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Abstract

Background Estrogen receptor beta (ERB, Esr2) plays a pivotal role in folliculogenesis and ovulation, yet its exact
mechanism of action is mainly uncharacterized.

Results We here performed ERB ChIP-sequencing of mouse ovaries followed by complementary RNA-sequencing
of wild-type and ERB knockout ovaries. By integrating the ER( cistrome and transcriptome, we identified its direct
target genes and enriched biological functions in the ovary. This demonstrated its strong impact on genes regulat-
ing organism development, cell migration, lipid metabolism, response to hypoxia, and response to estrogen. Cell-
type deconvolution analysis of the bulk RNA-seq data revealed a decrease in luteal cells and an increased propor-
tion of theca cells and a specific type of cumulus cells upon ERp loss. Moreover, we identified a significant overlap
with the gene regulatory network of liver receptor homolog 1 (LRH-1, Nr5a2) and showed that ER and LRH-1
extensively bound to the same chromatin locations in granulosa cells. Using ChIP-reChIP, we corroborated simulta-
neous ERB and LRH-1 co-binding at the ERB-repressed gene Greb1 but not at the ERB-upregulated genes CypTial
and Fkbp5. Transactivation assay experimentation further showed that ERB and LRH-1 can inhibit their respective
transcriptional activity at classical response elements.

Conclusions By characterizing the genome-wide endogenous ERf3 chromatin binding, gene regulations, and exten-
sive crosstalk between ERB and LRH-1, along with experimental corroborations, our data offer genome-wide mecha-
nistic underpinnings of ovarian physiology and fertility.
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Background

The highly regulated function of the ovary is essen-
tial for female fertility and endocrine homeostasis. The
ovary is the source of oocytes and the major provider of
the female steroid sex hormones estrogen and proges-
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Estrogen, along with progesterone, regulates female
fertility. The production of estrogen is a cooperative
interaction between theca and granulosa cells of the
ovary. Theca cells produce androstenedione that diffuses
to the neighboring granulosa cells where it is aroma-
tized by aromatase (CYP19A1) to estrone (E1). E1 is then
converted to 17B-estradiol (E2) by hydroxysteroid 17f
dehydrogenase 1 (HSD17B1). Aromatase in the granu-
losa cells also converts the testosterone produced by the
theca cells into E2. The effect of E1 and E2 is mediated
through binding to the nuclear receptors estrogen recep-
tor a (ERa, ESRI) and B (ERP, ESR2), or the membrane
G protein-coupled estrogen receptor 1 (GPER1). ERa is
expressed in several female organs, including theca cells
of the ovary, as well as in the hypothalamus, and the
pituitary gland [10-12], and is essential for female repro-
duction. Women born with an inactivating mutation in
this gene exhibit delayed puberty, primary amenorrhea,
multiple ovarian cysts, and infertility [13, 14]. Mice lack-
ing ERa are also infertile and develop cystic follicles [15,
16]. ERB, which is a homolog of ER«, has a noticeably
more restricted expression pattern and is predominantly
expressed in the granulosa cells of the ovary [17-21]. Its
function is also less understood. Only one woman has
been described to be born with a dominant negative ER
mutation. This woman was infertile with complete ovar-
ian failure (undetectable ovaries) and reduced estrogen
levels [22]. Female rats that lack ER develop ovaries but
are infertile and lack an estrous cycle, have lower E2 lev-
els in serum, and do not respond to gonadotropins [23].
A resulting activation of primordial follicles has been
reported to lead to premature ovarian senescence in
these females [24]. ER} knockout (ERBKO or BERKO)
female mice also develop ovaries, but lack follicular and
oocyte maturation, and are subfertile [25]. They exhibit
a reduced luteinizing hormone (LH) surge and reduced
response to follicle-stimulating hormone (FSH) [25, 26],
reduced estrogen surge at diestrus [27, 28], and they
become infertile by 6 months of age [27]. This phenotype
has been experimentally demonstrated to be dependent
on ovarian ERp, as it can be rescued by transplantation
of a wild-type (WT) ovary into knockout mice [28]. Pre-
vious microarray and RNA-sequencing (RNA-seq) com-
parisons of granulosa cells from WT and ERBKO rodents,
identified differences in FSH and LH target gene expres-
sion (e.g., Lhcgr, Cypllal, Cypl19al, Runx2, and Ptgs2),
confirming the significance of ERP during folliculogene-
sis and ovulation [29, 30]. However, the exact mechanism
of ERp in the ovary, including its genome-wide endoge-
nous chromatin binding, cross talk, and direct transcrip-
tional impact has not been determined [31].

An obstacle for ERp research has been a lack of specific
antibodies [17]. However, in recent years, a validated,
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specific antibody has become available [17, 19, 21, 32—
34]. In our study, this antibody was used to provide new
insight into the role of ERP in normal ovarian function
and fertility. We performed chromatin immunoprecipi-
tation sequencing (ChIP-seq) of ERP in mouse ovaries
to provide a map of endogenous ERB chromatin-bind-
ing sites. We further compared its cistrome with cor-
responding RNA-seq data (WT versus ERBPKO ovaries)
and describe the direct role of ERp in the regulation of
specific ovarian functions. Finally, we demonstrate cross-
talk between LRH-1, which is essential for ovulation, and
ERB, a finding that progresses our understanding of the
molecular mechanism underlying female fertility.

Results

ERp is expressed in granulosa cells

throughout folliculogenesis

ERp is known to be expressed in granulosa cells, but
its expression in other cells including theca cells has
been debated [19]. We performed immunohisto-
chemistry (IHC) with an ERP antibody (PPZ0506)
that has been thoroughly validated across different
tissues in humans and rodents [17, 19-21]. We con-
firmed that ERP was strongly expressed in the nucleus
of granulosa cells. Some nuclear staining was further
observed in cells surrounding the theca layer and in a
few cells in the stroma, but not within the theca cell
layer itself (Fig. 1A, upper panel). In ERBKO ovaries,
ERP expression (IHC) was absent from the granulosa
cells (Fig. 1A, lower panel). However, some cytoplas-
mic staining, mostly of stroma cells, was still present
and was deemed to be non-specific. We corroborated
the ERP expression using ERP RNA in situ hybridiza-
tion. This confirmed its high expression in granulosa
cells and showed clear evidence of ERP in the layer
surrounding the theca cells of the follicle, which may
correspond to the follicular microvasculature, and in
a minority of other stromal cells, while the theca cells
themself appeared blank (Fig. 1B). ERP expression was
further corroborated by western blot (WB) using the
same antibody and by qPCR directed towards the exon
deleted in the knockout (Fig. 1C-D). The WB of the WT
ovary reveals two bands of similar intensity near the
expected size. These are likely to correspond to the two
murine splice variants of ERB, the 567 amino acid (aa)
ERp_ins (isoform 1 / NM_207707.1) and the 549 aa ERB
(isoform 2 / NM_010157.3) which differ by an 18-aa
long sequence (approx. 2 kDa) of the ligand binding
domain. The epitope for the antibody is at the N-termi-
nal part of the receptor (corresponding to the first cod-
ing exon), and the antibody thus recognizes both splice
variants. The expression of the two splice variants was
confirmed at the gene expression level (Additional
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Fig. 1 ERQ is expressed in granulosa cells and some stromal cells of the ovary. A IHC with the validated antibody PPZ0506 in WT (upper panel,

bar indicates 20 um in the left panel and 50 um in all other, black arrows indicate granulosa cells and white theca cells, n=4) and ERBKO (lower
panel, n=4) mouse ovary. B In situ hybridization with a probe against Esr2 in WT female ovary (n=2 mice, one representative ovary shown in image)
confirms ERP expression in granulosa cells, in cells surrounding the outer layer of theca cells, and in some stromal cells in mouse ovary. C Western
blot (one of 2 replicates, each with 2 pooled ovaries), and D gPCR analysis (n=5, paired t-test) corroborates the loss of ERP expression in ERBKO
ovaries. Both mouse ER isoforms (549 aa, calculated molecular weight 61.2 kDa and 567 aa ERB_ins with 18 inserted aa,, calculated molecular
weight 63.2 kDa) are visible near the expected sizes, with both bands being absent in the knockout ovary. E Assessment of ERB protein expression
by IHC in WT mice (n=11), separated by follicular stage and each follicle scored according to staining intensity and area

file 1: Fig. S1). To be noted, the knockout mice have
exon 3 deleted which creates a frameshift and prema-
ture termination during translation. Had any truncated
proteins or peptides been expressed, these should have
been recognized by the antibody. Since the granulosa
cells of the knockout were primarily negative by IHC,
we determined that ovarian ERp is fully absent follow-
ing knockout. Finally, we investigated if ERp protein
expression differed depending on the follicular stage
(primary, small preantral, large preantral, antral), but
did not find a significant change (Fig. 1E). We conclude
that ERpP protein is highly and consistently expressed in

granulosa cells during folliculogenesis and that ERp is
also expressed in cells surrounding the theca cells.

The endogenous ovarian ERp cistrome

ERp is located within the nucleus (as can be noted in
Fig. 1A) and functions as a transcription factor. To
explore its endogenous genome-wide chromatin bind-
ing in the ovary, we performed ChIP-seq of WT mouse
ovaries with the same ERP antibody (PPZ0506) that was
previously optimized for ChIP of human ERP in cell
lines [33, 34]. The experiment was performed in biologi-
cal triplicates and compared to inputs. More than 80%
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of the produced sequencing reads were of high qual-
ity, and between 25 and 31 M reads per ChIP sample
were aligned to the genome (GRCm38, Additional file 2:
Table S1). A heatmap and Venn diagram illustrate that
the majority of binding sites were detected in all three
replicates (3175 sites, Fig. 2A-B). As many as 4875 ERp-
binding sites were detected in at least two ChIP replicates
and were used for further analysis. The ERP ChIP-seq was
further validated by using ChIP-seq data from ERPKO
ovaries instead of input (>70% of sites confirmed, Addi-
tional file 1: Fig. S2A-B and Additional file 3: Table S2).
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In accordance with ERP cistromes from other cell types
[34-37], the majority of binding sites were located in
introns and intergenic regions (87%), and a minority (5%)
in promoter regions (-1 kilobase (kb) to +100 base pairs
(bp) from the gene transcription start sites, TSS, Fig. 2C).
Notably, the intronic binding sites were most frequently
located in intron 1 (36%) or intron 2 (18%).

We next determined which transcription factor bind-
ing sequence motifs were significantly enriched in the
ERB-bound DNA. Using HOMER, we identified that the
estrogen response element (ERE) was the most enriched
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Fig. 2 Genome-wide landscape of ERR chromatin binding in mouse ovary. A ERB chromatin-binding sites in mouse ovary per ChiP-seq replicate
(n=3 replicates, each with 14 pooled ovaries from 7 mice) in relation to corresponding input samples, visualized in a heatmap. B Venn diagram

of detected ERB-binding sites in ChIP-seq triplicates normalized against input. Sites present in at least two replicates, colored in blue, were used

in further analysis. C The genomic distribution of ERB-binding sites. All regions, except intergenic regions, were significantly enriched (p <0.005). D
Top-enriched DNA motifs among ERB-bound genomic sequences, identified using HOMER de novo motif analysis (sorted by p-value). % sequences
represent the percentage of ChiP:ed sequences (bound sites) that have a particular motif. The percentages will not add up to 100% as each
sequence can have more than one motif. E Enriched biological functions among genes nearest ERB chromatin-bound sites (within —=50 kb to +2 kb)



Birgersson et al. BMC Biology (2023) 21:277

(p=1e7181%) and abundant motif (present in 45.9% of the
bound sequences whereas the background frequency
is 3.6%), as would be expected (Fig. 2D). Further, motifs
of the well-known ER-tethering and pioneering factors
AP-1, GATA, and FOXO were highly enriched (Fig. 2D).
This confirmed the specificity of the antibody and the
accuracy of the experiment. Interestingly, the NR5A
motif was the second most enriched motif and as abun-
dant (44.8% of bound sequences, significant enrichment
over the 16.6% background frequency, p=1e™*) as
the ERE. The NR5A motif can be bound by two nuclear
receptors: the steroidogenic factor 1 (SF-1/Nr5al) and
the liver homolog 1 (LRH-1/Nr5a2). Both are expressed
in the mouse ovary and essential for ovulation [38, 39].
While SE-1 has been observed in relation to ERB previ-
ously, an interaction with LRH-1 has not been reported.
We found no difference in the types of motifs bound in
promoter regions versus more distant (enhancer) regions
(Additional file 1: Fig. S2C).

Finally, we mapped which genes’ TSS were located
closest to each ERPB-binding site (Additional file 3:
Table S2). Biological pathway analysis on those genes’
functions revealed enrichments related to lipid metabo-
lism, cell proliferation, cell differentiation, multicellular
organism development, cell adhesion, transcription regu-
lation, and apoptosis (Fig. 2E). These are functions that
ERP is known (transcription regulation, cell proliferation,
apoptosis, cell adhesion) or proposed (cell differentia-
tion, multicellular organism development, lipid metabo-
lism) to modulate in various cell types. This significant
enrichment suggests that ovarian ERP has the potential
to impact these functions, although not all bound genes
may be de facto regulated. Thus, we here describe the
complete endogenous ovarian ERP cistrome for the first
time.

