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Abstract

Chromatin changes in response to estrogen and progesterone are well established in cultured cells, but how they control gene expression under
physiological conditions is largely unknown. To address this question, we examined in vivo estrous cycle dynamics of mouse uterus hormone
receptor occupancy, chromatin accessibility and chromatin structure by combining RNA-seq, ATAC-seq, HiC-seq and ChIP-seq. Two estrous cycle
stages were chosen for these analyses, diestrus (highest estrogen) and estrus (highest progesterone). Unexpectedly, rather than alternating with
each other, estrogen receptor alpha (ER o) and progesterone receptor (PGR) were co-bound during diestrus and lost during estrus. Motif analysis
of open chromatin followed by hypoxia inducible factor 2A (HIF2A) ChiIP-seq and conditional uterine deletion of this transcription factor revealed
a novel role for HIF2A in regulating diestrus gene expression patterns that were independent of either ERex or PGR binding. Proteins in complex
with ERincluded PGR and cohesin, only during diestrus. Combined with HiC-seq analyses, we demonstrate that complex chromatin architecture
changes including enhancer switching are coordinated with ERa and PGR co-binding during diestrus and non-hormone receptor transcription
factors such as HIF2A during estrus to regulate most differential gene expression across the estrous cycle.
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Introduction terone counters this activity and induces cell differentiation
Estrogen and progesterone play critical roles in driving uter- (1). In the adult mouse, these changes occur in a cyclic man-
ine responses essential for pregnancy. Estrogen generally regu- ner over 4-5 days of the estrous cycle to continually prepare
lates gene expression to cause cell proliferation while proges-  for establishment of pregnancy. The highest levels of estra-
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diol occur during diestrus and proestrus and the highest lev-
els of progesterone occur during estrus and metestrus, though
both hormones are in circulation throughout the cycle (2,3).
It is unknown how the epigenome responds to these dynamic
changes in hormonal cues to cause gene expression changes
that control uterine cell fates.

A central dogma has been that steroid hormone activ-
ity in the uterus is largely executed by hormone binding to
its corresponding receptor, followed by receptor-DNA bind-
ing at specific ‘hormone response elements’ in regions of ac-
cessible chromatin (4,5). For example, estrogen receptor al-
pha (ER«) binds to estrogen response elements (ERE) and
the progesterone receptor (PGR) binds to progesterone re-
sponse elements (PRE). Of note, the PRE is not specific for
PGR binding because the androgen, glucocorticoid, and min-
eralocorticoid receptors also bind the same sequences (6-8).
Hormone-receptor-DNA interactions, together with associ-
ated co-activators or co-repressors, impact nearby gene tran-
scription required for cellular responses to hormones. This
stepwise series of events was largely determined using either
in vitro systems or ovariectomized (ovx) mice treated with
estradiol or progesterone alone (4,9). There is a gap in our
knowledge of how steroid hormones regulate physiological
responses in living tissues i vivo.

ER« binding to EREs often occurs in chromatin regions
that are already accessible prior to ligand binding to the re-
ceptor, suggesting that open chromatin is more favorable to
ER« binding than closed chromatin (10). Closed chromatin
also can become accessible to ER« binding through pioneer-
ing transcription factors such as FOXA1, GATA3 and PBX1
(11). However, there is also evidence from cell lines that ERx
can bind inaccessible chromatin regions as defined by assay
for transposase-accessible chromatin with sequencing (ATAC-
seq) (8). In the uterus, ERx and PGR also bind DNA both
in the absence and presence of hormone (6,7). These findings
challenge the universality of the ‘hormone-receptor-DNA in-
teraction at accessible chromatin’ paradigm as a driver of gene
expression changes.

Here, we focus on how ER« regulates uterine gene expres-
sion changes in the complex physiological setting of cycling
adult female mice. Chromatin accessibility, ER« binding, PGR
binding, and 3D chromatin structure were measured during
two stages of the estrous cycle: diestrus, when estrogen levels
are high, and estrus, when progesterone levels are high. We
find that there are estrous cycle dependent changes in chro-
matin accessibility as well as constitutively open chromatin,
both of which are associated with changes in ERa and PGR
occupancy. Surprisingly, while PGR binding to DNA is largely
ER-independent, almost all ER« binding is accompanied by
PGR binding. We show distinct differences between how genes
are regulated during estrus and diestrus, and a novel role for
HIF2A during estrus.

Materials and methods

Animals

All animals used in this study were under protocol number
RDBLO07-38 that was approved by the NIEHS Animal Care
and Use Committee (ACUC). Outbred CD-1 female mice were
weaned at 22 days of age, housed five per cage, fed NIH-
31 mouse chow and given water ad libitum. At 2 months of
age, all mice were euthanized by CO; asphyxiation and death
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insured by thoracotomy; no other treatments or procedures
were administered. Uteri were collected at 2 months of age and
immediately frozen on dry ice and then stored at —80°C un-
til further use. For estrous cycle staging, vagina was collected,
fixed in cold 10% neutral buffered formalin, and changed to
cold 70% ethanol 48 h later. Vaginal tissues were embedded
in paraffin, sectioned at 6 microns and stained with hema-
toxylin and eosin for estrous cycle staging as described previ-
ously (12). Uteri from female mice in diestrus when estrogen
is highest or estrus when progesterone is highest were selected
for further analysis.

Immunohistochemistry

Female reproductive tract tissues were collected from 2-
month-old mice that were then identified as being in diestrus
and estrus by vaginal histology staging (7 = 3-4 mice per
group). Uterine tissue sections were deparaffinized, hydrated
and endogenous peroxidases quenched with hydrogen perox-
ide (3%) for 15 min at RT. Antigen retrieval was performed
using a NxGen Decloaker (Biocare Medical) with 1x citrate
buffer, pH 6.0 for 15 min (Biocare Medical). Endogenous per-
oxidases were quenched with 3% hydrogen peroxide for 15
min. For ERa immunohistochemistry (IHC), sections were
blocked with mouse on mouse (M.O.M.) IgG blocking so-
lution for 1 h at room temperature (RT) followed by 2.5%
RTU normal horse serum for 5 min at RT (ImmPress kit,
Vector Laboratories). For PGR IHC, sections were blocked
with 2.5% normal horse serum for 20 min at RT (Vector
Laboratories). For ERx THC, sections were incubated with
mouse monoclonal anti-human ERa, clone 6F11 (Bio-Rad,
Cat#t MCA1799T, Lot# 159277, 1 mg/ml) diluted 1:500 in
Van Gogh Yellow diluent (Biocare Medical) for 30 min at
RT. Mouse IgG1 Isotype control serum (BD Biosciences, Cat#
557273, Lot# 8299643, 0.5 mg/ml) was applied at an equiv-
alent dilution as a negative control. For PGR IHC, sections
were incubated with monoclonal rabbit anti-PGR antibody
(Cell Signaling cat#8757, Lot# 3, 0.62 mg/ml) diluted 1:1000
in Van Gogh Yellow diluent for 1 h at RT. Negative control tis-
sue section received normal rabbit IgG (Millipore cat#N101,
Lot#3939454, 0.1 mg/ml) diluted to match primary antibody
concentration. For ERx THC, sections were incubated with
Vector ImmPress M.O.M. HRP Polymer (Vector Laborato-
ries) for 10 min at RT. For PGR IHC, Vector ImmPress anti-
rabbit IgG Polymer (Vector Labs Cat#MP-7401) was applied
for 15 min at RT. Antigen—antibody complexes were visual-
ized using 3-diaminobenzidine (DAB) chromogen (DakoCy-
tomation) for 6 min at RT. Tissue sections were counterstained
with hematoxylin, dehydrated through graded ethanol series,
cleared in xylene and coverslipped.

Image analysis and quantification by Visiopharm
machine learning algorithms

Images were captured wusing Aperio ImageScope .
12.4.3.5008 (Leica Biosystems). All images were imported
into the Visiopharm image analysis software platform (Vi-
siopharm), regions of interest were manually drawn on one
uterine horn and the muscle layer was manually delineated
from the stroma (Supplementary Figure S1A). We used the
Visiopharm algorithm, DeepLab convolution neural net-
work (CNN) at low resolution (10X) to detect the tissue
compartments: glandular epithelium, luminal epithelium,
stroma and muscle (Supplementary Figure S1B). A second
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Visiopharm algorithm was trained to segment and separate
the cell nuclei using DeepLab CNN at 20X resolution; nuclei
detection was restricted to 5-20 um?. Each nucleus was then
classified as positive or negative for DAB chromogen and
assigned an intensity level of 1+, 2+ or 3+ (1+ being the least
and 3+ being the most) (Supplementary Figure S1C). The
percent of nuclei in each category was then calculated across
all images and markers. Using GraphPad Prism version 9.4.1,
a one-way ANOVA was performed followed by Sidak’s mul-
tiple comparisons test using the percent cells in each category
(diestrus versus estrus as select pairs); statistical significance
is reported for P < 0.05.

RNA isolation and RNA-seq

Total RNA was isolated from ~20 mg uterine tissue from
2-month-old adults (diestrus and estrus) using the Qiagen
RNeasy kit (Qiagen) and the RNase free DNase clean up kit
(Qiagen) (7 = 1 mouse per sample; 4 samples per group).
Quality of RNA was determined using a Bioanalyzer and 1
ug of RNA was used for making libraries for sequencing using
the TruSeq RNA kit (Illumina). Libraries were sequenced on
a NextSeq 500 (Illumina) at a depth of >30 million reads per
sample. Raw reads (76 bp, paired-end) were initially processed
by filtering with average quality scores >20. One library in the
estrus group did not have high quality reads and was omitted
from further analysis. The reads passing the filter were aligned
to the mouse reference genome (mm10; Genome Reference
Consortium Mouse Build 38 from December 2011) using
TopHat version 2.0.4 (13). Expression values of RNAseq were
represented as FPKM (fragments per kilobase of exon per
million fragments). Differential expression was calculated us-
ing Culfflink version 2.2.1 (14). Differentially expressed genes
(DEGs) were defined as absolute fold change >1.5, adjusted
P-value <0.05 and having average FPKM >1 in at least one
of the groups. Functional analysis of gene lists was performed
using the ‘enrichGO’ function of the clusterProfiler R package
(15).

