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SUMMARY

In the ovary, follicular growth and maturation are
complicated processes that involve a series of
morphological and physiological changes in oocytes
and somatic cells leading to ovulation and luteiniza-
tion, essential processes for fertility. Given the
complexity of ovulation, characterization of genome-
wide regulatory elements is essential to understand
the mechanisms governing the expression of specific
genes in the rapidly differentiating follicle. We there-
fore employed a systems biology approach to deter-
mine global transcriptional mechanisms during the
early stagesof theovulatoryprocess.Wedemonstrate
that, following the hormonal signal that initiates ovula-
tion, granulosa cells undergo major modification of
distal regulatory elements, which coincides with cis-
trome reprogrammingof the indispensableorphannu-
clear receptor liver receptor homolog-1 (LRH-1). This
cistromic reorganization correlates with the extensive
changes in gene expression in granulosa cells leading
to ovulation. Together, our study yields a highly
detailed transcriptional map delineating ovarian cell
differentiation during the initiation of ovulation.

INTRODUCTION

The developmental trajectory of the mammalian female gamete

begins prior to birth, when the oocyte becomes encased in the

granulosa cells of the primordial follicle (Pepling, 2012). Subse-

quent events, under the regulation of multiple factors, lead to

the development of the follicle to the preovulatory stage
Cell Re
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(Binelli and Murphy, 2010). The pituitary signal, in the form of a

luteinizing hormone (LH) surge, serves as the trigger to provoke

ovulation of the follicle (Duggavathi and Murphy, 2009). This

signal launches an intensive program of cellular differentiation,

orchestrated by major changes in the transcriptional profile of

the follicular granulosa cells, culminating in the expulsion of the

oocyte (Duggavathi and Murphy, 2009). Remodeling granulosa

cells includes, among others, introduction of vascularity into

the follicle, cell migration, massive changes in cholesterol impor-

tation and steroid secretion, and terminal differentiation to the

luteal phenotype (Fan et al., 2011).

The liver receptor homolog-1 (LRH-1) is an orphan nuclear re-

ceptor coded by the Nr5a2 gene that is expressed in the ovary,

specifically in granulosa cells of all follicle classes, from primor-

dial through preovulatory, and in the differentiated granulosa

cells in the corpus luteum (Meinsohn et al., 2019). Our previous

studies with conditional knockout (cKO) models have shown

important role of LRH-1 in the ovulatory process. Depletion of

LRH-1 from granulosa cells, by means of crossing LRH-1 floxed

mice with mice expressing the anti-M€ullerian hormone receptor-

2 (Amhr2) Cre recombinase, was employed to excise two exons

of the LRH-1 gene in primary and all later-stage follicles (Dugga-

vathi et al., 2008). The same floxedmousewas bred with the aro-

matase cytochrome P450 family 19 subfamily A polypeptide 1

(Cyp19a1) Cre mouse for excision in antral and later follicles

(Bertolin et al., 2014). In both studies, large preovulatory follicles

were formed, but no ovulation occurred. When depletion was

achieved using progesterone receptor (Pgr) Cre, expressed after

the ovulatory signal, ovulation was not affected (Zhang et al.,

2013), clearly demonstrating the crucial role of LRH-1 in directing

ovulation. However, little is known about the molecular aspects

of LRH-1 regulation of ovulatory remodeling of the follicle.

It is known that key genes that are modified following the LH

signal include those required for steroid synthesis, cholesterol
ports 28, 2443–2454, August 27, 2019 ª 2019 The Author(s). 2443
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mobilization, cell proliferation, prostaglandin synthesis, and

expansion of the cumulus oöphorus (Bertolin et al., 2014,

2017; Duggavathi et al., 2008; Meinsohn et al., 2017). Nonethe-

less, the large-scale modification of the transcriptome that di-

rects ovulatory remodeling engenders synchronization of multi-

ple, hierarchic processes, mandating a systems approach to

determining the global chromatin landscape and the molecular

dynamics of ovulation. The widespread and varied influence of

LRH-1 points to its significance in the process at several levels,

including acting as a transcription factor, binding to promotor re-

gions upstream of transcription start sites (Fayard et al., 2004) or

to enhancers, acting at regions distal to target genes (Bianco

et al., 2014). A similar example of extensive transcriptional re-

programming is that associated with the establishment of

mammalian induced pluripotent stem cells (iPSCs). It has been

shown that this process engenders the widespread modification

of nucleosome occupancy and regions of open chromatin to

allow for binding of the regulatory transcription factors that drive

the transcriptional agenda for dedifferentiation (Li et al., 2017).

Recently, the chromatin signature that concurs with transcrip-

tional reprogramming that occurs during reactivation of silenced

somatic cell genes in the Xenopus oocyte was explored (Miya-

moto et al., 2018). These authors reported that chromatin acces-

sibility is a central factor that allows the successful transcrip-

tional reprogramming of oocytes.

In the present study, we used a systems approach to address

the complexity of ovulation in a mouse model. Formaldehyde-as-

sisted isolation of regulatory elements combined with next-gener-

ation sequencing (FAIRE-seq) (Bianco et al., 2015; Simon et al.,

2012) was employed to map genome-wide chromatin accessi-

bility of regulatory elements of granulosa cells before and after

the ovulatory signal, revealing a dynamic remodeling of chromatin

accessibility for transcription factors.We then examined genome-

wide binding of LRH-1 using chromatin immunoprecipitation

combined with next-generation sequencing (ChIP-seq) to deter-

mine its potential transcriptional targets in the early events

following the LH signal. The transcriptomes of wild-type and

Amhr2Cre/LRH-1 floxed mice (cKO) (Duggavathi et al., 2008)

were explored by RNA sequencing, to show stage-specific gene

expression programs controlled by LRH-1 before and after the

LH signal. This integrated, multi-omics analysis exposed an

extensive and specific LRH-1 regulatory network directing the

early events of ovulation. Together, these results revealed that

hormonal stimulation of the preovulatory follicle activates an

LRH-1 transcriptional switch, thereby modulating multiple pro-

cesses that included the cytoskeletal remodeling and cell migra-

tion essential for ovulation and luteinization.

RESULTS

The Ovulatory Signal Induces Important
Reprogramming of Regulatory Elements in Granulosa
Cells
Using a standard ovulation induction protocol, immature mice

were injected with equine chorionic gonadotropin (eCG) to stim-

ulate preovulatory folliclematuration, followed 44 h later by an in-

jection of the LH congener human chorionic gonadotropin (hCG)

to initiate ovulation (the ovulatory signal [OvS]; Figure 1A). In this
2444 Cell Reports 28, 2443–2454, August 27, 2019
protocol, ovulation occurs �12 h after hCG injection, resulting in

terminal differentiation of granulosa cells and expulsion of the

oocyte from the follicle. We focused our analysis on the molecu-

lar events of the early stage before and after the OvS, at 0 h

(hereafter �OvS) and at 4 h post-hCG (hereafter +OvS).

