more active prior to the LH-surge.
In particular, AR is expressed in granulosa cells at various
stages of follicle development and has important roles in fol-
liculogenesis, including promoting granulosa cell prolifera-
tion and preventing atresia (71). The direct role of AR in
ovulation is less clear; however, AR mRNA expression is
reduced in granulosa cells following LH-stimulus (72,73),
which might explain the net loss of NR3C enrichment in
post-LH chromatin.

Together the results suggest that the tissue-specific ovu-
latory response in granulosa cells is driven by proximal
promoter PGR/RUNX interaction as well as RUNXI-
independent PGR binding outside of proximal regions that
facilitates new chromatin accessibility. Transcriptional in-
duction of specific target genes may also involve tertiary
chromatin structure bringing distal enhancer regions and
gene TSSs into contact. Our results refine the mecha-
nistic model of PGR action in granulosa cells and such
ovarian-specific molecular mechanism of PGR action is dis-
tinct from the mechanisms in other PGR-responsive organs
(9,19). These insights are critical for understanding and ad-
dressing causes of anovulatory infertility and for the devel-
opment of specific ovulation-targeting contraceptives.
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