Re-analysis of single cell RNA-seq from uteri of
intact cycling mice

In a recent study, single cell RNA-seq was performed on
uteri from young adult C57BL/6] mice (14-18 weeks of
age) (16). We downloaded the 10x Genomics processed
data files from ArrayExpress (E-MTAB-11491); diestrus sam-
ples (Ind002, Ind008, Ind016) and estrus samples (Ind003,
Ind009, Ind014). We used Seurat (version 3.6.3) to perform
normalization, scaling, and clustering analysis of the merged
dataset in each group (17). The FeaturePlot function in the
Seurat package was used to generate gene expression plots
for individual genes and dual feature plot for two genes at
the same time. For the dual feature plots, expression was con-
verted to either expressed (>0) or not expressed (0) to visu-
alize individual cells that had overlapping expression of the
two genes of interest. Cell types were identified using gene ex-
pression markers from a previous study of single RNA-seq on
12-month old control CD-1 uteri (18).

Chromatin immunoprecipitation sequencing
(ChlIP-seq)

Uteri collected and frozen from adult mice (diestrus and estrus,
pools of 6-8 uteri with 150-200 mg per sample; 7 = 1 pooled
sample per group for all ChIP-seq analyses) were sent to Ac-

10899

tive Motif for ChIP-seq using the following antibodies: ER o
(Santa Cruz; cat# sc-543), PGR (Active Motif; cat#61023),
and HIF2A (Active Motif, cat# 39665). Raw ChIP-seq reads
(76 bp, single-end) were filtered with average quality scores
greater than 20. The reads were aligned to the mouse refer-
ence genome (mm10) using Bowtie version 1.1.2 with unique
mapping and up to 2 mismatches for each read (-m 1 -v2) (19).
Duplicated reads with identical sequences were removed using
the ‘MarkDuplicates’ function of Picard tools. The retained
read alignments were extended to 300 bases. Normalization of
sequencing depth across each ChIP-seq dataset was achieved
by down sampling to the same number of uniquely mapped
reads per sample; a single input sample for diestrus and es-
trus was generated to ensure antibody specificity but not used
for normalization. To visualize the read coverage, bigWig files
were generated from the bedgraph files of each sample using
bedGraphToBigWig (20). These bigWig files were displayed as
custom tracks on the UCSC genome browser. Peaks were iden-
tified using MACS2 with a cutoff of adjusted P-value <0.0001
(21). Genome distribution was determined using PAVIS with
default settings.

ATAC-seq

Uteri were collected from adult mice and frozen on dry ice
(diestrus and estrus, pools of 3—4 mice, 20 mg per sample;
n = 2 pooled samples per group). Uteri were pulverized on
dry ice and nuclei extracted and libraries prepared for ATAC-
seq using previously published procedures (22,23). Briefly, nu-
clei were extracted using OMNI-ATAC Resuspension Buffer
(RSB) (23) and a chilled glass dounce. Debris was filtered out
using CellTrix 100 um followed by CellTrix 30 um filters (Sys-
mex, Lincolnshire, IL). Nuclei were counted using a hemacy-
tometer and 50 000 nuclei were used in the transposition reac-
tion as described previously (22). Sequencing was performed
on a NextSeq 500 (Illumina). Raw reads (50 bp, paired-end)
were processed by trimming adaptors and filtering with av-
erage quality scores greater than 20 by Trim Galore version
6.7 (https://github.com/FelixKrueger/TrimGalore). The reads
passing the initial processing were aligned to the mouse refer-
ence genome (mm10) using bowtie version 1.1.2 with unique
mapping and up to 2 mismatches for each read (-m 1 -v 2). Af-
ter removing the reads mapped to mitochondrial DNA and the
duplicated reads, the uniquely mapped deduplicated reads in
each sample were normalized by down-sampling to 100 mil-
lion. Only the first 9 bp of each read were used for down-
stream analyses. The open chromatin regions were first iden-
tified by MACS2 with a cutoff of adjusted P-value 0.0001,
followed by merging genomic intervals within 100 bp of each
other (21).

Identification of nearest gene and motif analysis

The gene associated with each peak was predicted by search-
ing the transcription start site (TSS) of nearby genes within a
100 Kb range using ‘annotatePeaks.pl’ function of Hyperge-
ometric Optimization of Motif EnRichment (HOMER) motif
discovery tool (24). HOMER’s findMotifsGenome.pl’ func-
tion was used for motif enrichment analysis of given peak
ranges. For the differential ATAC-seq motif analysis, there was
a 4-fold difference in the number of diestrus and estrus spe-
cific differential ATAC-seq locations that led us to perform a
down-sampling of the larger estrus group to match the smaller
diestrus group. The motifs for PGR, androgen receptor (AR)
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and glucocorticoid receptor (GR) are identical and were com-
bined and reported as PGR/AR/GR.

Differential region identification

Differential regions of any pair of ChIP-seq or ATAC-seq sam-
ples were identified using MEDIPS software (Model-based Ex-
ploration of DiPloid Sequencing data) with window size of
250 bp (25). The main function used was ‘medips.meth with
parameter of p.adj = ‘fdr’ and diff.method = ‘edgeR’. Each
differential region was defined as the genomic interval with
at least 2-fold differences in mapped read count and adjusted
P-value <0.01.

High-throughput chromosome conformation
capture (HiC-seq)

Uteri were collected from adult mice and frozen on dry ice
(diestrus and estrus, pools of 3—4 mice, 20 mg per sample;
n = 1 pooled sample per group). Uteri were pulverized on dry
ice and DNA extracted using Qiagen Blood and Tissue kit.
HiC libraries were prepared from 1 pg of DNA per sample us-
ing the Arima HiC kit following manufacturer’s instructions.
Sequencing was performed on a NovaSeq 6000 (Illumina).
The raw reads (151 bp, paired-end) generated from HiC li-
braries were mapped to the mouse reference genome (mm10),
truncated and deduplicated using HiCUP version 0.7.1 (26).
The uniquely mapped di-tags passing quality filtering with dis-
tance larger than 10 kb were used for downstream analysis.
Chromatin loops were identified using the ‘hiccups’ function
of Juicer version 1.8.9 with default parameters (27). The clas-
sification of common and differential loops was based on a
loop’s presence in diestrus and estrus samples.

Rapid immunoprecipitation mass spectrometry of
endogenous proteins (RIME)

To determine proteins that were in complex with ERa,
frozen uteri from 2-month-old diestrus and estrus mice (pool
of 10-15; 800 mg) were sent to Active Motif for Rapid
Immunoprecipitation Mass spectrometry of Endogenous pro-
teins (RIME) assays using ER« antibody (Santa Cruz; cat#
sc-543). Each pooled sample was split into two and RIME per-
formed; peptides identified in at least one replicate per group
were included as a protein associated with ER«. Details of
this procedure can be found in Mohammed et al. (28). There
was less pull down of ER« in the estrus sample (26 peptides
detected) compared to the diestrus sample (32.5 peptides de-
tected) so graphical representation of counts of all peptides in
diestrus were normalized to reflect that difference.

Results

ER« binding is estrous cycle stage dependent with
distinct transcription factor landscapes

To determine the dynamics of ERx binding to chromatin over
the estrous cycle, we performed ER« ChIP-seq on uterine tis-
sue samples at 2 months age during diestrus and estrus. Ge-
nomic distribution of ERec ChIP-seq peaks in adult cycling
mice was in agreement with ER binding locations observed
in the uterus of ovariectomized (ovx) mice with and without
estradiol treatment (29). In the current study, ERx binding
sites were distributed similarly between diestrus and estrus
with most occurring at intergenic regions (diestrus, 44.1%;
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estrus, 38.1%) and introns (diestrus, 33.6%; estrus, 32.0%)
(Supplementary Figure S2A). The promoter region also ex-
hibited substantial binding that was not different between
diestrus and estrus [diestrus, 13.2% upstream of the TSS
(=5 kb) and 5.3% at the 5'-UTR; estrus, 15.4% upstream of
the TSS and 8.8% at the 5'-UTR]. Differential analysis of ERo
ChIP-seq signal between estrus and diestrus (>2-fold) identi-
fied 21 113 differential ER « binding regions (DERs; 9215 gain
and 11 898 loss in estrus relative to diestrus) (Figure 1A and
Supplementary Table STA, B). We define regions where ER«
was present at higher levels in diestrus as ‘diestrus specific’
and regions where ER« was present at higher levels in estrus
as ‘estrus specific’. There was a striking lack of ER« bind-
ing during diestrus (below background) in estrus specific ERx
binding locations; this ER« binding pattern has been observed
previously in primary liver cells (30). The absence of ER« (be-
low background) was much less prevalent in diestrus specific
ER« binding locations. As expected, the ERo binding motif
(estrogen response element, ERE) was one of the most highly
enriched motifs at both stages of the cycle; however, the en-
richment was ~10-fold greater in diestrus than estrus (Figures
1B, C; Supplementary Table S1C, D). There were 90 unique
enriched motifs (107 total) at diestrus specific ERe bind-
ing sites and 19 unique (20 total) at estrus specific locations
(Figure 1C and Supplementary Figure S2B; Supplementary

Table S1C-D). The motif for PGR/AR/GR was found exclu-
sively in diestrus specific ERx binding regions (Figures 1C
and Supplementary Figure S2B; Supplementary Table S1C-
D). Diestrus specific motifs also included FOXA1, FOXA2,
SOX2/3/4/6/17, HOXA9/B4/C9/D13, GATA1/2/3/4 and
STAT1/3/4/5. FOXO1 was found in both diestrus and es-
trus but was 3-fold more enriched in diestrus than estrus
(Figure 1C).

To test if the enriched motifs were documented binding sites
for the corresponding transcription factors, we compared the
DERs to published uterine ChIP-seq datasets available from
pregnant mice at gestational day 3.5 for FOXO1, FOXA2,
PGR and GATA2 (6,31-33). GATA2 and PGR had the most
robust overlap, binding at 36% and 15% of diestrus spe-
cific DERs, respectively (Figure 1D). Consistent with the DER
motif analysis, GATA2, PGR and FOXA2 had far less over-
lap with estrus specific DERs. FOXO1 had very low overlap
with ER« at DERs but the overlap was still higher at diestrus
than estrus. Robust increases in ER« ChIP-seq levels were ob-
served at FOX1, FOXA2, GATA2 and PGR ChIP-seq peaks at
diestrus specific DER locations (Figure 1E). In contrast, there
were only minimal increases in ER« binding at transcription
factor peaks at estrus-specific DER locations. Together with
the DER motif analysis, these data suggest that specific tran-
scription factors function combinatorially with ERec in an es-
trous cycle stage specific manner.