To identify genome-wide transcriptional regulatory elements

before and after the OvS, we performed FAIRE-seq on granulosa

cells isolated from ovaries. We observed that granulosa cells un-

derwent major reprogramming of regulatory elements after the

OvS. Indeed, 32,735 FAIRE-enriched regions were identified,

with 25% (8,293 FAIRE sites) of them showing an increase in

FAIRE-seq signal following OvS (hereafter referred as +OvS spe-

cific), 23% (7,570 FAIRE sites) showing a decrease (hereafter

referred as �OvS specific), and 52% (16,872 FAIRE sites) re-

maining unchanged (hereafter referred as common) (Figures

1B, 1C, S2A, and S2B). Remarkably, most regulatory elements,

particularly those specific either to the �OvS or +OvS stages,

were associated with intragenic and distal intergenic regions,

suggesting that these regions may be pivotal in the transcrip-

tional regulation of granulosa cell differentiation (Figure 1D).

To identify the biological networks linked to these stage-spe-

cific regions, we performed a Genomic Region Enrichment of

Annotation Tool (GREAT) analysis (McLean et al., 2010). Interest-

ingly, we found that +OvS-specific regulatory elements were

associated with signaling pathways linked to ovarian follicular

growth and differentiation, such as the transforming growth fac-

tor b (TGF-b) and vascular endothelial growth factor (VEGF) path-

ways and adherens junctions (Figure 1E; Table S1). GREAT anal-

ysis also highlighted a specific expression signature of the

gonadotropin releasing hormone (GnRH) pathway in granulosa

cells (Table S1). In contrast, �OvS-specific FAIRE sites were

found to be associated with pathways involved in hormone syn-

thesis, apoptosis, and immune system activation. Finally, en-

riched FAIRE sites that remained common before and after the

OvS were most frequently found in promoter regions and coin-

cided with genes involved in basic cellular mechanisms, such

as RNA processing, regulation of transcription, and protein pro-

cessing (Figures 1D and 1E; Table S1). Together, these results

highlight the biological relevance of the �OvS-specific

and +OvS-specific accessibility profiles in the understanding of

complex dynamic processes that drive changes in ovarian

gene expression that are critical for ovulation.

Granulosa Cell Open Chromatin Domains Contain
Stage-Specific DNA Sequence Motifs
The dramatic changes in DNA accessibility after the ovulatory

stimulus described above are indicative of the binding of specific

transcription factors to these regions. To identify potential tran-

scription factors associated to �OvS and +OvS stage-specific

transcription, we performed DNA motif discovery analysis using

the Hypergeometric Optimization of Motif EnRichment (HOMER)

bioinformatic approach (Heinz et al., 2010). We determined the

top 10 motifs that were significantly enriched in each stage-spe-

cific FAIRE-seq cluster (Figure 2A; Table S2). Common FAIRE

peaks were enriched in CTCF factors and specific transcription

regulators such as SP1, NFY, or KLF5, which have been shown

to be commonly associated with promoter regions (Kaczynski

et al., 2003; Suske, 2017). Open chromatin regions that became



Figure 1. The Ovulatory Hormonal Signal Induces Large-Scale Reprogramming of Regulatory Elements in Granulosa Cells

(A) Schematic overview of mouse model showing the stimulation protocol and genomic approach used to identify regulatory elements involved in transcription

during terminal differentiation of ovarian granulosa cells. Granulosa cells were purified from ovary before (�OvS) and after (+OvS) the ovulatory signal. Immature

mice were injected intraperitoneally with equine chorionic gonadotropin (eCG) to stimulate follicular development, followed by injection of human chorionic

gonadotropin (hCG) 44 h post-eCG, to induce ovulation. At 4 h post-hCG, pure granulosa cells were aspirated for FAIRE-seq (formaldehyde-assisted isolation of

regulatory elements) and RNA-seq analysis.

(B) Heatmap showing the normalized FAIRE-seq signals (±OvS) centered on the 32,735 FAIRE-seq enriched regions (±2.5 kb) subdivided according to their

dynamic status following OvS, i.e., the +OvS-specific regions showing an increase in FAIRE-seq signal, the�OvS-specific regions showing a decrease, and the

common or unchanged regions.

(C) Aggregated signal profiles of +OvS-specific, �OvS-specific, and common FAIRE peaks in the 1-kb window around the FAIRE peak center. Dotted line

represents the FAIRE signal before the OvS and the full line represents the signal after the OvS.

(D) Genomic distribution of FAIRE peaks before and after the OvS in granulosa cells.

(E) GO term analysis of genes associated with stage-specific open chromatin regions.

See also Figure S1 and Table S1.
less accessible after the OvS also harbored CTCF DNA motifs.

CTCF regulates enhancer-promoter interactions and contributes

to the three-dimensional organization of the genome (Arzate-

Mejı́a et al., 2018). Our results therefore suggest that CTCF

may have a role in granulosa cell stage-specific genome organi-

zation. Furthermore, these �OvS-specific FAIRE sites were also

enriched in DNA motifs of transcription factors known to be
involved in hormone signaling, such as GATA and GR. For

the +OvS-specific FAIRE sites, the AP-1 transcription factor

members (JUN, FOS, and ATF family) were the most frequently

enriched motifs, a result in agreement with a previous report

that showed the importance of these factors in the transition of

proliferating granulosa cells to terminally differentiated cells

following the OvS (Sharma and Richards, 2000). Moreover, it
Cell Reports 28, 2443–2454, August 27, 2019 2445



Figure 2. The Open Chromatin Domains of

Granulosa Cells Contain Stage-Specific

DNA Sequence Motifs

(A) Predictive analysis of the top 10 motifs identi-

fied by HOMER as enriched in stage-specific open

chromatin regions. Bar (lower y axis) and over-

lapping line plots (upper y axis) showing identified

motifs count and their p value, respectively.

(B) Pie charts represent the percentage of stage-

specific and common FAIRE peaks harboring

LRH-1 motifs. Motif density plots show occurrence

of the LRH-1/Nr5a2 motif in a window of ±0.5 kb

around the FAIRE peak centers.

See also Figure S2 and Table S2.
has been shown that these transcription factors have the poten-

tial to modulate chromatin accessibility and collaborate with

other nuclear receptors to establish a specific cell-type tran-

scriptional network (Biddie et al., 2011; Madrigal and Alasoo,

2018; Vierbuchen et al., 2017).

Interestingly, our HOMER analysis also revealed that the LRH-

1/Nr5a2motif (coremotif CAAGG) was among themost enriched

in open chromatin, both before and following theOvS (Figures 2A

and S2C; Table S2) suggesting its direct implication in the regu-

lation of ovulation. More specifically, 24% (1,990 regions

in +OvS) and 29% (2,195 regions in �OvS) of stage-specific

FAIRE regions harbored the LRH-1 motif, demonstrating that

nearly a quarter of all dynamic FAIRE sites are potentially bound

by LRH-1. Thus, these results suggest LRH-1 is an important

ovarian gene regulator present in differing chromatin regions

before and after the OvS, strongly indicating a significant reprog-

ramming of the LRH-1 cistrome.

