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Abstract

The decidua is a hallmark of reproduction in many placental mammals. Differentiation of decidual

stromal cells is known to be induced by progesterone and the cyclic AMP/protein kinase A

(cAMP/PKA) pathway. Several candidates have been identified as the physiological stimulus

for adenylyl cyclase activation, but their relative importance remains unclear. To bypass this

uncertainty, the standard approach for in vitro experiments uses membrane-permeable cAMP

and progestin. We phylogenetically infer that prostaglandin E2 (PGE2) likely was the signal that

ancestrally induced decidualization in conjunction with progesterone. This suggests that PGE2

and progestin should be able to activate the core gene regulatory network of decidual cells. To

test this prediction, we performed a genome-wide study of gene expression in human endometrial

fibroblasts decidualized with PGE2 and progestin. Comparison to a cAMP-based protocol revealed

shared activation of core decidual genes and decreased induction of senescence-associated genes.

Single-cell transcriptomics of PGE2-mediated decidualization revealed a distinct, early-activated

state transitioning to a differentiated decidual state. PGE2-mediated decidualization was found to

depend upon progestin-dependent induction of PGE2 receptor 2 (PTGER2) which in turn leads to

PKA activation upon PGE2 stimulation. Progesterone-dependent induction of PTGER2 is absent

in opossum, an outgroup taxon of placental mammals which is incapable of decidualization.

Together, these findings suggest that the origin of decidualization involved the evolution of

progesterone-dependent activation of the PGE2/PTGER2/PKA axis, facilitating entry into a PKA-

dominant rather than AKT-dominant cellular state. We propose the use of PGE2 for in vitro

decidualization as an alternative to 8-Br-cAMP.

Summary sentence

In vitro decidualization of human endometrial stromal fibroblasts with PGE2 and progestin induces

a different but genuine decidual cell state through PTGER2-dependent PKA activation when

compared to the conventional cyclic AMP/MPA protocol.

https://doi.org/10.1093/biolre/ioab183
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Introduction

The uterine decidua, the transient tissue that forms the maternal side
of the fetal–maternal interface, plays an essential role in the repro-
duction of mammals with invasive placentation [1]. The decidua
evolved in the stem lineage of placental (eutherian) mammals [2]
and was a key innovation for the evolution of extended gestation
in this clade [3–5]. Decidual development entails the differentiation
of the endometrial stromal fibroblasts (ESF) into mature decidual
stromal cells (DSC). ESF are routinely differentiated into DSC in
vitro by stimulation with ovarian hormones and signals that activate
the cyclic AMP (cAMP)/protein kinase A (PKA) pathway. Most
commonly, this is achieved by membrane-permeable 8-Br-cAMP.
Based upon recent findings from endometrial stromal cell biology
([6, 7]; and see below), we infer prostaglandin E2 (PGE2) to have
been a physiological cAMP-activating signal present at the time the
decidual cell type evolved. While this molecule has been shown to
enhance decidual marker expression (e.g., [8]), in vitro deciudal-
ization with PGE2 has since fallen out of favor. We used bulk and
single-cell transcriptomics to characterize the process of PGE2 and
progestin-mediated human in vitro decidualization and to quantify
the production of cells in a senescence-like state in comparison to
the conventional cAMP + MPA method. Additionally, we identify
that the receptor through which this signal is received, PTGER2, is
facultatively expressed in response to progestin in a manner which
is lacking in the opossum, a nondeciduate outgroup.

Background and evolutionary scenario

The ability of ESF to differentiate into DSC is an evolutionarily
derived trait [9], and the stromal cells that are able to form DSC
can be considered to be “neo-ESF” [10]. The neo-ESF and DSC
evolved from an ancestral endometrial cell type unable to decidu-
alize, or “paleo-ESF.” paleo-ESF are still found in the gray short-
tailed opossum, Monodelphis domestica [6, 11]. The paleo-ESF of
this species can be distinguished from the nondeciduate state found
in some placental mammals, such as horses and cows, as the latter
have likely lost the decidual reaction secondarily [2]. It follows
that the comparative study of the paleo- and neo-ESF’s response to
deciduogenic stimuli is a way to identify the molecular innovations

that underlie the evolutionary origin of the DSC differentiation
pathway.

The most recent common ancestor of placental mammals and
marsupials lacked a decidua and likely had a short gestation [12].
The gray short-tailed opossum is a useful proxy for this ancestral
state as this species retains many aspects of this inferred ancestral
state in its reproductive biology–for instance, lacking derived fea-
tures present in macropods, such as kangaroos and wallabies [13]. In
this species, the embryo attaches to the uterine epithelium for a short
2-day period immediately before birth [14, 15]. During attachment,
the embryo elicits an inflammatory attachment reaction (IAR) sim-
ilar to the inflammatory processes observed during implantation in
placental mammals [14, 16]. These processes must be induced by the
embryo because they are not observed during pseudo-pregnancy/the
sterile ovarian cycle [17]. Based upon this biological scenario, we can
infer that the IAR existed before the origin of the decidua. The IAR
thus provides part of the physiological environment within which
ESF evolved into neo-ESF and DSC. The initial biological role of the
DSC likely was to control uterine inflammation to allow extended
gestation [4, 12], with their differentiation occurring in the presence
of cues and signals from an inflammatory response.

Inferring the minimal ancestral deciduogenic network

In humans, the decidualization process is complex, involving an
array of deciduogenic signals and transcription factors [1]. This
complexity likely is the result of the evolution of multiple layers
of regulation and modifications after the evolutionary origin of
DSC. In order to understand the molecular mechanisms that led
to the evolutionary origin of the DSC, we aim at stripping this
down to a minimal ancestral deciduogenic signaling network. Such
a minimal ancestral network then could lead us to the core gene
regulatory mechanisms specific for decidual cell type identity and
toward understanding the various specializations the decidualization
process has acquired after the origin of DSC.

We take the IAR as described in the opossum [14, 16] and
the concurrent endocrine status to be a model for the signaling
environment in which DSC evolved. Therefore, the physiological
environment of the paleo-ESF before they evolved into neo-ESF and
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DSC must have consisted of at least two types of signals: (1) post-
ovulatory ovarian hormones, most notably progesterone (P4) and
relaxin (RLN) and (2) the paracrine environment caused by the IAR,
which includes PGE2, IL6, IL10, IL1, TNF, and others [14, 16]. To
identify candidate ancestral deciduogenic signals, we can intersect
the physiological environment in which the DSC likely evolved (see
above) and the list of known deciduogenic stimuli as identified by
in vitro experiments, mostly on human and rodent ESF [1] and
then ask which of these signals and receptors is broadly conserved
among placental mammals. Our criteria for candidate ancestral
deciduogenic signals are as follows: (1) presence during the IAR
in opossum (or other outgroup species), (2) causal effectiveness in
vitro, and (3) conservation among species that retained the decidual
reaction.

A broadly accepted model for the molecular basis of human
decidualization closely mirrors our two kinds of ancestral stimuli,
holding that decidualization occurs through the convergence of
two signaling pathways, progesterone signaling via isoform A
of the nuclear progesterone receptor, PR-A, and the cAMP/PKA
pathway [18]. The standard protocol for in vitro decidualization
of human ESF consists of medroxyprogesterone acetate (MPA)
and 8-bromo cAMP [19]. MPA is a stable progestin, replacing
the in vivo role of P4 in vitro, and 8-Br-cAMP is a membrane-
permeable analog of cAMP. This protocol circumvents the question
of which signal leads to the activation of adenylyl cyclase, and
thus is not informative about the in vivo deciduogenic signal,
other than it has to be a ligand acting through cAMP. Other
decidualization signals that have been verified to be deciduogenic
or to enhance decidulization in vitro, other than progestin which is
always essential, are the following: PGE2 ([8]), RLN ([20]), human
chorionic gonadotropin (hCG; [21]), and TGFB1 [22]. Of these,
three bind receptors signal through the cAMP-PKA pathway: RLN,
hCG, and PGE2, and therefore they rise to the top of the candidate
list.