PGR binding is dynamic and coordinated with ERx
binding across the estrous cycle

The preferential overlap of PGR motifs with diestrus spe-
cific compared to estrus specific DERs led us to test whether
PGR was bound at these sites. PGR binding regions were de-
termined by performing PGR ChIP-seq on the same diestrus
and estrus samples used for ERoc ChIP-seq. Genomic distri-
bution of PGR ChIP-seq peaks was similar to the distribu-
tion observed in ovx mice with and without progesterone
(Supplementary Figure S2A) (6,34). In the current study, PGR
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Figure 1. Diestrus specific ER o binding occurred at TF rich locations including PGR while estrus specific ER & binding occurred in TF deserts. (A)
Heatmaps displaying ChIP-seq signal of differential ER & regions (DERs) +2-fold between diestrus and estrus (loss and gain defined by estrus versus
diestrus). (B) Bubble plots of motif enrichment for diestrus and estrus specific DERs. Size of bubble indicates the percent of target sequences with each
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specific DERs (numbers of motifs and select motifs are indicated). Motifs for PGR, GR and AR are highly similar and are considered as one motif. (D)
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pregnant mice on gestation day 3.5; data taken from (6,32-34). (E) Metaplots of ERx ChIP-seq signal from diestrus and estrus at FOXA2, FOXO1,
GATA2 or PGR ChlIP-seq binding locations from panel D. (F) Heatmaps displaying ChIP-seq signal of DERs from Figure 1A and corresponding PGR
ChIP-seq signal in that location. Box and whisker plots show the average ERacand PGR ChlIP-seq signal from heat maps above (average of

averages = black line across each box) and the maximum and minimum signal for each box. All heatmaps are organized from highest signal to lowest
signal of ERin estrus. Heatmaps are plotted using the center of the peak +5 kb. Intensity of ChIP-seq signal (reads mapped to each bin of 100 bp) is
indicated by color intensity for each heatmap. (G) Heatmaps of diestrus and estrus specific DERs that overlap diestrus and estrus specific DPRs

(top) split into four categories indicated in bar graph legend (bottom). DER/DPR gain = estrus > diestrus; DER/DPR loss = diestrus > estrus. ATAC-seq
signal is also plotted in these same locations for reference. Bar graph plotted as percent of overlap with DER gain for categories 1 and 2 and DER loss in
categories 3 and 4. Numbers above the bars are the number of overlapping regions in each comparison. (H) Graph of the % overlap of DERs alone,
DPRs alone and DERSs that also have a DPR (DERs + DPR) with half site EREs and PREs (top) or full site EREs and PREs (bottom). (I) tSNE plots of single
cell RNA-seq data from the uteri of 14-18 week old C57BL/6J mice during diestrus (n = 3 mice combined; top) and estrus (n = 3 mice combined;
bottom); data taken from (16). (J) IHC of ERxand PGR in serial uterine sections from diestrus and estrus; representative sections shown. Scale bar is
indicated in ER o IHC and applies to corresponding PGR IHC panels below. LE = luminal epithelium; GE = glandular epithelium; ST = stroma;

M = muscle. (K) Image analysis quantification of ERacand PGR IHC during diestrus (n = 4) and estrus (n = 3). Each dot represents an individual mouse.
Data is presented as the percentage of either ERoc or PGR positive cells in each tissue compartment indicated in panel (J).



10902

ChIP-seq peaks were distributed across the genome in a pat-
tern similar to ERoc ChIP-seq peaks and were not differ-
ent between diestrus and estrus. To determine the extent of
PGR coordination with ER« specifically in locations where
ER« binding was dynamically changing across the cycle, PGR
ChIP-seq signal was plotted at DERs (Figure 1F). At es-
trus specific DERs, there was a striking lack of PGR occu-
pancy in either diestrus or estrus. In contrast, diestrus spe-
cific DERs had coordinate PGR binding with ER«, with de-
creases in binding of both receptors during estrus. To deter-
mine the extent of this coordinated loss, an analysis of dif-
ferential PGR regions (DPRs) was performed, and these data
were overlapped with DER gain and loss (Figure 1G and
Supplementary Tables S1E-F). There was < 8% overlap of all
categories except the DER loss/DPR loss category, with 42%
overlap. ATAC-seq signal was also plotted in these DER/DPR
overlapped locations and showed the highest signal in the
DER loss/DPR loss group during diestrus, confirming acces-
sibility is coordinated with ER«/PGR association.

To determine if the DNA sequence influenced ERo/PGR
co-binding, the presence of half site and full site EREs and
PREs was assessed. Almost all ERx/PGR co-bound locations
had ERE and PRE half sites compared to 75% of ER« bound
alone having an ERE half site and 89% of PGR bound alone
having a PRE half site (Figure 1H). Interestingly, there was a 6-
fold increase in full site EREs at ERa/PGR co-bound locations
compared to ERa bound alone (Figure 1H). There was only
a 2-fold increase in PREs at these co-bound locations com-
pared to PGR alone, suggesting EREs may be more influential
in binding the two receptors in these locations. These data in-
dicate that ERx and PGR binding at DERs are highly coordi-
nated at full site EREs during diestrus at accessible chromatin
and that they are dynamically lost together during estrus.

To determine if a change in ERx or PGR expression lev-
els or cellular localization over the course of the estrous cy-
cle could explain the differences in chromatin binding, we
first examined Esr1 and Pgr mRNA expression from a pub-
lished dataset of single cell RNA-seq from adult uterus dur-
ing diestrus and estrus (16). We generated tSNE plots of cells
from combined diestrus samples (7 = 3) and combined estrus
samples (n = 3) showing large populations of stromal cells
(Col6a4 as a marker) and epithelial cells (Epcam as a marker);
very few glandular epithelial cells (Foxa2 as a marker) or mus-
cle cells (Myh11 as a marker) were present in these samples
(Supplementary Figure S3) (18). Dual feature plots of Esrl
and Pgr showed very high overlap in stromal and epithelial
cells in both diestrus and estrus samples, clearly demonstrat-
ing individual cells expressed both of these receptors (Figures
1I and Supplementary Figure S3).

We next performed ERa and PGR immunohistochemistry
in serial uterine tissue sections from diestrus and estrus mice
to determine estrus cycle dependent ERax and PGR protein
expression patterns (Figure 1] and Supplementary Figure S4).
ER« was robustly expressed and did not differ visually in
the glandular or luminal epithelium between diestrus and es-
trus (Figure 1] and Supplementary Figure S4). This impres-
sion was confirmed by formal image analysis with >90%
of luminal and glandular epithelial cells expressing ER; the
highest expression level observed was in glandular epithelial
cells during diestrus (Supplementary Table S2A; Figures 1K
and Supplementary Figure S4-Supplementary Figure S5). PGR
expression was much more dynamic in these two cell types
with PGR expression in > 90% of glandular epithelial cells
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during estrus and expression in >90% of luminal epithelial
cells during diestrus (Supplementary Table S2B; Figure 1K and
Supplementary Figure S4-Supplementary Figure S5). Hence,
most glandular epithelial cells have both ERx and PGR dur-
ing estrus and most luminal epithelial cells have both receptors
during diestrus. In the stroma, many cells expressed ER and
PGR during diestrus, but fewer did so during estrus (Figure
1K). Muscle cells had similar percentages of ERx and PGR
positive cells as stromal cells, but the pattern was reversed,
with higher percentages during estrus compared to diestrus.
The overall high percentages of uterine cells that express ER«
and PGR at the protein level make it very likely that many
cells co-express both ER«x and PGR.

Chromatin accessibility and TF occupancy changes
across the estrous cycle

ATAC-seq was performed to determine how the dynamic dif-
ferences in ER« and PGR binding to chromatin across the
estrous cycle were related to changes in chromatin accessi-
bility. Analysis of differential ATAC regions (DARs) between
diestrus and estrus revealed ~4-fold more estrus specific DARs
(9958) relative to diestrus specific DARs (2454) (Figure 2A
and Supplementary Table S3A, B). At genomic locations iden-
tified as estrus specific DARs, the ERoc ChIP-seq signal showed
overall low occupancy that was no different in diestrus and es-
trus uteri. In contrast, PGR occupancy at estrus specific DARs
was readily observed in diestrus and was lower in estrus. At
genomic locations identified as diestrus specific DARs, both
ERx and PGR ChIP-seq signals were higher in diestrus and
lower in estrus, directly correlating with ATAC-seq signals.

A motif analysis of the diestrus and estrus specific
DARs showed striking differences between these two groups
(Supplementary Table S3C-E). There were 103 enriched mo-
tifs (86 unique) for down-sampled estrus specific DARs and 89
enriched motifs (77 unique) for diestrus specific DARs (Figure
2B and Supplementary Figure S6; Supplementary Table S3C-
F). There were 26 enriched motifs found in diestrus but not in
estrus DARSs, including PGR/AR/GR, SOX17 and FOXAL.
PGR ChIP-seq was consistent with this finding because there
was higher signal in diestrus specific DARs compared to es-
trus specific DARs (Figure 2A). The 47 motifs in common
included ER«, ATF, HOXA9, STAT1/3/4/5, SOX2/3/4/6,
FOXA2 and FOXO1 (Figure 2B and Supplementary Figure S6
and Supplementary Tables S3C, S3E-F). Notably, ERx en-
richment was very low for both diestrus and estrus spe-
cific DARs (P = 1.00e-4 for both). Motifs that were only
enriched in estrus specific DARs included ELF, ELK, VDR,
HOXA2/B4/C9, PAX3/5/8, HIF1A and HIF2A (Figure 2B,
Supplementary Tables S3C, S3E and S3F). HIF2A was of par-
ticular interest because it is required for uterine function dur-
ing early embryo implantation and is regulated by estrogen
under progesterone primed conditions (35,36). For these rea-
sons, we selected HIF2A for further investigation of its po-
tential role in estrous cycle dependent accessibility. HIF2A
ChIP-seq in diestrus and estrus samples confirmed that HIF2A
is more highly associated with estrus specific compared to
diestrus specific DARs (Figure 2C).