Dynamic LRH-1 Cistrome Reprogramming Controls
Granulosa Cell Differentiation
To better understand the role of LRH-1 in granulosa cells, we per-

formed ChIP-seq analysis to define the LRH-1 cistrome before

and after the OvS. Prior to the OvS, we identified 5,886

(1,948 �OvS-specific) LRH-1 binding sites whereas 9,413

(5,473 +OvS-specific) sites were found after the OvS, with 3,949

binding sites that were common to both stages (Figure 3A). These

results are in agreement with the motif analysis of FAIRE predict-

ing dynamic LRH-1 binding sites before and after the OvS and
2446 Cell Reports 28, 2443–2454, August 27, 2019
suggest that the OvS induces the chro-

matin remodeling that renders new DNA

motifs accessible to LRH-1. Furthermore,

de novo motif discovery analysis of LRH-

1 binding sites identified a sequence that

was very similar to the canonical LRH-1

motif (Figure 3B) and was comparable be-

tween stage-specific and common LRH-1

binding regions (Figure S2D). Motif anal-

ysis enrichment also revealed that the

LRH-1 motif was co-enriched with AP-1

member’s motifs after, but not before, the

OvS, where it wasmore commonly associ-

ated with RAR, ER, and GATA motifs (Fig-

ure 3C; Table S2). These results are in
keeping with FAIRE analysis, in which potential LRH-1 partner

motifs follow the same pattern of enrichment.

As depicted in Figure 3D, the average signal of LRH-1 peaks

specific to the �OvS stage decreased after the OvS, as did the

FAIRE signal at the same stage (Figures 3D, S2E, and S2F).

The LRH-1 binding sites that were common before and after

the hormonal stimulus also exhibited perceptible chromatin re-

modeling that could be attributable to nuclear-receptor-medi-

ated basal transcriptional repression (Santos et al., 2011).

Inversely, the LRH-1-specific binding sites that increased

following the OvS were correlated with a significant opening

FAIRE signal at the same sites (Figures 3D, S2E, and S2F).

Furthermore, when we compared the LRH-1 binding sites with

the FAIRE data, we found a large, but not complete, overlap. In

fact, 54% of the LRH-1 binding sites overlapped the FAIRE

peaks before the OvS and 42% overlapped with the FAIRE

peaks thereafter (Figure 3E). If we only considered stage-specific

regions, we established that 545 regions (28%) with a dynamic

decrease in LRH-1 binding also had a dynamic closure chro-

matin before the OvS (Figures 3F, S2G, and S2H). Following

the OvS, the LRH-1 binding increased in 1,035 regions with dy-

namic chromatin opening (19%) (Figures 3F, S2G, and S2H).

As an example, we found these results to be particularly

convincing for Star and Tnfaip6 (Figure 3G), two important reg-

ulators of steroidogenesis and cumulus expansion during folli-

culogenesis (Robker et al., 2018). Indeed, we observed that the

LRH-1 signal coincided with the presence of more accessible

DNA regions, both in proximity to the transcription start site



Figure 3. Dynamic LRH-1 Cistrome Reprog-

ramming Controls Granulosa Cell Differenti-

ation

(A) Venn diagram showing the LRH-1 cistrome

before and after the OvS.

(B) Known and de novo LRH-1 motifs identified

in +OvS LRH-1 binding sites. Similar motif was

determined for common and �OvS-specific LRH-

1 binding sites (see also Figure S2).

(C) Word clouds of top 20 predictive motifs across

LRH-1 peak categories.

(D) Aggregated signal profiles of +OvS-specific,

�OvS-specific, and common LRH-1 peaks in the

1-kb window around the peak center (upper panel)

and the respective associated FAIRE signal for

each cluster. The dotted line represents the LRH-1

or FAIRE signal before the OvS and the intact line

represents the signal after the OvS.

(E) Bar plots showing the fraction of LRH-1 peaks

that overlap with FAIRE peaks before and following

the OvS.

(F) Bar plots showing the fraction of dynamic LRH-

1 peaks that overlap dynamic FAIRE peaks before

and following the OvS. p values indicate the

significance for the overlap relative to genomic

background (Fisher’s exact test).

(G) UCSCGenome Browser tracks showing LRH-1

and FAIRE signals on two important ovarian genes,

Star and Tnfaip6, during follicle differentiation.

Grey boxes indicate the pronounced peaks and

putative regulatory elements.

See also Figures S1 and S2 and Table S2.
(TSS) of these genes and in distal intergenic and intragenic

domains. Together, these results demonstrate the plasticity of

the LRH-1 cistrome following the OvS that controls differentia-

tion at later stages of granulosa cells in their journey to

luteinization.

An LRH-1 Transcriptional Switch Drives the Granulosa
Cell Stage-Specific Gene Regulation Pattern
To further decipher the transcriptional events that take place

around the OvS, we performed RNA sequencing (RNA-seq) eval-

uation of granulosa cells. First, we identified differentially ex-

pressed genes (DEGs; p < 0.05; fold change R 2) in control

mice (Nr5a2f/fAmhr2Cre�; CTL) before and after the OvS (Fig-

ure 4A; Table S3). As expected, expression of genes previously

shown to be involved in processes that lead to ovulation and
Cell Rep
luteinization were induced after the OvS,

for instance, Pgr for ovulation; Ptx3,

Areg, and Ereg for cumulus expansion;

and Star for steroidogenesis (Robker

et al., 2018). Importantly, 30% of

the +OvS DEGs were associated with

one or more LRH-1 binding sites (Fig-

ure S3A; p < 2.69e-16), strongly suggest-

ing a direct implication of LRH-1 in the

regulation of specific pathways following

the OvS. As expected, DEGs were signif-

icantly enriched in LRH-1 binding and
FAIRE signal compared to non-DEG following the OvS (Fig-

ure S3B). Interestingly, these genes have been found to be over-

represented in Gene Ontology (GO) terms related to differentia-

tion and development processes, including those involved in

cell migration (Figure S3C).

To focus on the more likely target genes of LRH-1 during ovula-

tion, we then identified genes that are affected in granulosa cells

of LRH-1 cKO mice (Nr5a2f/fAmhr2Cre+) before and after the

OvS (Table S3). A global view of changes in gene expression is

represented in Figures 4C and 4F. We found that the expression

of a number of genes, including Star and Tnfaip6, which were

increased in granulosa cells by the OvS in CTL, had a much

reduced response in cKOmice, as shown in the RNA-seq Univer-

sity of California Santa Cruz (UCSC) tracks (Figure 4B). This is in

agreement with previous published data showing a lower
orts 28, 2443–2454, August 27, 2019 2447



Figure 4. An LRH-1 Transcriptional Switch Drives the Granulosa Cell Stage-Specific Gene Regulation Pattern

(A) Volcano plot of RNA-seq signal in granulosa cells before and following the OvS in control (CTL) mice. Well-known regulators of follicle differentiation are

highlighted.