ERB influences the ovarian transcriptomic landscape

To map the consequences of ERP deletion on the ovar-
ian transcriptional landscape, we performed RNA-seq
on ovaries from WT (n=5) and ERBKO (n=4) mice.
We identified 803 differentially expressed genes (DEGs)
following the loss of ERP, with a relatively uniform dis-
tribution between up- and downregulated genes (375
upregulated and 427 downregulated, Fig. 3A, Additional
file 4: Table S3). Thrombospondin 4 (Thbs4, adhesion)
was the most significantly downregulated gene follow-
ing loss of ERP (Fig. 3A). Thbs4 is abundant in normal
ovary and related to the polycystic ovary syndrome-asso-
ciated gene Thbsl [40]. Further, as would be expected,
genes involved in response to estrogen were significantly
enriched and specifically downregulated (incl., Star,
Igfbp2, Tgfbrl, Pdgfrb) in the absence of ERP (Fig. 3B,
Additional file 4: Table S3). Other enriched functions
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among the downregulated genes included cell adhesion
(e.g., Thbs4, Itgal, Itga?2, Itga4, Itga5, Cdhll), oxidation-
reduction (e.g., Cypllal, Hsd17b7), and ion transport
(incl. potassium channels Kcnab3, Kend2, Kenj16, Kenk3,
Kcnmal) (Fig. 3B). The ovarian expression of these genes
is thus indicated to be upregulated as a consequence
of ERP expression. Among the genes upregulated in
absence of ERP (i.e., downregulated as a consequence of
ERP expression), we find FSH and LH targets (incl. Fshr,
Cypllal, Gata4, Runx2) (Fig. 3A), along with genes
related to neural crest cell migration (Sema3b, Sema3c,
Sema3e, and Sema3yg), fatty acid metabolism (e.g., Fasn),
TGEP receptor signaling (e.g., Smad6), and male gonad
development (e.g., Inha, Kitl, Gatal, Gata4) (Fig. 3B).
Moreover, the male sex determination gene desert hedge-
hog (Dhh) was upregulated. We further noted upregula-
tion of plexin C1 (Plxncl) in ERBKO ovaries (Fig. 3A).
Plxncl is related to Plxnbl which is involved in mouse
follicular development [41]. Interestingly, Grebl, which
is upregulated both by ERa [42] and ERp (engineered
expression, [43]) in human breast cancer cells, was found
among these genes. These functions and genes are thus
potentially repressed by ERB in the ovary. Genes with
functions in lipid metabolism (e.g., Fads6 down, Lep
up) and angiogenesis (e.g., Angptl down, Angpt2 and
Angpt4d up) were enriched among both up- and down-
regulated genes. When all DEGs (regardless of direction)
were analyzed for biological process enrichment, lipid
metabolism, glucose homeostasis, response to hypoxia,
response to stimulus, and multicellular organism devel-
opment were among the enriched functions (Fig. 3C,
Additional file 4: Table S3). We conclude that deletion
of ERB impacts several pathways essential for normal
ovarian function, including the repression of male gonad
development.

ERP impacts the ovarian cell composition

Since the analysis above identified the gene expression
of the complete ovary, we next used the RNA-seq data
to investigate whether the loss of ERP impacted the
ovarian cell composition. By applying digital cytom-
etry, using gene signatures from published mouse ovary
single-cell RNA-seq data [44] along with CIBERSORTx
[45], on our bulk RNA-seq data, we could estimate the
abundance of different cell types. This identified in
total 10 different cell types encompassing two types of
granulosa cells (Inhba™®" and Kctd14"¢"), two types of
luteal cells (regular and large), theca cells, two types
of cumulus cells (Nupri™®" and Ube2c""), ovarian
surface epithelial cells, macrophages (Lyz2"¢"), and
stromal cells. Following the loss of ERp, a significant
decrease in luteal cells, along with an increase of theca
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Fig. 3 Impact of ERR on the ovarian transcriptional landscape. A Volcano plot of ERB-regulated genes. Genes were considered differentially
expressed when FDR < 0.05 and log,FC>|0.4| (=5 WT, n=4 ERBKO). B Top-10 enriched biological pathways of the down- (blue) and upregulated
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in semantic space. The size and color of the bubbles correspond to the enrichment score (-log,(p-value)) and gene count, respectively. D Bar chart
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and Nupr1"8" cumulus cell populations were indicated
(Fig. 3D). The decrease in luteal cells confirms previ-
ous histological observations and can be directly linked
to the impaired ovulatory phenotype that results in
a reduced formation of corpus luteum in the ERBKO
mice. Overall, our transcriptome analysis demonstrates

a clear impact of ERP on the cellular composition of the
ovary.

Characterizing ovarian ER( target genes

In an effort to identify the direct ERp transcriptional tar-
get genes in the ovary, we integrated our RNA-seq and
ChIP-seq data. This revealed that as much as a third



Birgersson et al. BMC Biology ~ (2023) 21:277 Page 7 of 23
ChIP-Seq RNA-Seq
ERB WT vs ERBKO ERB i |
ChIP-Seq - il
Input | wibesiiod roy oas i iy PP S,
3227 245 558 53750 bp -44663 bp 22581 bp -3248bp 2602 bp 13362 bp
Angpt2  Ednra Fasn Cyp1ial Dhh Pdgfrb
Hypoxia Lipid metabolism Response to
estrogen
B Sign, D
o &Y o 1, ERB
V& — W R a@bogg% ChIP-Seq I PR | B S o ks
S8 o ® %%,
c?i‘z?\'oz& ° %O‘ . '06;36/\ Input o s imtbn bl b atditatla,
LSS 0',% 7226 bp 44696 bp 130458 bp | | -71548 bp -168555 bp -181908 bp 216889 bp 244034 bp
SIS L 2 Esr2 Nrsa2
o
S s =
2.8 | log,FoldChange C% 35 E F
OGO ==
2 % ® Downregulated o O Cell migration
g,;,) @ @ Upregulated (3 g
fo e Cell adhesion ERB
AR R ChIP-Seq feadis
A ° & & Multicellular organism development
e o oe ST ) -, INPUL | et sl
90%_ ® @.‘ équ& Cell differentiation 10733bp -3621 bp
®'Q & G~
Ooog'l;, N e — o e S Cellular response to insulin stimulus Fshr Tgfbr1
N ® B ¢ N
¥ .."' @ '3650‘*6 Cholesterol metabolic process
/906 JOnpSu o\\e\f‘)
Sse S Paye, ey U Cellular response to glucose stimulus
RlC) ity

Positive regulation of gene expression

Negative regulation of gene expression

Positive regulation of ERK1 and ERK2 cascade

Cell fate commitment

Signal transduction

Lipid transport

Vasculogenesis

-0s
+0S
Common

Fig. 4 I|dentification of direct ERB-regulated genes and biological pathways in mouse ovary. A Venn diagram representing the genes overlapping
between ERB ChIP-seq in WT ovaries (n=3 replicates, each with 14 pooled ovaries from 7 mice) and RNA-seq performed in WT (n=5)

and ERBKO ovaries (n=4). B Circle plot representing the top-10 enriched biological functions of the 245 overlapping genes between ChIP-seq

and RNA-seq (from A). For each biological function, up- (red) and downregulated (blue) genes are represented. C ChIP peaks show enrichment

of ERB at chromatin by genes involved in specific functions. D ChIP enrichment at binding regions nearest to £sr2 and Nr5a2. All tracks are set

to the same Y-axis height for the ChIP-seq and input. E The top-10 enriched biological functions of the regulated genes identified by both ChiP-seq
and microarray (before and after ovulatory signal, from [29]). The size of the bubbles corresponds to the enrichment score (-log; o(p-value)). F ERB

ChlP signal at Fshr and Tgfbr1

(30%, or 245 out of 803 genes) of the ERBKO ovarian
DEGs were located nearest (their TSS) to one or multi-
ple ERB-binding chromatin sites (Fig. 4A). Assuming a
connection between the ERP chromatin binding and the
subsequent transcript regulation upon its loss, we here
denote these 245 genes as direct transcriptional targets
of endogenous ERp in the ovary. A slightly larger propor-
tion of these binding sites (52%) contained an ERE motif
compared to all ERB-bound sites (46%). The direct targets
were regulated in both directions following the deletion

of ERB (49% up and 51% down). Again, the direct target
genes were enriched for functions related to response
to estrogen (e.g., Dhh, Pdgfrb, Gata4), lipid metabolism
(e.g., Fasn, Cypllal), positive regulation of angiogen-
esis (e.g., Angpt2, Angptd), cell differentiation (e.g., Etv6),
and multicellular organism development (e.g., Cebpa,
Pak3, Fzdl, Grebl), (Fig. 4B). Also, response to hypoxia
(e.g., Angpt2, Endra) was among the most enriched func-
tions of the target genes (Fig. 4B). Related ERP chroma-
tin binding is exemplified in Fig. 4C. It can be noted that
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overall, few of the directly regulated genes had a binding
site in the promoter region (13 out of the 245 genes, or
5%), encompassing Inha, Hsd17b1, Gata4, Neatl (long
non-coding RNA), Cpm, Epb4112, Mylk3, Mdfic, Zfp219,
Epb41l1, Pik3cd, Skil, and Fosl2. Notably, the majority
of the direct targets (158 out of 245 or 64%) had an ERp
binding site in an intron, most often (86 genes, or 35%)
in intron 1. This included Greb1 (4 binding sites in intron
1), Angpt4, Pak3 and Bcl2 (each 2 binding sites in intron
1), and Dhh and Pdgfrb (each 1 binding site in intron 1).
Thus, a primary mechanism whereby ERP regulates genes
appears to involve its binding to intron 1.

Since nuclear receptors may crosstalk at several lev-
els (regulation, interaction, shared transcriptional
targets), we next explored our datasets to identify
potential nuclear receptor regulation by ERP. We
found that the TSS of multiple nuclear receptor genes
were located closest to several ovarian ERB-binding
sites and could thus be potential direct targets (Addi-
tional file 5: Table S4). This included ERp itself (Esr2,
three binding sites visualized in Fig. 4D) and LRH-1
(Nr5a2, five binding sites, Fig. 4D), indicating a poten-
tial regulatory loop. Similarly, SF-1 (Nr5al) had two
intronic ERB-binding sites. However, neither LRH-1
nor SF-1 transcripts were significantly regulated in the
ERBKO ovary. The remaining nuclear receptor genes
that were located by ERB-binding sites (ERa, PR/Pgr,
SHP/Nrob2, PXR/Nrli2, GR/Nr3cl, NUR77/Nr4al,
COUP-TF-1/Nr2fl, and COUP-TE-II/Nr2f2), as well
as several nuclear receptor coregulators (incl. Nripl,
SRC1/Ncoal, and Ncor), were also not detected as
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significantly regulated in the knockout ovaries. This
lack of transcriptional regulation is in line with the
result generated by Binder and colleagues using iso-
lated granulosa cells from WT and ERBKO ovaries,
where only Pgr was differentially expressed following
ERP knockout after ovulatory stimuli [29, 46]. To con-
clude, although ERP can bind to chromatin regions
close to several nuclear receptors and potentially regu-
late them, we did not find evidence that it does so in the
ovary.

Finally, to explore which direct targets may be most
consequential for ovarian function, we searched for
genes where ERP would be essential for their expres-
sion in the ovary. That is, genes whose transcripts were
near absent (<2 Fragments Per Kilobase of transcript per
Million mapped reads, FPKM) in the ERBKO ovary but
at least 2-fold upregulated in the WT ovary, and with
high confidence (FDR<0.0001) across the individual
samples. The expression of 14 genes fulfilled these strict
requirements (Table 1). Eight of these had an ERP chro-
matin-binding site, nearly all (7/8) located in an intron.
Interestingly, a majority (9 out of 14, or 64%) encoded
for proteins located in membranes such as cell surface
receptors for low density lipoprotein (Lrp8, Lrpl1l) and
catecholamine (Adrb2). Thus, the proteins that appear
to be most dependent on ERp for their ovarian expres-
sion are located in cellular membranes with roles in cell
signaling, and they are regulated by ERp through intronic
chromatin binding. Taken together our study identifies
direct targets of ERP which furthers our understanding of
its role in the ovary.

Table 1 Ovarian genes that appear dependent on ER for their in vivo expression

Gene Gene name log,FC ERBKO (FPKM) WT (FPKM) ERB-binding site

Bhmt betaine-homocysteine methyltransferase -6,7 03 34,0 Intergenic

Mmel1 membrane metallo-endopeptidase-like 1 -5,1 0,3 9,1 -

Ssu2 ssu-2 homolog (C. elegans) -4,2 03 6,2 -

Slc38a3 solute carrier family 38, member 3 -3,.2 1,0 10,1 Intron 1

Lrp8 low density lipoprotein receptor-related protein 8, apoli- -3,1 1,5 134 Intron 1
poprotein e receptor

Them5 thioesterase superfamily member 5 -23 04 2,72

Cabp1 calcium binding protein 1 -1,9 09 4.2 Intron 1

Tspanll tetraspanin 11 -1,9 09 3,1 Intron 2

Lrpll low density lipoprotein receptor-related protein 11 -1,6 19 58 Intron 1

Abca’ ATP-binding cassette, sub-family A (ABC1), member 7 -1.6 1,6 49 Exon

Stx11 syntaxin 11 -14 13 34 -

Adrb2 adrenergic receptor, beta 2 -13 13 3,0 -

Ctnna2 catenin (cadherin associated protein), alpha 2 -1,.2 1,0 2,72 Intron 1

Nipall NIPA-like domain containing 1 -1,1 1.2 2,6 -

Genes that are not expressed (<2 FPKM per RNA-seq) in ERBKO ovary but expressed (>2 FPKM and at least 2-fold more) in WT ovary, with high confidence of
regulation across the individual samples (FDR <0.0001). FPKM values represents average ovarian expressions (WT: n=>5 mice; ERBKO: n=4 mice)
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ERP gene regulation in granulosa cells

during the ovulatory process

Previously, microarray comparisons of granulosa cells
collected from large antral follicles of WT and ERBKO
mice, before and after ovulatory signal, have identified
1361 genes related to ERP expression [29, 46]. Only 5%
(70 genes) of those were detected both before and after
ovulatory signaling (Additional file 1: Fig. S2D). Since
ERp is primarily expressed in granulosa cells, we com-
pared this data with our ERP results from the whole
ovary. While only 12% (164 of 1361) of the genes detected
as regulated in the microarray were differentially
expressed also in the WT and ERBKO ovarian RNA-seq
(Additional file 1: Fig. S2D), the exact same proportion
of genes (30%, 413 of 1361 vs 245 of 803 genes detected
by RNA-seq) had an ERP chromatin-binding site per our
cistrome (Fig. 4A and Additional file 1: Fig. S2D). Explor-
ing the pathway enrichment of all ERB-bound (per our
ChIP-seq) microarray-detected genes (413) showed that,
similarly to our ERB-bound genes in RNA-seq, devel-
opmental and differentiation genes were regulated both
before and after ovulatory signal whereas other pathways
were restricted to either condition (Fig. 4E). For example,
genes involved in cell migration and cell adhesion were
primarily regulated before the induction of ovulation,
while target genes with functions in response to insu-
lin, and cholesterol or lipoprotein metabolic processes
were regulated after ovulatory signal. Genes with an ERP
chromatin-binding site, whose expression were detected
as regulated in both studies (77 genes), included the key
ovarian genes Dhh (Fig. 4C), Fshr, and Tgfbrl (Fig. 4F).
Thus, several of the same genes and functions were
detected in both studies, but some (including response
to estrogen and angiogenesis) were only detected in our
in vivo study.

