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Abstract Endometrial decidualization, a prerequisite for successful pregnancies, relies on tran-
scriptional reprogramming driven by progesterone receptor (PR) and bone morphogenetic protein
(BMP)-SMAD1/SMADS5 signaling pathways. Despite their critical roles in early pregnancy, how these
pathways intersect in reprogramming the endometrium into a receptive state remains unclear. To
define how SMAD1 and/or SMADS integrate BMP signaling in the uterus during early pregnancy, we
generated two novel transgenic mouse lines with affinity tags inserted into the endogenous SMAD1
and SMAD?5 loci (Smad1"#"* and Smad5™/™). By profiling the genome-wide distribution of SMAD1,
SMADS, and PR in the mouse uterus, we demonstrated the unique and shared roles of SMAD1 and
SMADS5 during the window of implantation. We also showed the presence of a conserved SMAD1,
SMADS5, and PR genomic binding signature in the uterus during early pregnancy. To functionally
characterize the translational aspects of our findings, we demonstrated that SMAD1/5 knockdown
in human endometrial stromal cells suppressed expressions of canonical decidual markers (IGFBP1,
PRL, FOXO1) and PR-responsive genes (RORB, KLF15). Here, our studies provide novel tools to
study BMP signaling pathways and highlight the fundamental roles of SMAD1/5 in mediating

both BMP signaling pathways and the transcriptional response to progesterone (P4) during early
pregnancy.

elLife assessment

This study presents two valuable new mouse models that individually tag proteins from the SMAD
family to identify distinct roles during early pregnancy. Convincing evidence is provided that SMAD1
and SMADS5 target many of the same genomic regions as each other and the progesterone receptor.
Given the broad effect of these signaling pathways in multiple systems, these new tools will most
likely interest readers across biological disciplines.

Introduction
Infertility is an emerging health issue that affects approximately 15% of couples (Boivin et al., 2007).
One in five women aged 15-49 years old with no prior births suffers from infertility in the United
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States (Martinez et al., 2018). One important factor affecting fertility is failed embryo implantation or
subsequent post-implantation loss due to endometrial defects. This is evident from the high number
of failed pregnancies, with as many as 15% of pregnancies resulting in early pregnancy losses (Wang
et al., 2003). Understanding the molecular mechanism of how the maternal endometrium becomes
suitable for embryo implantation and eventual decidualization will be the key to eradicating global
concerns related to infertility and early pregnancy losses.

The transforming growth factor B (TGFp) family plays diverse roles in development, physiology, and
pathophysiology (Chang et al., 2002; Monsivais et al., 2017b), and in particular, signaling pathways
downstream of the bone morphogenetic protein (BMP) subfamily are essential for decidual formation
(Lee et al., 2007; Monsivais et al., 2017a). There are more than 30 TGFB family ligands, and these
ligands signal through complexes of transmembrane type 1 activin-like kinase (ALK) receptors (ALK1,
ALK2, ALK3, ALKé6) and transmembrane type 2 receptors (BMPR2, ACVR2A, ACVR2B) and then phos-
phorylate downstream SMAD1 and SMADS5 proteins. Phosphorylated SMAD1/5 form heteromeric
complexes with SMAD4 and translocate to the nucleus to induce specific transcriptional programs.
Our laboratory and others have used genetically engineered mouse models with deletions of ligands,
receptors, and downstream effectors of BMP signaling pathways to establish that BMP signaling path-
ways are major regulators of early pregnancy (Lee et al., 2007, Monsivais et al., 2017a; Nagashima
et al., 2013, Monsivais et al., 2021, Matzuk et al., 1995; Clementi et al., 2013, Monsivais et al.,
2016).

A successful pregnancy begins with reciprocal crosstalk between the maternal endometrium and
the new blastocyst during the peri-implantation window. Effective implantation requires precise
synchronization between the development of the blastocyst and the transformation of the maternal
endometrium into a functional decidua. Endometrial stromal fibroblasts undergo the decidualization
process in which they differentiate into unique secretory decidual cells that offer a supportive and
immune-privileged microenvironment required for embryo implantation and placental development.
Decidualizing stromal cells can react to individual embryos in a way that either supports the implan-
tation and subsequent embryonic development or exerts early rejection (Teklenburg et al., 2010;
Brosens et al., 2014). Aberrant decidualization processes are observed in patients with recurrent
pregnancy loss (RPL), displaying a disordered pro-inflammatory response, decreased induction of
decidual marker genes, and abnormal responses to embryonic human chorionic gonadotropin (Teklen-
burg et al., 2010; Weimar et al., 2012, Salker et al., 2011). In addition to affecting early pregnancy
outcomes, defective decidualization is also involved in the maternal etiology of preeclampsia, causing
an abnormal placental phenotype (Garrido-Gomez et al., 2017, Garrido-Gomez et al., 2020). The
process of decidualization is tightly regulated by hormone signaling pathways (estrogen, E2, and
progesterone, P4), as well as by BMP signaling pathways. Our recent studies found that endometrial
Smad1 deletion had no significant effect on fertility, Smad5 conditional deletion resulted in subfer-
tility, while double Smad1/5 conditional deletion led to infertility due to implantation and decidualiza-
tion defects (Monsivais et al., 2021). The uteri of mice with double conditional Smad1/5 deletion also
displayed decreased response to P4 during the window of implantation, suggesting synergy between
the two pathways. However, the mechanistic genomic actions of SMAD1 and/or SMADS in the uterus
have not been explored, partly because there are no specific antibodies that distinguish phospho-
SMAD1 versus phospho-SMADS.

In this study, we define how SMAD1/5 instructs the decidualization process using genomic
approaches in newly generated transgenic mouse lines. We inspect the potential crosstalk between P4
and BMP signaling pathways mediated by SMAD1/5. Together, our study demonstrates that SMAD1
and SMADS exhibit shared and unique genomic binding features and further reveals that SMAD1/5
contributes to the P4 response through transcriptional reprogramming during decidualization.

Results
Generation of mouse models with global HA-tagged SMAD1 and PA-
tagged SMADS proteins

Activation of BMP signaling pathways has been established as one of the hallmarks of the decid-
ualization process (Gellersen and Brosens, 2014; Magro-Lopez and Mufoz-Fernadndez, 2021).
Canonically, SMAD1/5 are regarded as downstream effectors of BMP2 signaling pathways to regulate
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decidual-specific gene expressions (Lee et al., 2007; Li et al., 2007). However, our recent findings
demonstrated that SMAD1/5 can also affect the sensitivity of the endometrium toward E2 and P4 stim-
ulation (Monsivais et al., 2021). Since we observed phenotypical differences between uterine-specific
single SMAD1 and single SMAD5 deletion mice, it is beneficial to delineate the role of SMAD1 and
SMADS in mediating P4 responses during early pregnancy. We used CRISPR technology to generate
genetically engineered knock-in mice with an HA-tagged Smad1 allele (herein called Smad1"4"4) and
PA-tagged Smad5 allele (herein called Smad5™™) as shown in Figure 1A and B. The HA tag and the
PA tag were inserted into the N-terminus of the SMAD1 and SMADS5 proteins, respectively. Sanger
sequencing was used to confirm genomic insertion (Figure 1A and B, Figure 1—figure supplement
1). To validate the global detection of tagged proteins, we performed immunoprecipitation followed
by western blot analysis on different tissues from Smad 1" and Smad5™™ mice. We confirmed the
HA and PA antibodies can readily detect HA-tagged SMAD1 and PA-tagged SMAD?5 proteins at the
predicted size (Figure 1C and D). We also demonstrated the molecular size and expression pattern
of HA antibody-detected SMAD1 protein was comparable to the SMAD1 antibody-detected SMAD1
protein across different tissue types. Similarly, PA antibody showed comparable signal intensity to
the SMADD5 antibody in detecting SMADS5 protein across different tissue types (Figure 1C and D).
Thus, we successfully generated viable mouse models with global HA-tagged SMAD1 and PA-tagged
SMADS5 proteins.

SMAD1 and SMADS5 exhibit shared and unique genomic binding sites
during decidualization

The BMP signaling pathway regulates multiple key events during early pregnancy (Monsivais et al.,
2017b), mediated through receptor-regulated SMAD proteins, including SMAD1 and SMADS. As
transducers of the BMP signaling pathway, phosphorylated SMAD1 and SMADS5 form homomeric
complexes and then couple with SMAD4 to assemble hetero-oligomeric complexes in the nucleus to
execute transcription programs. Our previous studies revealed that conditional ablation of SMAD1
and SMADS in the uterus decreased P4 response during the peri-implantation period, suggesting
that the transcriptional activities of PR depend on BMP/SMAD1/5 signaling (Monsivais et al., 2021).
Furthermore, previous genome-wide PR binding studies show that SMAD1 and SMAD4 binding
motifs are enriched in PR binding sites in the uterus (Rubel et al., 2012).

To determine the shared and unique transcriptional regulomes of SMAD1 and SMADS5 contrib-
uting to the diverse effects of BMP and P4 signaling pathways during decidualization, we first
utilized Cleavage Under Targets & Release Using Nuclease (CUT&RUN) (Skene and Henikoff,
2017) coupled with next-generation sequencing to profile genomic loci bound by SMADT,
SMADS5, and PR from mouse uterine tissues. We performed CUT&RUN on the uterine tissues
collected at 4.5 days post coitus (dpc), the time when the fertilized embryo reaches the uterus
physically and initiates the decidualization program (Ramathal et al., 2010; Figure 2A). After
aligning CUT&RUN reads to the mm10 mouse genome, we called peaks using Sparse Enrichment
Analysis for CUT&RUN (SEACR) (Meers et al., 2019). To identify high-confidence peaks, back-
ground noise was normalized to IgG and the stringent criteria for peak calling in SEACR were
used. After merging common peaks from two biological replicates, we identified 118,778 peaks
for SMAD1 and 166,025 total peaks for SMAD5. We visualized the enrichment of SMAD1 and
SMADS5 peaks to the overall aligned chromatin regions with clustering for preferential enrich-
ment, as shown in Figure 2B. Peaks in cluster 1 exhibit a shared enrichment for both SMAD1 and
SMADS5, whereas clusters 2 and 3 demonstrate preferential enrichment for SMAD5 and SMADT1,
respectively. We found that 7.55% of SMAD1 peaks and 9.53% of SMAD5 peaks were located
within the +3 kb of the promoter regions (Figure 2C and D). This corresponded to 10,368 genes
that were directly bound by SMAD1 at the promoter regions (+3 kb), whereas 18,270 genes were
directly bound by SMADS5 at the promoter regions (+3 kb). Among these, 4933 genes were found
in common between SMAD1 (47.5%) and SMADS (27.0%), while 2744 and 7427 genes were found
to be uniquely bound by SMAD1 and SMADS, respectively, providing evidence for the shared and
unique functions of SMAD1 and SMADS5 at the transcriptional level (Figure 2—figure supplement
1). Hence, interpreting how the binding events correlate to biological activity requires comparisons
with gene expression profiling in a tissue-specific manner.

Liao et al. eLife 2023;12:RP91434. DOI: https://doi.org/10.7554/eLife.91434 3of 27


https://doi.org/10.7554/eLife.91434

ELIfe Research article Developmental Biology | Genetics and Genomics

Exon2 Exon7 o,

|—!— Smad1

Stop

5

Start

Targeted insertion 57 bp

MY PXYDVPDYAGSGTGIKTF GG G K F

athananaaAnna sl nasnasnAad AnAR A AR ArARRARAAA

ATGTACCCATACGATGTTCCAGATTACGCTGGTGGCGGCAAATTCGGTGGCGGCAAATTC

Exon2 Exon7 y

Start
Targeted insertion 48 bp

MEGGVAMPGAEDDVVGGE

ATGGAGGGCGGGGTGGCCATGCCCGGCGCCGAGGACGATGTGGTCGGCGGG

(03 WT Smad1HAHA
> "] > ")
M 2 5 ¢ 3 8 5 M £ 5 £ I & 5
Input 70 . g
IB:HA
Input - — '4—52’;/'\'(%’:”'“
IB:SMAD1 - : ‘
- 1 .SMAD1-HA
IP:HA I o “‘..—
A SR - - 59 kDa
IP:HA B - | _SMAD1-HA
D WT Smad5PAPA
> 0 > )
O] S £ = 2 2 3
- A TV B O
M T 3O & I3 (e} > M = 4 ¥ o >
Input ] X
o SMAD5-PA
IB:PA T “59kpa

Input o Ul B e SMADS-PA

-
iP-PA [T « SMAD5-PA
1B:PA ‘ ~59 kDa

IP:PA 7O 0 3 N
-

Figure 1. Mouse models with global HA-tagged SMAD1 and PA-tagged SMADS proteins. (A, B) Schematic approaches for generating Smad1"#"** and
Smad5™™ knock-in mouse lines. Sanger sequencing of the genotyping results is included as validation of knock-in sequence. Black and blue boxes
indicate untranslated and coding regions, respectively. (C, D) Immunoblot (IB) analysis of the immunoprecipitation (IP) of HA-tagged SMAD1 and PA-

Figure 1 continued on next page
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Figure 1 continued

tagged SMADS proteins from different tissues of the tagged mouse lines. Wild-type (WT) mice were used as negative controls. Antibodies used for IB
and IP are as labeled. Targeted bands of SMAD1 and SMADS are indicated by red arrows.

The online version of this article includes the following source data and figure supplement(s) for figure 1:
Source data 1. Raw uncropped western blot images for Figure 1C and D, without labels.

Source data 2. Uncropped western blot images for Figure 1C, with labels.

Source data 3. Uncropped western blot images for Figure 1D, with labels.

Figure supplement 1. Genotype of the knock-in mouse lines.