(B) UCSC Genome Browser tracks showing mRNA expression profile on two important ovarian genes, Star and Tnfaip6, during follicle differentiation in CTLmice

and LRH-1 cKO granulosa cells.

(C) Volcano plot of the RNA-seq signal in �OvS granulosa cells from LRH-1 cKO compared to CTL mice.

(D) Overlapping of �OvS-specific LRH-1-bound genes with DEGs in LRH-1 cKO compared to CTL granulosa cells. p value indicates significance of overlap

(using the hypergeometric test).

(E) GO analysis of genes directly regulated by LRH-1 before the OvS with an emphasis on pathway associated with growth and hormone signaling.

(F) Volcano plot of RNA-seq signal of +OvS mouse granulosa cells in LRH-1 cKO compared to CTL.

(G) Overlapping of +OvS-specific LRH-1-bound genes with DEGs in LRH-1 cKO compared to CTL granulosa cells. p value indicates the significance of overlap

(using the hypergeometric test).

(H) GO analysis of genes directly regulated by LRH-1 following the OvS, highlighting pathways associated with migration and cytoskeletal remodeling.

See also Figure S3 and Tables S3 and S4.
abundance of these transcripts in the absence of LRH-1 in gran-

ulosa cells (Bertolin et al., 2017). These results are also supported

by the observation that these genes undergo significant chromatin

remodeling following ovulatory stimulus and that LRH-1 binds
2448 Cell Reports 28, 2443–2454, August 27, 2019
directly these genes and controls their expression (Figure 3G).

Before the OvS, we detected 1,902 DEGs (p < 0.05; fold change

R 2), of which 267 displayed one or more LRH-1 binding sites

(Figures 4C and 4D). The presence of networks with very tight



knots in the GO analysis of these genes showed a significant

enrichment of pathways regulating growth, development, homeo-

stasis, and hormone signaling (Figure 4E; Table S4). Following the

OvS,we observed a difference inRNA abundance for 4,026 genes

in cKO granulosa cells when compared to CTL. Of the genes that

varied, a remarkable 1,273 (almost one-third) were found to be

concurrently bound by LRH-1 (Figures 4F and 4G). In addition, it

is of note that almost 40% of these genes varied in response to

the OvS (Figures S3A and S3D). Interestingly, GO analysis identi-

fied multiple pathways, in particular those associated with cell

migration, cytoskeleton organization, and angiogenesis (Fig-

ure 4H; Table S4). These findings provide strong evidence for a

switch of LRH-1 transactivation toward a new transcriptional pro-

gram after the OvS, consistent with the preparation of granulosa

cells for ovulation. Taken together, these results show that the

LRH-1 transcriptional switch affects a multitude of key genes

known or suspected to be involved in the transition of granulosa

cells from a state of proliferation to a state of terminal differentia-

tion following the OvS.

LRH-1 Governs Cell Motility and Cytoskeleton
Remodeling of Granulosa Cells following the OvS
Cytoskeletal remodeling and cell motility were prominent among

the GO terms that emerged from our analysis. To validate more

specifically the implication of LRH-1 in these pathways following

the OvS, we analyzed the genomic profiles of genes involved in

cell migration that were detected by our ChIP-seq analysis, since

these genes are expected to be directly regulated by LRH-1.

Sequencing tracks and LRH-1 ChIP-qPCR validation showed

new binding or enrichment of LRH-1 at genomic loci associated

with genes such as Akap2, Acvr1, Hs6st1, Cnp, or Scg2, all of

which are linked with the migration process (Figure 5A, upper

panel, and Figure S5A). These results are consistent with the

increased chromatin accessibility observed by FAIRE-seq anal-

ysis (Figure 5A, lower panel, and Figure S5A) and with our previ-

ous localization of most of these loci at distal genomic regions.

To validate RNA-seq analyses, we next performed qRT-PCR

on these genes before and after the OvS in CTL and cKO gran-

ulosa cells. We confirmed a reduced abundance of these gene

transcripts induced by the OvS when LRH-1 was depleted (Fig-

ures 5B and S5B). To further explore the implication of LRH-1 in

cell motility, we also characterized some phenotypic aspects of

granulosa cells associated with the LRH-1 network. First, the ca-

pacity of granulosa cells to migrate was measured. Granulosa

cells from CTL and LRH-1 cKO mice were extracted from follicle

before and after the OvS and submitted to a Boyden chamber

assay (Figure 5C). After the OvS, CTL granulosa cells massively

crossed the porous membrane, whereas LRH-1 cKO cells were

clearly unable to migrate (Figure 5D). Finally, using confocal

immunofluorescence microscopy, we examined the cytoskel-

eton structure of granulosa cells from CTL and LRH-1 cKO

mice. The OvS induced dramatic changes in the morphological

structure of granulosa cells, as observed with the complete reor-

ganization of the actin and tubulin networks (Figures 5E and S4).

Indeed, granulosa cells became more spread rather than

spheroid with signs of increased actin foci, redistribution of mi-

crotubules, and filopodia formation as shown in Figure 5F. In

contrast, the cytoskeletal network of LRH-1 cKO granulosa cells
was not reorganized, and no filopodia extension was observed.

These results support the notion that LRH-1 plays a critical role in

the cytoskeletal remodeling and migration of granulosa cells

following the OvS, an essential step in the sequence to ovulation.

DISCUSSION

The surge of LH from the pituitary gland is the OvS that induces

extensive remodeling of proliferating follicular granulosa cells

as they proceed toward ovulation (Duggavathi and Murphy,

2009). These drastic morphological changes are driven by the

genetic reprogramming of follicular cells to become terminally

differentiated into luteal cells, a process that involves changes

in the expression of hormone receptors and activation of multi-

ple signaling pathways. Using an integrated genomic-tran-

scriptomic approach, combining FAIRE-seq, ChIP-seq, and

RNA-seq analysis in granulosa cells, we have defined a

precise map of the transcriptional events that occur around

the OvS.

We show here that the OvS induces extensive reprogramming

of regulatory elements in granulosa cells, particularly those

located in distal regions that are key effectors of enhancer activ-

ity for transcriptional regulation. Previous studies of genome-

wide chromatin profiling have shown that enhancers are often

located at large distances from gene promoters within the non-

coding genome, communicating with promoters via chromatin

looping mechanisms (Matharu and Ahituv, 2015). Those open

chromatin regions distal to the gene promoter differ significantly

between cell types and direct the correct spatiotemporal regula-

tion of gene expression during development (Andrey and Mund-

los, 2017; Heinz et al., 2015). Our FAIRE-seq results allowed us

to define possible candidate granulosa cells stage-specific en-

hancers and to link distal regulatory elements to their potential

target genes by in silico analysis. These findings elegantly reveal

the regulatory elements that become more accessible following

the OvS are associated to genes involved in several specific

pathways indispensable for ovulatory processes, including

TGF-b and gonadotropin signaling. Thus, chromatin structure

analysis of long-range distal enhancers reveals the biological

processes that characterize granulosa cell and tissue remodel-

ing and lead to their specialization into luteal cells that occur after

the OvS.