The first of these candidates is RLN. In humans, the RLN gene
family consists of three members, with one limited to the brain
and with RLN1 and RLN2 playing various roles in peripheral
organs, most notably in female reproduction [23]. It is produced
by the corpus luteum in many animals, including marsupials [24,
25]; thus, RLN signaling is likely ancestral for placental mammals.
RLN2 acting through its receptor RXFP1 signals through the cAMP
pathway and plays a well-documented role in parturition. It is also
expressed in the placental trophoblast in humans [26]. It has been
shown to contribute to decidualization of human ESF in vitro [20,
27], although whether RLN (±progestin) is sufficient is questionable,
as it has been found to require supplementation by cAMP-degrading
phosphodiesterase [28] or forced expression of RXFP1 [29]. RLN
is thus a good candidate for being one of the ancestral deciduogenic
signals. To further investigate this possibility, we surveyed the expres-
sion of mRNA for receptors for RLN and various other candidate
ligands in primary ESF of 11 mammalian species collected for an
independent project (Figure 1) [7]. Within this dataset, we detected
the RNA for the two cAMP-activating RLN receptors (RXFP1 and
RXFP2) only in primary ESF of rodents (i.e., rat and guinea pig) and
cat (Figure 1) but not in other species, including the opossum. This
phylogenetic distribution of receptor expression makes it likely that
RLN signaling was not part of the ancestral deciduogenic signaling
network but was recruited to this role later in mammalian evolution.

Next, gonadotropins, such as follicle stimulating hormone (FSH),
luteinizing hormone (LH), and hCG, have also been linked to decidu-
alization [21]. These proteins are heterodimers consisting of an alpha

subunit shared between hCG and LH, FSH and thyroid stimulating
hormone, and a beta subunit that is specific to the individual
hormones. While the most prominent of the gonadotropins linked to
decidualization in humans is hCG, this role of hCG is controversial
[30]. Furthermore, the beta subunit of hCG (hCGβ) originated from
a gene duplication of the LHB gene in the stem lineage of anthropoid
primates [31]. Even though some in vitro studies have shown that
hCG can support or enhance decidualization of human ESF [21],
hCG has phylogenetically originated too recently to be part of the
ancestral deciduogenic signaling network.

Finally, PGE2 is a small molecule of the eicosanoid family with
well-established roles in inflammation and the female reproductive
tract. In conjunction with progesterone, PGE2 has been shown to
be effective in in-vitro decidualization (see [8], and earlier references
summarized in [32]: 256). The PGE2 and other prostaglandins are
synthesized in vivo at the implantation site after embryo attachment
in a wide range of eutherian mammals, including the mouse and rat,
the dog [33], as well as those with less-invasive types of placentation,
such as the sheep [34], cow [35, 36], pig [37], and horse [38], often
involving production by the luminal epithelium in response to stim-
ulation from the embryo [39]. Outside of eutherians, prostaglandin
H synthase 2 (PTGS2) and PGE2 itself are detected in the uterus of
the opossum following embryo attachment [6, 14], and PGE2 has
roles even more broadly in amniote reproduction [40]. Beyond the
ubiquity of PGE2, ESF sensitivity to it is also widespread. The mRNA
of the PGE2 receptor PTGER4 was detected in primary ESF of 10
out of 11 eutherian species from Ma et al. [7] (Figure 1), with dog
being the only exception (but see [41]). Hence, it can be inferred
that PGE2 has both been induced by the uterine attachment reaction
and has been detectable by ESF via PTGER4 as far back as the most
recent common ancestor of opossum and human. It thus was likely
part of the paracrine milieu in which DSC evolved. This inference
is bolstered by the finding that exposure of opossum paleo-ESF to
either PGE2 or 8-Br-cAMP in vitro induced prostaglandin catabolic
processes and reduced prostaglandin anabolic processes [6]: such
regulatory behavior of the cells suggests that they “interpret” excess
cAMP stimulation as prostaglandin overload, a behavior which
only makes sense if it evolved under conditions where the cAMP-
activating stimulus is reliably due to prostaglandin.

Based upon this process of elimination and reappraisal of the
natural history of known decidualizing signals, two of the most likely
candidates for membership in the minimal ancestral deciduogenic
signaling network are progesterone and PGE2. This model does
not imply that other factors are not involved in decidualization
of the human ESF or that of other species. For instance, another
prostaglandin, PGI2, also has a receptor which activates cAMP and
is fairly widely expressed in ESF (Figure 1), but comparatively little
is known about this molecule and the conservation of its production,
whereas PGE2 production at the fetal–maternal interface is well
established (Supplementary Table S1 and references therein). It is
certain that the number and kind of signals involved in human
and primate decidualization has increased during evolution after
the cell type originated in the stem of placental mammals. This is
most clearly demonstrated by the evolutionary history of hCG, for
instance, which only evolved among primates (see above). Since RLN
and hCG are also acting through cAMP/PKA, their role is likely that
of additive or enhancing factors, making primate decidualization
more robust. The question that follows is, how much of the core
decidualization phenotype can be reproduced by progesterone and
PGE2 alone and how it compares to the standard decidualization
protocol.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab183#supplementary-data
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Figure 1. Expression of receptors for potential deciduogenic ligands in unstimulated primary ESF from 11 species. RLN receptors: RXFP1, RXFP2; PGE2 receptors:

PTGER2, PTGER4; and prostaglandin I2 receptor: PTGIR. Data from Ma et al. [7] depicted as mean square-root TPM from all replicates. Error bars represent

standard error of the mean. Tree topology from dos Reis et al. [90].

In the present study, we asked to what extent a regime of pro-
gestin and PGE2 stimulation can produce DSC in vitro and what cell
states ESF assume in response to MPA and PGE2. We hypothesized
that PGE2 + MPA would induce a transcriptome-wide decidual
transformation, including but not limited to the markers PRL and
IGFBP1, and that the substitution of a potentially more physio-
logical stimulus than membrane-permeable cAMP would prevent
the production of senescent cells as recently reported from cAMP-
based protocols [42, 43]. We failed to reject the former, finding what
appeared to be successful PGE2-mediated decidualization. However,
with respect to the latter, we did identify in our single-cell analysis a
portion of cells expressing a senescence-associated genetic program
as a divergent endpoint. Finally, through follow-up research, we also
identified a receptor switch mechanism by which progestin induces
the expression of PTGER2, which is driving decidualization. This
mechanism was not activated in the cells becoming senescent and
is also not active in the paleo-ESF from opossum [6]. We thus infer
that the progestin-dependent induction of PTGER2 was a key gene
regulatory innovation, which is essential for the evolutionary origin
of DSC and thus for eutherian pregnancy.

Materials and methods

Cell culture and in vitro decidualization

Immortalized human ESF (ATCC line CRL-4003) were cultured in
growth media containing the following: 1× antibiotic-antimycotic
(15240, Gibco; contains penicillin, streptomycin, and amphotericin
B), 15.56 g/L DMEM/F-12 without phenol red (D2906, Sigma-
Aldrich), 1.2 g/L sodium bicarbonate, 10 mL/L sodium pyruvate
(11360, Thermo Fisher), and 1 mL/L ITS supplement (354350,
VWR) in 10% charcoal-stripped fetal bovine serum (100–199, Gem-
ini). Media was replaced every 3–4 days during cell growth.

Primary human ESF (HsESF_217S), which had been previously
isolated from a patient undergoing a polypectomy [44], were grown

identically to the above. Those used in the senescence assay were in
their 12th passage since isolation.