To determine the degree to which changes in ERx, PGR
and HIF2A binding were associated with changes in chro-
matin accessibility, we plotted heatmaps of the ATAC-seq sig-
nal corresponding to DER gain/loss, DPR gain/loss or HIF2A
gain/loss (Figure 2D and Supplementary Table S1A, B, E~
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Figure 2. Estrous cycle dependent accessibility was characterized by distinct TF landscapes. (A) Heatmaps displaying ATAC-seq signal of differential
ATAC-seq regions (DARs) +2-fold between diestrus and estrus (loss and gain defined by estrus versus diestrus). ERxand PGR ChlP-seq signal is plotted
in the same locations. Metaplots of diestrus and estrus average ATAC-seq signal, ERacand PGR ChiP-seq signal for estrus or diestrus specific DARs
indicated by arrows. (B) Bubble plots of motif enrichment for diestrus and estrus specific DARs from Supplementary Table S3C and S3E, random group
A. Size of bubble indicates number of times that motif was observed in estrus or diestrus specific DARs. Color scale indicates —log P-value. Select
motifs are indicated. Venn diagram of motifs enriched in diestrus or estrus specific DARs (numbers of motifs and select motifs are indicated). (C)
Heatmap of diestrus and estrus HIF2A ChlIP-seq signal for diestrus and estrus specific DARs (plotted in the same order as panel A). Metaplots of
diestrus and estrus HIF2A ChiIP-seq signal at diestrus and estrus specific DARs indicated by arrows. (D) Heatmap of diestrus and estrus specific DERs
(from Figure 1A), diestrus and estrus specific DPRs or diestrus and estrus specific differential HIF2A regions (DHRs) with ATAC-seq signal plotted in the
same locations as the DERs, DPRs or DHRs. All heatmaps are organized from highest signal to lowest signal in estrus [ATAC in panel A; ERx, PGR and
HIF2A in panel D (left to right, respectively)]. Heatmaps are plotted using the center of the peak + 5 Kb. Intensity of ATAC-seq or ChIP-seq signal (reads
mapped to each bin of 100 bp) is indicated by color intensity for each heatmap or on the y-axis of metaplots. (E) Graph of percent overlap between
mouse estrus cycle specific DERs with ER o« ChIP-seq peaks from ovx + vehicle or ovx + E; 1 h (left). Graph of percent overlap between mouse estrus
cycle specific DPRs with PGR ChlP-seq peaks from ovx + vehicle or ovx + P4 1 h (right). ERx ChIP-seq data is from GSE36455 and PGR ChlP-seq data is
from GSE34927 (6,30).
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H). Estrus specific DER or DPR gain locations were observed
in consistently closed chromatin regions (little to no ATAC-
seq signal). In contrast, estrus specific HIF2A gain locations
were found in regions of increased chromatin accessibility
compared to diestrus. Diestrus specific ERe, PGR and HIF2A
were observed in regions of accessible chromatin that became
more closed during estrus. Taken together, these data suggest
that chromatin accessibility during estrus is not governed by
ER« or PGR but rather by other transcription factors, includ-
ing HIF2A, while diestrus specific accessibility appears to co-
ordinate with ER« and PGR binding.

To further explore the timing of receptor binding under
the influence of either estrogen or progesterone, we over-
lapped DERs and DPRs with published ERx or PGR ChIP-
seq peaks in ovx mice treated with 173-estradiol or proges-
terone for 1 h compared to vehicle treatment (ERox ChIP-seq
from GSE36455 and PGR ChIP-seq from GSE34927) (6,29).
For ER«, there was 8.3% overlap of diestrus specific DERs
with ER« in ovx mice in the absence of estrogen with in-
creased overlap (15%) in the presence of estrogen (Figure
2E). In contrast, there was <3% overlap of either ovx group
with estrus specific DERs. For PGR, there was a similar pat-
tern of overlap with 5.7% overlap of diestrus specific DPRs
with ovx mice in the absence of progesterone and increased
overlap (13.8%) in the presence of progesterone (Figure 2E).
There was very little overlap of estrus specific DPRs with ei-
ther of the ovx groups. ERx and PGR binding in ovx mice
in the presence of hormone overlaps ERx and PGR binding
primarily during diestrus and not estrus, suggesting that the
action of both hormones is most important during diestrus
despite progesterone levels being higher in estrus (2). The
overall low levels of overlap of ERx and PGR binding lo-
cations in intact cycling mice compared to ovx mice sup-
ports the idea that there is sufficient estradiol, progesterone,
and likely other endocrine factors present at both stages of
the estrous cycle to influence physiological ERx and PGR
binding.

Chromatin accessibility is increased at promoter
regions of genes up regulated during estrus

Estrous cycle dependent chromatin accessibility changes sug-
gested that these changes could regulate expression of nearby
genes. There were 2060 differentially expressed genes (DEGs)
increased in estrus and 2101 DEGs decreased in estrus rela-
tive to diestrus (Figure 3A; Supplementary Table S4). To de-
termine if chromatin accessibility changes at gene promot-
ers correlated with the direction of gene expression changes,
we subtracted ATAC-seq signal in diestrus from that in es-
trus at the TSS 4+ 1 kb. Of the 2060 up-regulated DEGs
(estrus to diestrus), 1458 (70.8%) had increased ATAC-seq
signal while only 523 (25.4%) had decreased signal (Fig-
ure 3B and Supplementary Table S5A). Of the 2101 down-
regulated genes, 1335 (63.5%) had decreased ATAC-seq sig-
nal while only 635 (30.2%) had increased ATAC-seq signal
(Figure 3B and Supplementary Table S5B). A close examina-
tion of these data revealed large changes in ATAC-seq sig-
nal from diestrus to estrus in a subset of up-regulated genes.
Violin plots of ATAC-seq signal were generated with the
up-regulated genes split into two categories: ATAC-seq >2-
fold (109 DEGs) or <2-fold (1951 DEGs) (Figure 3B and
Supplementary Table S5C, D). As expected, there was a ro-
bust significant increase in accessibility at the promoter re-
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gion of genes with the highest fold change in ATAC-seq signal
(Figure 3B and Supplementary Table S5C). Interestingly, these
genes had very low ATAC-seq signal during diestrus, suggest-
ing they exhibited closed chromatin that was opened during
estrus. The remaining up-regulated DEGs (ATAC-seq <2-fold
change) had significantly higher ATAC-seq signal in diestrus
than the > 2-fold change group but this was also significantly
increased in estrus (Figure 3B and Supplementary Table S5D).
There were only 14 down-regulated DEGs that had a >2-fold
change in ATAC-seq signal, so this group was not split. There
was much lower ATAC-seq signal at the TSS of these genes
compared to the up-regulated genes (ATAC-seq <2-fold) and
there was no significant difference between diestrus and estrus
in this group (Figure 3B and Supplementary Table SSE). These
findings point at alterations in promoter chromatin accessibil-
ity as a likely contributor to gene expression changes only in
genes up regulated during estrus.

ER« binding at the promoters of estrous cycle
dependent genes is static while PGR binding is lost
from diestrus to estrus

To determine if ERx or PGR binding influenced gene ex-
pression changes and/or chromatin accessibility at the pro-
moters of DEGs (TSS + 1 kb), metaplots of ERx and PGR
ChIP-seq signal were generated; ATAC-seq signal is included
for reference (Figure 3C). The 109 up-regulated DEGs that
had >2-fold increased ATAC-seq signal at promoters had in-
creased ER« and HIF2A during estrus compared to diestrus
but low unchanging levels of PGR. In contrast, the remain-
ing DEGs (up- and down-regulated) with lower ATAC-seq sig-
nal changes had no change in ERx between groups and min-
imally decreased PGR in estrus compared to diestrus. There
was an increase in HIF2A during diestrus compared to es-
trus at both up- and down-regulated DEGs. These data in-
dicate that ERx and PGR binding is relatively static at the
TSS of most DEGs across the estrous cycle and does not ap-
pear to influence gene expression. However, a small subset of
up-regulated DEGs have increased accessibility where ER o is
coordinately increased and no change in PGR binding, sug-
gesting direct estrogen regulation at accessible chromatin of
these few genes. The TSS of these genes also had increased
HIF2A binding, suggesting a role for this transcription factor
in gene expression regulation.

Dynamic enhancers near estrous cycle dependent
genes exhibit two modes of action

To examine chromatin accessibility changes at presumed en-
hancers near DEGs, we restricted the >2-fold change DARs
to £100 kb of a DEG (excluding the promoter; TSS + §
kb); these restricted DARs near DEGs were designated ‘dy-
namic enhancers’. We defined regions where DARs had in-
creased open chromatin at diestrus as ‘diestrus specific’ and
regions where DARs had increased open chromatin at estrus
as ‘estrus specific’. Of the 2727 dynamic enhancers, only 439
(16%) were diestrus specific considering both up- and down-
regulated genes (Figure 3D and Supplementary Table S6A, B).
Regardless of the direction in gene expression changes, these
diestrus specific enhancers had coordinate diestrus specific
ER« and PGR binding that was lost during estrus; HIF2A fol-
lowed the same pattern as ERx and PGR. Most of the dynamic
enhancers were estrus specific and were found near estrus spe-
cific up-regulated DEGs (1783; 65%); fewer were near down-
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is indicated on the y-axis of metaplots. (D, E) Metaplots of DARs + 100 kb of the TSS of EC DEGs excluding the TSS + 5 kb (dynamic enhancers) split
into diestrus or estrus specific (D) or constitutively open enhancers (ATAC-seq signal that is not changing between estrus and diestrus) further split into
those overlapped with either ERoc or PGR (common enhancersER*/PéR) or Jacking ER o or PGR (common enhancers®"®") (E); signal during diestrus and
estrus is shown for each metaplot. ERex, PGR and HIF2A ChlP-seq signal is also plotted for the same locations. The number of regions is indicated in
bold for each group. (F) Graph of the number of EC DEGs in each of the enhancer categories from panels D and E. Venn diagrams of DEGs from diestrus
type enhancers (diestrus specific and commonER«/PGR) were overlapped with DEGs from estrus type enhancers (estrus specific and common®te’) split
by up- and down-regulated genes. Number of DEGs is indicated. (G) Pie charts of overlap of DPRs, DERs, both or neither in constitutively open enhancer
regions that overlap ERo or PGR. (H) Graph of the distance between EREs and PREs at DPRs, DERs or both at common enhancers in panel E.
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regulated DEGs (505; 19%) (Figure 3D and Supplementary
Table S6C, D). For estrus specific dynamic enhancer regions,
there was low ERx and PGR ChIP-seq signal compared to
diestrus specific regions (Figure 3D). There were only minor
reductions in PGR signal in estrus compared to diestrus in
these regions, and ER« did not change, regardless of whether
the genes were up- or down-regulated. In contrast, HIF2A was
highly associated at these enhancers during estrus and this
association was lost during diestrus. These data, combined
with motif analysis of DARs, suggest that diestrus specific en-
hancers are under direct regulatory control of ERoc and PGR
while estrus specific enhancers are most likely under the influ-
ence of other transcription factors such as HIF2A.