These data also highlight a DNAmotif signature recognized by

transcription factor networks that is predictive of the molecular

determinants of the ovulatory processes. Indeed, our analysis

revealed the presence of LRH-1 motifs both before and after

the OvS and that there was a major shift in occupancy associ-

atedwith the early stages of ovulation. LRH-1 is highly and exclu-

sively expressed in murine granulosa cells, from the primordial

follicles through all stages of follicular development, demon-

strating a role for LRH-1 in all phases of folliculogenesis (Mein-

sohn et al., 2019). In agreement with our GO analysis before

the OvS, LRH-1 regulates preovulatory proliferation of granulosa

cells, as evidenced by its the expression of key genes that

dictate the cell cycle, such asCcnd1,Ccnd2, andCdkn1a (Mein-

sohn et al., 2017). Furthermore, cKO of LRH-1 in granulosa cells

has demonstrated unequivocally that this orphan nuclear recep-

tor is required for fertility, and, in particular, these studies clearly
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Figure 5. LRH-1 Governs Cell Motility and Cytoskeleton Remodeling of Granulosa Cells following the Ovulatory Signal

(A) UCSCGenome Browser tracks showing the remodeling pattern of LRH-1 binding by ChIP-seq and regulatory elements by FAIRE-seq of genes involved in cell

migration, before and after the OvS. Gray boxes indicate dynamic regulatory regions.

(B) Gene expression analysis by qRT-PCR before and after the OvS in CTL or LRH-1 cKO granulosa cells. Data are expressed as mean ± SEM (n = 5).

(C) Schema of Boyden chamber cell migration experiment. Granulosa cells were extracted from ovary and plated on filter of a migration transwell.

(D) Quantification of the number of CTL or LRH-1 cKO granulosa cells extracted before and after the OvS migrating through the filter. Data are expressed as

mean ± SD (n = 3).

(E) Representative images of cytoskeleton immunofluorescence comparing cKO and CTL granulosa cells. Cells aspirated from the ovary before and after the OvS

were stained for cytoskeletal elements (actin in red with phalloidin and tubulin in green). Nuclei were labeled with Hoechst. Scale bar, 15 mM.

(F) Spider plot presenting the length of each filopodium identified and measured as distance between filopodial tip and cytoplasm edge for each condition (n = 4–5).

See also Figures S4 and S5 and Table S5.
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establish that LRH-1 is indispensable for ovulation (Bertolin et al.,

2014, 2017; Duggavathi et al., 2008).

Interestingly, our predictive transcription factor binding motif

analysis before the OvS revealed the enrichment in GATA factors

associated with the LRH-1 motif in open chromatin domains and

LRH-1 binding regions. GATA transcription factors play impor-

tant roles in cellular reprogramming to regulate cell fate specifi-

cation and differentiation (Iwafuchi-Doi and Zaret, 2014; Pihlajoki

et al., 2016). For instance, GATA transcription factors have been

shown to cooperate as pioneer factors with other nuclear recep-

tors, such as AR and ERa, to initiate specific transcriptional pro-

grams (Zaret and Carroll, 2011). Multiple GATA factors are ex-

pressed in granulosa cells, and it has been shown that these

have redundant functions, since their simultaneous gene inacti-

vation is necessary to cause infertility (Bennett-Toomey and

Stocco, 2018). GATA-4 and GATA-6 granulosa double KO

female mice fail to ovulate due to a lack of follicular development

(Bennett et al., 2012). Indeed, GATA factors are known to regu-

late the expression of genes involved in follicle growth, such as

Ccnd2 and Cdkn1a and steroid synthesis (Convissar et al.,

2015; Viger et al., 2008). These reports support our results sug-

gesting that the GATA transcription factors are likely partners or

pioneer factors driving LRH-1 to specific genomic regions

involved in the regulation of cell cycle genes during the follicular

development stage of the ovarian cycle.

We detected the LRH-1 binding motif in FAIRE sites present in

both �OvS-specific and +OvS-specific open chromatin do-

mains. These results suggest that newly accessible chromatin

regions are bound by LRH-1 following an OvS, thereby revealing

a reprogramming of the LRH-1 cistrome. We confirmed these re-

sults by ChIP-seq analysis by further demonstrating that LRH-1

is relocated to specific regions following the OvS. We validated

LRH-1 as a direct regulator of Star and Tnfaip6, key genes in

granulosa cell and ovulatory biology, by confirming LRH-1 bind-

ing at specific genomic regions that became more accessible in

response to the OvS. Multiple molecular mechanisms could

explain this LRH-1 transcriptional switch. First, LRH-1 is a

constitutively active transcription factor, and the major regula-

tors of its transactivational activity are the cofactors with which

it interacts (Meinsohn et al., 2019). Therefore, the chromatin

structural modifications induced by the LH surge involve not

only LRH-1 but also its multiple partners, some of which allow

for increased chromatin accessibility. Moreover, the OvS may

trigger the activity of several intracellular signaling pathways in

tandem that may affect LRH-1 by post-translational modifica-

tions to also modulate differential cofactor recruitment and tran-

scriptional output (Meinsohn et al., 2019).

We found that the AP-1 transcription factor motifs are among

the most enriched in open chromatin regions and LRH-1 binding

sites following the OvS (Figures 2 and 3). Interestingly, specific

members of the AP-1 family are regulated by follicle-stimulating

hormone (FSH) and LH and exhibit different pattern of expres-

sion at different stages in follicular development (Sharma and Ri-

chards, 2000). Indeed, JunD and FRA2 are both rapidly induced

following an LH surge correlating with the transition of prolifer-

ating granulosa cells to terminally differentiated luteal cells

(Sharma and Richards, 2000). AP-1 has also been shown to

act as a tethering factor for other transcriptional regulators
such as ERa (Stender et al., 2010) or facilitate nuclear receptor

binding by maintaining chromatin accessibility at regulatory ele-

ments (Biddie et al., 2011). Moreover, the involvement of AP-1 in

cytoskeletal rearrangements, motility, and invasion in cancer

cells (Liu et al., 2016; Zhao et al., 2014) is in keeping withmassive

remodeling of the LRH-1 cistrome and its biological effects

following the OvS. In turn, this LRH-1 gene expression reprog-

ramming of granulosa cells consequent to chromatin remodel-

ing, potentially mediated by AP-1 factors, leads to terminal dif-

ferentiation (Robker et al., 2018). This engenders the critical

events in morphological remodeling of the follicle to support

ovulation, including angiogenesis, cell motility, and cytoskeletal

organization (Robker et al., 2018). In this study, we provide clear

evidence that following the OvS, LRH-1 binds to specifically

defined chromatin regions involved in regulating genes associ-

ated with these processes.