Identification of direct target genes of SMAD1 and SMADS during
early pregnancy
To pinpoint the direct target genes of SMAD1 and SMADS, we integrated transcriptomic data from
previously published (Monsivais et al., 2021) SMAD1/5 double conditional knockout mice using
progesterone receptor cre (SMAD1/5 cKO) (GSE152675) with SMAD1 and SMAD5 genomic data
from this article. We cross-compared the differentially expressed genes in the transcriptomic data to
the SMAD1 and SMADS bound genes, respectively. Among the 805 significantly upregulated genes,
we identified 449 genes that were both significantly upregulated upon SMAD1/5 depletion and were
directly bound by SMAD1 and SMADYS, whereas 187 of the upregulated genes were bound by SMAD5
only and 30 were bound only by SMAD1 (Figure 3A). Among the 683 significantly downregulated
genes, we identified 523 genes that were both significantly downregulated upon SMAD1/5 deple-
tion and were directly bound by SMAD1 and SMADDS5, whereas 83 of the downregulated genes were
bound by SMADS5 only and 13 were bound by SMAD1 only (Figure 3B, Supplementary file 3b).
Next, we utilized Binding and Expression Target Analysis (BETA) algorithm (Wang et al., 2013) to
perform motif enrichment analysis of the direct target genes to identify putative co-factors working
together with SMAD1 and SMADS in controlling gene expression (Figure 3C and D, Supplemen-
tary files 1 and 2). ‘Up-targets’ represent genes that were upregulated in the SMAD1/5 cKO mouse
uteri and showed either a SMAD1 or a SMADS5 binding site in the genomic profiling data. Simi-
larly, ‘down-targets’ represent genes that were downregulated in the SMAD1/5 cKO mouse uteri
and displayed either a SMAD1 or a SMAD5 binding site. Thus, motifs enriched in the ‘up-targets’
indicate potential repressive SMAD1/5 co-factors while motifs enriched in the ‘down-targets’ indicate
potential SMAD1/5 co-activators. Among the ‘up-targets’ of SMAD1, MYB Proto-Oncogene (Myb)/
MYB Proto-Oncogene Like 1(Mybl1) motif was the most highly enriched with a p-value of 1.85E-02.
Myb and Mybl1 transcription factors belong to MYB gene family, which has been well-defined in
controlling cell survival, proliferation, and differentiation in cancer (Ciciré and Sala, 2021). In addition,
they have also been reported to be E2 induced in human uterine leiomyoma samples (Swartz et al.,
2005). Homeobox containing 1 (Hmbox1) and Krippel-like factor (KIf) family members (KIf4/Klf1/
KIf12) were also identified as potential repressive co-factors of SMAD1 with p-values of 2.85E-02 and
3.75E-02, respectively (Figure 3C). Of note, KLF4 has been reported to inhibit the binding activity of
estrogen receptor o (ERq) to estrogen response elements in promoter regions (Akaogi et al., 2009).
Among the ‘up-targets’ of SMADS5, EBF Transcription Factor 1 (Ebf1) motif was the most enriched
with a p-value of 1.57E-02. Interestingly, Ebf1 can directly repress the transcription of Forkhead box
protein O1 (Foxo1) (Timblin and Schlissel, 2013). It is also recognized as downstream effector of
steroid hormone receptors in the mouse uterus (Pan et al., 2006). Additionally, motifs from transcrip-
tion factors Zfp128 and Otx1 were also significantly enriched in the upregulated genes bound by
SMADS5 (Figure 3D). Taken together, our enrichment analysis provided robust evidence for identifying
novel co-factors of SMAD1/5, and such co-regulating mechanisms are in line with the unopposed E2
response observed in the SMAD1/5 cKO mice (Monsivais et al., 2021). Furthermore, odd-skipped-
related genes (Osr1 and Osr2) were identified as potential co-activators for SMAD1. Osr2 has been
reported to be highly expressed in the human endometrium (Fagerberg et al., 2014), and it was also
abundantly detected at the protein level in the human decidual tissues (Ma et al., 2022). Decreased
OSR2 level was observed in the patients with recurrent spontaneous abortion and knockdown of
OSR2 impairs the decidualization process in the human endometrial stromal cells (EnSCs) (Ma et al.,
2022). Moreover, OSR1 has been reported to suppress BMP4 expression, which in turn reduced the
Wnt/B-catenin signaling pathways during lung development in Xenopus (Rankin et al., 2012). Apart
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Figure 2. Genomic profiling of SMAD1 and SMADS binding sites during decidualization in vivo. (A) Diagram outlining experimental approaches for
tissue collection, processing, and CUT&RUN. (B) Heatmaps and summary plots showing the enrichment of SMAD1 and SMADS binding peaks from one
exemplary replicate. Clustering was conducted using k-means algorithm. The colors in the summary plots correspond to clusters labeled in the heatmap
below. (C, D) Feature distribution of the annotated peaks for the SMAD1 (C) binding sites and SMADS5 (D) binding sites.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Shared and unique genes bound by SMAD1 or SMADS in the promoter region.
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Figure 3. SMAD1 and SMADS show unique direct target genes during early pregnancy. (A, B) Venn diagrams showing the shared and unique direct up-
target genes (A) and down-target genes (B) of SMAD1, SMADS. Numbers indicate genes numbers. (C, D) Motif enrichment analysis from the up-targets
and down-targets for SMAD1 (C) and SMADS5 (D). (E, F) Dot plot showing Gene Ontology enrichment analysis of shared direct target genes of SMAD1/5
from the up-targets (E) and the down-targets (F), respectively. Dot size represents the gene ratio in the enriched categories compared to background
genes, and dot colors reflect p-value.
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from Osr family, motifs in the Homeobox genes (HOX) were found to be enriched in the ‘down-targets’
from both SMAD1 and SMADS5 datasets. Specifically, Hoxa11/Hoxd12/Hoxc10 were predicted to be
co-activators for SMAD1 while Hoxd 10 was indicated to be closely interacting with SMADS. Indeed,
HOX genes are critical for endometrial development in normal and disease conditions and are essen-
tial during the establishment of pregnancy (Du and Taylor, 2015; Cakmak and Taylor, 2010; Taylor
et al., 1999, He et al., 2018).

With direct target genes of SMAD1 and SMADS5 identified, we then analyzed the Gene Ontology
enrichment for the SMAD1/5 shared up-targets and down-targets, respectively. We found that
‘up-target’ genes exhibit enrichment for regulation of cell-cell adhesion, cell junction organization,
and desmosome organization (Figure 3E, Supplementary file 3c). Moreover, among the ‘down-
target’ genes, we found the enrichment for blood vessel/vasculature development and extracellular
matrix organization categories (Figure 3F, Supplementary file 3d). Indeed, during early pregnancy,
the stimulation from corpus-luteum-derived P4 enabled the endometrium to be transformed to a
receptive state, which allows subsequent embryo attachment and develop through the epithelium
into the stromal sections (Gellersen and Brosens, 2014). During this process, apportioned direct cell-
cell contacts are ensured by tight and adherent junctions and such interactions are key in facilitating
implantation and embryo invasion. In accordance with our findings, desmosomes and adherens junc-
tions were extensively described to decline in the early pregnancy period, which facilitates the inva-
sion of trophoblast through the epithelial layer (lllingworth et al., 2000; Paria et al., 1999; Potter
et al., 1996; Grund and Griimmer, 2018). In addition, the stromal compartment of the endometrium
also undergoes profound vascular remodeling. Precise regulations of angiogenesis are required to
establish an extensive vascular network, which is essential to ensure blood supply and successful
embryonic development (Schatz et al., 2016; Evans et al., 2016). Collectively, our findings present
evidence that emphasizes the shared roles of SMAD1 and SMADS in facilitating endometrial transi-
tions during early pregnancy.

Direct target genes of SMAD1 and SMAD5 maintain the homeostasis
of uterine function

To discover novel direct target genes of SMAD1/5, we visualized key genes of interest from the
up-targets and down-targets. As shown in Figure 4A, data from RNA-seq represents the decrease
of several 'down-targets’ in the SMAD1/5 cKO mouse uteri, including retinoic acid-related orphan
receptor B (Rorb), follistatin (Fst), lymphoid enhancer binding factor 1 (Lef1), and insulin-like growth
factor 1 (Igf1). Integrative Genomics Viewer (IGV) track view shows the exemplary SMAD1/5 binding
activities near the promoter regions of Rorb and Fst (Figure 4B), demonstrating that these genes are
bona fide direct target genes of SMAD1/5. Rorb belongs to the nuclear receptor families in the reti-
noic acid (RA) signaling pathways (Stehlin-Gaon et al., 2003) and is considered a marker for mesen-
chymal progenitor cells in the stroma compartment of the endometrium (Spitzer et al., 2012). In
murine models, deficient RA signaling through the perturbation of RA receptor in the uterus leads to
implantation and decidualization failure (Yin et al., 2021). Fst binds several TGFB family ligands and
thereby inhibits TGFB family signaling extracellularly (Chang, 2016). Under physiological conditions,
Fst is upregulated in the decidua during early pregnancy. Conditional deletion of Fst in the mouse
uterus results in severe subfertility with a phenotype of non-receptive epithelium and poorly differen-
tiated stroma (Fullerton et al., 2017). Notably, RA signaling deficiency also decreases Fst levels in the
uterus and systematic administration of FST can fully rescue the deficient-decidualization phenotype
but not the non-receptive phenotype observed in the RA receptor mutant mice (Yin et al., 2021).
Our results suggest a direct relationship between BMP and RA signaling pathway, accomplished by
SMAD1/5 at the transcriptional level, likely establishing a positive signaling feedback loop. Apart from
being a crucial transcriptional activator, SMAD1/5 also plays a role in repressing key gene expression
pathways. Shown in Figure 4C, upon the deletion of SMAD1/5 in the mouse uteri, several E2-respon-
sive genes were significantly upregulated, including fibroblast growth factor receptor 2 (Fgfr2), matrix
metallopeptidase 7 (Mmp7), and Wnt family member 7B (Wnt7b). In addition, Inhbb, a downstream
target of Fst (Fullerton et al., 2017), is also a target gene of SMAD1/5 that resulted in transcriptional
repression. SMAD1/5 binding on the Fgfr2 and Mmp7 genes are exemplified in an IGV track view in
Figure 4D. Fgfr2 and its ligands regulate epithelial cell proliferation and differentiation. Components
of the fibroblast growth factor (Fgf) signaling pathway are cyclically expressed in the uterus and act as
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Figure 4. Direct target genes of SMAD1/5 mediate uterine homeostasis. (A) Bar graph of normalized fragments per kilobase of transcript per million

mapped reads (FPKM) of downregulated transcripts in the control and SMAD1/5 conditional knockout (cKO) groups as indicated by the label.

Histograms represent average + SEM of experiments uteri from control mice (N = 3) and SMAD1/5 cKO mice (N = 4). Analyzed by an unpaired t-test.
(B) Integrative Genomics Viewer (IGV) track view of SMAD1, SMADS binding activities. Gene loci are as indicated in the figure, genomic coordinates are

Figure 4 continued on next page
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annotated in mm10. (C) Bar graph of FPKM of upregulated transcripts in the control and SMAD1/5 cKO groups as indicated by the label. (D) IGV track
view of SMAD1, SMADS binding activities. Gene loci are as indicated in the figure, genomic coordinates are annotated in mm10. (E) Dot plot showing
the gene expression pattern of the key SMAD1/5 direct target genes in different cell types from published human endometrium single-cell RNA-seq

dataset.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Cell type compositions in the control and SMAD1/5 PR-Cre mice.

paracrine and/or autocrine mediators of epithelial-stromal interactions (Li et al., 2011; Filant et al.,
2014). During early pregnancy in mice, P4 inhibits expression of Fgf2 in the stromal cells, which is
critical to counteract the E2-driven epithelial proliferation (Li et al., 2011). Similar observations are
reported in gilts, where the expression of Fgfr2 decreased alongside with increased parity of the sows
(Lim et al., 2017). It is also noteworthy that loss of function of Fgfr2 in the mouse uterus leads to
luminal epithelial stratification and peri-implantation pregnancy loss (Filant et al., 2014). Moreover,
Mmp7 and Wnt7b are upregulated upon E2 stimulation and participate in the re-epithelialization of
the endometrium and implantation process, respectively (Russo et al., 2009; Tenvergert et al., 1992;
Hayashi et al., 2009). In accordance with the phenotype of hyperproliferative endometrial epithelium
during early pregnancy, observed in SMAD1/5 cKO mice, we demonstrated that the suppression
of key E2-responsive genes, such as Fgfr2 and Mmp7, by SMAD1/5 maintains the precise balance
between E2 and P4.

To explore the major cell types regulated by SMAD1/5, first, we used CIBERSORTx (Newman et al.,
2019) to analyze and depict changes in the cell populations upon SMAD1/5 depletion in the mouse
uterus during early pregnancy. By imputing the bulk uterine gene expression profiles to previously
published mouse uterine single-cell datasets (Yang et al., 2023) using CIBERSORTx (Newman et al.,
2019), we were able to compare changes across both samples and cell types upon the SMAD1/5
perturbation in the mouse uterus. We highlight the proportional increase in the epithelial cells, as well
as the decrease in the decidual stromal cells and smooth muscle cells in mice lacking uterine SMAD1/5
during the peri-implantation phase (Figure 4—figure supplement 1). Such cell populational changes
are in line with the phenotypical observations of decidualization failure and excessive proliferation
in the epithelial compartment. In addition, to explore the expression patterns of SMAD1/5 direct
targets in human, we profiled the expression levels of the key ‘up-targets’ and ‘down-targets’ in
the different cell types of the human endometrium. Using previously published single-cell RNA-seq
data of human endometrium (Garcia-Alonso et al., 2021), we visualized the expression patterns of
suppressive targets and activating targets of SMAD1/5 (Figure 4E). Apart from the major epithelial
and stromal compartments, SMAD1/5 target genes are also widely expressed in the immune cell
populations. Such observations reinforced the importance of the BMP signaling pathways in estab-
lishing an immune-privileged environment at the maternal—fetal interface (PrabhuDas et al., 2015).

SMAD1 and SMADS co-regulate PR target genes

SMAD1/5 cKO mice were infertile due to endometrial defects and displayed decreased P4 response
during the peri-implantation period (Monsivais et al., 2021). Hence, we hypothesized that SMAD1
and SMADS act as co-regulators of P4-responsive genes during the window of implantation and are
required for endometrial receptivity and decidualization. By determining the genomic co-occupancy
of SMAD1, SMADS5, and PR, we aimed to clarify the transcriptional interplay between the BMP and
P4 signaling pathways. To this end, we performed additional PR CUT&RUN experiments on the uteri
of mice collected at 4.5 dpc and identified 134,737 peaks showing PR binding activities (Figure 5A).
Based on the k-means clustering results of the peaks, we demonstrated clusters with shared occu-
pancy between SMAD1/5 and PR (cluster 1), preferential deposition in the SMAD1 (cluster 2), SMAD5
(cluster 4), and PR (clusters 3 and 5), respectively. Interestingly, between clusters 3 and 5, although
the primary enrichment is for PR, overall the signal intensities for SMAD5 are higher in cluster 5.
Together with previous analysis on genes uniquely or commonly bound by SMAD1/5 (Figure 2—
figure supplement 1), we speculate such observation can be attributed to a subset of the genes that
are potentially co-regulated by SMAD5 and PR. From the gene perspective, we identified 7393 genes
that were directly bound by PR at the promoter regions (+3 kb), among which 2596 genes were also
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Figure 5. SMAD1 and SMADS co-regulate progesterone receptor (PR) target genes. (A) Heatmaps and summary plots showing the enrichment
comparison between SMAD1, SMADDS, and PR binding peaks from one exemplary replicate. Clustering was conducted using k-means algorithm. The
colors in the summary plots correspond to clusters labeled in the heatmap below. (B) Dot plot showing KEGG pathway enrichment analysis for shared
genes bound by SMAD1, SMADS, and PR. (C) Integrative Genomics Viewer (IGV) track view of SMAD1, SMADS5, and PR binding activities. Gene loci are

Figure 5 continued on next page
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as indicated in the figure, genomic coordinates are annotated in mm10. (D) Table of motif analysis results for shared peaks between SMAD1, SMAD5,
and PR, with p-value and motif annotation specified for each motif.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Overlapping of SMAD1/5 with known transcription factors governing uterine homeostasis.

concurrently bound by both SMAD1 and SMADS at the promoter regions (+3 kb) (Figure 5—figure
supplement 1A).

Next, we performed KEGG pathway enrichment for the genes co-bound by SMAD1, SMADS, and
PR. As expected, pathways critical for decidualization such as relaxin signaling pathways and WNT
signaling cascade were identified in the enrichment results (Figure 5B, Supplementary file 3e). We
visualized exemplary genes co-regulated by SMAD1, SMADS5, and PR and presented in the normal-
ized IGV track view (Figure 5C). We demonstrated SMAD1, SMADS5, and PR showed co-occupancy
at the loci of the SRY-box transcription factor 17 (Sox17), inhibitor of DNA binding 2 (Id2), forkhead
box protein O1 (FoxoT1), insulin-like growth factor 1 (Igf1), transforming growth factor beta receptor
2 (Tgfbr2), and RUNX family transcription factor 1 (Runx1) (Figure 5C). Sox17 has been reported as
one of the direct target genes of PR (Rubel et al., 2012) and is essential for uterine functions during
implantation and early pregnancy (Guimaraes-Young et al., 2016; Hirate et al., 2016). More recent
studies also showed the importance of Sox17 in regulating uterine epithelial-stromal crosstalk and
its indispensable role in female fertility (Wang et al., 2018). We provided evidence that Sox17 is
also directly regulated by SMAD1/5 complexes. Our results indicated that Id2, considered as canon-
ical direct transcriptional targets of BMP-SMAD signaling (Hollnagel et al., 1999; Miyazono and
Miyazawa, 2002), is also regulated by PR. We also confirmed that known P4-responsive genes such
as Tgfbr2 (Holloran et al., 2020) and Runx1 (Dinh et al., 2023), as well as decidual markers such as
Foxo1 (Vasquez et al., 2018) and Igf1 (Shi et al., 2022), were co-regulated by SMAD1, SMAD5, and
PR (Figure 5C).