Conserved ERp regulation between species

To explore a potential relation to human health, we com-
pared the genes located by ERB-bound sites in the mouse
ovary (endogenous ERP) with those previously assessed
in human cell lines (only ERp ChIP-seq data from exog-
enous ERp in other cell types than ovary were available),
and performed with the same validated antibody [34, 47].
This analysis showed that over one-third (1332 of 3472,
or 38%) of the genes bound by ovarian ERp (i.e., whose
TSS was the closest located to the bound sites) in the
mouse genome, were also bound by ERP in human cells
(Additional file 6: Table S5). Moreover, most of these
genes were bound in their intronic regions in both spe-
cies. In contrast, the genes bound in their promoter,
transcription termination site (TTS), exon, 3’ or 5° UTR
regions, rarely had such conserved location. We also note
that most of the binding sites in genes bound by ERp in
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both species (1332 genes, corresponding to 2038 linked
binding sites in mice) had an ERE motif (1138 of 2038,
or 56%), and a nearly as large proportion (923 of 2038, or
45%) contained the NR5A motif, most commonly in com-
bination with an ERE. Thus, also in the conserved genes,
both ERE and NR5A were more frequent than the occur-
rence of the pioneering GATA motif (561 sites). When
we specifically looked at the ovarian direct target genes
(the 245 genes that were also regulated at the transcript
level in the mouse), more than half of them (54% or 132
genes) also exhibited an ERP binding site in the human
cells, again most commonly in the introns (72 out of
132 genes). Here, however, the conservation was strong
for the few promoter-bound target genes (mouse ovary)
where nearly all (11/13 genes or 85%) were bound by ER}
in humans too, albeit only three (INHA, EPB41L2, SKIL)
were bound at the promoter also in humans. These three
direct targets with conserved promoter binding were
either upregulated (Skil and Epb41I2) or repressed (Inha)
by ERp in the mouse ovary (Additional file 6: Table S5).
Finally, we compared our cistrome and transcriptome to
human granulosa-enriched genes from the Human Pro-
tein Atlas [48]. Out of the genes defined as granulosa-
enriched in humans, over a quarter (27%, or 133 of 496
genes) were either bound by ERP (mouse or human) and/
or regulated following ERP knockout (mouse ovary) in
our data sets (Additional file 6: Table S5). Twenty-four
of these genes were bound and regulated (here denoted
direct ERp targets) in the mouse ovary (incl. DHH, FSHR,
GATA4, GREBI, HSD17B1, INHA, INHBB, LRPS, and
LRP8). Thus, although there are major species differences
between human and murine fertility, the chromatin bind-
ing of ERP on key targets is relatively conserved. This
indicates that key ovarian genes (e.g., INHA, EPB41L2,
and SKIL) and transcription factors (e.g., GATA6, LRH-
1, and PPARG) are of particular importance for ERp-
mediated female fertility also in humans.

ERP may co-regulate targets with LRH-1 in granulosa cells

Two species-conserved ERB-bound genes of particular
importance, LRH-1 and SF-1, are nuclear receptors that
bind the DNA motif (NR5A) that we found enriched at
a considerable fraction (44%, p=1e *° Fig. 2D). This
suggests that ERP may regulate these nuclear receptors
and also function in the same chromatin-bound com-
plex as either of them. In other tissues, these transcrip-
tion factors are known to recruit, and thereby enable the
function of, other nuclear receptors. For example, LRH-1
enables the function of FXR in the liver [49], and SF-1
can recruit DAX-1 (NrOb1) to promoters in the adrenal
gland [50]. Exploring all ovarian ERB-bound sequences
for presence of ERE, NR5A, or GATA (pioneering fac-
tor) motifs, we found that most (4105 out of 4875, 84%)
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harbored at least one of these motifs (Fig. 5A). Among
the sequences harboring only one of these three motifs,
ERE was predominant (1199), followed by NR5A (747)
which was about twice as common as GATA (313). The
combination ERE and NR5A at one single binding site
(1092) was more prevalent than ERE and GATA (672).
That the NR5A motif was more common than the pio-
neering factor GATA motif could indicate that an NR5A
nuclear receptor may co-regulate ovarian genes with ERp
and/or bind first and bring ERp in. To investigate if the
identified NR5A motifs were de facto bound by an NR5A
nuclear receptor (LRH-1 or SF-1) in the ovary, we used a
publicly available LRH-1 ChIP-seq data set from isolated
mouse granulosa cells (GSE119508, [51, 52]). We inves-
tigated whether LRH-1 chromatin-binding sites over-
lapped with ERB-binding sites within the ChIP-seq peak
sizes (200 nucleotides, nt). We identified that over a third
of all ERB-bound sequences (1740 out of 4875, 36%) were
indeed de facto also bound by LRH-1 in granulosa cells
(Fig. 5B, Additional file 7: Table S6). This demonstrates
that LRH-1 and ER, to a large extent, bind the same (200
nt) regulatory chromatin sites in the ovarian genome.
This supports the interpretation that LRH-1 is important
for ERP function in the ovary, or vice versa.

Next, we explored potential differences in function
(enriched biological pathways) between genes co-bound
by ERB and LRH-1 and those bound by only one recep-
tor. To condense the list, all biological pathways were
run through REVIGO (top-ten functions illustrated in
Fig. 5C). We determined that genes bound by either
nuclear receptor (whether alone or together) were
strongly enriched for genes involved in apoptosis. The
ERP-only bound genes were specifically enriched for
PI3K signaling, extracellular matrix organization, ferti-
lization, ERK1/ERK2 cascade, male gonad development,
and positive regulation of NFkB transcription factor
activity. The LRH-1-only pathways, on the other hand,
were strongly enriched for chromatin organization and
cell differentiation. Finally, the co-bound genes had mul-
ticellular organism development as the most enriched
function (ERB-only and LRH-1-only were also enriched

(See figure on next page.)

Page 10 of 23

for various developmental genes) and were uniquely
enriched for lipid metabolic process and the TGFp recep-
tor signaling pathway. We thus note clear differences in
functions of the genes that ERp and LRH1 both bind (at
close distance), compared to those bound only by one of
the receptors.

ERB-LRH-1 chromatin interactions

The co-binding of two ovulation regulators, ERp and
LRH-1, to the same ovarian DNA locations, points in
the direction that this is a key ovarian molecular mecha-
nism. To better understand this mechanism, we ques-
tioned whether LRH-1 might recruit ERp (bound DNA
harbors only NR5A motif), if ERp might recruit LRH-1
(only ERE motifs), if both may bind simultaneously, or if
they compete. In an effort to explore this, we first investi-
gated to which extent the de facto dual-bound sequences
(approx. 200 nt) harbored both NR5A and ERE motifs.
We found that the largest group (702 out of 1740 de facto
dual bound sites, or 40%) harbored an NR5A but not an
ERE motif. The second largest group (532 sites, 31%) held
both an ERE and an NR5A motif (Fig. 5D), whereas the
smallest group (274 sites, 16%) had an ERE without an
NR5A motif (the remaining 13% lacked both two motifs).
Altogether, this may indicate that LRH-1 first binds to the
NR5A motif and brings ERp into the complex.

However, a second mechanism is possible for a sizeable
fraction (31%) of chromatin events where both motifs
are present: LRH-1 and ERp either bind adjacent to each
other or compete for binding. To explore the latter ques-
tion, we first investigated the distance between the dual
ERE and NR5A motifs (532 sites de facto bound by both
receptors, although not necessarily at the same time).
We found that in nearly all cases (92%), the two motifs
were within 100 bp of each other (Fig. 5E). Further, the
density plot clearly shows that both motifs had an equally
high probability occurrence within a 500 bp distance of
the binding site for these dual-bound sequences (Fig. 5F).
This is to be compared with the density plot for all ERp-
binding sites where the ERE has the highest probability
occurrence, and NR5A comes a distant second (Fig. 5G).

Fig. 5 ERp shares ovarian cistrome with LRH-1. A Venn diagram comparing distribution and co-occurrence of ERE, GATA, and NR5A motifs in all
identified ERB-bound sequences. B Venn diagram representing the overlapping chromatin-binding sites between ERB and LRH-1. C Enriched
biological pathways, summarized by REVIGO, comparing genes located nearest to chromatin bound by both ER and LRH-1 or specifically bound
by either ERB or LRH-1.The size of the bubbles corresponds to the enrichment score (-log; 4(p-value)). D Venn diagram comparing distribution

and co-occurrence of ERE and NR5A motifs in the the sequences bound by both ERB and LRH-1. E The distance between ERE and NR5A motifs

in the sequences containing dual motifs and bound by both ERB and LRH-1 (from D) plotted within +/-200 bp. F, G Density plots representing
motif occurrence within +/- 1500 bp distance of F all common ERP and LRH-1 binding sites, and G all ERB-binding sites. H Venn diagram comparing
ERB ChIP-seq with accessible chromatin (genes) using publicly available FAIRE-seq data [51] from granulosa cells during ovulatory stimulation.

1, J ChIP enrichment and corresponding gene regulation (RNA-seq) of critical genes that require ERB. All tracks are set to the same Y-axis height

for the ChIP-seq and input
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A technical caveat is that the NR5A motif sequence over-
laps with the complementary sequence of the ERE half-
site motif with all but 3 additional nucleotides, making
this analysis sensitive to artifacts. For this reason, we
separated the sites where the NR5A motif directly or
within 10 bases overlapped with an ERE motif and found
that this only occurred for 88 out of the 532 sequences
and did thus not impact the overall results. Evidently, the
NR5A and ERE binding sites were commonly clearly sep-
arated, supporting that binding of the two nuclear recep-
tors to their respective motifs near each other may occur.

Finally, we investigated to what extent the identi-
fied ERB-binding sites were present in active chroma-
tin regions. We compared our ERP ChIP-seq data with
Formaldehyde-Assisted Isolation of Regulatory Elements
(FAIRE)-seq data performed in the granulosa cells under
the same settings as the LRH-1 ChIP-seq [51]. We iden-
tified that 69% of the ERP-bound genes were located
nearby active chromatin regulatory regions (Fig. 5H).
According to the FAIRE-seq data, the top motifs in the
active chromatin regions were LRH-1 and CTCEF, while
ERE motifs represented 10% of all binding sites. Thus,
as this shows that ERP primarily binds within the active
chromatin regions in granulosa cells, and a large pro-
portion also harbors a NR5A motif and de facto LRH-1
binding sites, this further supports an active ERB-LRH-1
co-regulatory mechanism in granulosa cell gene regu-
lation. Potentially, ERB and LRH-1 are part of the same
transcriptional complex with a dual mode of interaction.
LRH-1 may bring in ERP to the chromatin complex, and
they may co-regulate target genes. Alternatively, they
may compete for binding at nearby motifs. Correspond-
ing interpretations of potential molecular mechanisms
are illustrated in Fig. 6A.

Key ERB-LRH-1 target genes

To explore which gene regulations this dual binding
may be critical for, we scrutinized the genes with dual
de facto binding of ERP and LRH-1 (ChIP-seq), that
were most strongly upregulated by ovarian ERP (i.e., sig-
nificantly higher expression in WT ovaries compared to
ERPKO, using a more stringent cutoff of log,FC<-0.9,
FDR<0.05). This generated a list of 28 genes (Table 2),
and corresponding ERp binding and regulation are exem-
plified in Fig. 5I-]. To be noted, ERP binds to the intron of
half of these genes [14] and at multiple sites in nearly half
[12] of the genes (Ddahl for example, has four ERP bind-
ing sites, all located in intron 1). These genes are also,
according to public databases, all expressed in granulosa
cells in the mouse. Out of these 28 genes, 9 genes are
bound by both receptors near each other at sites that har-
bor both an ERE and NR5A motifs (Cst8, Gsgll, Dpysl4,
FkbpS5, Dsc2, Crybbl, Fbn2, Tpst2, and Ctnna2) in at least
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one location. Among these genes, we find those encod-
ing key developmental proteins such as germ cell-specific
gene 1-like (Gsgll, related to gonad development) and
Fibrillin 2 (Fbn2, that sequester TGFp in the extracel-
lular matrix and impact osteoblast differentiation). Fur-
ther, FkbpS5, known to be upregulated by several hormone
receptors, has multiple ERf and LRH-1 binding sites
(Fig. 6C). Fkbp5 (also known as FKBP54) is expressed
both in mouse and human granulosa cells and encodes a
co-chaperone that interacts with several hormone recep-
tors (including AR, GR, and PR) and determines their
responses [53]. Other significantly regulated genes with
dual bindings (e.g., upregulated Cypllal, and downreg-
ulated GreblI) are also of interest (Fig. 6B-C). Both are
highly expressed in mouse and human ovary. Cyplial
acts upstream of the hormone biosynthetic process, and
Grebl has been reported to be induced by E2 in granu-
losa cell tumors through an ERa-dependent mechanism
[54]. We have previously demonstrated that Grebl is
upregulated by both ERa and ERP (exogenous) in breast
cancer MCEF-7 cells [43]. Taken together, our data reveal
proposed ovarian target genes of a novel network inter-
action between ERP and LRH-1 with potential implica-
tions for fertility.