A rapid invasion of the previously avascular periovulatory follicle

by the thecal blood vessels begins soon after the OvS and pro-

ceedsduringprocessof luteinization (Murphy, 2000).OurGOanal-

ysis identified genes in granulosa cells that provoke angiogenesis

and suggests that LRH-1 might also be a decisive regulator in this

process. In support of this view,wehavedemonstratedherein that

granulosa cells from LRH-1 cKO mice showed reduced abun-

dance of transcripts involved in angiogenesis, such as Vegfa,

Pdgfb, and Slit2 (Figure S5B). These results are in agreement

with histological analysis of LRH-1 cKO mice ovaries that reveal

no sign of the invasion of the capillary network associatedwith dif-

ferentiation into luteal cells (Duggavathi et al., 2008).

Confocal analysis shows that granulosa cells from LRH-1 cKO

mice were unable to remodel their cytoskeleton following the

OvS. These results corroborate the transcriptomic analysis

showing that genes involved in cell motility and cytoskeleton

were disrupted in LRH-1 granulosa cKO cells. Thus, our results

establish more clearly the role of LRH-1 in granulosa cells physi-

ology as a key player in cytoskeleton remodeling, an essential

step of the ovulatory process (Kitasaka et al., 2018). It has been

shown that cytoskeletal remodeling and cell migration are essen-

tial for the development of the corpus luteum (Becker et al., 2011;

Franz et al., 2013; Rolaki et al., 2007). Further, modification of the

cytoskeletonof cumulus cells is essential for their detachment and

migration during expansion of the mouse cumulus-oocyte com-

plex (Kitasaka et al., 2018). It has also been suggested that the

cytoskeletal remodeling in mural granulosa cells participates in

the downstream events leading to the rupture of the follicle

(Grossman et al., 2015). Another important role of the cytoskel-

eton in the regulation of steroidogenesis has been reported

(Sewer and Li, 2008). More particularly, it was shown that after

the ovulatory stimulus in granulosa cells, a coordinated and pre-

cise regulation of vimentin, an important protein of the cytoskel-

eton, contributes to cholesterol transport and progesterone syn-

thesis required for ovulation (Flynn et al., 2016; Shen et al.,

2012). Together, these data are consistent with previous studies

showing defective cumulus expansion and ovulation (Bertolin

et al., 2014, 2017; Duggavathi et al., 2008) and disrupted proges-

terone production (Zhang et al., 2013) that are the sequelae to

depletion of LRH-1 in granulosa cells.

As a general conclusion, the application of an integrated

genomic and transcriptomic approach combining FAIRE-seq,
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ChIP-seq, and RNA-seq analysis brings a better understanding

of ovulatory processes, with an unprecedented depth in the

characterization of the imperative and indispensable function

of LRH-1 and its extensive regulatory network in the initiation

of ovulation. Considering that LRH-1 is a nuclear receptor that

can be targeted by agonists or antagonists, it has considerable

potential for the regulation of fertility and the treatment of

infertility.
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VAP v1.0.0 Coulombe et al., 2014 https://bitbucket.org/labjacquespe/vap/

downloads/

CEAS v1.0.2 Shin et al., 2009 http://liulab.dfci.harvard.edu/CEAS/;

RRID:SCR_010946

GREAT v3.0.0 McLean et al., 2010 http://great.stanford.edu/public/html/

splash.php; RRID:SCR_005807

BWA v0.7.12 Li and Durbin, 2010 http://bio-bwa.sourceforge.net/;

RRID:SCR_010910

Bedtools v2.27.1 Quinlan, 2014 https://bedtools.readthedocs.io/en/latest/;

RRID:SCR_006646

Metascape Zhou et al., 2019 http://metascape.org/gp/index.html#/

main/step1; RRID:SCR_016620

TopHat v2.0.12 Trapnell et al., 2009 https://ccb.jhu.edu/software/tophat/index.shtml;

RRID:SCR_013035

Kallisto v0.43.0 Bray et al., 2016 https://pachterlab.github.io/kallisto/about;

RRID:SCR_016582
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REAGENT or RESOURCE SOURCE IDENTIFIER

RUVseq v1.10.0 Risso et al., 2014 https://bioconductor.org/packages/

release/bioc/html/RUVSeq.html;

RRID:SCR_006263

edgeR v3.26.4 Robinson et al., 2010 https://bioconductor.org/packages/

release/bioc/html/edgeR.html;

RRID:SCR_012802

DEseq2 v1.16.1 Love et al., 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html;

RRID:SCR_015687

GraphPad Prism N/A https://www.graphpad.com/;

RRID:SCR_002798

R N/A https://www.r-project.org; RRID:SCR_001905
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead contact, Nicolas

Gévry (nicolas.gevry@usherbrooke.ca).

This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse model
Animal experiments were approved by the University of Montreal Animal Care Committee and were conducted according to the

guidelines of the Canadian Council on Animal Care. As described before (Bertolin et al., 2014; Meinsohn et al., 2017), mutant and

control mice were maintained on a C57BL/6 background and were euthanized with isoflurane anesthesia, followed by cervical

dislocation. LRH-1/Nr5a2 floxed (Nr5a2f/f) mice have been described previously (Bertolin et al., 2014; Duggavathi et al., 2008).

Granulosa-specific depletion of Nr5a2 from primary follicles was generated by crossing Nr5a2 floxed mice with mice expressing

a Cre-recombinase driven by the anti-M€ullerian type II receptor (Amhr2Cre/+), gift of Dr. R. Behringer (Bertolin et al., 2014; Duggavathi

et al., 2008) to produce conditional knockout (cKO) mice (genotype Nr5a2 f/fAmhr2Cre/+). Control mice (CTL) in these trials were non

mutant, Nr5a2 f/fAmhr2Cre/- females.

METHOD DETAILS

Super stimulation protocol
Ovarian stimulation was performed on 22 to 25 day old female mice by intraperitoneal injection of 5 IU equine chorionic gonadotropin

(eCG; Folligon, Intervet) to stimulate follicular development, followed by the injection of 5 IU of human chorionic gonadodotropin

(hCG; Chorulon, Intervet) 44 to 48 hours post-eCG treatment, to induce ovulation (Bertolin et al., 2014). For the following experiments,

tissues from CTL and cKOmice were harvested 0, 4 and 8 hours after hCG treatments. After euthanasia, ovaries were collected and

granulosa cells (GC) were isolated by ovarian puncture with 25 G needles in 1 mL of DMEM (Invitrogen). Oocytes were mechanically

separated from the granulosa cells, which were then filtered with a 40-mMBD nylon Falcon Cell Strainer (Becton Dickinson) (Bertolin

et al., 2014). Cells were immediately used for migration and cytoskeleton assays or pelleted, snap-frozen in liquid nitrogen and stored

at –80�C for later experiments.