For in vitro decidualization, cells were grown in a base
medium containing antibiotic-antimycotic (15240, Gibco), 15.56 g/L
DMEM/F-12 (D8900, Sigma-Aldrich), and 1.2 g/L sodium bicar-
bonate in 2% fetal bovine serum (100–106, Gemini). Additives
included MPA (M1629, Sigma-Aldrich) at a concentration of 1 μM
or progesterone (P4) at a concentration of 1 or 50 μM (P0130,
Sigma-Aldrich), PGE2 at a concentration of 1 μM (HY-101952,
MedChemExpress; in DMSO for a final concentration of <0.2%),
or 0.5 mM 8-bromoadenosine 3′-5′-cyclic monophosphate (B7880,
Sigma-Aldrich). Unless otherwise noted, media was changed daily
during the decidualization process. Decidualization was begun when
cells had reached approximately 80% confluency in six-well (9 cm2)
culture plates unless otherwise stated.

For inhibitor experiments, in vitro decidualization was conducted
with the addition of either 1 μM PTGER2 inhibitor (PF-
04418948, Sigma), 1 μM PTGER4 inhibitor (ER-819762, Sellek),
or 5 μM of the PKA inhibitor H-89 (B1427, Sigma). Concen-
trations were determined based upon published literature (PF-
04418948: [45]; ER-819762: [46]; H-89: [47, 48]) and preliminary
experiments.

Bulk RNA sequencing

Cells for RNA-seq analysis were prepared as outlined above and
were treated in duplicate (base media; cAMP + MPA; PGE2 + MPA)
or quadruplicate (MPA alone; PGE2 alone) for 6 days. The RNA
was isolated from cells lysed using Qiagen Buffer RLT and was
processed using the RNeasy Mini Kit (74104, Qiagen) according
to the manufacturer’s specifications. Transcriptome libraries were
generated from isolated RNA by the Yale Center for Genomic
Analysis by using poly-A selection and were sequenced by using an
Illumina HiSeq 2500 apparatus.

Sequencing reads were mapped to the Ensembl human transcrip-
tome GRCh38 version 96 by using the pseudoalignment software
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kallisto (version 0.45.0; [49]). Transcript read counts were normal-
ized by using the transcripts per million (TPM) metric [50] and were
aggregated into gene-wise expression values for comparison between
samples. The Pvclust software package [51] was used to ascertain the
uncertainty in the hierarchical clustering of samples. Principal com-
ponent analysis was conducted on a subset of TPM transcriptomes
by only taking into consideration genes with an average expression
of between 3 and 1000 TPM across all conditions.

Differential expression analysis was conducted using edgeR (ver-
sion 3.34.0; [52]). The resulting differentially expressed genes were
filtered to only those expressed at greater than 3 TPM, an operational
threshold for active expression in bulk RNA-seq data [53]. Further-
more, only genes with a false discovery rate that is lower than 10−6

and an average fold change of greater than 1.5 between treatment
and control (treatment/control expression >1.5 for upregulated, or
control/treatment >1.5 for downregulated) were considered. Then,
this list was subset to genes up- or downregulated in any one treat-
ment, relative to base media treatment or under multiple treatment
conditions, following a Venn diagram approach. For analyses that
only took protein-coding genes into consideration, filtering using the
Ensembl BioMart “protein_coding” gene-type annotation reduced
the total number of genes from 35,571 to 19,968, and TPM were
recalculated accordingly.

The K-means clustering of genes by square root-transformed
TPM values was conducted to generate a number of clusters ranging
from 2 to 14. Following silhouette score comparison, k = 9 clusters
appeared to capture the most prominent patterns from our heatmap
including all genes, so more extensive analysis was conducted on
these nine clusters. Pathway analysis and gene ontology annotation
were performed using the Enrichr database [54].

Single-cell RNA sequencing

Single-cell RNA sequencing was conducted on two independent
batches of ESF decidualized in vitro for 2 or 6 days by daily
administration of media containing 1 μM PGE2 and 1 μM MPA.
Single-cell suspensions were prepared by a protocol modified from
the 10X Genomics Sample Preparation Demonstrated Protocol for
Cultured Cells (CG00054 Rev. B). Briefly, cells were rinsed with Try-
pLE express (12604, Thermo Fisher) and were treated with TrypLE
express for 5–10 min at 37◦C. Ten milliliters of the growth medium
was added and the cells were pelleted by centrifugation for 5 min at
400g, then resuspended in 5 mL growth medium by pipetting up and
down for 10–20 times. Next, an 18-gauge needle was used to transfer
the cells onto a 40-μm strainer, and the flowthrough was centrifuged
and resuspended in PBS containing 0.04% bovine serum albumin
(A9647, Sigma). The resulting suspension was passed through a 30-
μm cell strainer and was used for single-cell library preparation
using the 10× Chromium platform (3′ chemistry, version 3) and was
sequenced by using an Illumina NovaSeq apparatus for an average
of 39,116 reads per unique capture bead barcode.

Initial alignment of raw sequencing reads to the human genome
(GRCh38 3.0.0 preparation by 10× Genomics), filtering, barcode,
and unique molecular indicator counting was conducted using 10×
Genomics cellranger software versions 3.1.0 (replicate 1) or 5.1.0
(replicate 2). Resulting feature-barcode matrices were processed
using scprep software version 1.0.5 (github.com/KrishnaswamyLab/
scprep). In attempt to remove data points originating from beads that
had captured ambient RNA (low library size), multiple cells (high
library size), or cells having lost membrane integrity (disproportion-
ately high mitochondrial genes), data were further thresholded based

on library size at values after examination of distributions among
cells (lower cutoffs of 4332, 3900, 5625, and 5414 features/cell and
higher cutoffs of 20 380, 22 674, 17 647, and 43 252 features/cell
for 2d replicate 1, 6d replicate 1, 2d replicate 2, and 6d replicate
2, respectively) and below the 93rd percentile of mitochondrial gene
content of the library after examination of distributions (Supplemen-
tary Figure S2). Genes expressed in fewer than five cells from either
sample were also excluded from the analysis. The final result from
filtering was 6437 2-day cells and 6140 6-day cells for a total of
12 577 cells and 18 077 genes considered in downstream analyses.

Read counts were normalized to counts per million and were
square root-transformed. Replicates of identical stages were com-
bined by using mutual nearest neighbor matching to correct for
batch effect [55]. Low-dimensional embedding was performed using
PHATE (version 1.0.5; [56]) For the purpose of visualizing individual
gene expression, denoising was performed by using MAGIC (version
2.0; [57]). The statistical dependency between genes was quantified
by using k-nearest neighbor conditional density resampled estimate
of mutual information (knn-DREMI: [57, 58]) where indicated.

Cells were partitioned using k-means clustering with increasing
k parameters (Supplementary Figure S5), and the lowest number of
clusters was chosen for which each prominent region of the embed-
ding was partitioned into a unique cluster but before a precipitous
drop in silhouette score. Marker genes for each cluster were identi-
fied using scprep’s differential expression function which performed
Welch’s t-test between cells within and without each cluster. Cell
cycle stage prediction [59] was calculated using built-in functionality
of scanpy (v1.7.2; [60]). Automated annotation of single cells with
their most similar bulk RNA-seq treatment condition out of base
media, PGE2 + MPA, or cAMP + MPA was performed using SingleR
(v1.0.6; [61]), which identified one end of the trajectories to be
most ESF-like (highest similarity to base media-treated ESF). This
predicted trajectory was further scrutinized by using RNA velocity,
first by identifying spliced and unspliced reads using the velocyto
pipeline [62] and then using the scVelo algorithm (v0.2.3; [63])
with the algorithm’s stochastic model of transcriptional dynamics for
plotting and dynamical model for latent time calculation. Velocity-
informed terminal cell states and absorption probabilities [64] were
calculated using CellRank (v1.3.1; [65]).