To identify additional transcription factors that are associated with the regulatory interplay
between SMAD1/5 and PR during decidualization, we performed unbiased motif analysis on the
shared CUT&RUN peaks between SMAD1/5 and PR. We reported the top 10 transcription factors
harboring the enriched motifs, including NANOG, Homeobox A protein family (HOXA11 and
HOXA?9), NK6 homeobox 1(NKX6.1), TGFB-induced factor homeobox 2 (TGIF2), FOS, RUNX family
transcription factor 2 (RUNX2), androgen receptor (AR), SOX17, and lymphoid enhancer-binding
factor 1 (LEF1) (Figure 5D, Supplementary file 3f). Many of these putative interactors have been
reported to interact with the SMAD proteins in other biological processes. For example, NANOG
interacts with SMAD1 during mesoderm differentiation (Suzuki et al., 2006). HOXA9 forms heterod-
imers with SMAD4, leading to BMP-driven initiation of transcription from the mouse Opn promoter
in vitro (Shi et al., 2001; Shi et al., 1999). Transcription factor AP-1 family (FOS) and RUNX2, as
well as B-catenin/Lef1 complex, increase the effectiveness and specificity of DNA binding activities
of SMAD1/5 in response to BMP ligand stimuli (Feng and Derynck, 2005; Massagué et al., 2005;
Derynck and Budi, 2019). To further evaluate the key roles of SMAD1/5 as major uterine transcription
regulators, we cross-compared the genomic binding sites of SMAD1/5 with known key transcription
factors, namely aforementioned SOX17 (Figure 5—figure supplement 1B, Supplementary file 3g),
as well as NR2F2 (Figure 5—figure supplement 1C, Supplementary file 3h), an essential regulator
of hormonal response (Lee et al., 2010), using our CUT&RUN data sets and published mouse uterine
SOX17 and NR2F2 ChIP-seq data sets (GSE118328, GSE232583). Among the annotated genes, 5402
genes are shared between SMAD1/5 and SOX17, and 1922 genes are shared between SMAD1/5
and NR2F2. Such observations indicate a potential co-regulatory mechanism between SMAD1/5 and
other key uterine transcription factors in maintaining appropriate uterine functions. Overall, our anal-
yses demonstrate that the transcriptional activity of SMAD1, SMAD5, and PR coordinates the expres-
sion of key genes required for endometrial receptivity and decidualization.
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Decidualization of human endometrial stromal cells requires SMAD1/
SMADS

We next sought to functionally characterize the role of SMAD1/5 during decidualization in human
EnSCs. To do so, we examined the effect of SMAD1/5 perturbations on the decidualization of primary
human EnSCs. EnSCs were transfected with short interfering RNAs (siRNAs) targeting each gene
(SMAD1 and SMADDb) and subjected to in vitro decidualization by treatment with E2-cAMP-and MPA
(EPC) for 4.5 d (Figure 6A, Figure 6—figure supplement 1). We hypothesized that the combined
SMAD1/5 knockdown would impair the decidualization process significantly compared to cells treated
with non-targeting siRNAs. Our results demonstrated that SMAD1/5 knockdown affected decidualiza-
tion and led to significantly decreased expression of the canonical decidual markers, PRL and IGFBP1
in EnSCs (Figure 6B). The PR co-regulator, FOXOT1 (Vasquez et al., 2015), also exhibited a significant
decreasing trend in the siSMAD1/5 group. We also examined the expression level of the RA pathway
regulator gene, RORB, and of the SMADA4-PR target gene, KLF15 (Monsivais et al., 2016), following
SMAD1/5 perturbation. We observed a significant decrease in both RORB and KLF15 expression upon
SMAD1/5 knockdown during in vitro decidualization treatment (Figure 6C). Taken together, our find-
ings indicate that SMAD1/5 can modulate PR activity during decidualization and that this transcrip-
tional cooperation is required for the in vitro decidualization of primary human EnSCs.

Discussion

SMAD proteins are canonical transcription factors that are activated in response to TGFf family
signaling and mediate the biological effects of these pathophysiologically critical ligands (Massagué
et al., 2005). While SMAD2 and SMAD3 are downstream of TGFps, activins, and multiple other family
ligands, SMAD1 and SMADS5 preferentially transduce BMP signaling pathways and are regarded as
pivotal activators for many physiological processes, including bone development, cardiac conduction
system development, and embryonic pattern specification (Wu et al., 2016; van Weerd and Chris-
toffels, 2016; Whitman, 1998). Importantly, SMAD1 and SMAD5 are implicated in diverse female
reproductive physiology and pathophysiology processes (Monsivais et al., 2017b; Monsivais et al.,
2021; Middlebrook et al., 2009; Pangas et al., 2008; Rodriguez et al., 2016).

Due to high structural similarity, SMAD1/5 have been suggested to be redundant from the studies
in ovarian biology and chondrogenesis (Pangas et al., 2008; Retting et al., 2009). However, other
studies clearly demonstrated that SMAD1/5 have different roles in governing hematopoiesis and
uterine functions (Monsivais et al., 2021, McReynolds et al., 2007). The DNA binding activities of
SMAD1 and SMADS have not been readily distinguished from each other due to anti-phospho anti-
body limitations. To robustly define the roles of SMAD1/5 in regulating transcriptional programs in
vivo, we produced two genetically engineered mouse models with global knock-in of an HA tag and
a PA tag in the Smad1 and Smad5 loci, respectively. We showed that SMAD1 and SMADS5 not only
have shared transcriptional activities but also have unique roles in uterine physiology. In agreement
with previous studies showing that SMAD1/5 function is partially redundant (Pangas et al., 2008;
Retting et al., 2009), we confirmed that SMAD1/5 share a total of 972 direct target genes in the
uterus. Furthermore, we demonstrated that 43 genes were uniquely regulated by SMAD1 whereas
270 genes are specifically regulated by SMAD5 only. Our motif analysis also revealed distinct potential
co-factors between SMAD1 and SMADYS, providing evidence at the molecular level to mechanistically
delineating the distinct roles of SMAD1 and SMADS in directing cellular processes in the uterus.

Apart from directly regulating target gene expression, our data demonstrate that SMAD1/5
present as dense genomic occupancies. To date, only a limited amount of transcription factors
have been investigated using the CUT&RUN-seq technique from the tissue samples due to anti-
body compatibility issue. We recognize that the binding sites and gene number identified here
are quite high; however, the high density of binding events was also observed in the ENCODE
(Consortium E. P, 2012) chromatin immunoprecipitation followed by sequencing (ChIP-seq) data
for SMAD1 and SMADS in the human K562 cells, detecting an average of 63,563 peaks for SMAD1
and 109,682 peaks for SMADS. (Data accessed through GSE95876 and GSE127365 from Gene
Expression Omnibus.) Multiple aspects can contribute to the observation of dense SMAD1/5
genome occupancies. First, transcription factors (TFs) tend to dwell or ‘search and bind’ throughout
the genome (Chen et al., 2014). Such events may not yield actual biological effects but rather are
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Figure 6. SMAD1 and SMADS are required for progesterone receptor (PR) responses during decidualization of human endometrial stromal cells

(EnSCs). (A) Schematic approach and timeline outlining in vitro decidualization for EnSCs. (B, C) RT-gPCR results showing mRNA levels of PRL, IGFBP1,
FOXO1, RORB, and KLF15 after SMAD1/5 perturbation using siRNAs. Data are normalized to siCTL-Veh for visualization. Bar graphs represent
average + SEM of experiments on cells from three different individuals with technical triplicates. Analyzed by a one-way ANOVA with post hoc Tukey

test.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Knockdown effect validation of SMAD1/5 perturbation.
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due to differences in motif binding affinities (Swinstead et al., 2016). Second, apart from robust
binding activities, TFs may not initiate transcription programs owing to the lack of co-factors or
favorable conditions to exert their functions (Chen et al., 2020). Additionally, TF binding sites and
target genes are unlikely to have a one-to-one relationship. TFs could be positioned from the prox-
imal promoter regions to hundreds of kilobases afar to modulate gene expression. In the mean-
time, the same binding site could regulate multiple genes by interacting with different promoters
in different subpopulations of cells. Lastly, TFs usually direct target gene expression in a cell-type-
specific manner (Arvey et al., 2012). Our genomic profiling samples were collected from whole
uterus at the time of 4.5 dpc, containing a great range of cell populations, including but not limited
to the epithelium (luminal and glandular), stroma (progenitors and differentiated cells), myome-
trium, endothelium, and immune cell populations. The data is therefore expected to depict the
dynamic and complex activities of SMAD1/5 in the entire uterus. Together, the stringent filtering
and normalization criteria, comparable peak number to the published dataset, and IGV track view
visualization collectively validate our CUT&RUN experiments and uncover the enriched regions
as robust SMAD1/5 binding events. Our studies also examined the role of SMAD1/5 in medi-
ating progesterone responses at the genomic and transcription levels. Similarly, our analysis was
based on datasets generated from the whole mouse uterus, which contains multiple compartments
of the uterine structures, including but not limited to epithelium and stroma. Published studies
have shown that nuclear SMAD1/5 localize to the stroma and epithelium during the decidualiza-
tion process at 4.5 dpc, during the window of implantation (Monsivais et al., 2021). Conditional
deletion of SMAD1/5 exclusively in the uterine epithelium using lactoferrin-icre (Ltf-icre) results in
severe subfertility due to impaired implantation and decidual development (Tang et al., 2022).
Conditional deletion of SMAD1/5/4 exclusively in the cells from mesenchymal lineage (including
uterine stroma) using anti-Mullerian hormone type 2 receptor cre (Amhr2-cre) results in infertility
with defective decidualization (Pangas et al., 2008; Rodriguez et al., 2016). Given the essential
roles of SMAD1/5 in both stroma and epithelium identified by previous studies, we believe that
the transcriptional co-regulatory roles of SMAD1/5 and PR reported here using the whole uterus
validate a relationship between SMAD1/5 and PR in both the stromal and epithelial compartments.
However, it does not rule out potential co-regulatory roles of SMAD1/5 and PR in the myometrium,
immune cells, and/or endothelium, given that whole uterus was used. The specific transcriptional
evaluations of SMAD1/5 in the stroma versus the epithelium would require future validations using
single-cell sequencing and/or spatial transcriptomic analysis.

Although our studies herein confirm that SMAD1 and SMADS proteins have distinct transcriptional
regulatory activities, our previous studies demonstrated that while SMADS5 can functionally replace
SMAD1, SMAD1 cannot replace SMADS in the uterus (Monsivais et al., 2021). How this epistatic
relationship is established in a tissue-specific manner still needs to be determined by further biochem-
ical investigations. In addition, further studies are needed to uncover whether SMAD1 and SMAD5
response differently upon ligand stimulation in the uterus, and if so, how the preference is achieved.
Our study provides versatile in vivo genetic tools for these questions and can advance the toolbox for
the field studying BMP signaling pathways. Because our mouse models are global knock-in mice, they
will not only serve as a powerful tool for studying BMP signaling pathways in the reproductive system
but will also promote the study of BMP signaling in other organs and tissues.

BMP signaling pathways are involved in a plethora of cellular processes and appropriate functioning
of the BMP pathway depends on the precise crosstalk with other signaling pathways. Coordinated
communication with other pathways can yield synergistic effects and lead to a complex regulatory
network of biological processes. To be specific, SMAD1/5 mediates the crosstalk with the WNT/B-cat-
enin pathway. WNT signaling inhibits glycogen synthase kinase 3B (GSK3p) activity and prevents
SMAD1 from degradation, which governs the embryonic pattern formation (Fuentealba et al., 2007).
Also, SMAD1/5 can physically interact with T-cell factor (TCF) or lymphoid enhancer factor (LEF) tran-
scription factors to form transcriptional complexes to activate the transcription of many WNT-and
BMP-responsive genes (Labbé et al., 2000). In addition, SMAD1 and SMADYS can directly associate
with Notch intracellular domain and enhance known Notch target gene expression by binding to their
regulatory DNA sequences (Zavadil et al., 2004). Intriguingly, in prostate cells, SMAD1 physically
interacts with the androgen receptor (AR) and halts the androgen-stimulated prostate cell growth
(Qiu et al., 2007). Moreover, we provide first-hand evidence showing that BMP signaling pathways
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converge with RA signaling pathways through the regulation of RORB by SMAD1/5. Further studies
will grant a more detailed mechanism of the positive feedback loop between BMP and RA signaling.

Our previous studies suggest that the mouse endometrium presents decreased P4 responsive-
ness following the conditional deletion of SMAD1/5 in the uterus (Monsivais et al., 2021). In
accordance with the phenotypical observation, we offer compelling support in our current study
that SMAD1/5 work collectively with PR to regulate their target genes and that SMAD1/5 mediate
the crosstalk between BMP and P4 signaling pathways during decidualization, a key process to
ensure a successful pregnancy, and ultimately direct the biological transformations of the uterus
during early pregnancy. We provide genomic evidence that SMAD1/5 are co-bound at around 35%
of PR target genes in the mouse uterus during decidualization. Correspondingly, in a previously
published study where they performed PR ChlIP-seq in the mouse uterus after P4 stimulation, the
SMAD1 motif was the fifth most significantly enriched sequence motifs identified (Rubel et al.,
2012). In parallel, we also identified nuclear receptor motifs (i.e., PR sequence motifs) enriched
in the SMAD1/5 binding sites (Figure 5—figure supplement 1D and E). From pathway enrich-
ment analysis, we demonstrate that genes with SMAD1/5 and PR bound at the promoter regions
are enriched for key pathways in directing the decidualization process, such as WNT and relaxin
signaling pathways. Future studies can benefit from analyzing binding events beyond the promoter
regions. Profiling the PR genome occupancy in the SMAD1/5-deficient mice would provide an inter-
esting perspective to reevaluate the major regulatory roles of SMAD1/5 in mediating uterine tran-
scriptomes. In this study, we determined the overlapped transcriptional control between SMAD1/5
and PR at the gene level, and functionally validated the regulatory effect at the transcript level in
a human stromal cell decidualization model. While we observe a subset of peak representations
that do not overlap at the base pair level in the promoter regions, future functional screenings
at the promoter level, such as luciferase reporter assays to assess transcriptional co-activation by
SMAD1/5 and PR, will advance this study.

SMADs are known to recruit co-repressors (i.e., Ski; Luo et al., 1999) or co-activators (i.e., p300;
Pouponnot et al., 1998) to inhibit or activate target gene transcription, less is known about their cell-
specific co-factors that confer the precise spatial-temporal control over binding activities to target
genes. Our study highlights the potential co-factors by integrating both genomic and transcriptomic
data to delineate signaling crosstalks that are responsible for maintaining tissue homeostasis, espe-
cially in the female reproductive tract.

Since mice only undergo decidualization upon embryo implantation whilst human stromal cells
undergo cyclic decidualization in each menstrual cycle in response to rising levels of progesterone
(Ramathal et al., 2010), asynchronous gene responses may occur in comparison between mouse
models and human cells. However, cellular transformation during decidualization is conserved between
mice and humans (Gellersen and Brosens, 2014), which makes findings in the mouse models a valu-
able and transferable resource to be evaluated in human tissues. Accordingly, our functional validation
studies were performed using human EnSCs induced to decidualize in vitro for 4 d, which models the
early phases of decidualization. Additional transcriptomic studies of the SMAD1/5 perturbations in
human EnSCs will be of great resource in understanding the entire SMAD1/5 regulomes in humans.