ChIP-reChIP demonstrates interaction at select genomic
fragments

To experimentally test whether ERp and LRH-1 bind to
the same regulatory DNA fragments simultaneously,
we performed a ChIP-reChIP experiment. We explored
DNA regions of target genes indicated to be bound by
both receptors (Grebl, dual motifs in intron 1, -3290 bp
from alternative TSS 2, see Fig. 6B; Cypllal dual motifs
intron 2 and Fkbp5 NR5A-only motif intron 3, Fig. 6C).
Further, an ERB-bound region not indicated to be bound
by LRH-1 (the promoter-TSS of Cry2, where ERf but not
LRH-1 had a detected ChIP site) was included for com-
parison, as well as a gene desert where neither is expected
to bind (negative control). Primers were designed to
cover the selected areas with amplicons of approximately
100 bp, and qPCR on a 4™ ERB mouse ovary ChIP experi-
ment (average DNA size of 100-200 bp after sonication)
confirmed ERP binding at the identified sites and not at
the gene desert (Fig. 6D). Next, two independent ERf
ChIPs were followed by LRH-1 reChlIPs. Several controls
were included. One control omitted the LRH-1 antibody
and was used to ensure that ERB-bound sequences were
not re-IP:ed in the second step and also to confirm that
unspecific enrichment to the affinity beads did not occur.
qPCR of the eluted DNA of this control did not gener-
ate any amplification product which validated that there
is no trace of unspecific binding of our target sequences.
Secondly, we included the gene desert in the qPCR of



Birgersson et al. BMC Biology ~ (2023) 21:277

A Cooperative binding

Page 13 of 23

Competitive binding

ERBERD

RH-
NR5A

iy ERDERD

LRH- RBJER
J(NRSA ERE

-
LA

RH- RBYER
NR5A ERE

B
Greb1gene
TSS1—p |------- [intron 1> ERE | [ ERE | INR5A28bp[ ERE | INR5A4bp[ ERE | ------- TSS2—)
10286 bp -21530 bp -7648 bp -3290 bp
C
Cyp11aigene
TSS —  ------- lintron2"> INR5A20bp[ ERE |51bp[T ERE 84 bp[NR5A
-3248 bp
) Fkbp5 gene )
Intergenic -~ NR5A 17 bp[NR5A 133 bp NR5A/125bp| ERE | ------- TSS—>  ------- Intron 3 > NR5A 73 bp NR5A 58 bp NR5A
e — e
21482 bp 54163 bp
D E F
ChIP gPCR ChiIP-reChIP gPCR
ERB ERB-LRH-1 ERE-TATA-Luc NR5A-RE-Luc
14 30 207 304 er EDMSO
= [ = mE2
<12 g5 25-
g 2 154
510 520 20 °
S s = 5 5 e g
s w15 2104 . 215
£ 6 k] # °
5, 5 10 104 o #
] k5 5 © D
-, 8 5 # 5
'S
N o] oLl e @] | o Lo Y i)
Y% % 3 Y % % 3 Mock LRH-1 ERB  ERB Mock LRH-1 ERB  ERB
- O o) - o © + +
°S 3 & ¢ © 3T LRH-1 LRH-1
G G

Fig. 6 ERP and LRH-1 are part of the same transcriptional complex. A Proposed binding mechanisms on chromatin bound by both ERB and LRH-1.
B, C lllustration of intergenic and intronic binding sites of ERB, with corresponding ChIP-seq peak (below), for sites also bound by LRH-1, by genes

B Greb]1, with distant to nearest TSS (isoform 1, NM_015764, or isoform 2, NM_001252071) indicated, along with the location of ERE and NR5A
motifs, and C CypTTal,and Fkbp5. D ERB ChIP-gPCR (n=1, with 8 pooled ovaries from 4 mice) confirms binding of ER to respective site, normalized
to input. E ERB-LRH-1 ChiP-reChlIP followed by gPCR (one out of two experiments illustrated here, with 14 pooled ovaries from 8 mice, in technical
duplicates) supports dual binding of ERB and LRH1-1 to Greb] (intron 1), but not CypT1al (intron 2) or Fkbp5 (intron 3) sites. Normalized to ERB ChIP
levels. F, G SW480 cells transfected to express ERB and/or LRH-1, along with F ERE-TATA or G NR5A-RE luciferase reporter construct, show that ERP
and LRH-1 can repress each other’s transactivation activity (one out of three independent experiments per reporter construct illustrated here (n=3),
each with 3 technical replicates per condition, two-way ANOVA). # indicates significant difference by treatment (p <0.05), ** p>0.01, *** p <0.001

the ERB-LRH1 reChIP DNA to control for unspecific
enrichment within our samples. This sequence did not
amplify in the ChIP:ed samples, in line with our other
controls. However, qPCR of the same samples revealed
a substantial enrichment at the GrebI site but not at the
Cry2 site. This was true both when the results were nor-
malized to input (fraction of input, Additional file 1: Fig.
S3B) and when compared to corresponding ERp ChIP
levels (Fig. 6E and Additional file 1: Fig. S3A). This dem-
onstrates that ERP and LRH-1 simultaneously bind this
intron 1 region of the Grebl gene (with ERE and NRA5
motifs). Further, while not enriched compared to Cry2,
amplification products were detected for the Fkbp5 (and

Cry2) sites, but not at the Cyp1lal site. This may indicate
that only one of the receptors, ERp or LRH-1, binds at
one time and that they may compete for binding at these
sites. However, we cannot exclude that co-binding may

occur to a lesser degree at some of these sites (including
Fkbp5 and Cry2).

Transactivation assays demonstrate mutual inhibition

at standard response elements

As our ChIP-reChIP results indicate co-binding at
select sites, and a probable competition at other
sites, we tested whether the two transcription fac-
tors could impact each other’s transactivation capacity
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Table 2 Top downregulated ERBKO ovary genes with de facto ERB and LRH-1 chromatin binding

Gene Gene Name log,FC  ERP location(s) TSS(kb) ERE NR5A
Slc38a3 solute carrier family 38, member 3 -3.2 intron 4 9.1 - -
Lrp8 low density lipoprotein receptor-related protein 8, apolipoprotein e receptor ~ -3.1 intron 2 9.0 - +
Cst8 cystatin 8 (cystatin-related epididymal spermatogenic) 23 intron 2 2.8 + +
Nrn1 neuritin 1 =23 downstream gene® 224 - +
Sgk1 serum/glucocorticoid regulated kinase 1 -2.1 intergenic -38 - +
Gsgll GSG1-like -2.1 intron 2 113 + x2
Dpysl4 dihydropyrimidinase-like 4 -2.1 upstream gene® -62 + +
Cabp1 calcium binding protein 1 -1.9 intron 1 2.7 -
Tspanll  tetraspanin 11 -19 downstream gene® 94 - -
Enpp6 ectonucleotide pyrophosphatase/phosphodiesterase 6 -1.8 intergenic -3.5 - +
Fkbp5 FK506 binding protein 5 -1.7 1:intergenic -22 + X3
2:intron 3 54 - X3
Dsc2 desmocollin 2 -1.7 intron 1 0.7 +
Crybb1 crystallin, beta B1 -1.7 intergenic -14 +
Txndc2 thioredoxin domain containing 2 (spermatozoa) -1.6 1: upstream gene® -62 - X3
2:intergenic -53 - +
Fbn2 fibrillin 2 -16 intron 2 23 + +
Lockd INcRNA downstream of Cdkn1b -1.6 intergenic 25 - X2
Aifll allograft inflammatory factor 1-like -1.5 intron 2 4.5 + +
Parvb parvin, beta -15 intron 1 36 -
Tpst2 protein-tyrosine sulfotransferase 2 -14 intron 1 22 + X2
Ddah1 dimethylarginine dimethylaminohydrolase 1 -13 intron 1 47 + -
Mrap melanocortin 2 receptor accessory protein -13 intergenic 24 - +
Ctnna2 catenin (cadherin associated protein), alpha 2 -1.2 1:intergenic -192 x2 -
2:intron 1 71 + +
Hao2 hydroxyacid oxidase 2 -1 1:intergenic -39 - +
2:intron 1 26 - -
Gpr37 G protein-coupled receptor 37 -1 intergenic 239 - X3
Ttyh2 tweety family member 2 -1.0 intron 3 16 - x2
Fzd1 frizzled class receptor 1 -1.0 intergenic 262 - +
Nek6 NIMA (never in mitosis gene a)-related expressed kinase 6 -1.0 intergenic -13 - -
Slc6ab solute carrier family 6 (neurotransmitter transporter, taurine), member 6 -1.0 intergenic -37 + -

The list includes genes that, following loss of ERB, are strongly downregulated (average log,FC <-0.9; FDR <0.05) and are also nearest to both ovarian ERB-bound and
granulosa LRH-1-bound chromatin, co-bound within 200 bp. The presence of ERE and/or NR5A motif within the bound sequence is indicated by + or -, or if multiple,

with the number of motifs present (x2 or x3)

2 Intron 5 of Fars2 (non-significant trend of downregulation: log,FC: -0.26, FDR: 0.06)

® Intron 9 of Jakmip3 (downregulated)
¢ Intron 2 of Tspan9 (not significantly regulated)
9 Intron 3 of Rab31 (not regulated)

at respective classical response elements. That is, we
explored if LRH-1 impacted the transactivation by
ERp at the classical ERE, and reverse, if ERp impacted
the activity of LRH-1 at its NR5A-RE, using luciferase
transactivation assays, each in triplicate independent
experiments. Interestingly, the E2-induced ERp trans-
activation of the ERE-TATA reporter construct was sig-
nificantly repressed in the presence of LRH-1 (Fig. 6F
and Additional file 1: Fig. S3C). Reciprocally, the LRH-1

transactivation of the NR5A-RE reporter construct was
counteracted by ERP, independently of E2 treatment
(Fig. 6F and Additional file 1: Fig. S3D). Unexpectedly,
the LRH-1 transactivation of the NR5A-RE reporter
construct was enhanced by E2, although neither ERa
nor ERpP is expressed in the cell line. These results
demonstrate a negative crosstalk between ER(B and
LRH-1 at their respective response element, where they
repress each other’s transcriptional activity. Thus, their
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co-regulation of target genes may include a repressive
mechanism.

Discussion

ERP is known to be critical for ovarian function in mul-
tiple species. The ERBKO mouse phenotype of impaired
follicular maturation, with a reduced number of fully
mature follicles, is correlated with smaller litters. Mean-
while, the production of fewer litters may partially be
linked to dysregulated ovulatory signaling. However,
most of the knowledge is based on histological observa-
tions in knockout animals or transcriptomic analysis on
isolated granulosa cells [25, 26, 29, 30]. The ovarian ERp
molecular mechanism of action, including its direct tar-
get genes, remains largely unknown. Further, the in vivo
molecular mechanism is intrinsically difficult to study as
there is no other cell type where ERp is highly expressed,
and its expression is absent (or lost) in cultured cells. In
this study, we denote the endogenous ERP genome-wide
chromatin binding in vivo (mouse) and identify those
that are also transcriptionally altered as its direct ovarian
target genes. Moreover, we unravel an overlap and inter-
action between the ERB and LRH-1 regulatory networks
that we propose is a critical ovarian mechanism that
underlies female fertility.

Our transcriptomic analysis of ERB in WT and ERBKO
ovary supports a role for ERP in ovarian lipid metabo-
lism, as has previously been indicated in isolated granu-
losa cells during ovulation [29], and we reveal its impact
on genes involved in glucose metabolism. Lipids are
important as a source of energy for both folliculogen-
esis and ovulation [55], and are crucial for the steroi-
dogenesis that takes place in granulosa cells. Further,
glucose in the follicular fluid is used by the non-vascular
membrane granulosa cells [56, 57]. Both lipid and glu-
cose metabolism have been shown to be important for
the cumulus-oocyte complex, where the cumulus cells
provide essential metabolites for the oocyte [58, 59].
Interestingly, the digital cytometry analysis revealed a
significantly increased expression of cumulus cell mark-
ers, as well as a general augmentation of overall granu-
losa cell population markers in ERBKO mice. This could
partly explain the differential expression of genes related
to lipid metabolism and glucose homeostasis after the
loss of ERB. We found genes, both directly and indirectly
regulated by ERP, that are active in cholesterol, steroid,
and fatty acid metabolism. Their gene products, in addi-
tion to the enzymes that directly impact estrogen synthe-
sis (Cypllal, Hsd17b1), also included proteins involved
in cholesterol metabolism and steroidogenesis (e.g.,
Cyp27al, Fdps, Fdxr, Hmgcs1, Lrp8, Lrpl1), as well as in
prostaglandin synthesis and fatty acid synthesis/elonga-
tion pathways (e.g., Ptgis, Fasn, Lep, Cdsl, Hgpd, Acacb)
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which can impact steroidogenesis. Noteworthily, most of
the DEGs belonging to the lipid pathway presented ERP
binding sites in their regulatory regions, while the DEGs
involved in glucose metabolism did not contain ERpP
binding sites, suggesting the latter are indirectly regu-
lated as a consequence of lost ERp. Further, our data con-
firm previous findings that Cyp1lal (ERB-binding site in
intron 2), Gata4 (4 ERP-binding sites, including in pro-
moter), and Runx2 (no ERB-binding site) are regulated
upon loss of ERP in granulosa cells [29, 30]. However,
we observed an upregulation rather than a downregula-
tion of Gata4, and several previously identified key ERp-
regulated genes were not found to be affected in our
study (incl. Jaml, Ptgs2, Dusp9, and Mageb16, which were
barely detected (<1 FPKM) and did not exhibit any ERp-
binding sites). A difference is, of course, that our analy-
sis included the whole ovary, and our data is impacted by
differences in cell composition.