Quantitative PCR

Quantitative real-time PCR (qPCR) was conducted to quantify
transcript abundance using the Thermo Fisher TaqMan assay system
with the following commercial probes of standard sequence: human
TBP (Hs99999910_m1), human PRL (Hs04987233_m1), human
IGFBP1 (Hs00236877_m1), human PTGER2 (Hs00168754_m1),
and human PTGER4 (Hs00168761_m1). The complementary DNA
(cDNA) libraries were constructed by using the High-Capacity
cDNA Reverse Transcription kit (4368814, Applied Biosystems)
from RNA isolated as was done for bulk sequencing (RNeasy Mini
Kit; 74104, Qiagen). PCR was executed on a StepOne Plus Real
Time PCR System 482 (Applied Biosystems).

PCR reactions were ran in sets of three technical replicates unless
otherwise noted. Expression of target genes was quantified as linear
expression relative to that of the endogenous control TBP (E):

E = 2−ΔCtGOI = 2− ¯CtGOI− ¯CtTBP ,

where the mean Ct value of the gene of interest (GOI) was subtracted
from the mean Ct value of TBP to yield �Ct. Error values (bars

github.com/KrishnaswamyLab/scprep
github.com/KrishnaswamyLab/scprep
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab183#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab183#supplementary-data
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plotted as ±1 standard deviation) were calculated by propagation
of uncertainty through the aforementioned equation. Differences of
sample mean delta Ct values by treatment were estimated by using
analysis of variance. Pairwise comparisons between treatment condi-
tions were then made using Tukey’s Honestly Significant Difference
method and were depicted in plots using the letter-based system
developed by Piepho [66], where non-overlap of letters indicates a
P value of <0.05.

Senescence-associated β-galactosidase

Immortalized (CRL-4003) or primary (HsESF_217S) human ESF
were cultured in base differentiation media, with one of the following
sets of additives: none (control), 1 μM MPA, 1 μM MPA plus 1 μM
PGE2, or 1 μM MPA plus 0.5 mM cAMP. Media was replenished
daily over the course of 3 (visualization only) or 6 days. At the end
of the time course, senescence-associated β-galactosidase (SAβG)
activity was ascertained using a chromogenic (5,5′-dibromo-4,4′-
dichloro-indigo) staining kit (9860S, Cell Signaling) or quantitative
fluorimetric assay (CBA-231, Cell Biolabs) following the manufac-
turer’s instructions. In the chromogenic protocol, cells were rinsed
in PBS and were treated with fixative solution for 10–15 min, rinsed
with PBS twice, incubated overnight in staining solution at 37◦C, and
thereafter imaged. For the fluorimetric assay, cells grown in 24-well
plates were processed following the manufacturer’s specifications.
Fluorescence was measured on a Modulus II plate reader with UV
module, with an excitation wavelength of 365 nm and emission
wavelength of 460 nm. Protein from cell lysates was quantified using
a Pierce BCA Protein Assay Kit (23225, Thermo Fisher) according to
the manufacturer’s specifications and was measured on a Modulus
II plate reader with an absorbance wavelength of 560 nm. Pairwise
significance values were determined via t-test.

Results

Progestin + PGE2 treatment activates classical

hallmarks of decidualization

Immortalized human ESF were treated with either progestin (MPA)
and/or PGE2, progestin and cAMP, or with base culture media alone.
The PGE2 + MPA treatment induced a morphological change from
an elongate fusiform morphology to a more laterally expanded shape
(Figure 2a). The expression of key decidual marker genes prolactin
(PRL) and insulin-like growth factor-binding protein 1 (IGFBP1)
were upregulated to a similar extent in response to both treatments
as determined by qPCR (Figure 2b). The PGE2 + MPA effect on PRL
was non-additive in that the effect was only observed in the presence
of both ligands, whereas the effect of MPA alone was insignificant
and that of PGE2 alone was significant but negligible. The IGFBP1
responded to PGE2 alone but not to MPA alone.

PGE2 + MPA and cAMP + MPA treatments affect

overlapping sets of genes

Bulk transcriptome sequencing was conducted on cells exposed
to both decidualization regimes for 6 days as well as to a base
media control. Hierarchical clustering, correlation, and covariance
analyses (Supplementary Figure S1a–c) found that PGE2 + MPA-
treated cells clustered with cAMP + MPA-treated cells, then with
PGE2-only-treated cells, to the exclusion of the base media and
MPA-only control groups. Of all treatment pairings, MPA + cAMP
and MPA + PGE2 treatments lay closest to each other in expression
space by Euclidean distance (Supplementary Figure S1d). Principal

Figure 2. In vitro decidualization of human ESF using PGE2 + MPA. (a) Cells

treated with culture media for 6 days (6d Base) retained spindle morphology,

whereas cells treated with MPA plus PGE2 or cAMP for 6 days became more

globular. Scale bar = 20 μm. (b) qPCR quantification of decidual markers PRL

and IGFBP1 in response to various decidualization regimes, measured as

linearized expression relative to control gene TBP. Technical n = 3 for all

conditions.

component analysis (Figure 3a) was used to visualize the collec-
tive similarity of the three gene expression states. Transcriptomes
were found to separate along the first two principal component
axes grouping primarily by treatment condition. The first axis,
explaining 33.8% of variance, separated the two deciduogenic treat-
ments from the control treatments. The second principal component
axis, explaining 24.3% of the variance, separated the three MPA-
containing treatments from the base media treatment and also from
the PGE2-alone treatment.

Differential gene expression analysis was conducted on all
pairings of the four treatment regimes with the base media group.
There was substantial overlap of 503 genes found to be upregulated
under cAMP + MPA treatment (55% of 922 genes) as well as
under PGE2 + MPA treatment (81% of 620 genes) (Figure 3b).
Top genes following this pattern belonged to the gene sets “BMP2-
WNT4-FOXO1 pathway in human primary endometrial stromal cell
differentiation” (WP3876, P = 7.7 × 10−10) and “TGF-beta signaling
pathway” (KEGG, P = 1.3 × 10−5). The overlap of downregulated
genes (403 of 956, 42%, under cAMP + MPA, and 403 of 468,
86%, under PGE2 + MPA) was similarly large. In both cases, the
set of genes differentially expressed in response to cAMP + MPA
treatment was larger than the number of genes uniquely responsive
to PGE2 + MPA (419 vs. 117 genes uniquely upregulated, and
553 vs. 65 genes uniquely downregulated). This asymmetrical
pattern suggests that cAMP is inducing expression of genes that
are not affected by PGE2. Next, the question arose whether the
similarities between cAMP + MPA and PGE2 + MPA treatment
groups was due to their shared use of progestin, or the fact that
both activated cAMP-PKA signaling. Comparison to PGE2-alone
and MPA-alone control groups revealed that a large number
of genes were shared between the two deciduogenic treatments

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab183#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab183#supplementary-data


PGE2 as an ancestral decidual signal, 2022, Vol. 106, No. 1 161

Figure 3. Bulk RNA sequencing analysis. (a) Principal component analysis conducted on protein-coding genes. Transcriptomes cluster by treatment. Arrows

drawn represent putative decidualization trajectories. (b) Venn diagrams of genes differentially upregulated or downregulated in response to cAMP + MPA or

PGE2 + MPA treatments with respect to control treatments. (c) Heatmap of differentially expressed protein-coding genes. (d) K -means clustered (k = 9) heatmap

of differentially expressed protein-coding genes showing major patterns of comparative gene expression among the treatment conditions.

and PGE2 alone (329 up and 303 down) compared to those
shared between the deciduogenic treatments and MPA alone (89
up and 100 down). Pathways shared with PGE2 alone included
“cAMP-mediated signaling” (GO:0019933, P = 2.3 × 10−2) and
“cAMP catabolic process” (GO:000619, P = 1.9 × 10−2) such as

the phosphodiesterase enzymes PDE4B, PDE4D, and PDE3A,
as well as “prostaglandin synthesis and regulation” (WP98,
p = 1.1 × 10−4) pathway genes prostaglandin F receptor PTGFR,
prostaglandin H synthase 1 PTGS1, and prostaglandin E synthase
PTGES.
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Both PGE2 + MPA and cAMP + MPA activate the

decidual cell core regulatory network

Hierarchical clustering of differentially expressed genes (Figure 3c)
revealed several prominent patterns of gene expression under decid-
uogenic, MPA, and PGE2 treatments. To investigate this further,
k-means gene clustering was conducted over a range of hyperpa-
rameters from k = 2 to k = 14 clusters. Data were best represented
by nine major patterns of differential gene expression between the
five treatment conditions, as more granular clustering resulted in a
precipitous drop in silhouette score (Supplementary Figure S1e). The
full output from this analysis is provided in Supplemental Data.