In summary, our findings and those of others indicate that SMAD1 and SMADDS not only are signal
transducers for BMP signaling pathways, but also engage extensively in the crosstalk with PR signaling
pathways. While P4 responses are critical for early pregnancy establishment, abnormal P4 responses
are implicated in diseases such as endometriosis and endometrial cancers (Brosens and Gellersen,
2006; Yilmaz and Bulun, 2019, Janzen et al., 2013; MacLean and Hayashi, 2022). Hence, our results
show that BMP and P4 signaling pathways synergize within the endometrium; these key pathways can
shed light on the endometrial contribution to conditions that impact reproductive health in women,
including early pregnancy loss, endometriosis, and endometrial cancer. Furthermore, we anticipate
that the SMAD1/5 knock-in-tagged transgenic mouse models developed herein will be useful for
studying BMP/SMAD1/5 signaling pathways in other reproductive and non-reproductive tract tissues
in the body.
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Additional information

Strain, strain

background (Mus ~ C57BL/6J x 129S5/ Can be obtained by contacting the corresponding
musculus) SvEvBrd This paper C57BL/6J x 129S5/SvEvBrd  authors
Transfected Cat# D-001810-10, L-
construct (Homo siCTL, siSMADT, 012723-00-0005, L-015791-
sapiens) siSMADS Dharmacon 00-0005
Biological sample Freshly isolated from 4.5 dpc mice. Can be obtained
(M. musculus) Primary uterine tissues This paper by contacting the corresponding authors

Anti-HA (rabbit Cat# 13-2010,
Antibody polyclonal) EpiCypher RRID:AB_3094663 CUT&RUN (1:50)

CUT&RUN (1:50)

Anti-PA (rat FUJIFILM Wako Pure  Cat# NZ-1, IP (10 ug/assay)
Antibody monoclonal) Chemical Corporation RRID:AB_3094664 WB (1:1000)

Anti-HA (rabbit Cell Signaling Cat# 3724, IP (1:50)
Antibody monoclonal) Technology RRID:AB_1549585 WB (1:1000)

Anti-SMAD1 (rabbit Cat# 385400,
Antibody monoclonal) Innovative Research RRID:AB_431530 WB (1:1000)

Anti-SMAD?5 (rabbit Cat# 12167-1-AP,
Antibody polyclonal) ProteinTech RRID:AB_2286502 WB (1:1000)
Sequence-based
reagent S1-F1 MilliporeSigma PCR primers CAAACCGCAGACCAAGAAGC
Sequence-based
reagent S1-R1 MilliporeSigma PCR primers CTTCTCCAGCTCTTCCATGGC
Sequence-based
reagent S5-F1 MilliporeSigma PCR primers TGCTTAAGACCTGCATGTGACT
Sequence-based
reagent S5-R1 MilliporeSigma PCR primers CATCCACTGCCTTTTCTGCC
Sequence-based
reagent GAPDH-F MilliporeSigma RT-gPCR primers ACAACTTTGGTATCGTGGAAGG
Sequence-based
reagent GAPDH-R MilliporeSigma RT-gPCR primers GCCATCACGCCACAGTTTC
Sequence-based
reagent ACTB-F MilliporeSigma RT-gPCR primers CTGGAACGGTGAAGGTGACA
Sequence-based
reagent ACTB-R MilliporeSigma RT-gPCR primers AAGGGACTTCCTGTAACAATGCA
Sequence-based
reagent RPL13A-F MilliporeSigma RT-gPCR primers CCTGGAGGAGAAGAGGAAAGAGA
Sequence-based
reagent RPL13A-R MilliporeSigma RT-gPCR primers TTGAGGACCTCTGTGTATTTGTCAA
Sequence-based
reagent RORB-F MilliporeSigma RT-gPCR primers TGTGCCATCCAGATCACTCACG
Sequence-based
reagent RORB-R MilliporeSigma RT-gPCR primers GGTTGAAGGCACGGCACATTCT
Sequence-based
reagent SMAD5-F MilliporeSigma RT-gPCR primers CTCGCGAAAAGGAAGCTGTTG
Sequence-based
reagent SMAD5-R MilliporeSigma RT-gPCR primers GGGTCAAGTCAGAGGCAGATT

Continued on next page
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Source or reference  Identifiers Additional information

Sequence-based

reagent SMADI1-F MilliporeSigma RT-gPCR primers ATGGTGACACAGTTACTCGGT
Sequence-based

reagent SMAD1-R MilliporeSigma RT-gPCR primers AGAGACTTCTTGGGTGGAAACA
Sequence-based

reagent KLF15-F MilliporeSigma RT-gPCR primers GTGAGAAGCCCTTCGCCTGCA
Sequence-based

reagent KLF15-R MilliporeSigma RT-gPCR primers ACAGGACACTGGTACGGCTTCA

Commercial assay
or kit

PrimePCR SYBR Green

Assay: FOXO1, Human Bio-Rad

qHsaCED0004488

Commercial assay
or kit

PrimePCR SYBR Green

Assay: IGFBP1, Human Bio-Rad

gHsaClD0014281

Commercial assay
or kit

PrimePCR SYBR Green

Assay: PRL, Human

Bio-Rad qHsaClD0015557

Generation of knock-in mouse lines

Smad5™®* knock-in (KI) mice were generated using a similar approach as previously described
(Shimada et al., 2021). Briefly, single-guide RNA (sg-RNA) was designed to target the regions close
to the start codon (Figure 1A and B) and the sgRNA sequence was inserted into the pX459 V2.0
plasmid (#62988, Addgene). The reference plasmids containing PA tag sequence were constructed
in pBluescript Il SK (+) vector (Agilent, Palo Alto, CA). Then, 1 pg of guide RNA inserted vector and
1.0 pg of reference plasmid were co-transfected into EGRG0O1 embryonic stem (ES) cells. Out of 48 ES
clones, 12 had the expected knock-in allele. ES cell clones that possessed the proper Kl allele were
injected into ICR embryos and chimeric blastocysts were transferred into pseudopregnant females.
Chimeric male mice were mated with B6D2F1 female mice to obtain the PA-tagged SMADS Kl hetero-
zygous mice. Homozygous Smad5™/" mice were maintained in the C57BL/6J x 129S5/SvEvBrd mixed
genetic background. To generate Smad1""* mice, Cas9 protein (Thermo Fisher, A36497), sg-RNA,
and a repair oligo of homology-directed repair (HDR) containing HA-tag and linker sequences were
electroporated into zygotes harvested from in vitro fertilization using B6D2F1 male and female mice.
An ECMB830 electroporation system (BTX, Holliston, MA) was used for electroporation. Subsequently,
embryos were cultured overnight to the two-cell stage and then transferred to the oviducts of pseu-
dopregnant CD-1 mice (Center for Comparative Medicine, Baylor College of Medicine). Pups were
further screened for successful heterozygous or homozygous knock-in alleles by PCR using primers
spanning across the HA tag. Sequences of sgRNA, the single-stranded repair oligo for HDR, and
primer used for genotype are listed in Supplementary file 3a.

Animal ethics compliance and tissue collection

All mice were housed under standard conditions of a 12 hr light/dark cycle in a vivarium with controlled
ambient temperature (70°F + 2°F and 20-70% relative humidity). All mouse handling and experi-
mental procedures were performed under AN-716 protocol approved by the Institutional Animal Care
and Use Committee of Baylor College of Medicine. All experiments were performed with female mice
aged between 7 and 12 wk with a C57BL/6J x 12955/SvEvBrd mixed genetic background. All mice
were euthanized using isoflurane induction followed by cervical dislocation, and tissues were snap-
frozen in liquid nitrogen.

CUT&RUN approach

Nuclei from uterine tissues were purified following a previously published protocol (Fang et al.,
2014). The experiments were performed using pooled biological replicates from two mice that were
processed as technical replicates throughout the CUT&RUN procedure and analysis. In short, uteri
were harvested from pregnant mice at 4.5 dpc and washed with cold swelling buffer (10 mM Tris—
HCI pH 7.5, 2 mM MgCl,, 3 mM CaCl,, 1X Protease Inhibitor Cocktail [PIC, Roche, 11836170001])
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immediately after collection. Then tissue was cut into small pieces (~2-3 mm) using scissors, while
submerged in cold swelling buffer. Nuclear extract was prepared by dounce homogenization in cold
swelling buffer (using a size 7 dounce) and filtered using the cell strainer (100 ym, BD Biosciences).
Lysate was centrifuged at 400 x g for 10 min, then resuspended in lysis buffer (swelling buffer with
10% glycerol and 1% CA-630, 1x PIC) using end-cut or wide-bore tips and incubated on ice for
5 min. Nuclei were washed twice with lysis buffer and resuspended in lysis buffer. Next, CUT&RUN
procedure largely follows a previous protocol (Skene and Henikoff, 2017). Briefly, around 500,000
nuclei were used per reaction. 10 pl of concanavalin-coated beads (Bangs Labs, BP531) were washed
twice in Bead Activation Buffer (20 mM HEPES, pH 7.9, 10 mM KCI, 1 mM CaCl,, 1T mM MnCl,) for
each reaction. Then, beads were added to nuclei resuspension and incubated for 10 min at room
temperature. After incubation, bead-nuclei complexes were resuspended in 100 pl Antibody Buffer
(20 mM HEPES, pH 7.5, 150 mM NaCl, 0.5 mM spermidine, 1x PIC, 0.01% digitonin, and 2 mM
EDTA) per reaction. Then, 1 pg of IgG antibody (Sigma, 15006), HA antibody (EpiCypher, 13-2010),
PA antibody (Fuji Film, NZ-1), and PR antibody (Cell Signaling, D8Q2J) were added to each group
respectively. After overnight incubation at 4°C, bead-nuclei complexes were washed twice with
200 pl cold Dig-Wash buffer (20 mM HEPES pH = 7.5, 150 mM NaCl, 0.5 mM spermidine, 1x PIC,
0.01% digitonin) and resuspended in 50 pl cold Dig-Wash buffer with 1 ul pAG-MNase (EpiCypher,
15-1016) per reaction. After incubation at room temperature for 10 min, bead-nuclei complexes
were washed twice with 200 pl cold Dig-Wash buffer and resuspended in 50 pl cold Dig-Wash buffer,
then 1 pl 100 mM CaCl, was added to each reaction. The mixture was incubated at 4°C for 2 hr and
the reaction was stopped by adding 50 pl Stop Buffer (340 mM NaCl, 20 mM EDTA, 4 mM EGTA,
0.05% Digitonin, 100 ug/ml RNase A, 50 mg/ml glycogen, 0.5 ng Escherichia coli DNA Spike-in
[EpiCypher, 18-1401]) and incubate at 37°C for 10 min. The supernatant was collected and subjected
to DNA purification with phenol-chloroform and ethanol precipitation. Sequencing libraries were
prepared using NEBNext Ultra Il DNA Library Prep Kit (New England BioLabs, E7645) following the
manufacturer’s protocol. Paired-end 150 bp sequencing was performed on a NEXTSeq550 (lllumina)
platform.

Bioinformatic analysis for CUT&RUN data and reanalysis of published
single-cell RNA-seq data

For CUT&Run data, raw data were de-multiplexed by bcl2fastq v2.20 with fastqc for quality control.
Clean reads were mapped to reference genome mm10 by Bowtie2, with parameters of --end-
to-end --very-sensitive --no-mixed --no-discordant --phred33 -l 10 -X 700. For
spike-in mapping, reads were mapped to E. coli genome U00096.3. Duplicated reads were removed,
and only uniquely mapped reads were kept. Spike-in normalization was achieved through multiply
primary genome coverage by scale factor (100,000/fragments mapped to E. coli genome). CUT&RUN
peaks were called by SECAR (Meers et al., 2019) with the parameters of -norm -stringent -output.
Track visualization was done by bedGraphToBigWig (Kent et al., 2010), bigwig files were imported
to IGV for visualization. For peak annotation, common peaks were identified with 'mergePeaks' func-
tion in HOMER v4.11 (Heinz et al., 2010) and then genomic annotation was added by ChlPseeker
(Yu et al., 2015). Motif analysis was conducted through HOMER v4.11 with parameter set as find-
MotifsGenome.pl mm10 -size 200 -mask (Heinz et al., 2010). Peak heatmaps were plotted using
deepTools 2.4.2 with clustering options set to k-means (Ramirez et al., 2016). For imputing the cell
fractions using published mouse uterine bulk and single-cell RNA-seq data, single-cell RNA-seq with
cell type reference from 5.5 dpc mouse uterus was derived from GSE226417, bulk RNA-seq of the
3.5 dpc mouse uterus was derived from GSE152675. Signature matrix and cell fraction profiles were
conducted through CIBERSORTx (Newman et al., 2019). Briefly, reference gene expression signature
matrix was generated by ‘Create Signature Matrix’ module with default settings. Next, cell fractions
were calculated using ‘Impute Cell fractions’ module in the absolute mode, which scales each anno-
tated cellular fractions to an absolute value that reflects its absolute proportion in the bulk sample. For
human single-cell RNA-seq data, raw data was obtained from EMBL-EBI under accession no. E-MTAB-
10287. Cells with low coverage (less than 500 genes detected) were filtered, then gene counts were
normalized for each cell by converting counts to quantiles and obtaining the corresponding values
from a normal distribution. Then normalized cell vectors are concatenated along the gene panel. Plot
visualization was conducted through CELLXGENE platform (Abdulla et al., 2023).
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Western blot analysis of immunoprecipitation (IP-WB)

Tissues were pulverized in liquid nitrogen and then lysed using NETN buffer (20 mM Tris—HCI, pH 8.0,
150 mM NaCl, 0.5 mM EDTA, 10% glycerol, and 0.5% NP-40). Protein concentration was determined
by BCA Protein Assay Kit (Thermo Fisher, 23225). 1.5 mg of total protein lysate was used for IP. IP
was performed by adding HA antibody (Cell Signaling, C29F4) or PA antibody (Fuji Film, NZ-1) to the
lysate and incubate for 1 hr at 4°C. Subsequently, protein G magnetic beads (Thermo Fisher, 88847)
were added for an additional 1 hr at 4°C. Then, the beads were washed five times with NETN buffer
and denatured in sample buffer (Thermo Fisher, NP0O007) for further analysis by western blot. For
western blot procedures, briefly, denatured protein lysates were run on the 4 to 12%, Bis-Tris protein
gels (Thermo Fisher, NP0321BOX) followed by electrophoretic transfer to nitrocellulose membrane.
The membrane then went through blocking by 5% milk in Tris-buffered saline with Tween20 (TBST),
followed by incubation overnight at 4°C in the primary antibodies anti-HA (Cell Signaling, C29F4),
anti-PA (Fuji Film, NZ-1), anti-SMAD1 (Life Technologies, 385400), and anti-SMAD5 (ProteinTech,
12167-1-AP) at 1:1,000 dilution. The next day, membranes were washed three times with TBST, then
incubated with horseradish peroxidase-conjugated secondary antibody for 1 hr at room temperature,
then washed three times with TBST, developed and imaged on iBright Imaging System (FL1500).