It is well known that FSH promotes the development
of ovarian follicles, and that LH regulates the preovula-
tory maturation of oocytes, ovulation, and formation of
the corpus luteum. These surges also activate pro-inflam-
matory genes through cAMP signaling in the ovary and
the secretion of proteolytic enzymes by the follicle. These
enzymes degrade the follicular tissue at the site, result-
ing in oocyte release [60, 61]. ERBKO mice have been
reported to have an improper thinning of the follicu-
lar wall and to lack a proper expansion of the cumulus-
oocyte complex [26]. Our deconvolution data show that
a lack of ERP is accompanied by an increase of theca cells
in the follicular wall. While fewer cumulus cells have
been reported in the knockout mice [25], we observe an
increased number of specific Nupri™®" (nuclear protein
1) cumulus cells. Nuprl has been linked to inflamma-
tory response and has been shown to be induced in the
cumulus-oocyte complex during the ovulatory process
[62]. However, Nupri was also recently identified in
murine atretic granulosa cells [63]. As one phenotype of
the ERBKO mice is an increased number of atretic large
antral follicles [26], an increased number of cumulus cells
expressing high levels of Nuprl could explain the over-
all phenotype of a reduced number of cumulus cells.
Lastly, we also observed a trend of increased Lyz2""
macrophage cells in the ovaries of the ERBKO mice. This
increase in macrophages aligns with our previous find-
ings from colon tissue, where ERP is anti-inflammatory
and reduces macrophage infiltration [64, 65]. Our study
thus contributes to understanding how ERP impacts the
ovarian cell composition, which is related to the charac-
teristic phenotypes.

A spike in estrogen level normally occurs just before
ovulation, and this provides positive feedback to the
hypothalamus and pituitary, which in response will
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induce the LH and FSH surges. ERBKO females exhibit
a reduced level of E2 at diestrus [27, 28]. This is due to
the local ovarian activity of ERp, since the surge can be
rescued by implantation of ovaries from WT mice [28].
It is thus interesting that we found that several of the
direct ERB-targets are known to regulate the diestrus
E2 surge (incl. Hsd17bl1, Hsd17b3, Cypllal). ERP also
bound chromatin by the aromatase gene. Although its
expression was not altered upon ERP loss, we note that
this regulation is expected to occur specifically at dies-
trus and may thus only be detected at this specific time
point. Overall, since we did not compare ovaries of differ-
ent estrous stages, we may have missed regulations that
occur at specific stages.

In accordance with ERBKO mice exhibiting a reduced
size of the LH surge, we could confirm the deregulation
of numerous ovarian LH and FSH surge genes. The recep-
tors for FSH (Fshr) and LH (Lhcgr) are both expressed in
granulosa cells. They are G protein-coupled receptors and
signal through cAMP-dependent and cAMP-independ-
ent mechanisms which result in activated protein kinases
and downstream activation of transcription factors and
other proteins. In accordance, most of the LH and FSH
surge genes affected by ERP deletion (incl. Runx2, Star,
Saa3, Apln, and Hsd17b7) did not exhibit an ERB-binding
chromatin site and can thus be concluded to be downreg-
ulated as a consequence of the reduced surge in knockout
animals rather than being direct targets of ERB. Mean-
while, both the FSH and LH receptor exhibited ERP bind-
ing sites (Fshr in intron 1, Lhcgr 4 sites in intron 3, exon 1,
and intergenic), indicative of being direct transcriptional
targets of ERP. Fshr was significantly upregulated in the
knockout, whereas Lhcgr was not regulated. Thus, Fshr
appears to be repressed by ERp in the ovary. However, we
cannot exclude that this regulation is a feedback mecha-
nism to compensate for the reduced surges.

One of the strongest impacted genes upon ERp dele-
tion was Bhmt. This gene is normally highly expressed
in luteal cells and is known to be absent in infertile mice.
In our study, Bhimt was consequently highly expressed in
the WT ovary (35 FPKM) but was completely absent (0.3
FPKM) in the ERBKO ovary. This could simply be a con-
sequence of the ovulatory phenotype (dramatic reduction
of luteal cells), but our finding that ERp binds intergenic
chromatin located downstream (29 kb from TSS) of the
gene itself, indicates a potential direct regulation. Bhmt
expression has also been linked to the transcription fac-
tor Cebpa (C/EBPa). Cebpa mediates LH-activated
ERK1/2-dependent granulosa cell differentiation and is
essential for ovulation and luteinization. Cebpa knockout
females are subfertile, similar to ERBKO females [66]. As
the Cebpa gene was also bound by ERP (two intergenic
chromatin sites: 24 kb upstream and 6 kb downstream
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of TSS) and downregulated following ERP knockout,
ERp may regulate Bhmt both directly and indirectly (via
Cebpa).

On a mechanistic note, we observed that nearly half of
the ERP chromatin binding sites were located in introns.
As an example, multiple low-density lipoprotein recep-
tor-related proteins genes (Lrp1, Lrp4, Lrp5, Lrp8, Lrp11)
all held ERP bindings sites in intron 1. ERB was further-
more essential for the expression of two of these (Lrp8
and Lrpll). Lipoproteins in the plasma are the major
source of cholesterol obtained by the ovarian theca and
granulosa cells for steroidogenesis and Lrp8 has been
associated with reproductive traits in ducks (where it is
exclusively located in granulosa cells) and has been sug-
gested to regulate follicular growth [67]. Regulation of
the Lrp proteins may thus impact estrogen production
and fertility. Overall, the high frequency of ERP bindings
sites at early exons among the regulated genes, especially
notable in the most strongly regulated genes (5 of 8, or
62%, of the most highly regulated gene targets), support
that this as a mechanism rather than a random, non-
functional binding. Studies in C. elegans have found that
first introns are more conserved in length, are bound by
more transcription factors, and that the transcription fac-
tors that bind first introns are largely different from those
binding promoters [68]. Studies of the ERP homolog,
ERaq, in human breast cancer cells have also found that
ERa does not primarily bind promoter regions (approxi-
mately 3% of sites are in the proximal promoter region
[69, 70]). From this, we propose that intron 1 binding,
rather than promoter binding, may be a main mechanism
for transcriptional activation of endogenous ERp target
genes.

Importantly, we identified the NR5A (LRH-1 and SF-1)
motif as a DNA-binding element associated with ERp in
the ovary. We show that this motif was nearly as enriched
among ERP bound sequences as its own ERE motif. While
it may be theoretically possible that the NR5A motif,
which is an extension of a half-ERE site, can be bound by
ERp, this is not supported since the NR5A motif was not
found to be enriched in ERB ChIP-seq of other cells that
do not express LRH-1 (exogenous ERp expressed in colon
or breast cancer cell lines [34]). Accordingly, by compar-
ing our data to ChIP-seq of LRH-1 in granulosa cells from
the literature, we could conclude that ERB and LRH-1
indeed bind numerous identical sites over the genome
in close vicinity of each other. Notably, among the direct
ERp targets where ERP was essential for gene expression,
five of eight were also bound by LRH-1 (Ctnna2, Lrp8,
Slc38a3, Cabpl, Tspanll). This may suggest that a subset
of granulosa cells genes require the cooperative activity
of both ERP and LRH-1 in the transcriptional complex
for their expression. This connection between ERpB and
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LRH-1 is likely intrinsic to granulosa cells of the ovary,
where both these nuclear receptors are highly expressed.

Our finding that the larger group of de facto dual-
bound sequences contained only the NR5A motif and no
ERE may support the hypothesis that LRH-1 binds first,
and then recruits ERB to the chromatin. This is in line
with reports of LRH-1 acting as a pioneer factor in mice
where it can bind nucleosomal DNA in vitro and pro-
mote chromatin accessibility during zygotic genome acti-
vation in two-cell embryos [71]. It is further possible, as
schematically proposed in Fig. 6, that chromatin-bound
LRH-1 recruits ERP bound to DNA at another location
and that this enables chromatin loop-formation.

Upon testing the hypothesis that they bind simultane-
ously, our ChIP-reChIP experiments demonstrated that
both ERB and LRH-1 could indeed bind co-operatively
within the GrebI chromatin area that harbors dual NR5A
and ERE motifs. This confirms their nearby interaction
at the chromatin level. This particular gene is known to
be upregulated by ERP when introduced into other cell
types (human MCE-7 cells, which do not express LRH-
1), but was indicated by our data to be downregulated by
ERP in the ovary. Whether this is a cell type or species
difference, or whether the presence of LRH-1 impacts
the direction of regulation, needs further studies. Fur-
thermore, the same experimentation showed that at
certain other sites we could not detect any bound DNA
(Cypllal) or no clear enrichment (FkbpS5). Our experi-
mentation using transactivation assays showed that they
can inhibit each other’s transcriptional activity at their
classical response element. It is thus possible that ER
and LRH-1 bind simultaneously at some sites, but one
at a time at other sites, perhaps competing for binding.
Whether one receptor’s transactivation (at its respec-
tive response element) is inhibited by the other nuclear
receptor, is because they can bind each other’s motif (to
be noted, the NR5A motif harbors sequences identical to
an ERE half-site), or because of protein-protein interac-
tion, remains to be investigated. Further, as sites far apart
may directly interact with each other, investigating the
related 3D chromatin architecture, using for example
Hi-C sequencing, as well as exploring chromatin acces-
sibility (ATAC, FAIRE, or DNase susceptibility) to show
which sites lose transcriptional factor accessibility fol-
lowing ERP deletion, can help to further elucidate their
precise mechanism of action. As LRH-1 is essential for
fertility, and its deletion leads to the formation of large
preovulatory follicles with failure to ovulate, similar to
the ERBKO phenotype [39], our data provide a direct link
between these two fertility regulators.

Overall, the strengths of our study include the usage
of a highly validated antibody, the unbiased approach of
ChIP-seq and RNA-seq, the analysis of the endogenous
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ERP activity within the tissue environment, and the
comparison with knockout animals. To be noted, we
also compared our data with ERB ChIP-seq in ERBKO
animals, and a direct comparison (WT ChIP vs ERBKO
ChIP) confirmed over 70% of sites (WT ChIP vs input).
We consider this a high fraction, considering the caveats
of using ChIP on non-existent proteins. The accuracy of
the cistrome is evidenced by the significant enrichments
of the ERE and well-known associated motifs AP-1 and
GATA. Moreover, a recent study of several ovarian tran-
scription factors included ChIP-seq of ERB. Although
this was performed with a non-validated antibody (Aviva,
cat no: ARP37039, RRID: AB_10714286), without repli-
cates nor corresponding input, it did nevertheless iden-
tify 3976 of our 4875 binding sites [72]. This supports
the validity and generality of the provided cistrome.
While we have previously studied exogenously expressed
human ERP with the same antibody and revealed its
chromatin binding pattern in non-reproductive cell
types, including breast and colon cancer cell lines [34,
43], and others have reported endogenous ERp cistromes
but not using the validated antibody (rat male germ cells
[36] and mouse endometrium overexpressing ERB [37]),
this is to our knowledge the first time the endogenous
ERp cistrome is described in detail using validated tools.

Some weaknesses of the study should be highlighted.
Since we analyzed non-synchronized ovaries in RNA-
seq, the gene expression data is diluted by cells not
expressing ERP. This means that low-abundant ERp-
regulated genes are likely to be missed. Also, genes that
are regulated at specific estrous stages will most likely
not be detected. Thus, more genes are likely regulated
than what is demonstrated in this study. This may explain
some discrepancies between this study and the literature.
Consequently, while we gained in studying the complete
impact on the in vivo ovarian context, further studies
are needed to comprehensively define the full spectrum
of regulated genes, including at specific phases of the
estrous cycle. However, it should be noted that a com-
plete overlap between identified ChIP-binding sites and
regulated genes is not expected. The identified overlap
here is similar to what has been previously demonstrated
for ERa in homogenous cell lines [43, 69, 73]. In addition,
our study does not separate the binding and activity of
the two ERP splice variants present in the mouse ovary.
Understanding how they impact chromatin binding and
transcriptional activation is another interesting topic for
further studies.

Conclusions

We here provide wide-ranging insights into the endog-
enous ERP gene regulatory landscape in the ovary and
identify its ovarian target genes at the genome-wide level.
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Our work reveals mechanistic insights including that ER
and LRH-1 have a shared cistrome and that they can bind
simultaneously at some sites, and not at other sites, and
that they can inhibit each other’s transcriptional activity.
Altogether, we provide a foundation that enables a better
understanding of ovarian physiology and female fertility.
This data can support research for an effective treatment
to overcome ineffective follicle development and oocyte
maturation.