Most enhancers near estrous cycle dependent
DEGs are constitutively open and many are highly
occupied by ERx and PGR during diestrus

In addition to dynamic enhancers, constitutively open chro-
matin regions can also impact nearby gene expression through
changes in transcription factor (TF) association (37). We iden-
tified constitutively open enhancer regions, which we refer
to as ‘common enhancers’, as all regions that had ATAC-seq
peaks but were not DARs and were near DEGs (+100 kb of
the TSS but excluding the TSS & § kb). This resulted in 11 560
common enhancers near upregulated DEGs and 11 550 com-
mon enhancers near downregulated DEGs (Supplementary
Table S7A, B). To focus on estrous cycle changes in ERx and
PGR binding at common enhancers, we first restricted our
analysis to those with either ERo or PGR ChIP-seq peaks over-
lapped in those locations (common enhancers®R*/PGR); there
were 3851 near upregulated DEGs and 4843 near downreg-
ulated DEGs (Figure 3E and Supplementary Tables S7C-D).
There were three times as many common enhancerstR«/PGR
compared to dynamic (8694 versus 2727) with 44% near up-
regulated genes and 56% near down-regulated genes. These
common enhancers"R*/PGR had much higher levels of ER«x
and PGR than at dynamic enhancers (Figure 3D, E). Like
diestrus specific dynamic enhancers, both ER« and PGR were
lost from common enhancers®®*/PSR during estrus, regardless
of the change in direction of gene expression. Diestrus specific
HIF2A was also observed at these common enhancerstR«/PGR
but unlike ERx and PGR, HIF2A was only lost during estrus
when the enhancer was near down-regulated DEGs, suggest-
ing a more complex pattern of binding for this transcription
factor.

The remaining common enhancers that did not have ERa
or PGR overlapped (common enhancers®™) were evaluated
for potential changes in HIF2A; there were 7709 near up reg-
ulated DEGs and 6707 near down regulated DEGs (Figure
3E and Supplementary Table S7E-F). Metaplots of ATAC-seq,
ERo and PGR confirmed that these locations were constitu-
tively open and generally lacked ERx and PGR. The ATAC-
seq signal was much lower (~25-35% lower ATAC-seq sig-
nal at the peak) for this set of common enhancers®™’ com-
pared to the common enhancersER*/PGR; ATAC-seq signal was
also ~35% lower than estrus specific enhancers during es-
trus. HIF2A was increased during estrus compared to diestrus
but only when near up-regulated DEGs, suggesting a role for
HIF2A in this group of genes. This association correlated with
some increase in accessibility and resembled the patterns ob-
served for estrus specific enhancers. A summary of the number
of genes near each type of enhancer showed that estrus specific
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enhancers were preferentially near upregulated DEGs (730 of
2060; 35%) instead of downregulated DEGs (323 of 2101;
15%) (Figure 3F). Common enhancerstR*/?GR were found in
similar numbers near up-regulated genes (986 of 2060; 48 %)
and down-regulated DEGs (1105 of 2101; 53%). Common
enhancers®™" were found near ~75% of both up- and down-
regulated DEGs. This group, however, had some of the lowest
ATAC-seq signal of the enhancer groups, suggesting they do
not influence gene expression as much as the other enhancer
types.

The observed TF binding patterns generally separate into
two categories of enhancers, those that had diestrus specific
ERa/PGR binding (diestrus type enhancers) or those that lack
ERa/PGR but instead had estrus specific HIF2A binding (es-
trus type enhancers). To investigate if DEGs had one or both
of these two different types of enhancers, we first identified
the genes that had a diestrus type enhancer (diestrus specific
or common enhancerstR*/PGR) and the genes that had an es-
trus type enhancer (estrus specific or common enhancers™r).
There were 1134 DEGs up and 1014 DEGs down that had a
diestrus type enhancer and 1560 DEGs up and 1572 DEGs
down that had an estrus type enhancer. Overlaps of these
DEGs showed almost all up- and down-regulated DEGs that
had a diestrus type enhancer also had an estrus type enhancer
suggesting switching between the two enhancer types during
the estrus cycle. In contrast, there were some DEGs that only
had estrus type enhancers; 503 DEGs up and 630 DEGs down.
These data suggest that these genes rely either on promoter TF
occupancy of ERa/PGR or enhancers occupied by HIF2A and
not nearby ERot/PGR.

To further assess this coordinated loss of both receptors in
the common enhancers®™®*/?GR "an overlap of DERs and DPRs
with these regions was performed. More than half of the com-
mon enhancerstR*/PGR exhibited little to no change (<2-fold)
in ERx or PGR near both up- and downregulated genes (Fig-
ure 3G). However, primarily from diestrus to estrus, 35-38%
lost PGR, 7-8% lost ER, and 4-5% lost both. An analysis of
distance of the PGR response element (PRE) and the ERE in
the common enhancer locations that had a DER, DPR or both
revealed that the two receptors bound in close proximity when
lost together during estrus and bound further apart when only
one or the other was lost during estrus (Figure 3H). These data
suggest that the proximity of ERx and PGR binding elements
to each other appears to influence binding of both receptors
together at constitutively open chromatin during diestrus, and
association of both receptors in these locations is lost during
estrus.

Estrogen is the main driver of estrous cycle
dependent gene expression

Estrogen and progesterone are thought to be the main drivers
of uterine estrous cycle gene expression changes. To deter-
mine which genes were directly influenced by estrogen or pro-
gesterone, we overlapped estrous cycle dependent DEGs with
uterine gene expression from ovx mice that were exposed to
either estradiol alone or progesterone alone (38,39). Of the
2060 genes increased during estrus, 1463 (71%) were also
increased 2 h and/or 24 h after estradiol treatment [data
from (38); GSE53812] (Figures 4A and Supplementary Figure
S7A, B) (38). Top GO categories of these genes were related
to cell proliferation activities: cell division/cycle, kinase ac-
tivity, biosynthetic processes, and oxidoreductase (Figure 4B
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Figure 4. Estrogen is the main driver of EC dependent gene expression; HIF2A also plays a role. (A) Graph of the percent overlap of EC up- or
down-regulated DEGs with estradiol (E;) regulated DEGs in ovx mice (up- or down-regulated, E, 2 h + 24 h/veh; data from Winuthayanon et al., 2014;
GSEbB3812) or progesterone (P4) regulated DEGs in ovx mice (up- or down-regulated, P4 6h/veh); data from Kommagani et al., 2014; GSE31406) (39,40).
Graph of estrogen regulated EC DEGs (upregulated, left; downregulated, right) overlapped with each enhancer category from Figure 3D, E. Arrows
indicate groups. (B) Pathway analysis of EC up-regulated DEGs that are up-regulated by estrogen (top) and EC down-regulated DEGs that are
down-regulated by estrogen (bottom). Top 20 GO categories as determined by P-value are plotted by gene ratio (#genes in GO category/#DEGs in that
group); P-value indicated by color and #genes indicated by size (taken from Supplementary Table S7A, B). (C) Graph of Hif2a mRNA expression during
diestrus and estrus plotted as FPKM from RNA-seq data. Each point represents an individual sample. (D) Graph of the number of EC DEGs up- or
downregulated that have a diestrus or estrus specific DHR 4 100 kb of the TSS of EC DEGs. (E) Venn diagram of all EC DEGs overlapped with all HIF2A
cKO versus wild type (WT) DEGs (cutoffs of FPKM > 1.0, FDR < 0.05 and >1.5-fold change). Of the overlapped group, the number of up- and
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specific groups are indicated. Graphs of mMRNA expression (FPKM) of representative genes in two of those groups; Padil, EIf3, Foxa2 and |hh (n = 3-4
per group). (G) UCSC genome browser tracks of the Padi gene family locus. Tracks are RNA-seq, ATAC-seq, ER«, PGR and HIF2A ChIP-seq signal in
diestrus and estrus samples; Refseq genes are indicated above the tracks and genomic location and size are indicated under the tracks. Color shading
indicates the type of enhancer and the promoter regions (~TSS + 5 kb). Purple arrow indicates diestrus specific signal and red arrow indicates estrus

specific signal.
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and Supplementary Table S8A). In addition, ~50% (1005 of
2101) of the genes that were highly expressed during diestrus
and reduced during estrus were decreased with estradiol treat-
ment. Top GO categories for this group of genes were re-
lated to tissue morphogenesis: morphogenesis, extracellular
matrix (ECM), Wnt signaling and vasculature (Figure 4B and
Supplementary Table S8B). These data show that two different
types of cellular processes occur under the influence of estro-
gen during these two phases of the estrous cycle. Additionally,
the majority of estrous cycle DEGs that overlapped estradiol
DEGs (>80%) were either expressed 24 h later or both 2 h and
24 h later (sustained expression over time) as opposed to only
2 h (early gene expression) suggesting the observed estrous
cycle gene expression changes were observed ~24 h after ini-
tiating events. Therefore, ERx/PGR binding during diestrus
most likely impacted transcription levels observed during es-
trus (~24 h later) (Supplementary Figure S7B).