Primary endometrial stromal cells isolation/RNAi/decidualization

Studies using human specimens were conducted as indicated in a protocol approved by the Insti-
tutional Review Board at Baylor College of Medicine, H-51900. Human EnSCs were collected from
healthy volunteers’ menstrual effluent as previously reported (Warren et al., 2018; Nayyar et al.,
2020; Martinez-Aguilar et al., 2020) (N = 3). In brief, samples were collected by participants in a
DIVA cup during the 4-8 hr on the first night of menses and stored in DMEM/F12 with 10% FBS,
antibiotic/antimycotic and 100 pg/ml Primocin in a cold-insulated pack until processing in the labo-
ratory on the day of collection. The effluent was digested with 5 mg/ml collagenase and 0.2 mg/ml
DNase | for 20 min at 37°C, then the cell pellet was collected by centrifuging at 2500 rpm for 5 min
at room temperature. Next, red blood cell lysis was performed by resuspending the cell pellet in
20 ml of 0.2% NaCl for 20 s and neutralized with 20 ml of 1.6% NaCl. Then the solution was then
centrifuged at 2500 rpm for 5 min. Then, 5 ml complete medium (DMEM/F12 supplement with 10%
FBS, 1x Antibiotic-Antimycotic + 100 pg/ml Primocin) was used to resuspend the pellet and the
solution was passed through 100 pm and 20 pm cell strainer sequentially. The flowthrough containing
the stromal cells was centrifuged for 5 min at 2500 rpm and the pellet was resuspended in 10 ml
complete medium and plated in a 10 cm dish. siRNA knockdown was performed using Lipofectamine
RNAIMAX following the manufacturer’s protocol. In brief, 0.2 million stromal cells were plated in a
12-well plate 1 d before transfection. On the day of transfection, 2 pl siRNA (20 pM, Dharmacon,
D-001810-10, L-012723-00-0005, L-015791-00-0005) and 3 pl Lipofectamine RNAIMAX were diluted
in 50 pl Opti-MEM respectively and then mixed to incubate at room temperature for 15 min. Then, the
complex was added dropwise onto the cells. Also, 24 hr after transfection, medium was changed to
DMEM/F12 supplement with 2% charcoal-stripped FBS. Decidualization was induced by the addition
of 35 nM estradiol (Sigma, E1024), 1 uM medroxyprogesterone (Sigma, 1378001), and 0.05 mM cyclic
adenosine monophosphate (Axxora, JBS-NU-1502L) for 4 d with media changes every 48 hr.

RNA extraction and RT-qPCR

For mRNA extraction from stromal cells, cells were lysed with TRIzol and processed using the DirectZol
kit (Zymo, R2051) following the manufacturer’'s procedures. Approximately 100 ng of mRNA was
reverse transcribed into cDNA using iScript cDNA Supermix (Bio-Rad, 1708890) and amplified using
specific primers listed in Supplementary file 3a. Primers were amplified using 2x SYBR Green Reagent
(Life Technologies, 4364346) using a Bio-Rad CFX384 Touch Real-Time PCR Detection System. Data
analysis was performed by calculating AACT value toward the geometric mean of GAPDH, ACTB, and
RPL13A and then normalized to siCTL. p-Value was determined by one-way ANOVA with post hoc
Tukey test using GraphPad Prism. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Acknowledgements

Liao et al. eLife 2023;12:RP91434. DOI: https://doi.org/10.7554/eLife.91434 20 of 27


https://doi.org/10.7554/eLife.91434

e Llfe Research article

Developmental Biology | Genetics and Genomics

This research was supported by the Eunice Kennedy Shriver National Institute of Child Health and
Human Development grants HD105800 (DM), HD096057 (DM), HD032067 (MMM), and HD110038
(MMM). DM is supported by a Next Gen Pregnancy Award from the Burroughs Wellcome Fund
(NGP10125).

Additional information

Funding
Funder Grant reference number Author
Eunice Kennedy Shriver HD105800 Diana Monsivais

National Institute of
Child Health and Human
Development

Eunice Kennedy Shriver HD096057 Diana Monsivais
National Institute of

Child Health and Human

Development

Eunice Kennedy Shriver HDO032067 Martin Matzuk
National Institute of

Child Health and Human

Development

Eunice Kennedy Shriver HD110038 Martin Matzuk
National Institute of

Child Health and Human

Development

Burroughs Wellcome Fund NGP10125 Diana Monsivais

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Zian Liao, Conceptualization, Formal analysis, Validation, Methodology, Writing — original draft; Suni
Tang, Data curation, Investigation, Visualization, Methodology, Writing — review and editing; Kaori
Nozawa, Data curation, Investigation, Methodology, Writing — review and editing; Keisuke Shimada,
Data curation, Methodology, Writing - review and editing; Masahito lkawa, Resources, Project admin-
istration; Diana Monsivais, Conceptualization, Supervision, Funding acquisition, Investigation, Writing
- review and editing; Martin Matzuk, Conceptualization, Supervision, Funding acquisition, Writing —
review and editing

Author ORCIDs

Zian Liao @® https://orcid.org/0000-0002-7198-2182
Keisuke Shimada @ https://orcid.org/0000-0003-3739-7163
Masahito lkawa @ http://orcid.org/0000-0001-9859-6217
Diana Monsivais @ http://orcid.org/0000-0001-5660-6392
Martin Matzuk @ https://orcid.org/0000-0002-1445-8632

Ethics

All mouse handling and experimental procedures were performed under the AN-716 protocol
approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine. Studies
using human specimens were conducted as indicated in a protocol approved by the Institutional
Review Board at Baylor College of Medicine, H-51900.

Peer review material
Reviewer #2 (Public Review): https://doi.org/10.7554/elife.91434.4 sa1
Author Response https://doi.org/10.7554/elife.91434.4.sa2

Liao et al. eLife 2023;12:RP91434. DOI: https://doi.org/10.7554/eLife.91434 21 of 27


https://doi.org/10.7554/eLife.91434
https://orcid.org/0000-0002-7198-2182
https://orcid.org/0000-0003-3739-7163
http://orcid.org/0000-0001-9859-6217
http://orcid.org/0000-0001-5660-6392
https://orcid.org/0000-0002-1445-8632
https://doi.org/10.7554/eLife.91434.4.sa1
https://doi.org/10.7554/eLife.91434.4.sa2

e Llfe Research article

Additional files

Supplementary files

Developmental Biology | Genetics and Genomics

¢ Supplementary file 1. Complete list of motif enrichment analysis from the up-targets and down-

targets for SMAD1.

¢ Supplementary file 2. Complete list of motif enrichment analysis from the up-targets and down-

targets for SMADS.

e Supplementary file 3. Tables with detailed information mentioned in the main text. (a) DNA
sequences used in the study. (b) Direct target genes of SMAD1/5. (c) Results of Gene Ontology
enrichment analysis of shared direct target genes of SMAD1/5 from the up-targets. (d) Results of
Gene Ontology enrichment analysis of shared direct target genes of SMAD1/5 from the down-
targets. (e) Results of KEGG pathway enrichment analysis for shared genes bound by SMAD1,
SMADS5, and PR. (f) Results of motif analysis results for shared peaks between SMAD1, SMADS5, and
PR. (g) Gene overlapping results of SMAD1/5 and SOX17. (h) Gene overlapping results of SMAD1/5

and NR2F2.
e MDAR checklist

Data availability

Sequencing data and analyses are deposited in the Gene Expression Omnibus under accession

number GSE237975.

The following dataset was generated:

Author(s) Year

Dataset title

Dataset URL

Database and Identifier

Liao Z, Tang S, 2024
Nozawa K, Shimada

K, lkawa M, Monsivais

D, Matzuk MM

Utilization of Tagged
Transgenic Mouse Lines to
Study the Molecular Roles
of SMAD1/5 in Mediating
Signaling Crosstalk During
Early Pregnancy Il

https://www.ncbi.
nlm.nih.gov/geo/
query/acc.cgi?acc=
GSE237975

NCBI Gene Expression
Omnibus, GSE237975

The following previously published datasets were used:

Author(s) Year

Dataset title

Dataset URL

Database and Identifier

Yang M, Ong J 2023

Spatiotemporal insight into
early pregnancy governed
by immune-featured
stromal cells [scRNA-seq]

https://www.ncbi.
nlm.nih.gov/geo/
query/acc.cgi?acc=
GSE226417

NCBI Gene Expression
Omnibus, 226417

Creighton C, Chen F, 2021
Monsivais D, Matzuk
M

Gene expression profiling
of Smad1/5 cKO and
Acvr2a cKO mice

https://www.ncbi.
nlm.nih.gov/geo/
query/acc.cgi?acc=
GSE152675

NCBI Gene Expression
Omnibus, 152675

References

Abdulla S, Aevermann B, Assis P, Badajoz S, Bell SM, Bezzi E, Cakir B, Chaffer J, Chambers S, Michael Cherry J,
Chi T, Chien J, Dorman L, Garcia-Nieto P, Gloria N, Hastie M, Hegeman D, Hilton J, Huang T, Infeld A, et al.
2023. CZ CELLxGENE Discover: A Single-CELL Data Platform for Scalable Exploration, Analysis and Modeling
of Aggregated Data. bioRxiv. DOI: https://doi.org/10.1101/2023.10.30.563174

Akaogi K, Nakajima Y, Ito |, Kawasaki S, Oie S, Murayama A, Kimura K, Yanagisawa J. 2009. KLF4 suppresses
estrogen-dependent breast cancer growth by inhibiting the transcriptional activity of ERalpha. Oncogene
28:2894-2902. DOI: https://doi.org/10.1038/0nc.2009.151, PMID: 19503094

Arvey A, Agius P, Noble WS, Leslie C. 2012. Sequence and chromatin determinants of cell-type-specific
transcription factor binding. Genome Research 22:1723-1734. DOI: https://doi.org/10.1101/gr.127712.111,

PMID: 22955984

Boivin J, Bunting L, Collins JA, Nygren KG. 2007. International estimates of infertility prevalence and treatment-
seeking: potential need and demand for infertility medical care. Human Reproduction 22:1506-1512. DOI:

https://doi.org/10.1093/humrep/dem046, PMID: 17376819

Brosens JJ, Gellersen B. 2006. Death or survival--progesterone-dependent cell fate decisions in the human
endometrial stroma. Journal of Molecular Endocrinology 36:389-398. DOI: https://doi.org/10.1677/jme.1.

02060, PMID: 16720711

Liao et al. eLife 2023;12:RP91434. DOI: https://doi.org/10.7554/eLife.91434

22 of 27


https://doi.org/10.7554/eLife.91434
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE237975
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE237975
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE237975
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE237975
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE226417
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE226417
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE226417
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE226417
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE152675
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE152675
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE152675
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE152675
https://doi.org/10.1101/2023.10.30.563174
https://doi.org/10.1038/onc.2009.151
http://www.ncbi.nlm.nih.gov/pubmed/19503094
https://doi.org/10.1101/gr.127712.111
http://www.ncbi.nlm.nih.gov/pubmed/22955984
https://doi.org/10.1093/humrep/dem046
http://www.ncbi.nlm.nih.gov/pubmed/17376819
https://doi.org/10.1677/jme.1.02060
https://doi.org/10.1677/jme.1.02060
http://www.ncbi.nlm.nih.gov/pubmed/16720711

e Llfe Research article

Developmental Biology | Genetics and Genomics

Brosens JJ, Salker MS, Teklenburg G, Nautiyal J, Salter S, Lucas ES, Steel JH, Christian M, Chan Y-W,
Boomsma CM, Moore JD, Hartshorne GM, Sucurovié¢ S, Mulac-Jericevic B, Heijnen CJ, Quenby S,
Koerkamp MJG, Holstege FCP, Shmygol A, Macklon NS. 2014. Uterine selection of human embryos at
implantation. Scientific Reports 4:3894. DOI: https://doi.org/10.1038/srep03894, PMID: 24503642

Cakmak H, Taylor HS. 2010. Molecular mechanisms of treatment resistance in endometriosis: the role of
progesterone-hox gene interactions. Seminars in Reproductive Medicine 28:69-74. DOI: https://doi.org/10.
1055/5-0029-1242996, PMID: 20104430

Chang H, Brown CW, Matzuk MM. 2002. Genetic analysis of the mammalian transforming growth factor-beta
superfamily. Endocrine Reviews 23:787-823. DOI: https://doi.org/10.1210/er.2002-0003, PMID: 12466190

Chang C. 2016. Agonists and antagonists of TGF-B family ligands. Cold Spring Harbor Perspectives in Biology
8:a021923. DOI: https://doi.org/10.1101/cshperspect.a021923, PMID: 27413100

Chen J, Zhang Z, Li L, Chen B-C, Revyakin A, Hajj B, Legant W, Dahan M, Lionnet T, Betzig E, Tjian R, Liu Z. 2014.
Single-molecule dynamics of enhanceosome assembly in embryonic stem cells. Cell 156:1274-1285. DOI:
https://doi.org/10.1016/j.cell.2014.01.062, PMID: 24630727

Chen C-H, Zheng R, Tokheim C, Dong X, Fan J, Wan C, Tang Q, Brown M, Liu JS, Meyer CA, Liu XS. 2020.
Determinants of transcription factor regulatory range. Nature Communications 11:2472. DOI: https://doi.org/
10.1038/s41467-020-16106-x

Ciciro Y, Sala A. 2021. MYB oncoproteins: emerging players and potential therapeutic targets in human cancer.
Oncogenesis 10:19. DOI: https://doi.org/10.1038/s41389-021-00309-y, PMID: 33637673

Clementi C, Tripurani SK, Large MJ, Edson MA, Creighton CJ, Hawkins SM, Kovanci E, Kaartinen V, Lydon JP,
Pangas SA, DeMayo FJ, Matzuk MM. 2013. Activin-like kinase 2 functions in peri-implantation uterine signaling
in mice and humans. PLOS Genetics 9:e1003863. DOI: https://doi.org/10.1371/journal.pgen.1003863, PMID:
24244176

Consortium E. P. 2012. An integrated encyclopedia of DNA elements in the human genome. Nature 489:57-74.
DOI: https://doi.org/10.1038/nature 11247

Derynck R, Budi EH. 2019. Specificity, versatility, and control of TGF-B family signaling. Science Signaling
12:eaav5183. DOI: https://doi.org/10.1126/scisignal.aav5183, PMID: 30808818

Dinh DT, Breen J, Nicol B, Foot NJ, Bersten DC, Emery A, Smith KM, Wong YY, Barry SC, Yao HHC, Robker RL,
Russell DL. 2023. Progesterone receptor mediates ovulatory transcription through RUNX transcription factor
interactions and chromatin remodelling. Nucleic Acids Research 51:5981-5996. DOI: https://doi.org/10.1093/
nar/gkad271, PMID: 37099375

Du H, Taylor HS. 2015. The role of hox genes in female reproductive tract development, adult function, and
fertility. Cold Spring Harbor Perspectives in Medicine 6:a023002. DOI: https://doi.org/10.1101/cshperspect.
a023002, PMID: 26552702

Evans J, Salamonsen LA, Winship A, Menkhorst E, Nie G, Gargett CE, Dimitriadis E. 2016. Fertile ground: human
endometrial programming and lessons in health and disease. Nature Reviews. Endocrinology 12:654-667. DOI:
https://doi.org/10.1038/nrendo.2016.116, PMID: 27448058

Fagerberg L, Hallstrém BM, Oksvold P, Kampf C, Djureinovic D, Odeberg J, Habuka M, Tahmasebpoor S,
Danielsson A, Edlund K, Asplund A, Sjéstedt E, Lundberg E, Szigyarto CA-K, Skogs M, Takanen JO, Berling H,
Tegel H, Mulder J, Nilsson P, et al. 2014. Analysis of the human tissue-specific expression by genome-wide
integration of transcriptomics and antibody-based proteomics. Molecular & Cellular Proteomics 13:397-406.
DOI: https://doi.org/10.1074/mcp.M113.035600, PMID: 24309898