Methods

Animal experiment and tissue collection

Ovaries from mice with (WT) and without expres-
sion of ERB (ERBKO) was used for this study (N=280,
age 4-20 weeks). ERBKO animals were generated by
heterozygous breeding of ERB*~ mice generated from
ERBI¥* mice (B6.129x 1-Esr2?"1%% backcrossed on
C57BL/6]) crossed with transgenic Rosa26-Cre deleter
mice (Taconic) [74]. Deletion of exon 3 in the offspring
was confirmed by standard PCR protocol with primers
listed in Additional file 8: Table S7. This deletion results
in a frameshift and premature stop codon, leading to a
subsequent absence of ERP protein (Fig. 1D-E). Control
mice were offspring lacking Cre (thus WT ERp). Animals
were housed under a controlled environment at 20 °C
with a 12-h light-dark cycle. Ovaries were harvested and
prepared for ChIP-seq, ChIP-qPCR, ChIP-reChIP, IHC,
WB, and RNA analysis as detailed for each experiment.
The ovaries were not collected at a specific stage of the
estrus cycle. All experiments were performed in accord-
ance with the EU Directive 2010/63/EU for the care and
use of laboratory animals. The local ethical committee of
the Swedish National Board of Animal Research (Stock-
holm ethical committee, Dnr ID 211) approved all exper-
imental protocols.

Immunohistochemistry

Sections of formalin-fixed paraffin-embedded mouse
ovary from WT (n=14) and ERBKO animals (n=8) were
deparaffinized in xylene and rehydrated in decreasing
concentrations of ethanol. The sections underwent heat-
mediated antigen retrieval in citrate buffer (pH6, 15 min)
followed by permeabilization (0.1% IGEPAL, 15 min)
and blocking of endogenous peroxidase activity (3%
hydrogen peroxidase in 50% methanol in PBS, 30 min).
Slides were further blocked for unspecific binding of
secondary antibodies (5% normal goat serum, 30 min
at 4 °C) and unspecific avidin/biotin binding (DAKO).
Incubation with primary anti-ERp antibody (mouse
monoclonal PPZ0506, R&D Systems Bio-Techne, cat no:
PP-PPZ0506-00, lot no: A2, RRID: AB_2293861, 1:200
dilution) in 0.1% IGEPAL in PBS was performed over-
night at 4 °C. Negative controls without primary antibody
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were used for each slide. The sections were incubated
with appropriate biotin-conjugated anti-IgG secondary
antibody (goat anti-mouse IgG, ThermoFisher, cat no:
31800, RRID: AB_228307, 1:500 dilution) for 1 h at room
temperature (RT). Following incubation with avidin-bio-
tin complex (ABC, ThermoFisher) for 45 min at RT, the
staining was developed with Liquid DAB+ (3,3- diam-
inobenzidine) Substrate Chromogen System (DAKO).
The slides were counterstained with Mayer’s Hematoxy-
lin and dehydrated in ethanol and xylene. Images were
captured using a BX53 light microscope and CAM-SC50
camera (Olympus, Tokyo, Japan). The ERP staining was
assessed using a combinative semiquantitative scoring of
staining intensity and area.

RNA in situ hybridization

WT ovary (n=2) was fixed in 4% formaldehyde (24 h),
stored in 70% ethanol, embedded in paraffin, and sec-
tioned. The sections were used for RNA in situ hybridi-
zation with mouse Esr2 probe (316121) using RNAScope
2.5HD Assay — Brown according to manufacturer’s pro-
tocol (RNAScope ACDBio). Mouse Ubs (310771) primer
and Dapb were used as a positive and negative control,
respectively, in mouse liver.

RNA isolation

Frozen ovarian tissue from WT (n=5) or ERBKO (n=5)
mice was homogenized with a tissue lyser (Qiagen,
Chatsworth, CA). Total RNA was isolated with QIA-
zol and purified using the miRNeasy Mini Kit (Qiagen,
Chatsworth, CA) according to the standard protocol, and
on-column DNAse treatment was applied. Quantitative
and qualitative analyses were performed with NanoDrop
1000 spectrophotometer and Agilent Tapestation 2200
(Agilent Technologies, Palo Alto, CA), respectively.

cDNA synthesis and qPCR

One microgram RNA was reverse transcribed using the
iScript cDNA synthesis kit (Biorad) according to stand-
ard protocol. Ten nanograms of cDNA were used to
perform qPCR in a 10 pl volume, using iTaq universal
SYBR Green supermix (Biorad), as recommended by the
supplier. Non-template negative controls and melting
curve analysis were used to ensure specific amplification.
Samples were run in duplicates using the CFX96 Touch
System (Biorad) and the relative gene expression was cal-
culated as the mean per group using the AACt method,
normalized to the geometric mean of two reference genes
(Actb and Gapdh). All primer sequences are provided in
Additional file 8: Table S7.
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Western blot

Frozen ovaries from WT (n=2, 2 ovaries per replicate)
and ERPKO mice (n=2, 2 ovaries per replicate) were
homogenized using a tissue lyser (Qiagen, Chatsworth,
CA). Total protein was extracted in RIPA buffer (Ther-
moFisher, cat no: 89900) with 1x protease and phos-
phatase inhibitor, incubated for 30 min on ice, vortexed
for 60 s, and centrifuged at 13,000 rpm for 15 min at 4 °C.
Protein concentration was measured by BioRad Protein
Assay Kit (Bio-Rad) and a UV spectrophotometer. On a
10% SDS-polyacrylamide gel (Biorad, cat no:4561034),
20 pg of total protein and ladder were loaded and elec-
trophoresed. Using Transblot Turbo Transfer Kit and
system the separated proteins were transferred to a
PVDF membrane for 10 min (Bio-Rad, cat no: 170-4273).
The membrane was incubated in 5% milk for 1 h at RT
before incubation with primary antibodies against ERP
(PPZ0506, 1:1000) and GAPDH (ThermoFisher, cat no:
MA5-15738, lot no: UH277724, RRID: AB_10977387,
1:1000) in 5% milk overnight. Membranes were washed
four times with 0.1% TBST for 10 min, and then incu-
bated with anti-mouse IgG HRP-conjugated secondary
antibody (Cell Signaling, cat no: 7076, lot no: 33, RRID:
AB_330924, 1:5000). Clarity western ECL substrate (Bio-
Rad, cat no: 170-5061) was used to visualize the protein
and the images were recorded using an imaging device
(ThermoFisher).

ERP ChIP-seq and data analysis

Fresh WT ovaries (n=14, from 7 mice, per triplicate) and
ERPKO ovaries (n=14, from 7 mice, per triplicate) were
collected from 4-16-week-old mice (N=42), washed
with PBS, cut into small pieces, and cross-linked with
formaldehyde (1%, 15 min, with shaking in between).
Formaldehyde was removed by PBS washes and glycine
(0.125 M) was added to stop further cross-linking. The
samples were stored at -80 °C. Cells were separated using
a Dounce homogenizer on ice, passed through a 100 uM
cell strainer to remove connective tissue, washed with
ice-cold PBS, and cell pellets were collected by centrifu-
gation at 4500 rpm. At 4 °C, with ice-cold reagents and
incubations on shaking, cell pellets were lysed (10 min)
in LB1 (50 Mm HEPES, 140 mM NaCl, 1 mM EDTA,
10% glycerol, 0.5% IGEPAL and 0.25% Triton-X) and
centrifuged (4500 rpm, 5 min). The pellets were then
resuspended (5 min) in LB2 (10 mM Tris-HCI, 200 mM
NaCl, 1 mM EDTA), centrifuged, and dissolved in LB3
buffer (10 mM Tris-HCI, 100 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, 0.1% Na-deoxycholate and 0.5% Na-
lauroylsarcosine) and sonicated to generate 200-500 bp
chromatin fragments. Chromatin samples were cen-
trifuged at 13,000 rpm (5 min), and supernatants were
transferred into low-binding DNA tubes and incubated
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overnight with ERP antibody (PPZ0506) or IgG (mouse
polyclonal, Santa Cruz, cat no: sc-2025, lot no: J1514,
RRID: AB_737182) as a control. After overnight incuba-
tion, 30 ul of protein G Dynabeads were added (cat no:
10004D, Invitrogen) and incubated (4 h). Beads were
washed with TSE1 (20 mM Tris-HCI, 150 mM NaCl,
2 mM EDTA, 0.1% SDS and 0.1% Triton-X), followed by
TSE2 (20 mM Tris-HCI, 500 mM NaCl, 2 mM EDTA,
0.1% SDS and 1% Triton-X), LiCl buffer (20 mM Tris-
HCIl, 1 mM EDTA, 250 mM LiCl, 1% IGEPAL and 1%
Na-deoxycholate) and TE buffer (10 mM Tris-HCl and
1 mM EDTA) for 10 min in each buffer. Samples were
eluted with a NaHCO3 (0.75%) buffer containing SDS
(1%) and proteinase K. Cross-linking was reversed over-
night at 65 °C, followed by treatment with RNase A (1 h,
37 °C) and DNA purification using QIAquick PCR puri-
fication columns (Qiagen, cat no: 28104). The resulting
DNA was used to prepare ChIP-seq libraries as using the
NEB Next Ultra II DNA Library Prep Kit as previously
described [33, 34], and sequenced on NextSeq 550 (75
cycles single read) with the V2 reagent kit (Illumina) at
the Bioinformatics and Expression Analysis (BEA) core
center at Karolinska Institute. To be noted, an IgG con-
trol ChIP was performed, but it could not be used as it
did not recover enough DNA to build a library. STAR
was used to map ChIP-seq reads to the mouse reference
genome assembly GRCm38 (mm10) with the alignln-
tronMax flag set to 1. Only uniquely mapped reads were
used for downstream analysis. HOMER was used for
peak calling, applying a cut-off of false discovery rate
(FDR) <0.001 and >4-fold enrichment over control input.
Peaks overlapping within 200 bp were merged, and only
peaks present in at least two biological replicates were
considered for further analysis. De novo motif analy-
sis was performed using HOMER default parameters.
The motif sequences were further scanned in HOMER
using annotatePeaks.pl for the estrogen response ele-
ment (ERE: GGTCASNBTGAC), LRH-1 (CYDTGACCT
TGA), and GATA (BNWGATAA), which unlike de novo
motif analysis also considers half and putative motifs.
The raw tag counts were normalized in R, and the edgeR
package was used to identify differences in binding pat-
terns. A complex heatmap was used to cluster and visual-
ize the peaks. The data is available at GEO (GSE203391,
[75]). Gene Ontology/biological function analysis of the
genes located nearest to the binding sites was performed
using DAVID.

RNA-seq and bioinformatic analysis

Total RNA (300 ng, RNA integrity number (RIN)>8)
from frozen ovaries from WT (n=5) or ERBKO (n=4)
mice was used for library preparation (Illumina TruSeq
Stranded mRNA) and sequenced (Illumina NovaSeq6000,
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flow cell S4-300) at Sweden’s National Genomics Infra-
structure (NGI) facility. The sequencing generated at
least 13 million paired-end reads (2% 150 bp) per sample,
which were mapped to the mouse genome (GRCm38)
using STAR. Gene counts and FPKM values were gen-
erated with FeatureCounts and StringTie. DESeq2, with
raw counts as input, was used to calculate differentially
expressed genes (DEG). The FDR was estimated by the
Benjamini-Hochberg procedure. The differential expres-
sion of genes was considered significant if FDR <0.05 and
log,FC>|0.4|. Only genes with an FPKM average >1 in at
least one group were used for downstream analysis. The
data is available at GEO (GSE196650, [76]). Analysis of
gene ontology/biological function was carried out using
the DAVID bioinformatics website, and the REVIGO web
server [77] was used to cluster the terms based on a clus-
tering algorithm to find representative subsets of terms.
GOplot (version 1.0.2) was used in R (version 4.1.0) to
visualize gene expression and GO terms in a GOcircle
plot.

Digital cytometry

CIBERSORTx [45] was used to estimate the abundances
of member cell types based on our bulk ovary RNA-seq
sequencing data with default settings. The annotated
ovary single-cell expression matrix from a single-cell
mouse cell atlas (scMCA) [44] was used as a reference.
Transcripts Per Million (TPM) normalization was per-
formed for both the single cell reference and bulk RNA-
seq counts before the CIBERSORTXx processing.

ChIP-reChlIP of ERB—LRH-1

ChIP-reChIP was performed in duplicates, using ova-
ries from WT mice (N=14, using 7 mice/14 ovaries per
replicate). First ERp was ChIP:ed onto protein G Dyna-
beads as performed to the ChIP-seq (above). Following
the washing steps (with TSE1, TSE2, LiCl buffer, and TE
buffer), the ERB-bound chromatin complexes were eluted
with 0.1 M citrate buffer (pH 3) into low-binding DNA
tubes. This was incubated overnight with LRH-1 antibody
(mouse monoclonal PPH2325, R&D Systems Bio-Techne,
cat no: PP-H2325-00, lot no: A2, RRID: AB_2154053).
An additional negative control without LRH-1 antibody
was included. Next, following incubation with protein G
Dynabeads and washing (TSE1, TSE2, LiCl and TE buff-
ers), the samples were eluted per the ERP ChIP protocol.
The resulting DNA was used in qPCR to amplify sites
predicted to be bound by both ERP and LRH-1 (Grebl,
FkbpS5, Cyplla) or only ERPB (Cry2). ChIP-reChIP results
were depicted both as fraction of input as well as the frac-
tion of ERP ChIP. Primers of a DNA desert were used as
negative control. Primer sequences are provided in Table
S7. An ERB ChIP from WT mice (N=4, 8 ovaries pooled)
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was repeated as confirmation of ERP binding (as above
for ChIP-seq). The result is normalized to input and illus-
trated as fold change over negative control.