Four of the resulting gene clusters represented genes lowly
expressed in the base media-treated group, and becoming activated
in response to various treatments, whereas five represented genes
moderately to highly expressed in ESF but downregulated in
response to either cAMP + MPA, PGE2 + MPA, PGE2, or MPA
treatment (Figure 3d). Of the former, cluster 1 included 122
genes which were generally upregulated in response to any of
the treatments which contained MPA but not to PGE2 alone.
This included prostaglandin-related genes, such as PTGER2 and
prostaglandin D synthase PTGDS, as well as the decidual marker
zinc finger and BTB domain-containing protein 16 ZBTB16. As may
be expected for progestin response genes, the “Nuclear Receptors
Meta-Pathway” (WP2882, P = 1.9 × 10−2) was enriched in this
cluster. Cluster 2 contained genes associated with MPA-alone and
PGE2-alone treatment but lacked a distinguishing functional pattern
besides mitochondrial and ribosomal genes.

Major genes upregulated in response to deciduogenic treatments
relative to the base media treatment group were split across two
clusters, cluster 9 and cluster 5. Cluster 9 included 706 genes
which generally were expressed in response to both deciduogenic
regimes (occasionally to a greater degree in cAMP + MPA than
in PGE2 + MPA) but were less affected by PGE2 or MPA alone.
This cluster included several of the genes that have been identi-
fied as belonging to the decidual cell-type’s core gene regulatory
network [6, 67], including transcription factors forkhead box pro-
tein O1 FOXO1, homeobox A11 HOXA11, heart- and neural
crest derivatives-expressed protein 2 HAND2, Krueppel-like fac-
tor 9 KLF9, and zinc fingers and homeoboxes protein 2 ZHX2
(Supplementary Table S2). This cluster also included some effector
genes encoding signaling peptides associated with decidual cells,
such as PRL, IGFBP1, left–right determination factor 2 LEFTY2,
and WNT4. The consistency of this pattern suggested that a true
differentiation to the decidual cell type had taken place in both
deciduogenic treatment regimes. Another group of 547 genes, cluster
5, showed a pattern of elevated expression following cAMP + MPA,
PGE2 + MPA, as well as PGE2-only treatments, but not in response
to base media or MPA alone. This included decidual transcrip-
tion factors, Meis homeobox MEIS1, odd-skipped-related 2 OSR2,
nuclear receptor 4A2 NR4A2, and zinc finger protein 331 ZNF331,
as well as signaling genes such as bone morphogenetic protein 2
BMP2 and the decidual marker somatostatin SST. Gene sets enriched
in clusters 5 and 9 included “TGF-beta signaling pathway” (KEGG,
cluster 5 P = 1.2 × 10−2, cluster 9 P = 2.1 × 10−3) as well as an endo-
plasmic reticulum-associated gene set, including “protein processing
in endoplasmic reticulum” (KEGG, cluster 5 P = 1.2 × 10−6, Clutser
9 P = 4.1 × 10−3) and “response to endoplasmic reticulum stress”
(GO:0034976, cluster 5 P = 4.5 × 10−4, cluster 9 P = 7.2 × 10−3).
Genes associated with the lysosome (KEGG, cluster 5 P = 5.3 × 10−6,

cluster 9 P = 1.8 × 10−3) also followed this pattern, such as α-
galactosidase GLA, alpha and beta mannosidases MAN1A1 and
MANBA, and fucosidase FUCA1, in cluster 5, and FUCA2 and
MAN2A2 in cluster 9. Several of the decidual genes in cluster 5
were also upregulated by PGE2-only treatment, possibly indicative of
genes responding to generic cAMP-PKA activation. These included
genes functioning in “negative regulation of cAMP-dependent pro-
tein kinase activity” (GO:2000480, P = 2.7 × 10−2) such as cAMP-
dependent protein kinase inhibitors, PKIA and PKIG, as well as
regulatory subunits of PKA PRKAR1A and PRKAR2B: this may
reflect the existence of negative feedback mechanisms.

The other identified gene clusters consisted of genes highly
expressed in ESF to begin with. Clusters 4 and 7 included
genes which tended to be downregulated by both deciduogenic
regimes and by PGE2 alone (i.e., the cAMP pathway-activating
treatments) but not by MPA alone. Pathway analysis of cluster 4
genes returned terms primarily associated with cell proliferation,
including “cell cycle” (KEGG, P = 1.3 × 10−5), “DNA replication”
(KEGG, P = 4.3 × 10−6), and “mitotic sister chromatid segregation”
(GO:0007052, P = 7.2 × 10−9) and genes related to the cytoskeletally
mediated cell division functions, including thrombospondin-2
THBS2, tubulins TUBB6, TUBB4B, TUBA1A, and TUBA1C.
Cluster 7 contained 377 genes with a similar signal of cell cycle (“cell
cycle,” KEGG, P = 1.6 × 10−3) in addition to genes having to do with
translation such as the aminoacyl-tRNA synthetases WARS, YARS,
MARS, GARS, and SARS. This cluster also included genes involved
in epithelial–mesenchymal transition, such as periostin POSTN and
SLUG SNAI2, which both exhibited markedly decreased expression
in all three cAMP-activating treatments: POSTN was particularly
outstanding with an average expression of greater than 50 TPM in
base or MPA treatment groups and lesser than 1 TPM in cAMP
+ MPA and PGE2 + MPA groups. Furthermore, genes mediating
cellular interactions, such as “tight junction”(KEGG, P = 1.3 × 10−2)
and “focal adhesion” (KEGG, P = 1.6 × 10−3), including collagen
VI COL6A1, COL6A2, and COL6A3, the hyaluronan-mediated
motility receptor HMMR, ezrin EZR, and the claudin TMEM47,
showed reduced expression following this pattern. This cluster also
included the PGE2 receptor, PTGER4. In summary, gene clusters
4 and 7 suggested that cell cycle exit and changes to cell–cell and
cell-matrix adhesive properties are gene network responses of ESF to
both direct and indirect (via PGE2) cAMP-activating deciduogenic
treatments.

Biology of the remaining gene clusters was more subtle. Cluster
3 included 174 genes for which MPA-alone and PGE2 + MPA
treatment generally led to stronger downregulation than cAMP
+ MPA such as growth factors, such as pleiotropin PTN,
neuregulin NRG1, and the GDNF receptor GFRA1. Osteopontin
SPP1, associated with extracellular matrix production during
decidualization, also shared this pattern. Cluster 6 comprised
418 genes downregulated in response to decidualization and to
PGE2 alone, including those involved in “integrin-mediated cell
adhesion” (WP185, P = 8.9 × 10−3) as well as genes regulated by
the transcription factors JUN and FOS (ENCODE TF ChIP-seq
2015, FOSL2 SK-N-SH hg19 P = 3.4 × 10−8, FOSL1 K562 hg19
P = 3.7 × 10−5, JUND HeLa-S3 hg19 P = 2.5 × 10−4), whereas clus-
ter 8 consisted of genes with greatest expression in base media and
cAMP + MPA groups, including the notch receptors NOTCH1 and
NOTCH3 as well as the SRY-related HMG-box transcription factor
SOX4.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab183#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab183#supplementary-data
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Figure 4. SAβG assays. (a, b) Fluorimetric quantification of SAβG in Fluorescence Intensity Units (FIU) divided by protein concentration in μg/μL for major

treatments plus 250 nM dasatinib (Das) have been indicated by using immortalized (a) and primary (b) human ESF. t-test P values: ns: P > 0.05; ∗: P ≤ 0.05;
∗∗ P ≤ 0.01; ∗∗∗: P ≤ 0.001. (c) Representative images of chromogenic SAβG assays on immortalized human ESF treated for 3 and 6 days as indicated. Scale

bars = 20 μm.