In contrast, estrous cycle dependent gene expression
changes were not highly overlapped with progesterone reg-
ulated gene expression (<11% in either direction) (data from
Kommagani et al., 2014; GSE31406) (Figures 4A and S7A, B)
(39). These data suggest that a large portion of estrous cycle
dependent gene expression changes can be attributed to in-
creasing estrogen levels that occur during diestrus to proestrus
that result in gene expression changes 24-36 h later during
estrus. Progesterone exposure alone in the ovx mouse model
does not recapitulate estrous cycle gene expression changes,
suggesting estrogen is required for most progesterone influ-
enced gene expression in the uterus of intact cycling mice.

To assess the influence of estrogen on enhancers near es-
trous cycle DEGs, we determined how many of the estrous
cycle DEGs were near each of the enhancer types that were
also regulated by estradiol (Figure 4A). Estrus specific en-
hancers were predominantly found near estrous cycle DEGs
that were highly expressed during estrus and upregulated by
estradiol in the ovx model, despite the lack of ER« binding
in these locations. Common enhancers®™ were also found
preferentially near estrogen regulated DEGs that were highly
expressed during estrus, suggesting a similar mode of action as
the estrus specific enhancers. Common enhancers™*/P6R were
found equally associated with estrous cycle dependent DEGs
that were upregulated by estradiol and highly expressed dur-
ing estrus as well as downregulated by estradiol and highly
expressed during diestrus (Figure 4A). These locations were
occupied by both ERx and PGR during diestrus and both were
lost during estrus (Figure 3E), suggesting direct control of gene
expression by ER« during diestrus with potential influence of
PGR.

HIF2A directs gene expression toward diestrus
expression patterns

The accumulation of HIF2A at estrus specific enhancers sug-
gested a role for this protein in estrus cycle dependent gene
expression. Hif2a (also known as Epasl) was not among
the estrus cycle DEGs and its expression appeared to be
stable across the estrous cycle (Figure 4C). To determine
if HIF2A could influence gene expression, we used the dif-
ferential HIF2A ChIP-seq binding locations and restricted
them to + 100 kb of estrous cycle DEGs (Figure 4D and
Supplementary Tables S1E, F). There were > 1000 diestrus
expressed DEGs with a diestrus specific HIF2A binding site
nearby and >1000 estrus expressed DEGs that had an estrus
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specific HIF2A binding site nearby. To determine if HIF2A
actually influenced estrus cycle dependent gene expression,
we generated a uterine conditional HIF2A knock out mouse.
Hif2a (Epas1) floxed mice were crossed with PGR-cre mice
(Epas1 flox/flox, PGR-cre+; HIF2A ¢KO) and RNA-seq was
performed during diestrus and estrus. A comparison of HIF2A
cKO to wild type (Epasl1 flox/flox; WT) mice revealed 1062
DEGs at diestrus and 405 DEGs at estrus (Supplementary
Table S9A, B). An overlap of these DEGs with estrus cycle
DEGs resulted in 946 in common; 518 upregulated and 428
downregulated (Figure 4E). To further explore how HIF2A
influenced gene expression during diestrus and estrus, DEGs
were split into diestrus expressed (highest during diestrus) or
estrus expressed (highest during estrus) and then overlapped
with HIF2A cKO versus WT DEGs (Figure 4F). The highest
overlap was in estrus expressed genes that were upregulated
upon loss of HIF2A, suggesting a major role of HIF2A in re-
pressing these genes; examples included many estrogen regu-
lated genes such as Padil/2/4, EIf3 and Ramp3 (38) (Figure
4F). The second most overlapped group was estrus expressed
genes that were downregulated in the HIF2A ¢KO. Examples
in this category included genes highly expressed in glandular
epithelium such as Foxa2, Spink1, Gpx3 and Sult1d1 as well
as genes involved in female reproductive tract development
and function, including Hoxa9/10/11 and Ihh (18,40,41).
Gene expression patterns from both groups show that lack
of HIF2A drives gene expression towards estrus expres-
sion patterns and, therefore, that HIF2A drives gene expres-
sion toward diestrus expression patterns (Figure 4F). These
data, combined with evidence for HIF2A binding at promot-
ers and estrus specific enhancers, show that this protein is
a direct mediator of specific estrous cycle gene expression
changes.

Examples of some of the most highly differentially regu-
lated genes were the peptidyl arginine deiminases, Padil, Padi2
and Padi4 (upregulated in estrus compared to diestrus 21.7-,
18.3- and 12.2-fold, respectively); Padi3 was only minimally
expressed in the uterus (Supplementary Table S4). This estrus
specific increase in mRNA expression was accompanied by
some of the highest ATAC-seq signal at the promoters of these
genes during estrus. The Padi genes are all found in a single
gene locus on chromosome 4 (Figure 4G). Padil is among the
109 up-regulated DEGs that have >2-fold ATAC-seq signal at
the TSS (Figure 3B-C and Supplementary Table S5C). In addi-
tion to the 2-fold increased ATAC-seq signal at the promoter
during estrus compared to diestrus, both ER« and PGR are
associated during diestrus and only moderately reduced dur-
ing estrus (Figure 4D). There was also a substantial increase in
HIF2A signal near the TSS during estrus compared to diestrus.
Padil was upregulated in the absence of HIF2A, confirming a
repressive role for HIF2A in controlling Padil gene expression
(Supplementary Table S9A, B). ATAC-seq signal was increased
at Padi2 and Padi4 promoters (1.83-fold and 1.99-fold, re-
spectively; estrus versus diestrus) suggesting a similar mecha-
nism of action as Padil (Supplementary Table S5D). HIF2A
was minimally associated at the Padi2 and Padi4 TSS but
HIF2A ¢KO mice showed increased expression of Padi2 and
Padi4 over WT controls similar to Padil, suggesting HIF2A
binding at the Padil TSS may influence the entire Padi locus.
There was a common enhancer®™8*/PGR ~11 kb upstream of
Padil that had both ERx and PGR binding during diestrus
that was lost during estrus and HIF2A binding that was es-
trus specific, suggesting a shift in TF control in this region; we
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have previously shown looping of this region to the promoter
during uterine development (Figure 4G and Supplementary
Table S7C) (42). There was also a highly dynamic region in
the gene body of Padil with excessive accumulation of ATAC-
seq signal during estrus that was lost during diestrus. This
region was largely unoccupied by ERx or PGR, suggesting
that accessibility and not direct hormone receptor binding
plays a predominant role in the large fold changes in expres-
sion of this gene. There were common enhancerstR*/P6R pear
Padi2 and Padi4 that had a range of ERx and PGR occu-
pancy, suggesting more complexity of gene expression con-
trol for these two genes compared to Padil (Figure 4D and
Supplementary Tables S7C and S7E). We interpret these find-
ings to indicate that some of the most highly expressed genes
during estrus are highly stimulated by ERoc/PGR binding dur-
ing diestrus, providing sustained transcriptional output that
peaks during estrus. ERx/PGR binding is then lost during es-
trus and replaced by indirect targets of ERot/PGR signaling
such as HIF2A to repress expression to lower levels during
diestrus.

Proteins in complex with ERx are estrous cycle
dependent

The differences in ER« binding locations over the estrous
cycle along with enrichment in distinct TF motifs suggested
that there were estrous cycle stage-dependent differences
in direct ERo binding partners. To test this idea, we per-
formed Rapid Immunoprecipitation Mass spectrometry of En-
dogenous proteins (RIME) to identify the proteins directly
bound to ER« in diestrus and estrus uteri (Supplementary
Tables S8A, B). Comparison of diestrus to estrus ERx bind-
ing partners revealed substantial differences (Figures SA and
Supplementary Figure S8; Supplementary Tables S10A, B).
There were 89 proteins in common including the histone
deacetylases, HDAC1 and HDAC2; HDAC1 was shown pre-
viously to bind ER« (43). Another protein in this group was
PRMT1, a protein that methylates ERx in the DNA bind-
ing domain to trigger extranuclear activity (44). Several pro-
teins were associated with ERe in both diestrus and estrus
but had a much higher rate of observation (spectral count)
in one stage compared to the other (Figure 5SA). For exam-
ple, HDAC1 was observed more often with ER« during es-
trus while CHD4 was more often captured with ER« dur-
ing diestrus. CHD4 is a chromatin modifier and a member
of the NuRD complex that is found at enhancers; its activity
can impact chromatin accessibility by interacting with HDACs
(45).

There were 23 proteins associated with ERa during es-
trus but not diestrus, including PADI2 (Figure 5A and
Supplementary Table S10A, B). Identification of PADI2 as an
estrus specific ER« binding protein supports previous find-
ings that PADI2 facilitates ER« binding by citrullinating hi-
stone H3R26 at ERw« binding sites and confirms these two
proteins are actually in complex together (46,47). Sixty pro-
teins were associated with ERa during diestrus but not es-
trus; some of these have been previously reported as ER«
binding partners such as STAT3, calmodulin (CALM) and
PGR (48-50) (Figures SA and Supplementary Figure S8,
Supplementary Table S10A, B). The presence of PGR in com-
plex with ER« only during diestrus supports the ChIP-seq
data presented herein where ERx and PGR are bound to
chromatin together during diestrus. Two cohesin complex

10909

proteins, SMC1A and SMC3, were diestrus specific, suggest-
ing a hormone dependent role in ERa binding to looped
chromatin. In agreement, ERE motifs are highly enriched
at SMC1A binding sites in the uterus of ovx mice (51).
Taken together, this robust differential protein association
due to estrous cycle stage confirms the dynamic changes in
ERw« binding partners and may explain some of the dif-
ferential transcription factor landscape of ER« binding to
DNA.

3D chromatin architecture is impacted by the
estrous cycle

The differential association of ER« with the cohesin com-
plex proteins, SMC1A and SMC3, during diestrus suggested
a potential impact on chromatin architecture. SMC1A is
found at the contact points of looped chromatin (52). An
overlap of published uterine SMC1A ChIP-seq peaks in ovx
mice with the DERs identified in this study showed more
than twice as many overlapping regions in diestrus as es-
trus (data from Hewitt et al., 2020; GSE147843) (Figure
5B) (51). In addition, SMC1A ChIP-seq peaks were highly
overlapped with regions that have both DERs and DPRs
found together compared to regions that had only one of
the two (Figure 5B). These data support the preferential
association of SMC1A with ER« during diestrus and sug-
gests locations that have both receptors are more likely to
be functionally looped. To identify changes in chromatin ar-
chitecture over the estrous cycle, we performed HiC-seq on
diestrus and estrus samples. Interaction matrices for diestrus
and estrus samples showed the expected robust looping
within chromosomes (Supplementary Figure S9A). There were
twice as many diestrus specific DERs overlapped with HiC-
seq loop ends as estrus specific DERs, confirming the pref-
erential association of ER« at loop ends during diestrus
(Figure 5C).