Fang B, Everett LJ, Jager J, Briggs E, Armour SM, Feng D, Roy A, Gerhart-Hines Z, Sun Z, Lazar MA. 2014.
Circadian enhancers coordinate multiple phases of rhythmic gene transcription in vivo. Cell 159:1140-1152.
DOI: https://doi.org/10.1016/j.cell.2014.10.022, PMID: 25416951

Feng XH, Derynck R. 2005. Specificity and versatility in tgf-beta signaling through Smads. Annual Review of Cell
and Developmental Biology 21:659-693. DOI: https://doi.org/10.1146/annurev.cellbio.21.022404.142018,
PMID: 16212511

Filant J, DeMayo FJ, Pru JK, Lydon JP, Spencer TE. 2014. Fibroblast growth factor receptor two (FGFR2)
regulates uterine epithelial integrity and fertility in mice. Biology of Reproduction 90:7. DOI: https://doi.org/10.
1095/biolreprod.113.114496, PMID: 24227756

Fuentealba LC, Eivers E, lkeda A, Hurtado C, Kuroda H, Pera EM, De Robertis EM. 2007. Integrating patterning
signals: Wnt/GSK3 regulates the duration of the BMP/Smad1 signal. Cell 131:980-993. DOI: https://doi.org/
10.1016/j.cell.2007.09.027, PMID: 18045539

Fullerton PT, Monsivais D, Kommagani R, Matzuk MM. 2017. Follistatin is critical for mouse uterine receptivity
and decidualization. PNAS 114:E4772-E4781. DOI: https://doi.org/10.1073/pnas.1620903114, PMID:
28559342

Garcia-Alonso L, Handfield L-F, Roberts K, Nikolakopoulou K, Fernando RC, Gardner L, Woodhams B,
Arutyunyan A, Polanski K, Hoo R, Sancho-Serra C, Li T, Kwakwa K, Tuck E, Lorenzi V, Massalha H, Prete M,
Kleshchevnikov V, Tarkowska A, Porter T, et al. 2021. Mapping the temporal and spatial dynamics of the human
endometrium in vivo and in vitro. Nature Genetics 53:1698-1711. DOI: https://doi.org/10.1038/s41588-021-
00972-2, PMID: 34857954

Garrido-Gomez T, Dominguez F, Quifionero A, Diaz-Gimeno P, Kapidzic M, Gormley M, Ona K, Padilla-Iserte P,
McMaster M, Genbacev O, Perales A, Fisher SJ, Simén C. 2017. Defective decidualization during and after
severe preeclampsia reveals a possible maternal contribution to the etiology. PNAS 114:E8468-E8477. DOI:
https://doi.org/10.1073/pnas.1706546114, PMID: 28923940

Liao et al. eLife 2023;12:RP91434. DOI: https://doi.org/10.7554/eLife.91434 23 of 27


https://doi.org/10.7554/eLife.91434
https://doi.org/10.1038/srep03894
http://www.ncbi.nlm.nih.gov/pubmed/24503642
https://doi.org/10.1055/s-0029-1242996
https://doi.org/10.1055/s-0029-1242996
http://www.ncbi.nlm.nih.gov/pubmed/20104430
https://doi.org/10.1210/er.2002-0003
http://www.ncbi.nlm.nih.gov/pubmed/12466190
https://doi.org/10.1101/cshperspect.a021923
http://www.ncbi.nlm.nih.gov/pubmed/27413100
https://doi.org/10.1016/j.cell.2014.01.062
http://www.ncbi.nlm.nih.gov/pubmed/24630727
https://doi.org/10.1038/s41467-020-16106-x
https://doi.org/10.1038/s41467-020-16106-x
https://doi.org/10.1038/s41389-021-00309-y
http://www.ncbi.nlm.nih.gov/pubmed/33637673
https://doi.org/10.1371/journal.pgen.1003863
http://www.ncbi.nlm.nih.gov/pubmed/24244176
https://doi.org/10.1038/nature11247
https://doi.org/10.1126/scisignal.aav5183
http://www.ncbi.nlm.nih.gov/pubmed/30808818
https://doi.org/10.1093/nar/gkad271
https://doi.org/10.1093/nar/gkad271
http://www.ncbi.nlm.nih.gov/pubmed/37099375
https://doi.org/10.1101/cshperspect.a023002
https://doi.org/10.1101/cshperspect.a023002
http://www.ncbi.nlm.nih.gov/pubmed/26552702
https://doi.org/10.1038/nrendo.2016.116
http://www.ncbi.nlm.nih.gov/pubmed/27448058
https://doi.org/10.1074/mcp.M113.035600
http://www.ncbi.nlm.nih.gov/pubmed/24309898
https://doi.org/10.1016/j.cell.2014.10.022
http://www.ncbi.nlm.nih.gov/pubmed/25416951
https://doi.org/10.1146/annurev.cellbio.21.022404.142018
http://www.ncbi.nlm.nih.gov/pubmed/16212511
https://doi.org/10.1095/biolreprod.113.114496
https://doi.org/10.1095/biolreprod.113.114496
http://www.ncbi.nlm.nih.gov/pubmed/24227756
https://doi.org/10.1016/j.cell.2007.09.027
https://doi.org/10.1016/j.cell.2007.09.027
http://www.ncbi.nlm.nih.gov/pubmed/18045539
https://doi.org/10.1073/pnas.1620903114
http://www.ncbi.nlm.nih.gov/pubmed/28559342
https://doi.org/10.1038/s41588-021-00972-2
https://doi.org/10.1038/s41588-021-00972-2
http://www.ncbi.nlm.nih.gov/pubmed/34857954
https://doi.org/10.1073/pnas.1706546114
http://www.ncbi.nlm.nih.gov/pubmed/28923940

e Llfe Research article

Developmental Biology | Genetics and Genomics

Garrido-Gomez T, Quifionero A, Dominguez F, Rubert L, Perales A, Hajjar KA, Simon C. 2020. Preeclampsia: a
defect in decidualization is associated with deficiency of Annexin A2. American Journal of Obstetrics and
Gynecology 222:376. DOI: https://doi.org/10.1016/j.aj09.2019.11.1250, PMID: 31738896

Gellersen B, Brosens JJ. 2014. Cyclic decidualization of the human endometrium in reproductive health and
failure. Endocrine Reviews 35:851-905. DOI: https://doi.org/10.1210/er.2014-1045, PMID: 25141152

Grund S, Grimmer R. 2018. Direct cell(-) cell interactions in the endometrium and in endometrial
pathophysiology. International Journal of Molecular Sciences 19:2227. DOI: https://doi.org/10.3390/
ijms19082227, PMID: 30061539

Guimaraes-Young A, Neff T, Dupuy AJ, Goodheart MJ. 2016. Conditional deletion of Sox17 reveals complex
effects on uterine adenogenesis and function. Developmental Biology 414:219-227. DOI: https://doi.org/10.
1016/j.ydbio.2016.04.010, PMID: 27102016

Hayashi K, Erikson DW, Tilford SA, Bany BM, Maclean JA, Rucker EB, Johnson GA, Spencer TE. 2009. Wnt
genes in the mouse uterus: potential regulation of implantation. Biology of Reproduction 80:989-1000. DOI:
https://doi.org/10.1095/biolreprod.108.075416, PMID: 19164167

He B, Ni ZL, Kong SB, Lu JH, Wang HB. 2018. Homeobox genes for embryo implantation: From mouse to
human. Animal Models and Experimental Medicine 1:14-22. DOI: https://doi.org/10.1002/ame2.12002, PMID:
30891542

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C, Singh H, Glass CK. 2010. Simple
combinations of lineage-determining transcription factors prime cis-regulatory elements required for
macrophage and B cell identities. Molecular Cell 38:576-589. DOI: https://doi.org/10.1016/j.molcel.2010.05.
004, PMID: 20513432

Hirate Y, Suzuki H, Kawasumi M, Takase HM, Igarashi H, Naquet P, Kanai Y, Kanai-Azuma M. 2016. Mouse Sox17
haploinsufficiency leads to female subfertility due to impaired implantation. Scientific Reports 6:24171. DOI:
https://doi.org/10.1038/srep24171, PMID: 27053385

Hollnagel A, Oehlmann V, Heymer J, Rither U, Nordheim A. 1999. Id genes are direct targets of bone
morphogenetic protein induction in embryonic stem cells. The Journal of Biological Chemistry 274:19838-
19845. DOI: https://doi.org/10.1074/jbc.274.28.19838, PMID: 10391928

Holloran SM, Nosirov B, Walter KR, Trinca GM, Lai Z, Jin VX, Hagan CR. 2020. Reciprocal fine-tuning of
progesterone and prolactin-regulated gene expression in breast cancer cells. Molecular and Cellular
Endocrinology 511:110859. DOI: https://doi.org/10.1016/j.mce.2020.110859, PMID: 32407979

lllingworth IM, Kiszka |, Bagley S, Ireland GW, Garrod DR, Kimber SJ. 2000. Desmosomes are reduced in the
mouse uterine luminal epithelium during the preimplantation period of pregnancy: a mechanism for facilitation
of implantation. Biology of Reproduction 63:1764-1773. DOI: https://doi.org/10.1095/biolreprod63.6.1764,
PMID: 11090447

Janzen DM, Rosales MA, Paik DY, Lee DS, Smith DA, Witte ON, Iruela-Arispe ML, Memarzadeh S. 2013.
Progesterone receptor signaling in the microenvironment of endometrial cancer influences its response to
hormonal therapy. Cancer Research 73:4697-4710. DOI: https://doi.org/10.1158/0008-5472.CAN-13-0930,
PMID: 23744837

Kent WJ, Zweig AS, Barber G, Hinrichs AS, Karolchik D. 2010. BigWig and BigBed: enabling browsing of large
distributed datasets. Bioinformatics 26:2204-2207. DOI: https://doi.org/10.1093/bioinformatics/btg351, PMID:
20639541

Labbé E, Letamendia A, Attisano L. 2000. Association of Smads with lymphoid enhancer binding factor 1/T
cell-specific factor mediates cooperative signaling by the transforming growth factor-beta and wnt pathways.
PNAS 97:8358-8363. DOI: https://doi.org/10.1073/pnas.150152697, PMID: 10890911

Lee KY, Jeong J-W, Wang J, Ma L, Martin JF, Tsai SY, Lydon JP, DeMayo FJ. 2007. Bmp2 is critical for the murine
uterine decidual response. Molecular and Cellular Biology 27:5468-5478. DOI: https://doi.org/10.1128/MCB.
00342-07, PMID: 17515606

Lee D-K, Kurihara |, Jeong J-W, Lydon JP, DeMayo FJ, Tsai M-J, Tsai SY. 2010. Suppression of ERalpha activity by
COUP-TFIl is essential for successful implantation and decidualization. Molecular Endocrinology 24:930-940.
DOI: https://doi.org/10.1210/me.2009-0531, PMID: 20219888

Li Q, Kannan A, Wang W, Demayo FJ, Taylor RN, Bagchi MK, Bagchi IC. 2007. Bone morphogenetic protein 2
functions via a conserved signaling pathway involving Wnt4 to regulate uterine decidualization in the mouse
and the human. The Journal of Biological Chemistry 282:31725-31732. DOI: https://doi.org/10.1074/jbc.
M704723200, PMID: 17711857

Li Q, Kannan A, DeMayo FJ, Lydon JP, Cooke PS, Yamagishi H, Srivastava D, Bagchi MK, Bagchi IC. 2011. The
antiproliferative action of progesterone in uterine epithelium is mediated by Hand2. Science 331:912-916.
DOI: https://doi.org/10.1126/science.1197454, PMID: 21330545

Lim W, Bae H, Bazer FW, Song G. 2017. Stimulatory effects of fibroblast growth factor 2 on proliferation and
migration of uterine luminal epithelial cells during early pregnancy. Biology of Reproduction 96:185-198. DOI:
https://doi.org/10.1095/biolreprod.116.142331, PMID: 28395342

Luo K, Stroschein SL, Wang W, Chen D, Martens E, Zhou S, Zhou Q. 1999. The Ski oncoprotein interacts with the
Smad proteins to repress TGFbeta signaling. Genes & Development 13:2196-2206. DOI: https://doi.org/10.
1101/9ad.13.17.2196, PMID: 10485843

Ma W, Cao M, Bi S, Du L, Chen J, Wang H, Jiang Y, Wu Y, Liao Y, Kong S, Liu J. 2022. MAX deficiency impairs
human endometrial decidualization through down-regulating OSR2 in women with recurrent spontaneous
abortion. Cell and Tissue Research 388:453-469. DOI: https://doi.org/10.1007/s00441-022-03579-z, PMID:
35146559

Liao et al. eLife 2023;12:RP91434. DOI: https://doi.org/10.7554/eLife.91434 24 of 27


https://doi.org/10.7554/eLife.91434
https://doi.org/10.1016/j.ajog.2019.11.1250
http://www.ncbi.nlm.nih.gov/pubmed/31738896
https://doi.org/10.1210/er.2014-1045
http://www.ncbi.nlm.nih.gov/pubmed/25141152
https://doi.org/10.3390/ijms19082227
https://doi.org/10.3390/ijms19082227
http://www.ncbi.nlm.nih.gov/pubmed/30061539
https://doi.org/10.1016/j.ydbio.2016.04.010
https://doi.org/10.1016/j.ydbio.2016.04.010
http://www.ncbi.nlm.nih.gov/pubmed/27102016
https://doi.org/10.1095/biolreprod.108.075416
http://www.ncbi.nlm.nih.gov/pubmed/19164167
https://doi.org/10.1002/ame2.12002
http://www.ncbi.nlm.nih.gov/pubmed/30891542
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1016/j.molcel.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20513432
https://doi.org/10.1038/srep24171
http://www.ncbi.nlm.nih.gov/pubmed/27053385
https://doi.org/10.1074/jbc.274.28.19838
http://www.ncbi.nlm.nih.gov/pubmed/10391928
https://doi.org/10.1016/j.mce.2020.110859
http://www.ncbi.nlm.nih.gov/pubmed/32407979
https://doi.org/10.1095/biolreprod63.6.1764
http://www.ncbi.nlm.nih.gov/pubmed/11090447
https://doi.org/10.1158/0008-5472.CAN-13-0930
http://www.ncbi.nlm.nih.gov/pubmed/23744837
https://doi.org/10.1093/bioinformatics/btq351
http://www.ncbi.nlm.nih.gov/pubmed/20639541
https://doi.org/10.1073/pnas.150152697
http://www.ncbi.nlm.nih.gov/pubmed/10890911
https://doi.org/10.1128/MCB.00342-07
https://doi.org/10.1128/MCB.00342-07
http://www.ncbi.nlm.nih.gov/pubmed/17515606
https://doi.org/10.1210/me.2009-0531
http://www.ncbi.nlm.nih.gov/pubmed/20219888
https://doi.org/10.1074/jbc.M704723200
https://doi.org/10.1074/jbc.M704723200
http://www.ncbi.nlm.nih.gov/pubmed/17711857
https://doi.org/10.1126/science.1197454
http://www.ncbi.nlm.nih.gov/pubmed/21330545
https://doi.org/10.1095/biolreprod.116.142331
http://www.ncbi.nlm.nih.gov/pubmed/28395342
https://doi.org/10.1101/gad.13.17.2196
https://doi.org/10.1101/gad.13.17.2196
http://www.ncbi.nlm.nih.gov/pubmed/10485843
https://doi.org/10.1007/s00441-022-03579-z
http://www.ncbi.nlm.nih.gov/pubmed/35146559

e Llfe Research article

Developmental Biology | Genetics and Genomics

MacLean JA, Hayashi K. 2022. Progesterone actions and resistance in gynecological disorders. Cells 11:647.
DOI: https://doi.org/10.3390/cells11040647, PMID: 35203298

Magro-Lopez E, Mufioz-Fernandez MA. 2021. The role of BMP signaling in female reproductive system
development and function. International Journal of Molecular Sciences 22:11927. DOI: https://doi.org/10.
3390/ijms222111927, PMID: 34769360

Martinez GM, Daniels K, Febo-Vazquez I. 2018. Fertility of men and women aged 15-44 in the United States:
National survey of family growth, 2011-2015. National Health Statistics Reports 01:1-17 PMID: 30248009.