Markers of senescent cells preferentially induced by

cAMP + MPA

Decidualization has been suggested to lead to two fates, decidu-
alization and senescence, with both playing important biological
roles in implantation [42, 43]. Specifically, these senescent decidual
cells have been shown to arise in vitro after 4 days of cAMP +
MPA stimulation [43]. To determine whether a similar population
was being produced in response to PGE2 + MPA, transcriptomic
markers for the senescent decidual state were examined. These
markers included ABI family member 3-binding protein ABI3BP,
A disintegrin and metalloproteinase with thrombospondin motifs 5
ADAMTS5, cell migration-inducing and hyaluronan-binding protein
CEMIP (a.k.a. KIAA1199), clusterin CLU, type II iodothyronine
deiodinase DIO2, insulin-like growth factor 2 IGF2, lumican LUM,
epididymal secretory protein E1 NPC2, and the SRY-related HMG-
box transcription factor SOX4 (Supplementary Table S3). Several
of these genes showed elevated expression under both deciduogenic
regimes but to a greater degree under cAMP + MPA, whereas oth-
ers, such as ADAMTS5, CLU, and SOX4, were elevated in bulk
transcriptomes only in cAMP + MPA-treated cells. The preferential
elevation of this signature in cAMP + MPA decidualization com-
pared to PGE2 + MPA treatment prompted further investigation of
to what degree a senescent cell population existed in PGE2 + MPA-
decidualized cells.

As a test for cellular senescence, fluorometric analysis of SAβG
activity was conducted on ESF treated for 6 days with base

media, cAMP + MPA, PGE2 + MPA, or MPA alone (Figure 4). In
immortalized cells (Figure 4a), both cAMP + MPA and PGE2 + MPA
treatments significantly increased this metric of cellular senescence
relative to base treatment (+159%, P = 3.2 × 10−4 and +67%,
P = 1.4 × 10−3), where cAMP + MPA-treated cells were induced to a
greater degree than PGE2 + MPA (P = 1.3 × 10−2). By contrast, MPA
treatment alone had a minimal, only a marginally significant effect
(+10%, P = 4.5 × 10−2) To rule out the possibility of an artifact
related to immortalization, the experiment was repeated with a
primary cell line (Figure 4b). In these cells, cAMP + MPA, but
not PGE2 + MPA treatment, elevated the senescence signal relative
to base media (+77%, P = 3.0 × 10−2 vs. +5%, P = 7.4 × 10−1),
whereas MPA alone induced lower senescence signal than base
treatment (−44%, P = 4.9 × 10−3).

A chromogenic test for SAβG activity was also conducted at 3-
and 6-day time points (Figure 4c). Qualitatively, these demonstrated
a pattern of increased SAβG+ staining overall at day 6 relative to day
3 and recapitulated the pattern of higher staining in PGE2 + MPA
and cAMP + MPA-treated cells versus MPA-alone and base media
treatments. We interpret this result as indicating that, under both
deciduogenic treatment regimes, the cells experience cellular stress,
possibly caused by the energy demand associated with transcrip-
tional reprogramming, but given the reduced signal of senescence
under PGE2 + MPA treatment from both bulk RNA-seq and SAβG
assays, we further sought to evaluate the presence of senescent cells
via single-cell RNA-seq.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab183#supplementary-data
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Single-cell transcriptomic analysis of PGE2-induced

decidualization

To gain a more detailed picture of PGE2-mediated decidualization,
cell cultures were subjected to single-cell transcriptomic analysis
after 2 and 6 days of PGE2 + MPA treatment. This design was
chosen because according to Lucas et al. [43], senescent cells start
to arise after 4 days of decidualization. Single-cell transcriptomes
were embedded in two dimensions using PHATE, where the majority
of cells at both time points were found to fall along a continuous
curve, the putative trajectory of decidualization (Figure 5). In order
to identify a possible branching or differentiation point in the data,
intrinsic dimensionality was calculated with the prediction that cells
in transition between cell types would have more complex transcrip-
tomes (higher intrinsic dimensionality), whereas differentiated states
would have lower intrinsic dimensionality [68]. This analysis identi-
fied a single locus of cells ranked highest in intrinsic dimensionality
toward one end of each curve (Figure 5a). This indicated that the
major transcriptomic transition was occurring in this region.

The next step was to identify which stages of ESF differentiation
the cell states observed correspond to. Visualization of cell tran-
scriptomes revealed that, at both time points, a sparse string of cells
extended out to form a tail. The sparse tail leading into the more
cell-dense area was hypothesized to represent ESF cells lingering in
an undifferentiated state. This was tested by assignment of each cell
to its transcriptomically most similar group from the bulk RNA-
seq experiment, which revealed that the less-densely populated end
of the curve was indeed most ESF-like (Supplementary Figure S3).
Furthermore, cell-cycle phase inference revealed that cells at the tip
of this sparse tail were actively cycling in either G2/M or S phase. By
contrast, cells from the more densely populated end of the ordination
plot were G1 phase, indicating an exit from active cell cycling
(Supplementary Figure S4), and were most similar to PGE2 + MPA-
decidualized bulk transcriptomes (Supplementary Figure S3).

Cells were partitioned into transcriptomically similar clusters
by using k-means clustering (Figure 5b). The optimal number of
clusters was determined manually to be 4 at each time point, after
exploring a range of 2–10 (Supplementary Figure S5). The first
partition recognized at k = 2 was roughly between the sparse tail
of ESF-like cells and the rest, which presumably represented the
exit from a proliferative state. For 2-day-treated cells, increasing to
k = 3 partitioned off a subset of cells forming a second sparse tail
and increasing to k = 4 created a division at the point of highest
intrinsic dimensionality. For 6-day-treated cells, increasing to k = 3
created a division at the point of highest intrinsic dimensionality as
well and increasing to k = 4 created a second division at this point.
Further divisions either sharply reduced clustering silhouette scores
or generated divisions which were not biologically interpretable
divisions, so a total of four clusters was deemed to be the most
meaningful classification of cells for both, the 2- and 6-day time
points.

Differential gene expression analysis was used to identify marker
genes for each cluster (Supplementary Data) and to explore expres-
sion of known markers of various DSC and ESF cell states (Figure 5c;
Supplementary Figure S6). At the sparsely populated ESF-like end of
the curve, ESF markers, such as VIM, EZR, and TUBB6 (Figure 5a),
were most highly expressed at both 2 and 6 days. Furthermore,
these cells also had a distinct cell cycle signature (e.g., GO:1901990,
“regulation of mitotic cell cycle phase transition,”2d P = 2.8 × 10−19,
6d P = 1.5 × 10−9), which is in agreement with the previous cell-cycle
scoring result. Genes underlying this signal included the cytokinesis
gene anillin ANLN (Figure 5a), which was previously identified as

a marker of proliferative ESF [69], indicating a distinction between
proliferation (highly proliferative ESF; hpESF) and differentiation.
While regression out of cell cycle-associated genes is sometimes
conducted in scRNA-seq analyses, it was not done here due to the
potential to mask genuine biological signal [70] of a cell cycle-related
nature of DSC differentiation.