To further examine the impact of the estrous cycle on 3D
chromatin structure, loops were identified at both diestrus
and estrus and then these regions were overlapped. There
were >28 000 chromatin loops observed in both diestrus and
estrus uterine samples; 14 202 of these loops overlapped and
were likely stable (Figure 5D; Supplementary Table S11A, B).
There were 16 270 diestrus specific loops and 14 001 estrus
specific loops, indicating substantial estrous cycle dependent
chromatin rearrangement. For diestrus specific loops, diestrus
specific ERx was overlapped more than twice as often as es-
trus specific ERa; PGR showed a similar pattern (Figure 5D).
HIF2A was also observed at diestrus specific loops, with less
estrous cycle dependence than either ERa or PGR. Interest-
ingly, estrus specific loops also overlapped diestrus specific
ERa« and PGR more often than estrus specific ERx and PGR,
but the overall total number of locations were fewer than
diestrus specific loops (Figure 5D). This was not the case for
HIF2A as there was slightly more estrus specific HIF2A than
diestrus specific HIF2A associated with estrus specific loops.
HiC-seq loops that were found in common between diestrus
and estrus also had preferential overlaps with diestrus spe-
cific ERox and PGR while HIF2A was less estrous cycle depen-
dent (Figure 5D). Taken together, ERx and PGR binding were
highly associated with chromatin loops that formed during
diestrus but were lost during estrus, confirming the diestrus
specific association of ERx and cohesin proteins observed by
RIME.
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Chromatin rearrangement at enhancer/promoter
pairs of estrous cycle dependent DEGs

To determine if estrus cycle specific changes in chromatin
looping were associated with DEGs, enhancer/promoter pairs
at DEGs were identified (HiC loops that connect an en-
hancer, as defined by accessibility in Figure 3D, E, to a
promoter of a DEG) (Supplementary Table S12). Typically,
active enhancer/promoter pairs are defined by the presence
of histone H3K27ac; however, H3K27ac is dispensable for
enhancer activity at accessible chromatin regions and acety-
lation of residues other than lysine 27 of both H3 and H4 can
indicate activity (53,54). For these reasons, we assumed acces-
sibility combined with looping to the promoter could impact
transcription and used the more inclusive definition of chro-
matin accessibility for enhancer/promoter pair identification.
There were 203 DEGs that had a least one enhancer/promoter
pair identified within 100 kb of the TSS (~5% of DEGs)
(Supplementary Table S12). Diestrus specific loops with
enhancer/promoter pairs were found at 89 DEGs (46 up and
43 down) (Figure SE). The enhancer/promoter pairs in these
loops were predominantly common enhancersfR*/PGR pear
both up- and down-regulated DEGs, demonstrating that loops
formed during diestrus can be involved in activation or re-
pression of gene expression and have ERo/PGR binding dur-
ing loop formation (Figure 5F). Diestrus specific loops with
common enhancers®™" were preferentially found near genes
that were repressed during diestrus and expressed during es-
trus; HIF2A was found in these locations. Estrus specific loops
with enhancer/promoter pairs were preferentially found near
genes highly expressed during estrus (82 DEGs; 52 up and 30
down) (Figure SE). Enhancer/promoter pairs found at estrus
specific loops were highly overlapped with both estrus specific
enhancers (only near estrus expressed genes) and common
enhancers®h" predominantly near genes highly expressed dur-
ing estrus; HIF2A was found in these locations and acts to
down regulate gene expression observed during diestrus (Fig-
ures 4F and S5F). Estrus specific loops were also found at
common enhancers?R*/PGR that were preferentially at genes
highly expressed during diestrus (downregulated DEGs) sug-
gesting repression of gene expression during estrus that was
alleviated during diestrus and allowed gene expression. Sta-
ble loops with enhancer/promoter pairs were found near the
fewest number of DEGs with no overall estrus cycle dependent
gene expression preference (58 DEGs; 27 up and 31 down)
(Figure SE). Enhancer/promoter pairs found at stable loops
most often involved common enhancerstR*/PGR near genes
highly expressed during diestrus; this was similar to estrus
specific loops that overlapped common enhancers®R*/PGR and
could be either activation or repression as the loop was sta-
ble across the estrous cycle (Figure SF). Stable loops also con-
tained enhancer/promoter pairs from common enhancers®™*
and these were associated with both up- and downregulated
DEGs, confirming activation and repression activity on gene
expression in this group. Overlaps of the enhancer/promoter
pairs in the three different loop categories with estradiol reg-
ulated DEGs showed the majority of gene expression changes
correlated with gene expression direction 24 h after estrogen
treatment (sustained) instead of 2 h (early) and would there-
fore impact gene expression at the next stage (Figure SF and
Supplementary Figure S9B). For example, a diestrus loop at
a diestrus expressed gene would directly repress gene expres-
sion that occurred at estrus. Another example would be an
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estrus loop at an estrus expressed gene with direct repression
that occurs at diestrus. These expression patterns would be
most likely influenced by ERat/PGR for diestrus specific and
common enhancersPR*/PSR with promoter pairs and HIF2A
for estrus specific and common enhancers®h® with promoter
pairs (Figure SF and Supplementary Figure S9B).

Examples of these types of chromatin interactions and
enhancer/promoter activity at DEGs are shown (Figure 5G).
SMC1A ChIP-seq signal from the uterus of ovx mice is in-
cluded for reference (51). Rgs2 was a diestrus expressed gene
with two diestrus specific loops around +50 kb and +90 kb of
the Rgs2 TSS (Figure 5G). Several diestrus specific enhancers
were overlapped with the + 50kb loop end and several com-
mon enhancers®R*/PGR were overlapped with the +90 kb loop
end; all had diestrus specific ERx and PGR. Estrus specific
loops were formed farther away from the Rgs2 TSS than
diestrus specific loops. The mode of activity for this gene ap-
peared to be chromatin rearrangement to bring diestrus spe-
cific enhancers with ERx and PGR closer to the promoter to
activate gene transcription during diestrus. Data from estra-
diol treatment of ovx mice, however, shows that it is actually
acting as a repressor of gene transcription under the influence
of ERa/PGR, resulting in lower expression during estrus.

EIf3 was an estrus expressed gene that had an estrus spe-
cific loop around +40 kb of the Elf3 TSS (Figure 5G). This
loop end contained two enhancer/promoter pairs (one estrus
specific and one common enhancer®®"). Another estrus spe-
cific loop, which did not directly link to the Elf3 promoter, was
located at +75 kb and looped to the +40 kb loop end, most
likely bringing this region closer to the promoter during es-
trus. Loop ends near this gene generally lacked ERx and PGR
but had estrus specific HIF2A. This finding, combined with
HIF2A ¢cKO data as well as estradiol treatment timing sug-
gests that the mode of activity for this gene is estrus specific
chromatin rearrangement that brings estrus specific enhancers
with HIF2A closer to the promoter, repressing gene transcrip-
tion that follows during diestrus.

A more complex example of these chromatin interactions
was the enhancer/promoter pairs for the estrus expressed
gene, WntSa (Figure SG). During diestrus, there was a diestrus
specific loop located —60 kb upstream of the WniSa TSS
that overlapped two enhancer/promoter pairs (both common
enhancersPR®/PGRY - Another diestrus specific loop located at
—50 kb to —130 kb of the Wnt5a TSS was in between that
loop. The summary of this architecture would be diestrus spe-
cific accessibility with high levels of ERx and PGR that was
brought closer to the WntSa promoter while WntSa gene ex-
pression was low suggesting activation that resulted in estrus
expression. During estrus, several enhancer/promoter pairs
appeared to be present (one estrus specific loop around -130kb
and two common loops around —102 kb and —185 kb up-
stream of the Wnt5a TSS); all outside of the 100kb cutoff
for enhancer/promoter pair identification (Figure 5G). These
loop ends overlapped diestrus specific enhancers or common
enhancersPR*/P6R  The summary of this activity was estrus
specific distancing of enhancers from the promoter in com-
bination with loss of accessibility, ERx and PGR that resulted
in repression of WntSa during diestrus.

A final example is the estrus expressed gene, nucleic acid
binding protein 1 (Nabp1), that demonstrates the proposed
model of enhancer switching that was described in Figure 3F
where gene expression relies on diestrus type enhancers during
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diestrus that switch to an estrus type enhancer during estrus
(Figure 5G). During diestrus there was a diestrus specific loop
that overlapped a common enhancer®?*/PGR [ocated —52 kb
upstream of the Nabpl promoter that had diestrus specific
ERa« and PGR; HIF2A was also found in this location but
only during estrus. During estrus there was an estrus specific
loop located at —32 kb upstream of the Nabp1 promoter that
overlapped a common enhancer®®h’ that lacked ERx or PGR
but had an estrus specific HIF2A. Increased gene expression
during estrus was most likely controlled by ERo/PGR that
was brought closer to the promoter during diestrus through
chromatin looping. The loss of this ERa/PGR occupied loop
combined with a switch to an estrus specific loop that over-
lapped an estrus type enhancer most likely resulted in loss of
gene expression during diestrus.