Cell culture and transactivation luciferase assay

SW4380 cells (authenticated with SNP profiling and tested
for mycoplasma) were used for the transactivation lucif-
erase assay. The cells, which do not express ERP nor
LRH-1, were cultured in DMEM-high glucose (Merck)
with 10% fetal bovine serum (FBS), 1% penicillin-strepto-
mycin (Invitrogen), and 2 mM L-Glutamine at 37 °C with
5% CO,. On day 1, a total of 2x10° cells per well was
seeded in 24-well plates in complete medium. On day 2,
the cell medium was changed to media without antibi-
otic 1 h prior to transfection. The cells were transfected
with 250 ng of pcDNA-ERp, pcDNA-LRH1, or pcDNA-
empty expression vector per well using Xtreme-GENE
DNA HP (Roche) in Opti-MEM. After 5 h the medium
was replaced by fresh complete medium without antibi-
otics. On day 3, 500 ng of either ERE-TATA-LUC [65] or
NR5A-RE-LUC (cloned from the human SHP promoter)
[78] reporter plasmid per well were transfected. After
5 h the medium was replaced by Phenol red-free DMEM
medium (Merck) supplemented with 5% DCC FBS (Ther-
moFisher Scientific) containing either DMSO (vehicle)
or 10 nM E2. Whole cell lysate was harvested 24 h later,
and luciferase activity was measured using the Dual-
Luciferase Reporter Assay kit (Promega) in a multimodal
microplate reader with an injector (HIDEX SENSE).
Renilla luciferase was used as an internal control. Three
independent experiments were performed.

Statistical analysis

GraphPad Prism was used for statistical analysis (Graph-
Pad Software Inc, La Jolla, CA). The results are expressed
as mean = SEM. For the luciferase reporter assay, a two-
way analysis of variance (ANOVA) was used for multiple
comparisons between the different conditions followed
by Fisher’s LSD test. A p-value<0.05 was considered sta-
tistically significant (*p <0.05, **p <0.01, ***p <0.001).
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ChiP-seq Chromatin immunoprecipitation sequencing
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GPER1 G protein-coupled estrogen receptor 1

Gsgll Germ cell-specific gene 1-like

IHC Immunohistochemistry
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LRH-1 Liver homolog 1

Nupr1 Nuclear protein 1

RIN RNA integrity number

RNA-seq RNA-sequencing
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SF-1 Steroidogenic factor 1
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TSS Transcription start site

TTS Transcription termination site
WB Western blot
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Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512915-023-01773-1.

Additional file 1: Fig. S1. Integrative genomic viewer showing the tran-
scripts of Fsr2 detected in the ovarian RNA-seq of WT mice (n = 5). The red
box marks the insert region of isoform 1 (ERB_ins) in the ovary of WT mice.
Fig. S2. Additional ChIP-seq results and comparisons. Venn diagrams
illustrating (A) detected ERB-binding sites when normalizing ERB ChIP-seq
triplicates of WT ovaries against ERR ChIP-seq of ERBKO ovaries, and (B)
comparison of results when normalizing against input versus normalizing
against ChIP-seq of ERBKO ovaries. (C) Enriched motifs among ERB chro-
matin-binding sites in promoter (-1 kb to +100) and enhancer regions
(=50 kb to +2 kb), respectively. (D) Venn diagram representing the overlap
of our ERB ChiP-seq and whole ovary RNA-seq of WT and ERBKO mice,
compared with microarray of isolated granulosa cells from WT and ERBKO
ovaries before and after ovulatory signal [29], with ERB bound and regu-
lated genes displayed in bold and red, respectively. Fig. S3. Additional
replicates of ERB-LRH-1 ChIP-reChIP and the luciferase reporter assay. (A)
Replicate 2 of ERB-LRH-1 ChIP-reChIP normalized against ERB-ChIP, and (B)
replicate 1 and 2 normalized against input. Additional replicates of (C) ERE-
TATA and (D) NR5A-RE luciferase reporter assay in SW480 cells.

Additional file 2: Table S1. Statistics of the ERB ChiP-seq.
Additional file 3: Table S2. All ChIP ERB-binding sites.

Additional file 4: Table S3. All differentially expressed genes between WT
and ERBKO ovaries, and the enriched biological functions.

Additional file 5: Table S4. ERB-binding sites by nuclear receptors.

Additional file 6: Table S5. Conserved ERB-binding sites between mouse
and human.

Additional file 7: Table S6. Common ER( and LRH-1 binding sites.
Additional file 8: Table S7. Primer sequences.

Additional file 9. Images of original uncropped blots of ER protein
detection.

Additional file 10. Supporting data values for figures where n < 6.

Acknowledgements

The authors thank Prof. Eckardt Treuter (KI) for generously providing the LRH-1
expression plasmid, Dr. Pauliina Damdimopoulou (Kl) for insightful discussions
regarding ovarian biology, as well as Dr. Per Antonson (KI) and Dr. José Inzunza
(KI) for discussions of ERB and the ovary. We further acknowledge the core
facility for Bioinformatics and Expression Analysis located at the Department
of Biosciences and Nutrition at Karolinska Institute for performing ChIP-seq
and, especially, Dr. Anastasios Damdimopoulos (KI) for assistance and advice
with bioinformatic analysis. We also acknowledge the National Genomics
Infrastructure in Stockholm (funded by Science for Life Laboratory, the Knut

Page 21 of 23

and Alice Wallenberg Foundation and the Swedish Research Council) for RNA-
seq analysis, as well as SNIC/Uppsala Multidisciplinary Center for Advanced
Computational Science for access to the UPPMAX computational infrastruc-
ture (SNIC 2022/22-473, SNIC 2022/23-243).

Authors’ contributions

M.B. RI, AA, and CW. designed the in vivo study; A.A, R, and M.B. performed
all the in vivo experiments; M.B. and L.S. performed histology experiments,
M.B. performed gPCR experiments; R.l. performed western blot experiments;
R.l. performed ChIP-seq analyses; M.B. performed RNA-seq analyses; QL. and
Q.D. performed the digital cytometry analyses; L.L. performed ChIP-reChIP
experiments; A.A. performed transactivation luciferase assay experiments;
M.B., Rl, AA, and CW. interpreted results; M.B. and R.l. prepared figures; M.B,,
R, AA, and CW wrote manuscript; CW. initiated, coordinated the study and
supervised. All authors discussed the results. All authors read and approved
the final manuscript.

Funding

Open access funding provided by Royal Institute of Technology. Grants from
the Swedish Cancer Society (21 1632 Pj), Swedish Research Council (2022-
00901), Region Stockholm (HMT RS 2021-0316), and Karolinska Institutet (KID
2018-00947 and 2021-00501) funded this study.

Availability of data and materials

All data generated or analyzed during this study are included in this published
article, its supplementary information files, and publicly available repositories.
The sequencing data generated in this study have been deposited in the NCBI
Gene Expression Omnibus database under accession numbers GSE203391
(ChIP-seq, [75]) and GSE196650 (RNA-seq, [76]).

Previously published data analyzed in this study can be found in the NCBI
Gene Expression Omnibus database under accession numbers GSE149979
(ERB ChIP-seq in human cell lines, [34, 471), GSE44651 (microarray on WT and
ERBKO ovaries, [29, 46]), and GSE119508 (LRH-1 ChiIP-seq, [51, 52]). Uncropped
blots and supporting data values for figures (where n<6) is provided in
Additional files 9 and 10.

Declarations

Ethics approval and consent to participate

All experimental protocols involving animals were approved by the local ethi-
cal committee of the Swedish National Board of Animal Research (Stockholm
ethical committee, DnrID 211).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 3 March 2023 Accepted: 21 November 2023
Published online: 29 November 2023

References

1. Golezar S, Ramezani Tehrani F, Khazaei S, Ebadi A, Keshavarz Z. The
global prevalence of primary ovarian insufficiency and early meno-
pause: a meta-analysis. Climacteric. 2019;22(4):403-11.

2. Eijkemans MJ, van Poppel F, Habbema DF, Smith KR, Leridon H, te Velde
ER. Too old to have children? Lessons from natural fertility populations.
Hum Reprod. 2014,29(6):1304-12.

3. teVelde ER, Pearson PL. The variability of female reproductive ageing.
Hum Reprod Update. 2002;8(2):141-54.

4. Ehrmann DA. Polycystic ovary syndrome. N Engl J Med.
2005;352(12):1223-36.

5. Gesink Law DC, Maclehose RF, Longnecker MP. Obesity and time to
pregnancy. Hum Reprod. 2007,22(2):414-20.


https://doi.org/10.1186/s12915-023-01773-1
https://doi.org/10.1186/s12915-023-01773-1

Birgersson et al. BMC Biology

20.

21.

22.

23.

24.

25.

26.

(2023) 21:277

Rich-Edwards JW, Goldman MB, Willett WC, Hunter DJ, Stampfer MJ,
Colditz GA, et al. Adolescent body mass index and infertility caused by
ovulatory disorder. Am J Obstet Gynecol. 1994;171(1):171-7.

Green BB, Weiss NS, Daling JR. Risk of ovulatory infertility in relation to
body weight. Fertil Steril. 1988;50(5):721-6.

Wise LA, Rothman KJ, Mikkelsen EM, Serensen HT, Riis A, Hatch EE. An
internet-based prospective study of body size and time-to-pregnancy.
Hum Reprod. 2010;25(1):253-64.

Rich-Edwards JW, Spiegelman D, Garland M, Hertzmark E, Hunter DJ,
Colditz GA, et al. Physical activity, body mass index, and ovulatory
disorder infertility. Epidemiology. 2002;13(2):184-90.

. Sar M, Welsch F. Differential expression of estrogen receptor-f3

and estrogen receptor-a in the rat ovary. Endocrinology.
1999;140(2):963-71.

. Saunders PTK, Millar MR, Williams K, Macpherson S, Harkiss D, Anderson

RA, et al. Differential expression of estrogen receptor-a and - and
androgen receptor in the ovaries of marmosets and humans. Biol
Reprod. 2000;63(4):1098-105.

. Pelletier G, El-Alfy M. Immunocytochemical localization of estrogen

receptors a and f3 in the human reproductive organs. J Clin Endocrinol
Metab. 2000;85(12):4835-40.

. Quaynor SD, Stradtman EW Jr, Kim HG, Shen Y, Chorich LP, Schreihofer

DA, et al. Delayed puberty and estrogen resistance in a woman with
estrogen receptor a variant. N Engl J Med. 2013;369(2):164-71.

. BernardV, Kherra S, Francou B, Fagart J, Viengchareun S, Guéchot

J, et al. Familial multiplicity of estrogen insensitivity associated

with a loss-of-function ESR1T mutation. J Clin Endocrinol Metab.
2017;102(1):93-9.

Lubahn DB, Moyer JS, Golding TS, Couse JF, Korach KS, Smithies O. Altera-
tion of reproductive function but not prenatal sexual development after
insertional disruption of the mouse estrogen receptor gene. Proc Natl
Acad Sci. 1993;90(23):11162-6.

Schomberg DW, Couse JF, Mukherjee A, Lubahn DB, Sar M, Mayo KE,

et al. Targeted disruption of the estrogen receptor-a gene in female
mice: characterization of ovarian responses and phenotype in the adult*.
Endocrinology. 1999;140(6):2733-44.

Andersson S, Sundberg M, Pristovsek N, Ibrahim A, Jonsson P, Katona B,
et al. Insufficient antibody validation challenges oestrogen receptor beta
research. Nat Commun. 2017,8:15840.

Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson JA. Cloning of
a novel receptor expressed in rat prostate and ovary. Proc Natl Acad Sci U
S A.1996;93(12):5925-30.

HattoriY, Ishii H, Higo S, Otsuka M, Kanaya M, Matsumoto K, et al.
Optimization of immunohistochemical detection of rat ESR2 proteins
with well-validated monoclonal antibody PPZ0506. Mol Cell Endocrinol.
2021;523:111145.

Ozawa M, Hattori Y, Higo S, Otsuka M, Matsumoto K, Ozawa H, et al.
Optimized mouse-on-mouse immunohistochemical detection of mouse
ESR2 proteins with PPZ0506 monoclonal antibody. Acta Histochem
Cytochem. 2022;55(5):159-68.

Schréder SK, Tag CG, Kessel JC, Antonson P, Weiskirchen R. Immunohis-
tochemical detection of estrogen receptor-beta (ERB) with PPZ0506
antibody in murine tissue: from pitfalls to optimization. Biomedicines.
2022;10(12):3100.

Lang-Muritano M, Sproll P, Wyss S, Kolly A, Hirlimann R, Konrad D, et al.
Early-onset complete ovarian failure and lack of puberty in a woman
with mutated estrogen receptor 3 (ESR2). J Clin Endocrinol Metab.
2018;103(10):3748-56.

Rumi MAK, Singh P, Roby KF, Zhao X, Igbal K, Ratri A, et al. Defining the
role of estrogen receptor (3 in the regulation of female fertility. Endocri-
nology. 2017;158(7):2330-43.

Chakravarthi VP, Ghosh S, Roby KF, Wolfe MW, Rumi MAK. A gatekeeping
role of ESR2 to maintain the primordial follicle reserve. Endocrinology.
2020;161(4):bgaa037.

Krege JH, Hodgin JB, Couse JF, Enmark E, Warner M, Mahler JF, et al. Gen-
eration and reproductive phenotypes of mice lacking estrogen receptor
beta. Proc Natl Acad Sci U S A. 1998;95(26):15677-82.

Emmen JM, Couse JF, Elmore SA, Yates MM, Kissling GE, Korach KS. In vitro
growth and ovulation of follicles from ovaries of estrogen receptor (ER)
{alpha} and ER{beta} null mice indicate a role for ER{beta} in follicular
maturation. Endocrinology. 2005;146(6):2817-26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 22 of 23

Antonson P, Apolinario LM, Shamekh MM, Humire P, Poutanen M, Ohls-
son C, et al. Generation of an all-exon Esr2 deleted mouse line: effects on
fertility. Biochem Biophys Res Commun. 2020;529(2):231-7.