The cluster of cells at the farthest end of the putative decid-
ualization curve, above the transition point at 6 days, showed
expression of decidual genes. This cluster was characterized by
the gene set “BMP2-WNT4-FOXO1 Pathway in Human Primary
Endometrial Stromal Cell Differentiation” (WikiPathways WP3876,
6d P = 3.3 × 10−3), indicating that these were indeed DSC. Decidual
cell signaling peptides, such as PRL, IGFBP1, and LEFTY2, were
expressed in this region along with decidual transcription factors
appearing earlier, such as FOXO1 and HAND2, or later, such as
KLF9 (Figure 5c). At 2 days, decidual regulatory markers were more
lowly expressed but detectable at this end of the curve, although
the genes considered to be decidual effector genes reached a much
higher magnitude at 6 days (Figure 5c). At 2 days, the cluster at
the decidual end of the trajectory were characterized by expression
of FOXO1, decorin DCN, and the PGE2 receptor 2 (PTGER2),
which was unexpressed in the more ESF-like cells, and therefore, this
cluster was deemed to be pre-decidual (pre-DSC). Some of these cells
also showed a signature of differential ribosomal gene expression
(e.g., KEGG “Ribosome,” P = 6.4 × 10−61). This observation can
be interpreted as a sign that cells are still undergoing reprogram-
ming. An enigmatic sparse cluster observed at 2 days was found
to express tumor suppressor p53 TP53 and the gene CDKN2A
encoding the senescence marker p16INK4a, but notably, not the rest of
the senescence-associated gene set identified by Lucas et al. [43], such
as DIO2, SOX4, or ABI3BP, as well as the ribosomal gene signature
(KEGG “Ribosome,” P = 4.8 × 10−48). These cells are labeled as
possibly transient senescent ESF (trESF) in Figure 5 but were not
the focus of further study, as ribosomal genes can obscure other
biological patterns and are sometimes excluded from single-cell data
analysis (e.g., [71]).

At both time points, a cluster of cells located at an intermediate
position below the point of highest intrinsic dimensionality were
also ESF-like, expressing some ESF markers, including tropomyosins
TPM1 and TPM2 as well as alpha smooth muscle actin ACTA2 and
transgelin TAGLN, but not the decidual markers PRL or IGFBP1
(Figure 5c). At both 2 and 6 days, this cluster was enriched in
gene sets such as “regulation of cell migration” (GO:0030334, 2d
P = 9.1 × 10−7, 6d P = 1.1 × 10−3), “homotypic cell-cell adhesion”
(GO:0034109, 2d P = 6.4 × 10−8; 6d P = 1.2 × 10−8), “muscle
contraction” (GO:0006936, 2d P = 6.7 × 10−17, 6d P = 6.2 × 10−5),
and “wound healing, spreading of cells” (GO:0044319, 2d
P = 8.2 × 10−4, 6d P = 5.8 × 10−3). This was interpreted as another
pre-DSC state of ESF, and as it lies between the most ESF-like
cells and the point of highest intrinsic dimensionality believed to
resemble the transition to later-stage decidualization. To differentiate
these early-stage decidualizing ESF from proliferative ESF, and in
recognition of their gene expression profile reminiscent of contractile
activated fibroblasts, we call them activated ESF (acESF).

Finally, marker genes of the senescent-/progesterone-resistant
decidual cell state identified by Lucas et al. [43] were examined to
see whether their expression characterized a subset of cells arising
from our experiments with PGE2. Expression of most of these
genes was at 2 days spread across the putative branch point at
the decidual end rather than being exclusive to one clear endpoint,
but at 6 days, several of these genes, including SOX4, ABI3BP,

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab183#supplementary-data
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PGE2 as an ancestral decidual signal, 2022, Vol. 106, No. 1 165

Figure 5. Single-cell clusters and their differentially expressed genes. (a) PHATE embedding of 2-day (left) and 6-day (right) DSC colored by intrinsic dimension

(ordinal). (b) Labeled k-means cell clusters. (c) Normalized expression values of marker genes for identified clusters, with enclosed circle size corresponding

to the percentage of cells expressing the gene at greater than 1 CPM. (d) RNA velocity stream embedding showing velocity-inferred direction of cellular state

transition. (e) Velocity-informed pseudotime of cells showing progression toward. (f ) Absorption probabilities for senescent (left) and mature (right) decidual

end-points identified at day 6.

ADAMTS5, CEMIP, CLU, and DIO2, did become expressed in
a small region at the corner of the curve abutting acESF cells
and DSC; by increasing clustering granularity to k = 4, these cells
could be partitioned into a distinct cluster which was termed
senescent-like ESF or snESF cells. The emergence of the

SOX4-associated gene program specifically after 6 days is supported
by the finding that DREMI scores (a measure of the strength of
interaction between two genes; [58]) between these genes and by
the finding that the transcription factor SOX4 thought to regulate
several of them [43] was increased at 6 days relative to 2 days



166 D. J. Stadtmauer and G. P. Wagner, 2022, Vol. 106, No. 1

in 6 out of 8 genes (Supplementary Table S4). In addition to the
SOX4-associated gene set, these cells also gradated into the acESF,
expressing shared marker genes such as THBS1 and TPM1. By
contrast, other fibroblast markers, such as TPM2, ACTA2, and
TAGLN, were more biased toward acESF. The SOX4high snESF cells
also expressed a gene set enriched for the “phagosome” pathway
(KEGG P = 1.5 × 10−5) and “PI3K-Akt signaling pathway” (KEGG
P = 2.2 × 10−3). Notably, while ACTA2high TAGLNhigh-activated
fibroblast-like cells were present at both 2 and 6 days, SOX4high

snESF cells did not form a distinctly identifiable cluster at 2 days.
Having determined major gene expression patterns via marker

gene identification and via comparison to bulk RNA-seq, direction-
ality of the developmental trajectories was explored using RNA
velocity, a method which takes advantage of mRNA splicing dynam-
ics to use unprocessed mRNA to judge the nascent state of cells
[62, 63]. This analysis revealed an overall direction of movement
from the ESF to the DSC tail of the embedding, which is consistent
with our interpretation above (Figure 5d). This method allowed for
identification of basins of attraction, corresponding to more stable
cell states. At 2 days, a basin of attraction was identified at the
border between pre-DSC and acESF as well as one in the proliferative
ESF tail exhibiting a spiral dynamic indicative of cell cycling. At
6 days, the hpESF basin of attraction had become less pronounced,
whereas a prominent one at DSC had appeared. However, at 6 days,
there was also a smaller basin of attraction corresponding to the
most highly DIO2-expressing snESF visible at day 6 (Figure 5d).
While velocity-informed pseudotime ranked these cells as earlier
(less mature) than their later-on DSC counterparts, a fate-mapping
analysis [65] found that although the vast majority of cells appear
to progress toward DSC, cells which approach the most highly
SOX4- and DIO2-positive snESF corner of the graph have a high
absorption probability, or probability of remaining in the DIO2high

snESF macrostate without transitioning to DSC (Figure 5f).
Velocity-informed gene ranking and cluster-based differential

gene expression analysis were performed to tease apart genes within
a cluster, which have unique transcriptional dynamics in that cluster
from others. This analysis corroborated the previous differential gene
expression analysis, for instance, identifying acESF cells as exhibit-
ing dynamic changes to genes involved with muscle contraction
(GO:0006936, 2d P = 4.1 × 10−2, 6d P = 2.9 × 10−6) and wound
healing (GO:0042060, 6d P = 1.4 × 10−2). For DSC, genes showing
unique dynamics included the cAMP-degrading phosphodiesterases,
such as PDE3A, PDE3B, and PDE4D (a possible source of feed-
back on cAMP activation), as well as decidual transcription factors
FOXO1 and ZBTB16, all of which showed increased velocity in
DSC, suggesting a continuing increase in transcription levels.

PGE2-mediated decidualization depends upon PTGER2

and PKA

A series of experiments was conducted to determine the signal trans-
duction pathway by which PGE2 signaling led to decidualization. Of
the two PGE2 receptors known to be expressed in vitro in ESF and
DSC, PTGER2 was found to increase with latent time progression
(sensu [63]) toward DSC, whereas PTGER4 decreased in acESF,
snESF, and DSC (Figure 6a). Cells becoming snESF, however, did not
show elevated expression of PTGER2. These findings suggested that
PTGER2 activation, and possibly PTGER4 deactivation, has roles
in PGE2-mediated decidualization and that a failure of PTGER2
activation is associated with the senescent cell fate.