Martinez-Aguilar R, Romero-Pinedo S, Ruiz-Magafia MJ, Olivares EG, Ruiz-Ruiz C, Abadia-Molina AC. 2020.
Menstrual blood-derived stromal cells modulate functional properties of mouse and human macrophages.
Scientific Reports 10:21389. DOI: https://doi.org/10.1038/s41598-020-78423-x, PMID: 33288796

Massagué J, Seoane J, Wotton D. 2005. Smad transcription factors. Genes & Development 19:2783-2810. DOI:
https://doi.org/10.1101/gad.1350705, PMID: 16322555

Matzuk MM, Kumar TR, Bradley A. 1995. Different phenotypes for mice deficient in either activins or activin
receptor type Il. Nature 374:356-360. DOI: https://doi.org/10.1038/374356a0, PMID: 7885474

McReynolds LJ, Gupta S, Figueroa ME, Mullins MC, Evans T. 2007. Smad1 and Smad5 differentially regulate
embryonic hematopoiesis. Blood 110:3881-3890. DOI: https://doi.org/10.1182/blood-2007-04-085753, PMID:
17761518

Meers MP, Tenenbaum D, Henikoff S. 2019. Peak calling by Sparse Enrichment Analysis for CUT&RUN chromatin
profiling. Epigenetics & Chromatin 12:42. DOI: https://doi.org/10.1186/s13072-019-0287-4, PMID: 31300027

Middlebrook BS, Eldin K, Li X, Shivasankaran S, Pangas SA. 2009. Smad1-Smad5 ovarian conditional knockout
mice develop a disease profile similar to the juvenile form of human granulosa cell tumors. Endocrinology
150:5208-5217. DOI: https://doi.org/10.1210/en.2009-0644, PMID: 19819941

Miyazono K, Miyazawa K. 2002. Id: a target of BMP signaling. Science’s STKE 2002:e40. DOI: https://doi.org/10.
1126/stke.2002.151.pe40, PMID: 12297674

Monsivais D, Clementi C, Peng J, Titus MM, Barrish JP, Creighton CJ, Lydon JP, DeMayo FJ, Matzuk MM. 2016.
Uterine ALK3 is essential during the window of implantation. PNAS 113:E387-E395. DOI: https://doi.org/10.
1073/pnas.1523758113, PMID: 26721398

Monsivais D, Clementi C, Peng J, Fullerton PT Jr, Prunskaite-Hyyryldinen R, Vainio SJ, Matzuk MM. 2017a. BMP7
induces uterine receptivity and blastocyst attachment. Endocrinology 158:979-992. DOI: https://doi.org/10.
1210/en.2016-1629, PMID: 28324064

Monsivais D, Matzuk MM, Pangas SA. 2017b. The TGF-B family in the reproductive tract. Cold Spring Harbor
Perspectives in Biology 9:a022251. DOI: https://doi.org/10.1101/cshperspect.a022251, PMID: 28193725

Monsivais D, Nagashima T, Prunskaite-Hyyrylainen R, Nozawa K, Shimada K, Tang S, Hamor C, Agno JE, Chen F,
Masand RP, Young SL, Creighton CJ, DeMayo FJ, lkawa M, Lee S-J, Matzuk MM. 2021. Endometrial receptivity
and implantation require uterine BMP signaling through an ACVR2A-SMAD1/SMADS5 axis. Nature
Communications 12:3386. DOI: https://doi.org/10.1038/s41467-021-23571-5, PMID: 34099644

Nagashima T, Li Q, Clementi C, Lydon JP, DeMayo FJ, Matzuk MM. 2013. BMPR2 is required for
postimplantation uterine function and pregnancy maintenance. The Journal of Clinical Investigation 123:2539—
2550. DOI: https://doi.org/10.1172/JCI165710, PMID: 23676498

Nayyar A, Saleem M, Yilmaz M, DeFranco M, Klein G, Elmaliki KM, Kowalsky E, Chatterjee PK, Xue X,
Viswanathan R, Shih AJ, Gregersen PK, Metz CN. 2020. Menstrual effluent provides a novel diagnostic window
on the pathogenesis of endometriosis. Frontiers in Reproductive Health 2:3. DOI: https://doi.org/10.3389/frph.
2020.00003, PMID: 36304708

Newman AM, Steen CB, Liu CL, Gentles AJ, Chaudhuri AA, Scherer F, Khodadoust MS, Esfahani MS, Luca BA,
Steiner D, Diehn M, Alizadeh AA. 2019. Determining cell type abundance and expression from bulk tissues
with digital cytometry. Nature Biotechnology 37:773-782. DOI: https://doi.org/10.1038/s41587-019-0114-2,
PMID: 31061481

Pan H, Zhu L, Deng Y, Pollard JW. 2006. Microarray analysis of uterine epithelial gene expression during the
implantation window in the mouse. Endocrinology 147:4904-4916. DOI: https://doi.org/10.1210/en.2006-
0140, PMID: 16794013

Pangas SA, Li X, Umans L, Zwijsen A, Huylebroeck D, Gutierrez C, Wang D, Martin JF, Jamin SP, Behringer RR,
Robertson EJ, Matzuk MM. 2008. Conditional deletion of Smad1 and Smad5 in somatic cells of male and
female gonads leads to metastatic tumor development in mice. Molecular and Cellular Biology 28:248-257.
DOI: https://doi.org/10.1128/MCB.01404-07, PMID: 17967875

Paria BC, Zhao X, Das SK, Dey SK, Yoshinaga K. 1999. Zonula occludens-1 and E-cadherin are coordinately
expressed in the mouse uterus with the initiation of implantation and decidualization. Developmental Biology
208:488-501. DOI: https://doi.org/10.1006/dbio.1999.9206, PMID: 10191061

Potter SW, Gaza G, Morris JE. 1996. Estradiol induces E-cadherin degradation in mouse uterine epithelium
during the estrous cycle and early pregnancy. Journal of Cellular Physiology 169:1-14. DOI: https://doi.org/10.
1002/(SICI)1097-4652(199610)169:1<1::AID-JCP1>3.0.CO;2-S, PMID: 8841417

Pouponnot C, Jayaraman L, Massagué J. 1998. Physical and functional interaction of SMADs and p300/CBP. The
Journal of Biological Chemistry 273:22865-22868. DOI: https://doi.org/10.1074/jbc.273.36.22865, PMID:
9722503

PrabhuDas M, Bonney E, Caron K, Dey S, Erlebacher A, Fazleabas A, Fisher S, Golos T, Matzuk M, McCune JM,
Mor G, Schulz L, Soares M, Spencer T, Strominger J, Way SS, Yoshinaga K. 2015. Immune mechanisms at the
maternal-fetal interface: perspectives and challenges. Nature Immunology 16:328-334. DOI: https://doi.org/
10.1038/ni.3131, PMID: 25789673

Liao et al. eLife 2023;12:RP91434. DOI: https://doi.org/10.7554/eLife.91434 25 of 27


https://doi.org/10.7554/eLife.91434
https://doi.org/10.3390/cells11040647
http://www.ncbi.nlm.nih.gov/pubmed/35203298
https://doi.org/10.3390/ijms222111927
https://doi.org/10.3390/ijms222111927
http://www.ncbi.nlm.nih.gov/pubmed/34769360
http://www.ncbi.nlm.nih.gov/pubmed/30248009
https://doi.org/10.1038/s41598-020-78423-x
http://www.ncbi.nlm.nih.gov/pubmed/33288796
https://doi.org/10.1101/gad.1350705
http://www.ncbi.nlm.nih.gov/pubmed/16322555
https://doi.org/10.1038/374356a0
http://www.ncbi.nlm.nih.gov/pubmed/7885474
https://doi.org/10.1182/blood-2007-04-085753
http://www.ncbi.nlm.nih.gov/pubmed/17761518
https://doi.org/10.1186/s13072-019-0287-4
http://www.ncbi.nlm.nih.gov/pubmed/31300027
https://doi.org/10.1210/en.2009-0644
http://www.ncbi.nlm.nih.gov/pubmed/19819941
https://doi.org/10.1126/stke.2002.151.pe40
https://doi.org/10.1126/stke.2002.151.pe40
http://www.ncbi.nlm.nih.gov/pubmed/12297674
https://doi.org/10.1073/pnas.1523758113
https://doi.org/10.1073/pnas.1523758113
http://www.ncbi.nlm.nih.gov/pubmed/26721398
https://doi.org/10.1210/en.2016-1629
https://doi.org/10.1210/en.2016-1629
http://www.ncbi.nlm.nih.gov/pubmed/28324064
https://doi.org/10.1101/cshperspect.a022251
http://www.ncbi.nlm.nih.gov/pubmed/28193725
https://doi.org/10.1038/s41467-021-23571-5
http://www.ncbi.nlm.nih.gov/pubmed/34099644
https://doi.org/10.1172/JCI65710
http://www.ncbi.nlm.nih.gov/pubmed/23676498
https://doi.org/10.3389/frph.2020.00003
https://doi.org/10.3389/frph.2020.00003
http://www.ncbi.nlm.nih.gov/pubmed/36304708
https://doi.org/10.1038/s41587-019-0114-2
http://www.ncbi.nlm.nih.gov/pubmed/31061481
https://doi.org/10.1210/en.2006-0140
https://doi.org/10.1210/en.2006-0140
http://www.ncbi.nlm.nih.gov/pubmed/16794013
https://doi.org/10.1128/MCB.01404-07
http://www.ncbi.nlm.nih.gov/pubmed/17967875
https://doi.org/10.1006/dbio.1999.9206
http://www.ncbi.nlm.nih.gov/pubmed/10191061
https://doi.org/10.1002/(SICI)1097-4652(199610)169:1<1::AID-JCP1>3.0.CO;2-S
https://doi.org/10.1002/(SICI)1097-4652(199610)169:1<1::AID-JCP1>3.0.CO;2-S
http://www.ncbi.nlm.nih.gov/pubmed/8841417
https://doi.org/10.1074/jbc.273.36.22865
http://www.ncbi.nlm.nih.gov/pubmed/9722503
https://doi.org/10.1038/ni.3131
https://doi.org/10.1038/ni.3131
http://www.ncbi.nlm.nih.gov/pubmed/25789673

e Llfe Research article

Developmental Biology | Genetics and Genomics

Qiu T, Grizzle WE, Oelschlager DK, Shen X, Cao X. 2007. Control of prostate cell growth: BMP antagonizes
androgen mitogenic activity with incorporation of MAPK signals in Smad1. The EMBO Journal 26:346-357.
DOI: https://doi.org/10.1038/sj.emboj.7601499, PMID: 17183365

Ramathal CY, Bagchi IC, Taylor RN, Bagchi MK. 2010. Endometrial decidualization: of mice and men. Seminars in
Reproductive Medicine 28:17-26. DOI: https://doi.org/10.1055/5-0029-1242989, PMID: 20104425

Ramirez F, Ryan DP, Grining B, Bhardwaj V, Kilpert F, Richter AS, Heyne S, Diindar F, Manke T. 2016. deepTools2:
a next generation web server for deep-sequencing data analysis. Nucleic Acids Research 44:W160-W165. DOI:
https://doi.org/10.1093/nar/gkw257, PMID: 27079975

Rankin SA, Gallas AL, Neto A, Gémez-Skarmeta JL, Zorn AM. 2012. Suppression of Bmp4 signaling by the
zinc-finger repressors Osr1 and Osr2 is required for Wnt/B-catenin-mediated lung specification in Xenopus.
Development 139:3010-3020. DOI: https://doi.org/10.1242/dev.078220, PMID: 22791896

Retting KN, Song B, Yoon BS, Lyons KM. 2009. BMP canonical Smad signaling through Smad1 and Smad5 is
required for endochondral bone formation. Development 136:1093-1104. DOI: https://doi.org/10.1242/dev.
029926, PMID: 19224984

Rodriguez A, Tripurani SK, Burton JC, Clementi C, Larina |, Pangas SA. 2016. SMAD signaling is required for
structural integrity of the female reproductive tract and uterine function during early pregnancy in mice.
Biology of Reproduction 95:44. DOI: https://doi.org/10.1095/biolreprod.116.139477, PMID: 27335065

Rubel CA, Lanz RB, Kommagani R, Franco HL, Lydon JP, DeMayo FJ. 2012. Research resource: Genome-wide
profiling of progesterone receptor binding in the mouse uterus. Molecular Endocrinology 26:1428-1442. DOI:
https://doi.org/10.1210/me.2011-1355, PMID: 22638070

Russo LA, Peano BJ, Trivedi SP, Cavalcanto TD, Olenchock BA, Caruso JA, Smolock AR, Vishnevsky O,

Gardner RM. 2009. Regulated expression of matrix metalloproteinases, inflammatory mediators, and
endometrial matrix remodeling by 17beta-estradiol in the immature rat uterus. Reproductive Biology and
Endocrinology 7:124. DOI: https://doi.org/10.1186/1477-7827-7-124, PMID: 19889233

Salker MS, Christian M, Steel JH, Nautiyal J, Lavery S, Trew G, Webster Z, Al-Sabbagh M, Puchchakayala G,
Foller M, Landles C, Sharkey AM, Quenby S, Aplin JD, Regan L, Lang F, Brosens JJ. 2011. Deregulation of the
serum- and glucocorticoid-inducible kinase SGK1 in the endometrium causes reproductive failure. Nature
Medicine 17:1509-1513. DOI: https://doi.org/10.1038/nm.2498, PMID: 22001908

Schatz F, Guzeloglu-Kayisli O, Arlier S, Kayisli UA, Lockwood CJ. 2016. The role of decidual cells in uterine
hemostasis, menstruation, inflammation, adverse pregnancy outcomes and abnormal uterine bleeding. Human
Reproduction Update 22:497-515. DOI: https://doi.org/10.1093/humupd/dmw004, PMID: 26912000

Shi X, Yang X, Chen D, Chang Z, Cao X. 1999. Smad1 interacts with homeobox DNA-binding proteins in bone
morphogenetic protein signaling. The Journal of Biological Chemistry 274:13711-13717. DOI: https://doi.org/
10.1074/jbc.274.19.13711, PMID: 10224145

Shi X, Bai S, Li L, Cao X. 2001. Hoxa-9 represses transforming growth factor-beta-induced osteopontin gene
transcription. The Journal of Biological Chemistry 276:850-855. DOI: https://doi.org/10.1074/jbc.M005955200,
PMID: 11042172

Shi J-W, Lai Z-Z, Yang H-L, Zhou W-J, Zhao X-Y, Xie F, Liu S-P, Chen W-D, Zhang T, Ye J-F, Zhou X-Y, Li M-Q. 2022.
An IGF1-expressing endometrial stromal cell population is associated with human decidualization. BMC
Biology 20:276. DOI: https://doi.org/10.1186/s12915-022-01483-0, PMID: 36482461

Shimada K, Park S, Miyata H, Yu Z, Morohoshi A, Oura S, Matzuk MM, lkawa M. 2021. ARMC12 regulates
spatiotemporal mitochondrial dynamics during spermiogenesis and is required for male fertility. PNAS
118:22018355118. DOI: https://doi.org/10.1073/pnas.2018355118, PMID: 33536340