FAIRE-sequencing
Formaldehyde-Assisted Isolation of Regulatory Elements combined with sequencing (FAIRE-seq) experiments were essentially per-

formed as previously described (Bianco et al., 2015). Briefly, to cross-link DNA-protein complexes, the resuspended granulosa cells

pellets collected 0 and 4 hours post-hCG treatments (extracted from 8-10 ovaries per condition, performed in two independent ex-

periments) were incubated for 10minutes in 1X PBS/1.1% formaldehyde (Fisher) with a gentle stir at room temperature and fixingwas

arrested by adding glycine to a final concentration of 125mM.Cells were then centrifuged (10minutes, 900 x g, 4�C), washedwith 1ml

of 1X PBS with protease inhibitors, and centrifuged again (5 minutes, 12000 x g, 4�C). Fixed granulosa cells were resuspended in

200 ml of Lysis Buffer (1% SDS, 10 mM EDTA, 50 mM Tris pH 8.1) with protease inhibitors and incubated on ice for 30 minutes.

For sonication, sample volume was adjusted to 500 ml with dilution buffer (0.01% SDS, 1.1% Triton, 1.2 mM EDTA, 16.7 mM

Tris pH 8.1, 167 mM NaCl). Samples were sonicated with a Branson Ultrasonics Sonifier S-450 (Fisher Scientific) using an output

of 2.75, duty cycle at 90% for 9 cycles of 10 pulses with 3 minutes on ice between each cycle, then centrifuged (10 minutes,
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12000 x g, 4�C). PCI (Phenol/chloroform/isoamyl alcohol 25:24:1, Fisher Bioreagents) extraction was performed on supernatant as

per manufacturer’s protocol, except for the last centrifugation, which was done using phase lock gel (MaXtract Low density,

QIAGEN). Samples were incubated for 16 hours at 65�C and DNA was purified using QIAquick PCR purification kit (QIAGEN) and

quantified with a Nanodrop (Thermo Scientific). Next-generation sequencing libraries were constructed as previously described

(Bianco et al., 2015) using 50 ng of DNA per sample. DNA fragment size and concentration were analyzed with High Sensitivity

DNA kit on Bioanalyzer (Agilent) before sequencing. Illumina sequencing was performed by the BioMicro Center (Massachusetts

Institute of Technology).

Sequencing reads of two independent replicates were aligned to the mouse reference genome mm9 using Burrows-

Wheeler Aligner (BWA) (Li and Durbin, 2010) with default parameters. Only uniquely mappable reads with a mapping quality R 10

were kept (above 70% of reads). Pearson correlation plots were generated with Deeptools (Ramı́rez et al., 2016) and the

command-lines ‘‘multiBamSummary BED-file --BED --blackListFileName --ignoreDuplicates’’ and ‘‘plotCorrelation -c pearson -p

scatterplot --removeOutliers --skipZeros’’ (Figure S1). After removing duplicate with Picard tool (http://broadinstitute.github.io/

picard), peak calling was performed using Model-based Analysis for ChIP-Seq (MACS) (Zhang et al., 2008) with the parameters–

nomodel and p value of 1e-4. Peaks belonging to chrM, chrY, unassembled random contigs and the mm9-blacklisted regions

(ENCODE Project Consortium, 2012) were removed. Normalized read density was compiled using HOMER tool (Heinz et al.,

2010) with the command-line ‘‘makeTagDirectory’’ and ‘‘makeUCSCfile’’ with default parameters (resolution 1 bp and normalization

of the total number of reads to 1e7). Differentially accessible regions between before and after the OvSwere defined using the edgeR

R package (Robinson et al., 2010). Normalized reads were visualized using SeqMiner (Ye et al., 2011) and plotted profiles were ob-

tained using Versatile Aggregate Profiler (VAP) (Brunelle et al., 2015; Coulombe et al., 2014) with the parameters ‘‘coordinate and

absolute modes, 1 reference point and 40 windows of 50 bp.’’ Genomic distributions were determined using Cis-regulatory Element

Annotation System (CEAS) (Shin et al., 2009). Gene ontology (GO; biological processes and cellular component) and Molecular Sig-

natures Database (MSigDB) pathway analyses were performed using Genomic Regions Enrichment of Annotations Tool (GREAT)

(McLean et al., 2010). The top 5 of enriched and significant terms for each category was selected for the presentation in Figure 1.

Nearby genes were assigned to FAIRE-seq peaks with parameter ‘‘single nearest gene: 1000 kb max extension, curated

regulatory domains included’’ using GREAT. Motif discovery enrichment analysis was completed using the HOMER

command findMotifsGenome.pl with parameter ‘‘-size 100.’’ Motif density plot was generated with annotatePeaks.pl and ‘‘-m

LRH1.motif -size 1000 -hist 50’’ parameters. Normalized UCSC (University of California, Santa Cruz) Genome Browser tracks

were generated using HOMER as described above.

ChIP-sequencing
Given that LRH-1 is exclusively expressed in granulosa cells, ChIP experiments were performed on whole ovary, as described for

other tissues (Svotelis et al., 2009) with some modifications. Briefly, ovarian tissues collected 0 and 4 hours post-hCG treatments

(5 ovaries per condition, performed in two independent experiments) were washed in PBS, sliced in small pieces, and fixed for

15 minutes in 1X PBS/1.1% formaldehyde with agitation at room temperature. After adding glycine and washing with PBS, fixed tis-

sueswere incubated in lysis buffer andmechanically disruptedwith an ice-cold Dounce. Chromatin was then sonicated in a Bioruptor

apparatus (Diagenode) on ‘‘high’’-intensity position for 30 s ON and 30 s OFF for 15 cycles at 4�C, cleared by a 10 minutes centri-

fugation at 10 000 x g. ChIP experiments were performed using 10mg of LRH-1 antibody with the use of magnetic protein A dyna-

beads (Life Technologies) for the immunoprecipitation. After washing, elution and crosslink reversion, samples were purified using

a QIAquick PCR purification kit (QIAGEN) and quantified with PicoGreen assay (Invitrogen). Next-generation sequencing libraries

were constructed as previously described (Bianco et al., 2015). DNA fragment size and concentration were analyzed with a High

Sensitivity DNA kit on Bioanalyzer (Agilent) before sequencing. Illumina sequencing was performed on an Illumina HiSeq 2000

Sequencing system at the Plateau de biologie moléculaire et génomique fonctionnelle of the Institut de Recherche Cliniques de

Montréal (IRCM).