Discussion

Here, we report the coordinated dynamics of uterine gene
expression, chromatin accessibility and architecture, and TF
binding during the mouse estrous cycle, a classic example of
cyclic steroid hormone regulation. We anticipated that ER«
would bind preferentially during diestrus (when estradiol is
high) and PGR during estrus (when progesterone is high) but
this was not the case. Instead, the primary mechanism of es-
trous cycle dependent gene expression control was through
highly coordinated association of ERx and PGR together
in complex during diestrus at diestrus specific or constitu-
tively open enhancers; this association was lost during estrus
(Figure 6). A secondary mechanism was constitutively open
or estrus specific accessible enhancers that were independent
of ERa/PGR and were most likely influenced by other TFs
such as HIF2A; conditional uterine deletion of HIF2A con-
firmed its direct role in gene expression changes. The data
strongly supports the idea that there is estrus cycle depen-
dent switching between these two enhancer types to regu-
late individual genes. In addition to these two mechanisms,
there were regions of limited accessibility that had either ERox
or PGR bound during estrus; the function of these binding
events is unknown. Chromatin looping was estrous cycle de-
pendent and changes to enhancer/promoter pairs likely in-
fluenced gene expression. All these activities observed at en-
hancers were less pronounced at the TSS of target genes, apart
from a few highly expressed genes where chromatin accessi-
bility appeared to be the primary mechanism of control. These
data demonstrate a highly orchestrated, dynamic interplay of
transcription factors, chromatin accessibility and 3D struc-
tural rearrangements to control estrous cycle gene expression.

Estrous cycle dependent uterine gene expression changes
primarily have been attributed to estradiol and progesterone-
induced actions of their respective receptors, ERx and PGR. In
adult ovx mice, ERx and PGR bind uterine chromatin in the
absence of their ligands, but hormone treatment induces sub-
stantial, rapid increases in binding (6,29). We found that ER«
and PGR ChIP-seq peaks from ovx mice treated with either
estrogen or progesterone preferentially overlapped with our
ERo and PGR ChIP-seq peaks during diestrus, but not estrus.
This finding was unsurprising for ER« based on high estradiol
levels during diestrus, and was consistent with estradiol /ER -
induced gene expression changes that result in the appropri-
ate proteins being expressed during estrus, 30-36 hours later
(38,55). The finding that progesterone-induced PGR ChIP-seq
peaks in ovx mice had minimal overlap with estrus-associated

Nucleic Acids Research, 2024, Vol. 52, No. 18

PGR binding peaks was unexpected because progesterone lev-
els are relatively high during estrus (2,3). These findings indi-
cate that in the presence of endogenous estrogen and proges-
terone, PGR binding does not mirror progesterone levels (39).
Based on our RIME data demonstrating direct association of
ERx and PGR during diestrus, one influence on PGR bind-
ing is likely its interactions with ER . These results highlight
the complexity of hormone/receptor interactions in the phys-
iological setting of the estrous cycle that cannot be captured
using ovx models.

Dynamic TF occupancy at constitutively open chromatin
influences gene expression (37,56,57). Similarly, we found that
diestrus gene expression changes were most commonly asso-
ciated with coordinated binding of ERx and PGR in consti-
tutively open regions and in regions of chromatin with in-
creased accessibility during diestrus. These regions contained
EREs and PREs in close proximity as well as motifs of pio-
neering TFs including FOXA2, GATA and SOX. This finding
was unsurprising because ER« interactions with pioneering
TFs and coregulators such as chromatin remodelers, coacti-
vators, and corepressors strongly influence estrogen signaling
across estrogen-responsive cell and tissue types (11,58-61). In
uterine cancer cells, estrogen treatment also exposes some pro-
gesterone dependent PGR binding sites that are required for
both estrogen and progesterone driven gene expression (56).
We speculate that in the cycling uterus, ERx and PGR facili-
tate each other’s binding to increase chromatin accessibility at
the regions that become more accessible during diestrus.

TFs can also bind chromatin at regions of relatively low
accessibility as defined by ATAC-seq methods. ER« binds to
these types of chromatin regions, even in the absence of ligand,
in both breast cancer cells and whole uterine tissue (10,29). In
breast cancer cells, PGR also binds to chromatin in the absence
of ligand; however, locations that are PGR bound following
progesterone treatment are typically highly accessible (57). We
found that during estrus, most ERx and PGR binding was
in locations of reduced chromatin accessibility. These regions
were typically TF deserts but had some enrichment of PAX,
ELK, ELF and EHF motifs. Notably, they did not have classi-
cal pioneer TF motifs such as FOXA, GATA or SOX, which
were present in the constitutively open chromatin regions. In
breast cancer cells, progesterone treatment induces direct in-
teractions between PGR and ERq; this interaction appears to
regulate sites of ERx binding and transcriptional output (49).
This does not appear to be the case in the uterus during estrus
because ERx and PGR were bound independently in estrus
specific locations. The function of this estrus dependent ER o
or PGR binding at relatively inaccessible chromatin is unclear.

An unexpected mode of estrous cycle gene expression con-
trol appeared to be either independent of ERx/PGR or only
indirectly mediated by them. Estrus specific regions of acces-
sibility had relatively low levels of ERx and PGR binding
and minimal enrichment for ERE and PRE motifs. Instead,
these regions had robust enrichment for HOX, PAX3/5/8,
TEAD2/4, VDR and ETS family member motifs, suggesting
that these TFs regulate gene expression during estrus (62).
HOX genes, PAX genes and VDR are all required for the
development and function of the female reproductive tract
(63-65). ETS family members may be indirect targets of ER«
and PGR through growth factor signaling pathways. In breast
cancer cells, the growth factors EGF and bFGF induce ETS
binding to its DNA response element, regulating target gene
expression (66). Furthermore, EGF and IGF1 can act down-
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Figure 6. Model of estrous cycle dependent chromatin dynamics and transcription factor binding. Diestrus- and estrus-expressed genes are regulated by
chromatin looping, accessibility changes, and transcription factor binding over the estrous cycle. Transcription factors included were either enriched
motifs at DERs and DARs or binding partners of ERx as determined by RIME. Dashed lines indicate potential chromatin loops from enhancer/promoter
pair analysis. ATAC-seq signal is indicated by height; increased accessibility = taller peak. The presence of two peaks for ATAC-seq indicates that either
level of accessibility is possible. Diestrus- and estrus-expressed DEGs are predominantly characterized by enhancer switching from an ERa/PGR
occupied enhancer during diestrus to a HIF2A occupied enhancer during estrus. Legend indicates symbol meaning.

stream of estrogen signaling and mimic estrogen induced pro-
liferation and growth in the absence of estrogen (67-69).
These data suggest that estrus specific regions of chromatin
accessibility may be indirect targets of ERa/PGR signaling
through induction of growth factor expression.

In addition to ETS family motifs, we found that es-
trus specific accessible chromatin had HIF1A/2A motifs and
bound HIF2A. HIF1A and HIF2A coordinate gene expres-
sion changes in response to hypoxia by inducing changes in

chromatin accessibility (70). HIF1A/2A binds preferentially
to open chromatin in the presence of other transcription fac-
tors such as STAT3 and ELK; ELK1 and ELK4 (ETS family
members) were also enriched motifs in estrus specific open
chromatin. (71). Estrus specific accessibility may reveal oth-
erwise hidden HIF binding sites, allowing HIF2A to bind in
these locations. Growth factor and nutrient signaling stabi-
lizes HIF alpha in the nucleus making it more available for
chromatin binding (71). In breast cancer cells, hypoxia alters
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expression of ER« target genes through changes in HIF1A/1B
and modifies sites of ER« binding to chromatin (72). These
cells also have hormone independent enhancer activation at
genes with nearby HIF binding sites and reduced enrichment
for EREs. In the mouse, conditional deletion of Hif2a in uter-
ine stroma causes implantation failure, supporting a role for
HIF2A in uterine responses to hormones (35). Here, a uter-
ine conditional deletion of Hif2a confirmed its direct role in
influencing about one quarter of estrous cycle gene expres-
sion changes and suggests HIF2A regulates gene expression
towards diestrus expression patterns. Together, these findings
suggest that HIF2A mediates some estrous cycle dependent
chromatin accessibility and gene expression changes that are
independent of direct ERx/PGR binding, perhaps through
growth factor type signaling pathways.

Topologically associated chromatin domains (TADs) are
relatively stable across cell types and have boundaries en-
riched for cohesins and CCCTC-binding factor (CTCF) bind-
ing (73). Within TADs, steroid hormone receptors influence
chromatin accessibility in the absence and presence of hor-
mones (56,74-79). For example, TADs can be regulated by
‘hormone control regions’, regions bound by ERx and PGR
even in the absence of ligand, that form long range loops with
hormone regulated target genes (74). Hormone exposure re-
sults in further rearrangement of chromatin within these re-
gions and impacts expression of looped genes. These rear-
rangements do not appear to depend on CTCF binding be-
cause CTCF binding sites do not change much following hor-
mone treatment. Similarly, we found diestrus specific loops
that overlapped accessible chromatin occupied by ER« and
PGR. However, we also found that cohesin complex pro-
teins (SMC1A and SMC3) were in complex with ER« during
diestrus, suggesting the possibility that ERx-cohesin interac-
tions create stable chromatin loops without involving CTCE.
In agreement, ovx mice exposed to estrogen have SMC1A
binding sites that are enriched for EREs, potentially allowing
for direct targeting of this complex to regions of ER« occu-
pancy (51). However, estrogen treatment alone does not re-
sult in substantial differential looping in uterus from the ovx
model, suggesting either the loops are preformed or they are
not impacted by an acute exposure to estrogen in the absence
of other hormones. The extensive chromatin rearrangements
we observed across the estrous cycle support the latter inter-
pretation.

In contrast to diestrus specific loops, estrus specific loops
were characterized by low levels of ERa/PGR and estrus spe-
cific accessibility near genes that were highly expressed dur-
ing estrus. This, combined with the lack of cohesin proteins
in complex with ER« during estrus, suggested that other tran-
scription factors such as HIF may be important for alterations
in chromatin accessibility and/or loop formation. These chro-
matin changes occurred during estrus when estrogen levels are
low, and were consistent with the observed enrichment of the
HIF motif at SMC1A binding sites in ovx mice in the absence
of estrogen (51). In breast cancer cells, HIF binds widely to
the genome and increases accessibility in those locations un-
der hypoxic conditions, but does not change the chromatin ar-
chitecture, suggesting HIF itself does not influence chromatin
structure in response to hypoxia (80). Unlike in breast cancer
cells, HIF2A binding in the uterus was highly dynamic and co-
ordinated with chromatin accessibility. This finding suggests
that the cycling uterus depends on HIF2A binding to alter
chromatin structure. Further studies of the factors that con-
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trol both ERot/PGR dependent and ERx/PGR independent
chromatin looping in the uterus in response to estrous cycle
hormones will be important towards fully understanding gene
expression control and the subsequent phenotypic outcomes.
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