Skene PJ, Henikoff S. 2017. An efficient targeted nuclease strategy for high-resolution mapping of DNA binding
sites. elLife 6:€21856. DOI: https://doi.org/10.7554/elife.21856, PMID: 28079019

Spitzer TLB, Rojas A, Zelenko Z, Aghajanova L, Erikson DW, Barragan F, Meyer M, Tamaresis JS, Hamilton AE,
Irwin JC, Giudice LC. 2012. Perivascular human endometrial mesenchymal stem cells express pathways relevant
to self-renewal, lineage specification, and functional phenotype. Biology of Reproduction 86:58. DOI: https://
doi.org/10.1095/biolreprod.111.095885, PMID: 22075475

Stehlin-Gaon C, Willmann D, Zeyer D, Sanglier S, Van Dorsselaer A, Renaud J-P, Moras D, Schiile R. 2003.
All-trans retinoic acid is a ligand for the orphan nuclear receptor ROR beta. Nature Structural Biology 10:820-
825. DOI: https://doi.org/10.1038/nsb979, PMID: 12958591

Suzuki A, Raya A, Kawakami Y, Morita M, Matsui T, Nakashima K, Gage FH, Rodriguez-Esteban C,

Izpistia Belmonte JC. 2006. Nanog binds to Smad1 and blocks bone morphogenetic protein-induced
differentiation of embryonic stem cells. PNAS 103:10294-10299. DOI: https://doi.org/10.1073/pnas.
0506945103, PMID: 16801560

Swartz CD, Afshari CA, Yu L, Hall KE, Dixon D. 2005. Estrogen-induced changes in IGF-I, Myb family and MAP
kinase pathway genes in human uterine leiomyoma and normal uterine smooth muscle cell lines. Molecular
Human Reproduction 11:441-450. DOI: https://doi.org/10.1093/molehr/gah174, PMID: 15879465

Swinstead EE, Miranda TB, Paakinaho V, Baek S, Goldstein |, Hawkins M, Karpova TS, Ball D, Mazza D, Lavis LD,
Grimm JB, Morisaki T, Grgntved L, Presman DM, Hager GL. 2016. Steroid receptors reprogram FoxA1
occupancy through dynamic chromatin transitions. Cell 165:593-605. DOI: https://doi.org/10.1016/j.cell.2016.
02.067, PMID: 27062924

Tang S, Cope DI, Vasquez YM, Monsivais D. 2022. BMP/SMAD1/5 signaling in the endometrial epithelium is
essential for receptivity and early pregnancy. Endocrinology 163:bgac043. DOI: https://doi.org/10.1210/
endocr/bqac043, PMID: 35383354

Liao et al. eLife 2023;12:RP91434. DOI: https://doi.org/10.7554/eLife.91434 26 of 27


https://doi.org/10.7554/eLife.91434
https://doi.org/10.1038/sj.emboj.7601499
http://www.ncbi.nlm.nih.gov/pubmed/17183365
https://doi.org/10.1055/s-0029-1242989
http://www.ncbi.nlm.nih.gov/pubmed/20104425
https://doi.org/10.1093/nar/gkw257
http://www.ncbi.nlm.nih.gov/pubmed/27079975
https://doi.org/10.1242/dev.078220
http://www.ncbi.nlm.nih.gov/pubmed/22791896
https://doi.org/10.1242/dev.029926
https://doi.org/10.1242/dev.029926
http://www.ncbi.nlm.nih.gov/pubmed/19224984
https://doi.org/10.1095/biolreprod.116.139477
http://www.ncbi.nlm.nih.gov/pubmed/27335065
https://doi.org/10.1210/me.2011-1355
http://www.ncbi.nlm.nih.gov/pubmed/22638070
https://doi.org/10.1186/1477-7827-7-124
http://www.ncbi.nlm.nih.gov/pubmed/19889233
https://doi.org/10.1038/nm.2498
http://www.ncbi.nlm.nih.gov/pubmed/22001908
https://doi.org/10.1093/humupd/dmw004
http://www.ncbi.nlm.nih.gov/pubmed/26912000
https://doi.org/10.1074/jbc.274.19.13711
https://doi.org/10.1074/jbc.274.19.13711
http://www.ncbi.nlm.nih.gov/pubmed/10224145
https://doi.org/10.1074/jbc.M005955200
http://www.ncbi.nlm.nih.gov/pubmed/11042172
https://doi.org/10.1186/s12915-022-01483-0
http://www.ncbi.nlm.nih.gov/pubmed/36482461
https://doi.org/10.1073/pnas.2018355118
http://www.ncbi.nlm.nih.gov/pubmed/33536340
https://doi.org/10.7554/eLife.21856
http://www.ncbi.nlm.nih.gov/pubmed/28079019
https://doi.org/10.1095/biolreprod.111.095885
https://doi.org/10.1095/biolreprod.111.095885
http://www.ncbi.nlm.nih.gov/pubmed/22075475
https://doi.org/10.1038/nsb979
http://www.ncbi.nlm.nih.gov/pubmed/12958591
https://doi.org/10.1073/pnas.0506945103
https://doi.org/10.1073/pnas.0506945103
http://www.ncbi.nlm.nih.gov/pubmed/16801560
https://doi.org/10.1093/molehr/gah174
http://www.ncbi.nlm.nih.gov/pubmed/15879465
https://doi.org/10.1016/j.cell.2016.02.067
https://doi.org/10.1016/j.cell.2016.02.067
http://www.ncbi.nlm.nih.gov/pubmed/27062924
https://doi.org/10.1210/endocr/bqac043
https://doi.org/10.1210/endocr/bqac043
http://www.ncbi.nlm.nih.gov/pubmed/35383354

e Llfe Research article

Developmental Biology | Genetics and Genomics

Taylor HS, Bagot C, Kardana A, Olive D, Arici A. 1999. HOX gene expression is altered in the endometrium of
women with endometriosis. Human Reproduction 14:1328-1331. DOI: https://doi.org/10.1093/humrep/14.5.
1328, PMID: 10325287

Teklenburg G, Salker M, Molokhia M, Lavery S, Trew G, Aojanepong T, Mardon HJ, Lokugamage AU, Rai R,
Landles C, Roelen BAJ, Quenby S, Kuijk EW, Kavelaars A, Heijnen CJ, Regan L, Brosens JJ, Macklon NS. 2010.
Natural selection of human embryos: decidualizing endometrial stromal cells serve as sensors of embryo quality
upon implantation. PLOS ONE 5:10258. DOI: https://doi.org/10.1371/journal.pone.0010258, PMID:
20422011

Tenvergert E, Gillespie MW, Kingma J, Klasen H. 1992. Abortion attitudes, 1984-1987-1988: effects of item
order and dimensionality. Perceptual and Motor Skills 74:627-642. DOI: https://doi.org/10.2466/pms.1992.74.
2.627, PMID: 1594424

Timblin GA, Schlissel MS. 2013. Ebf1 and c-Myb repress rag transcription downstream of Stat5 during early B
cell development. Journal of Inmunology 191:4676-4687. DOI: https://doi.org/10.4049/jimmunol.1301675,
PMID: 24068669

van Weerd JH, Christoffels VM. 2016. The formation and function of the cardiac conduction system.
Development 143:197-210. DOI: https://doi.org/10.1242/dev.124883, PMID: 26786210

Vasquez YM, Mazur EC, Li X, Kommagani R, Jiang L, Chen R, Lanz RB, Kovanci E, Gibbons WE, DeMayo FJ.
2015. FOXO1 is required for binding of PR on IRF4, novel transcriptional regulator of endometrial stromal
decidualization. Molecular Endocrinology 29:421-433. DOI: https://doi.org/10.1210/me.2014-1292, PMID:
25584414

Vasquez YM, Wang X, Wetendorf M, Franco HL, Mo Q, Wang T, Lanz RB, Young SL, Lessey BA, Spencer TE,
Lydon JP, DeMayo FJ. 2018. FOXO1 regulates uterine epithelial integrity and progesterone receptor
expression critical for embryo implantation. PLOS Genetics 14:e1007787. DOI: https://doi.org/10.1371/journal.
pgen.1007787, PMID: 30452456

Wang X, Chen C, Wang L, Chen D, Guang W, French J. 2003. Conception, early pregnancy loss, and time to
clinical pregnancy: a population-based prospective study. Fertility and Sterility 79:577-584. DOI: https://doi.
org/10.1016/s0015-0282(02)04694-0, PMID: 12620443

Wang S, Sun H, Ma J, Zang C, Wang C, Wang J, Tang Q, Meyer CA, Zhang Y, Liu XS. 2013. Target analysis by
integration of transcriptome and ChlP-seq data with BETA. Nature Protocols 8:2502-2515. DOI: https://doi.
org/10.1038/nprot.2013.150, PMID: 24263090

Wang X, Li X, Wang T, Wu S-P, Jeong J-W, Kim TH, Young SL, Lessey BA, Lanz RB, Lydon JP, DeMayo FJ. 2018.
SOX17 regulates uterine epithelial-stromal cross-talk acting via a distal enhancer upstream of Ihh. Nature
Communications 9:4421. DOI: https://doi.org/10.1038/s41467-018-06652-w

Warren LA, Shih A, Renteira SM, Seckin T, Blau B, Simpfendorfer K, Lee A, Metz CN, Gregersen PK. 2018.
Analysis of menstrual effluent: diagnostic potential for endometriosis. Molecular Medicine 24:1. DOI: https://
doi.org/10.1186/s10020-018-0009-6, PMID: 30134794

Weimar CHE, Kavelaars A, Brosens JJ, Gellersen B, de Vreeden-Elbertse JMT, Heijnen CJ, Macklon NS. 2012.
Endometrial stromal cells of women with recurrent miscarriage fail to discriminate between high- and low-
quality human embryos. PLOS ONE 7:e41424. DOI: https://doi.org/10.1371/journal.pone.0041424, PMID:
22848492

Whitman M. 1998. Smads and early developmental signaling by the TGFbeta superfamily. Genes &
Development 12:2445-2462. DOI: https://doi.org/10.1101/gad.12.16.2445, PMID: 9716398

Wu M, Chen G, Li YP. 2016. TGF-B and BMP signaling in osteoblast, skeletal development, and bone formation,
homeostasis and disease. Bone Research 4:16009. DOI: https://doi.org/10.1038/boneres.2016.9, PMID:
27563484

Yang M, Ong J, Meng F, Zhang F, Shen H, Kitt K, Liu T, Tao W, Du P. 2023. Spatiotemporal insight into early
pregnancy governed by immune-featured stromal cells. Cell 186:4271-4288.. DOI: https://doi.org/10.1016/].
cell.2023.08.020, PMID: 37699390

Yilmaz BD, Bulun SE. 2019. Endometriosis and nuclear receptors. Human Reproduction Update 25:473-485.
DOI: https://doi.org/10.1093/humupd/dmz005, PMID: 30809650

Yin Y, Haller ME, Chadchan SB, Kommagani R, Ma L. 2021. Signaling through retinoic acid receptors is essential
for mammalian uterine receptivity and decidualization. JCI Insight 6:150254. DOI: https://doi.org/10.1172/jci.
insight.150254

Yu G, Wang LG, He QY. 2015. ChIPseeker: an R/Bioconductor package for ChIP peak annotation, comparison
and visualization. Bioinformatics 31:2382-2383. DOI: https://doi.org/10.1093/biocinformatics/btv145, PMID:
25765347

Zavadil J, Cermak L, Soto-Nieves N, Bottinger EP. 2004. Integration of TGF-beta/Smad and Jagged1/Notch
signalling in epithelial-to-mesenchymal transition. The EMBO Journal 23:1155-1165. DOI: https://doi.org/10.
1038/sj.emboj.7600069, PMID: 14976548

Liao et al. eLife 2023;12:RP91434. DOI: https://doi.org/10.7554/eLife.91434 27 of 27


https://doi.org/10.7554/eLife.91434
https://doi.org/10.1093/humrep/14.5.1328
https://doi.org/10.1093/humrep/14.5.1328
http://www.ncbi.nlm.nih.gov/pubmed/10325287
https://doi.org/10.1371/journal.pone.0010258
http://www.ncbi.nlm.nih.gov/pubmed/20422011
https://doi.org/10.2466/pms.1992.74.2.627
https://doi.org/10.2466/pms.1992.74.2.627
http://www.ncbi.nlm.nih.gov/pubmed/1594424
https://doi.org/10.4049/jimmunol.1301675
http://www.ncbi.nlm.nih.gov/pubmed/24068669
https://doi.org/10.1242/dev.124883
http://www.ncbi.nlm.nih.gov/pubmed/26786210
https://doi.org/10.1210/me.2014-1292
http://www.ncbi.nlm.nih.gov/pubmed/25584414
https://doi.org/10.1371/journal.pgen.1007787
https://doi.org/10.1371/journal.pgen.1007787
http://www.ncbi.nlm.nih.gov/pubmed/30452456
https://doi.org/10.1016/s0015-0282(02)04694-0
https://doi.org/10.1016/s0015-0282(02)04694-0
http://www.ncbi.nlm.nih.gov/pubmed/12620443
https://doi.org/10.1038/nprot.2013.150
https://doi.org/10.1038/nprot.2013.150
http://www.ncbi.nlm.nih.gov/pubmed/24263090
https://doi.org/10.1038/s41467-018-06652-w
https://doi.org/10.1186/s10020-018-0009-6
https://doi.org/10.1186/s10020-018-0009-6
http://www.ncbi.nlm.nih.gov/pubmed/30134794
https://doi.org/10.1371/journal.pone.0041424
http://www.ncbi.nlm.nih.gov/pubmed/22848492
https://doi.org/10.1101/gad.12.16.2445
http://www.ncbi.nlm.nih.gov/pubmed/9716398
https://doi.org/10.1038/boneres.2016.9
http://www.ncbi.nlm.nih.gov/pubmed/27563484
https://doi.org/10.1016/j.cell.2023.08.020
https://doi.org/10.1016/j.cell.2023.08.020
http://www.ncbi.nlm.nih.gov/pubmed/37699390
https://doi.org/10.1093/humupd/dmz005
http://www.ncbi.nlm.nih.gov/pubmed/30809650
https://doi.org/10.1172/jci.insight.150254
https://doi.org/10.1172/jci.insight.150254
https://doi.org/10.1093/bioinformatics/btv145
http://www.ncbi.nlm.nih.gov/pubmed/25765347
https://doi.org/10.1038/sj.emboj.7600069
https://doi.org/10.1038/sj.emboj.7600069
http://www.ncbi.nlm.nih.gov/pubmed/14976548

	Affinity-­tagged SMAD1 and SMAD5 mouse lines reveal transcriptional reprogramming mechanisms during early pregnancy
	eLife assessment
	Introduction
	Results
	Generation of mouse models with global HA-tagged SMAD1 and PA-tagged SMAD5 proteins
	SMAD1 and SMAD5 exhibit shared and unique genomic binding sites during decidualization
	Identification of direct target genes of SMAD1 and SMAD5 during early pregnancy
	Direct target genes of SMAD1 and SMAD5 maintain the homeostasis of uterine function
	SMAD1 and SMAD5 co-regulate PR target genes
	Decidualization of human endometrial stromal cells requires SMAD1/SMAD5

	Discussion
	Materials and methods
	Generation of knock-in mouse lines
	Animal ethics compliance and tissue collection
	CUT&RUN approach
	Bioinformatic analysis for CUT&RUN data and reanalysis of published single-cell RNA-seq data
	Western blot analysis of immunoprecipitation (IP-WB)
	Primary endometrial stromal cells isolation/RNAi/decidualization
	RNA extraction and RT-qPCR

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Peer review material

	Additional files
	Supplementary files

	References