Jayes FL, Burns KA, Rodriguez KF, Kissling GE, Korach KS. The naturally
occurring luteinizing hormone surge is diminished in mice lacking estro-
gen receptor beta in the ovary1. Biol Reprod. 2014;90(2):24.

Binder AK, Rodriguez KF, Hamilton KJ, Stockton PS, Reed CE, Korach
KS.The absence of ER- results in altered gene expression in ovarian
granulosa cells isolated from in vivo preovulatory follicles. Endocrinology.
2013;154(6):2174-87.

Chakravarthi VP, Ratri A, Masumi S, Borosha S, Ghosh S, Christenson LK,
et al. Granulosa cell genes that regulate ovarian follicle development
beyond the antral stage: the role of estrogen receptor . Mol Cell Endo-
crinol. 2021;528:111212.

Birgersson M, Indukuri R, Antonson P, Nalvarte |, Archer A, Williams C.
ERB in granulosa cell tumors and its clinical potential. Endocrinology.
2023;164(6):bgad063.

Ishii H, Otsuka M, Kanaya M, Higo S, Hattori Y, Ozawa H. Applicability

of anti-human estrogen receptor (3 antibody PPZ0506 for the immu-
nodetection of rodent estrogen receptor 3 proteins. Int J f Mol Sci.
2019;20(24):6312.

Indukuri R, Damdimopoulos A, Williams C. An optimized ChiIP-Seq proto-
col to determine chromatin binding of estrogen receptor beta. In: Eyster,
K.M. (eds) Estrogen Receptors. Methods Mol Biol. 2022;2418:203-21.
Indukuri R, Jafferali MH, Song D, Damdimopoulos A, Hases L, Zhao C,

et al. Genome-wide estrogen receptor 3 chromatin binding in human
colon cancer cells reveals its tumor suppressor activity. Int J Cancer.
2021;149(3):692-706.

Zhao C, Gao H, Liu'Y, Papoutsi Z, Jaffrey S, Gustafsson JA, et al. Genome-
wide mapping of estrogen receptor-beta-binding regions reveals
extensive cross-talk with transcription factor activator protein-1. Cancer
Res. 2010;70(12):5174-83.

Raut S, Kumar AV, Khambata K, Deshpande S, Balasinor NH. Genome-
wide identification of estrogen receptor binding sites reveals novel
estrogen-responsive pathways in adult male germ cells. Biochem J.
2020;477(12):2115-31.

Han SJ, Lee JE, Cho YJ, Park MJ, O'Malley BW. Genomic function of estro-
gen receptor {3 in endometriosis. Endocrinology. 2019;160(11):2495-516.
Smith OE, Roussel V, Morin F, Ongaro L, Zhou X, Bertucci MC, et al. Steroi-
dogenic factor 1 regulation of the hypothalamic-pituitary-ovarian axis of
adult female mice. Endocrinology. 2022;163(4):bgac028.

Duggavathi R, Volle DH, Mataki C, Antal MC, Messaddeq N, Auwerx J,

et al. Liver receptor homolog 1 is essential for ovulation. Genes Dev.
2008;22(14):1871-6.

Liu MM, Wang C, Zhang YH, Wang RJ, Lu XM, Li PL, et al. Potential of
thrombospondin-1 in treatment of polycystic ovary syndrome rat model:
a preliminary study. Gynecol Endocrinol. 2021;37(11):1020-6.

Regev A, Goldman S, Shalev E. Expression of plexin-B1 in the mouse
ovary and its possible role in follicular development. Fertil Steril.
2005;84(Suppl 2):1210-9.

Lin G-, Strom A, Vega V, Li Kong S, Li Yeo A, Thomsen JS, et al. Discovery
of estrogen receptor alpha target genes and response elements in breast
tumor cells. Genome Biol. 2004;5(9):R66.

Song D, He H, Indukuri R, Huang Z, Stepanauskaite L, Sinha |, et al. ERa
and ERB homodimers in the same cellular context regulate distinct
transcriptomes and functions. Front Endocrinol. 2022;13:930227.

Han X, Wang R, Zhou Y, Fei L, Sun H, Lai S, et al. Mapping the mouse cell
atlas by microwell-seq. Cell. 2018;172(5):1091-107.e17.

Newman AM, Steen CB, Liu CL, Gentles AJ, Chaudhuri AA, Scherer F, et al.
Determining cell type abundance and expression from bulk tissues with
digital cytometry. Nat Biotechnol. 2019;37(7):773-82.

Binder AK, Rodriguez KF, Hamilton KJ, Stockton PS, Reed CE, Korach KS.
Laser Capture Microdissection isolation of preovulatory granulosa cells
from WT and bERKO ovaries. 2013. https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE44651.

Indukuri R, Williams C. The ERR cistrome in colon cancer. 2020. https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?&acc=GSE149979.

Karlsson M, Zhang C, Méar L, Zhong W, Digre A, Katona B, et al. A
single—cell type transcriptomics map of human tissues. Sci Adv.
2021;7(31):eabh2169.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44651
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44651
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?&acc=GSE149979
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?&acc=GSE149979

Birgersson et al. BMC Biology ~ (2023) 21:277

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Chong HK, Biesinger J, Seo YK, Xie X, Osborne TF. Genome-wide analysis
of hepatic LRH-1 reveals a promoter binding preference and suggests a
role in regulating genes of lipid metabolism in concert with FXR. BMC
Genomics. 2012;13:51.

Xu B, Yang W-H, Gerin I, Hu C-D, Hammer GD, Koenig RJ. Dax-1 and
steroid receptor RNA activator (SRA) function as transcriptional
coactivators for steroidogenic factor 1 in steroidogenesis. Mol Cell Biol.
2009;29(7):1719-34.

Bianco S, Bellefleur A-M, Beaulieu E, Beauparlant CJ, Bertolin K,

Droit A, et al. The ovulatory signal precipitates LRH-1 transcriptional
switching mediated by differential chromatin accessibility. Cell Rep.
2019;28(9):2443-54.e4.

Bianco S, Gévry N, Murphy B. The ovulatory signal precipitates LRH-1
transcriptional switching mediated by differential chromatin accessibility.
2019. https.//www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE119508.
Jadskeldinen T, Makkonen H, Palvimo JJ. Steroid up-regulation of

FKBP51 and its role in hormone signaling. Curr Opin Pharmacol.
2011;11(4):326-31.

Cluzet V, Devillers MM, Petit F, Pierre A, Giton F, Airaud E, et al. Estradiol
promotes cell survival and induces Greb1 expression in granulosa cell
tumors of the ovary through an ERa -dependent mechanism. J Pathol.
2022;256(3):335-48.

Sturmey R, Reis A, Leese H, Mcevoy T. Role of fatty acids in energy provi-
sion during oocyte maturation and early embryo development. Reprod
Domest Anim. 2009;44:50-8.

Jozwik M, Jozwik M, Teng C, Battaglia FC. Concentrations of monosac-
charides and their amino and alcohol derivatives in human preovulatory
follicular fluid. Mol Hum Reprod. 2007;13(11):791-6.

Brogan RS, Macgibeny M, Mix S, Thompson C, Puttabyatappa M, Vande-
voort CA, et al. Dynamics of intra-follicular glucose during luteinization of
macaque ovarian follicles. Mol Cell Endocrinol. 2011;332(1-2):189-95.
Downs SM, Humpherson PG, Leese HJ. Pyruvate utilization by mouse
oocytes is influenced by meiotic status and the cumulus oophorus. Mol
Reprod Dev. 2002;62(1):113-23.

Ratchford AM, Esguerra CR, Moley KH. Decreased oocyte-granulosa

cell gap junction communication and connexin expression in a type 1
diabetic mouse model. Mol Endocrinol. 2008;22(12):2643-54.

Welt CK, Pagan YL, Smith PC, Rado KB, Hall JE. Control of follicle-stimu-
lating hormone by estradiol and the inhibins: critical role of estradiol at
the hypothalamus during the luteal-follicular transition. J Clin Endocrinol
Metab. 2003;88(4):1766-71.

Singh SP, Wolfe A, Ng Y, Divall SA, Buggs C, Levine JE, et al. Impaired estro-
gen feedback and infertility in female mice with pituitary-specific dele-
tion of estrogen receptor alpha (ESR1)1. Biol Reprod. 2009;81(3):488-96.
Hernandez-Gonzalez |, Gonzalez-Robayna I, Shimada M, Wayne CM,
Ochsner SA, White L, et al. Gene expression profiles of cumulus cell
oocyte complexes during ovulation reveal cumulus cells express
neuronal and immune-related genes: does this expand their role in the
ovulation process? Mol Endocrinol. 2006;20(6):1300-21.

Morris ME, Meinsohn M-C, Chauvin M, Saatcioglu HD, Kashiwagi A,
Sicher NA, et al. A single-cell atlas of the cycling murine ovary. eLife.
2022;11:e77239.

Hases L, Archer A, Indukuri R, Birgersson M, Savva C, Korach-André M,

et al. High-fat diet and estrogen impacts the colon and its transcriptome
in a sex-dependent manner. Sci Rep. 2020;10(1):16160.

Hases L, Indukuri R, Birgersson M, Nguyen-Vu T, Lozano R, Saxena A, et al.
Intestinal estrogen receptor beta suppresses colon inflammation and
tumorigenesis in both sexes. Cancer Lett. 2020;492:54-62.

Fan H-Y, Liu Z, Johnson PF, Richards JS. CCAAT/enhancer-binding proteins
(C/EBP)-a and -B are essential for ovulation, luteinization, and the expres-
sion of key target genes. Mol Endocrinol. 2011,25(2):253-68.

Wang C, Li SJ, Li C, Yu GH, Feng YP, Peng XL, et al. Molecular cloning,
expression and association study with reproductive traits of the duck
LRP8 gene. Br Poult Sci. 2013;54(5):567-74.

Fuxman Bass JI, Tamburino AM, Mori A, Beittel N, Weirauch MT, Reece-
Hoyes JS, et al. Transcription factor binding to Caenorhabditis elegans
first introns reveals lack of redundancy with gene promoters. Nucleic
Acids Res. 2014;42(1):153-62.

Carroll JS, Liu XS, Brodsky AS, Li W, Meyer CA, Szary AJ, et al. Chromo-
some-wide mapping of estrogen receptor binding reveals long-range
regulation requiring the forkhead protein FoxA1. Cell. 2005;122(1):33-43.

Page 23 of 23

70. Lin C-Y,Vega VB, Thomsen JS, Zhang T, Kong SL, Xie M, et al. Whole-
genome cartography of estrogen receptor a binding sites. PLoS Genet.
2007;3(6):87.

71. Gassler J, Kobayashi W, Gaspar |, Ruangroengkulrith S, Mohanan A,
Goémez Herndndez L, et al. Zygotic genome activation by the totipotency
pioneer factor Nr5a2. Science. 2022;378(6626):1305-15.

72. Lindeman RE, Murphy MW, Agrimson KS, Gewiss RL, Bardwell VJ, Gearhart
MD, et al. The conserved sex regulator DMRT1 recruits SOX9 in sexual cell
fate reprogramming. Nucleic Acids Res. 2021;49(11):6144-64.

73. Carroll JS, Meyer CA, Song J, Li W, Geistlinger TR, Eeckhoute J, et al.
Genome-wide analysis of estrogen receptor binding sites. Nat Genet.
2006;38(11):1289-97.

74. Maneix L, Antonson P, Humire P, Rochel-Maia S, Castafieda J, OmotoY,
et al. Estrogen receptor 3 exon 3-deleted mouse: the importance of non-
ERE pathways in ERB signaling. Proc Natl Acad Sci. 2015;112(16):5135-40.

75. Indukuri R, Williams C. Deciphering the endogenous cistrome and
transcriptome of estrogen receptor beta in ovary. NCBI Gene Expression
Omnibus; 2023. https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE203391.

76. Williams C, Birgersson M, Archer A. Impact of ERbeta on the ovarian
transcriptome. NCBI Gene Expression Omnibus; 2023. https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE196650.

77. Supek F, Bosnjak M, Skunca N, Smuc T. REVIGO summarizes and visualizes
long lists of gene ontology terms. PLoS One. 2011;6(7):e21800.

78. LuTT, Makishima M, Repa JJ, Schoonjans K, Kerr TA, Auwerx J, et al.
Molecular basis for feedback regulation of bile acid synthesis by nuclear
receptors. Mol Cell. 2000;6(3):507-15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE119508
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE203391
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE203391
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE196650
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE196650

	Ovarian ERβ cistrome and transcriptome reveal chromatin interaction with LRH-1
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	ERβ is expressed in granulosa cells throughout folliculogenesis
	The endogenous ovarian ERβ cistrome
	ERβ influences the ovarian transcriptomic landscape
	ERβ impacts the ovarian cell composition
	Characterizing ovarian ERβ target genes
	ERβ gene regulation in granulosa cells during the ovulatory process
	Conserved ERβ regulation between species
	ERβ may co-regulate targets with LRH-1 in granulosa cells
	ERβ-LRH-1 chromatin interactions
	Key ERβ-LRH-1 target genes
	ChIP-reChIP demonstrates interaction at select genomic fragments
	Transactivation assays demonstrate mutual inhibition at standard response elements

	Discussion
	Conclusions
	Methods
	Animal experiment and tissue collection
	Immunohistochemistry
	RNA in situ hybridization
	RNA isolation
	cDNA synthesis and qPCR
	Western blot
	ERβ ChIP-seq and data analysis
	RNA-seq and bioinformatic analysis
	Digital cytometry
	ChIP-reChIP of ERβ—LRH-1
	Cell culture and transactivation luciferase assay
	Statistical analysis

	Anchor 35
	Acknowledgements
	References