ChIP-seq analysis was performed essentially as described above. Sequencing reads of two independent replicates with amapping

qualityR 20 were selected (82%–88% of aligned reads) and combined for subsequent analyses (Pearson correlation coefficients of

0.86, Figure S1). Peak calling was performed using MACS with q-value of 1e-2 (Zhang et al., 2008). MultiIntersectBed tool (Bedtools;

(Quinlan, 2014)) was used to identify overlaps between LRH-1 ChIP-seq conditions or between LRH-1 and FAIRE peaks with param-

eter ‘‘-cluster.’’ The significance for the overlap between LRH-1 and FAIRE-seq regions was measured relative to DNase I hypersen-

sitive sites (DHSs; GSE40869 (Yue et al., 2014)) used as genomic background (Kim et al., 2017). Nearby genes were assigned to

ChIP-seq peaks with parameter ‘‘single nearest gene: 1000 kb max extension, curated regulatory domains included’’ using GREAT

and compared with differentially expressed genes from RNA-seq analysis for GO analysis using Metascape tool (Zhou et al., 2019).

Enrichment network show the top 20 of significant biological processes terms.

RNA-sequencing
Total RNA of 3 distinct replicates from granulosa cells of CTL or LRH-1 cKO mice, at 0 and 4 hours post-hCG treatment, was ex-

tracted with RNeasy Mini Kits (QIAGEN) according to manufacturer instructions. RNA concentration was quantified by Nanodrop

(Thermo Scientific). RNA quality control was performed with the RNA 6000 Nano Kit on Bioanalyzer (Agilent). All samples had an

RNA Integrity Number (RIN) > 7.5. Sequencing libraries were prepared as previously described (Baby et al., 2018) with an input of
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300 ng of total RNA. Libraries were analyzed and validated on a Bioanalyzer with High Sensitivity DNA kit (Agilent) before sequencing.

Illumina sequencing was performed at the Plateau de biologie moléculaire et génomique fonctionnelle of the Institut de Recherche

Cliniques de Montréal (IRCM).

Sequencing reads were filtered using Trimmomatic with parameters ‘‘ILLUMINACLIP:adapters.fa:2:30:15 TRAILING:30

MINLEN:32’’ (Bolger et al., 2014) and aligned to the mouse reference genome mm9 using TopHat (Trapnell et al., 2009). Quality con-

trol metrics were analyzed using RNA-SeQC (DeLuca et al., 2012). UCSC tracks were generated using HOMER tool as described

above. Quantification of transcript abundance was performed using Kallisto (Bray et al., 2016) and generated data were normalized

using Remove Unwanted Variation using control genes (RUVg) from RUVseq (Risso et al., 2014). The DESeq2 R package (Love et al.,

2014) was then used to generate differential gene expression analysis.

RNA RTqPCR
Total RNA of 5 distinct replicates was extracted with RNeasy Mini Kits (QIAGEN) according to manufacturer instructions and was

reverse transcribed into first-strand cDNA usingM-MLVReverse Transcriptase (Enzymatics) and random hexamer primers. Samples

were subjected to qPCR with a CFX-96 Touch apparatus (Bio-Rad) using ActbmRNA as internal control. Primers, listed in Table S5,

were validated by standard curves and data were analyzed using the 2-DCT method.

Confocal immunofluorescence microscopy
Collagen (Sigma-Aldrich) was added to 8-well cover glass plates (Sarstedt) at a final concentration of 500 mg/mL. Plates were incu-

bated at room temperature for a minimum of 1 hour, collagen solution was removed and plates were rinsed 4x with 1X PBS.

Granulosa cells collected from cKO and CTL mice ovary at 0 and 8 hours post-hCG treatments were plated at �7x104 cells/well

in collagen-coated 8-well cover glass plates and incubated 15 minutes at 37�C. The supernatant containing unattached cells was

removed and attached granulosa cells were fixed with 4% paraformaldehyde (PAF) (Sigma-Aldrich) in PBS at room temperature

for 10 minutes. Following fixation, PAF was removed, replaced with 1X PBS and plates were sealed and conserved at 4�C. Cells
were permeabilized 5 minutes in 1X PBS / 0.1% Triton, blocked in 1X PBS / 1% BSA during 30 minutes and incubated in a-tubulin

primary antibody (1/500) (Sigma-Aldrich) during 60minutes. Cells were washed three times in 1X PBS before a 60minutes incubation

with phalloidin-iFluor 555 reagent according to the manufacturer’s protocols (Abcam), Hoechst 1/100 (stock solution 100 mg/ml) and

Alexa Fluor 488 secondary antibody (1/500) (Invitrogen). Plates were washed as described above and analyzed using an Olympus

FV3000 confocal microscope at 60x magnification. Length of the filopodia was measured as distance between filopodial tip and

cell edge with FIJI (Schindelin et al., 2012). Antibodies used are listed in Table S5.

Boyden chamber assay / migration assay
Cell suspensions prepared for confocal immunofluorescence microscopy were centrifuged at 100 x g for 10 minutes at room

temperature to obtain cells pellets that were resuspended in DMEM (Invitrogen) at a concentration of 1x105 cells/mL. The Boyden

chamber assay was performed by adding 1 mL of DMEM (Invitrogen) supplemented with 10% heat-inactivated-stripped-FBS

(Thermo Scientific) in a 24-wells plate (Falcon). Boyden chambers (Greiner Bio-one) were added and granulosa cells were plated

at 5x104 cells/Boyden chamber and incubated at 37�C, 5%CO2 for 26 hours. On the following day, all culture medium was removed

and the interior of the Boyden chambers were cleanedwith a cotton swab to remove the cells that did notmigrate. The Boyden cham-

bers were then washed once in 1X PBS, fixed with 4% formaldehyde in 1X PBS at room temperature for 20 minutes, washed twice in

1X PBS and kept in the last wash. Plates were finally sealed and conserved at 4�C before staining with Hoechst 1/100 (stock solution

100 mg/ml). Cells were examined and counted under a Zeiss Axio Observer Z1 fluorescence microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism software and R package. P-values are indicated in Figures and

Figure legends. For sequencing data, the sample size is indicated in Method details and represents the number of independent ex-

periments. For FAIRE-seq analysis, differentially accessible regions were defined as FAIRE peaks that changed greater than twofold

with aP-value < 0.02 using the edgeRRpackage.P-values for overlaps of two sets of genomic regions (FAIRE-seq andChIP-seq) in a

given genomic background were calculated using the Fisher’s exact test. P-values for group comparisons of median (FAIRE-seq and

ChIP-seq enrichment) were calculated using the non-parametric Wilcoxon test (paired) or the Mann–Whitney test (unpaired). For

RNA-seq analysis, differentially expressed genes were defined by a fold change R 2 (log2FC R 1) and P-value < 0.05 using

the DESeq2 R package. P-values to assess the significance of overlaps between two groups of genes were calculated using the

hypergeometric test. For RT-qPCR, migration assay and immunofluorescence, the sample size n is indicated in the figure legends

and represents the number of mice used for each condition. Data are expressed as mean ± SD or ± SEM.

DATA AND CODE AVAILABILITY

All genomic data in this publication have been deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO

Series accession number GEO: GSE119508.
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