To investigate this further, in vitro PGE2 + MPA decidualization
was conducted in the presence of the PTGER2 antagonist

PF-04418948, the PTGER4 antagonist ER-819762 and H-89, an
inhibitor of PKA. Treatment with PTGER2 inhibitor significantly
reduced PRL expression by approximately 50% relative to
PGE2 + MPA controls (Figure 6b). Treatment with PTGER4
inhibitor alone resulted in a non-significant 9% reduction in PRL
expression. Treatment with PTGER4 inhibitor as well as PTGER2
inhibitor resulted in a 57% reduction in PRL expression, which
was not significantly different from PTGER2 inhibitor alone.
Administration of the PKA inhibitor H-89 significantly reduced
PRL expression by 40%. From these results, we conclude that the
deciduogenic effect of PGE2 is mediated through the PTGER2-
PKA axis.

PTGER2 expression is under progestin control

Despite the demonstrated importance of PTGER2- to PGE2-
mediated decidualization, bulk transcriptomic quantification
revealed that PTGER2 is expressed below functional levels in
cultured ESF, while PTGER4 is more consistently above threshold
levels (Figure 6c). However, the PTGER2 gene clearly became turned
on after progestin treatment, as evidenced in bulk RNA sequencing,
which showed an approximate quadrupling of PTGER2 RNA from
∼3 TPM after control treatment to ∼12 TPM after treatment with
MPA in combination with either PGE2 or cAMP, or ∼14 TPM
after treatment with MPA alone. The MPA-induced induction of
PTGER2 has been found to be absent in the paleo-ESF cell type
from the opossum: analysis of previously published transcriptomes
from opossum paleo-ESF treated with MPA alone, MPA + PGE2,
PGE2 alone, or MPA + cAMP [6] revealed that PTGER2 expression
was unaffected by the presence of progestin, and in all cases,
remained below the operational threshold for being considered
actively expressed (Figure 6c).

In order to judge the speed at which PTGER2 induction can take
effect, a short time course of 8, 16 and 24 h time points revealed that
PTGER2 expression is significantly induced within 8 h of progestin
treatment (Figure 6d). Progestin-induced PTGER2 was further inter-
rogated by comparison between physiological progesterone (P4) and
MPA. The human progesterone receptor is known to have an affinity
for MPA of approximately 25–135 times its affinity for P4 [72].
Accordingly, treatment of human ESF with the same concentrations
of P4 and MPA for 48 h resulted in a much lower induction
of PTGER2 in the P4-treated cells (Figure 6e). However, a dose
correction from 1 to 50 μM entirely compensated for this affinity
difference (Figure 6e), suggesting that the difference between the two
ligands is primarily in strength and not in kind of interaction to
induce production of PTGER2. Finally, the specific effect of MPA in
inducing PTGER2 was tested by comparison of PTGER2 expression
of cells treated for 6 days with base media, MPA ± cAMP or PGE2,
and the two ligands alone (Figure 6f). Neither cAMP nor PGE2

alone was sufficient to influence PTGER2 expression. Finally, the
overall expression of genes belonging to the gene ontology category
“protein kinase B signaling” (GO:0043491), a downstream pathway
of PTGER4 signaling, was examined in the 6-day PGE2 + MPA
decidualization single-cell data, which revealed decreasing expres-
sion toward the decidual end of the curve (Figure 6g).

Discussion

In this study, we have investigated the biology of PGE2 + MPA-
induced in vitro decidualization. This investigation was motivated
by the hypothesis that progesterone and PGE2 likely are the minimal
ancestral deciduogenic signals (see “Background and evolutionary
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Figure 6. PTGER2 expression is upregulated by progestin and contributes to PGE2-induced decidualization. (a) Expression of PTGER2 (top) and PTGER4 (bottom)

relative to latent time pseudotemporal progression toward DSC or snESF in 6-day single-cell data and colored by absorption probability to either DSC or snESF

macrostates. Plots to the right show expression on PHATE ordinations. (b) qPCR of PRL in response to PGE2 + MPA decidualization plus inhibitors of PTGER2

(EP2i) or PTGER4 (EP4i), or PKA (PKAi). (c) Gene expression of PGE2 receptors 2 and 4 in human neo-ESF (top) and Monodelphis domestica paleo-ESF (bottom;

data from [6]). (d–f ) qPCR quantification of PTGER2 after 8–24 h (d), 48 h (e), or 6 days (f ) indicated treatment. (g) Overall expression scores for AKT-related

genes in 6-day DSC.

scenario” section). This hypothesis is based on a model where
decidual cells evolved in a physiological context consisting of post-
ovulatory ovarian hormones and an inflammatory paracrine envi-
ronment induced by embryo attachment. Intersecting these signals

with known deciduogenic stimuli led us to the hypothesis that
progesterone and PGE2 were part of the signaling network during
the evolutionary origin of the decidual cell type. We acknowledge
that decidualization further evolved after its origin and that human
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decidualization is more complex than the hypothesized minimal
ancestral network.

Progesterone and PGE2 are sufficient for human

decidualization

We found that in vitro PGE2 + MPA treatment alone is sufficient to
cause the hallmarks of decidualization. Mechanistically, our results
suggest that PGE2-mediated decidualization depends on the induc-
tion of PTGER2 by progesterone and, consistent with previous
findings [73], proceeds via the PTGER2-cAMP-PKA axis, while
the dominant PGE2 receptor in ESF, PTGER4, is downregulated.
This progestin-dependent upregulation of PTGER2 is not found in
opossum paleo-ESF and thus is likely one of the gene regulatory
innovations underlying the evolutionary origin of DSC, a cell type
limited to placental (eutherian) mammals.

Whereas pre-genomic studies of PGE2-mediated decidualization
only performed marker gene and morphological assessment [8, 73],
the whole- and single-cell transcriptome approach used here paints
a more complete picture. The transcriptomic response of ESF to
PGE2 + MPA comprised of the widespread activation of genes in
the core regulatory network of DSC (Supplementary Table S2).
This is consistent with a model where PGE2 and progestin are
part of the core regulatory network for DSC cell-type identity.
This conclusion is also supported by the results of our single-cell
transcriptomic analysis, which identified a hotspot of cells with high-
complexity transcriptomes separating apparently mature DSC from
more fibroblast-like cells (Figure 3a).

PGE2 signaling through PTGER2 versus PTGER4

Secreted PGE2 is bound by G protein-coupled receptors in the
membrane of the receiving cell. Among the eight members of the
prostanoid receptor subfamily, four paralogous receptors are specific
for PGE2: PTGER1, PTGER2, PTGER3, and PTGER4 [74]. In a
resting ESF in culture, only one of these, PTGER4, is expressed
above the operational threshold for a gene to be considered actively
transcribed in human ESF (e.g., in data from [75]) and is found in the
majority of an 11-species eutherian ESF sample (Figure 1). We find
that another PGE2 receptor, PTGER2, becomes expressed in human
ESF after exposure to progestin.

PTGER2 is adapted to receive sustained PGE2 stimulus, whereas
the PTGER4 response is transient and self-limiting [76]. PTGER4
undergoes more rapid desensitization to ligand binding [77], on
the order of minutes, due to the action of an additional C-terminal
protein domain that is absent in PTGER2 [78]. Therefore, it is likely
that the sequence of events is as follows (Figure 7): at first, PTGER4
is expressed and PTGER2 is absent. Progesterone (produced in vivo
by the corpus luteum after ovulation) induces PTGER2. The PGE2

(induced after embryo attachment) increases and PTGER4 becomes
quickly desensitized, and signaling through PTGER2 becomes
dominant. Indeed, in our bulk RNA-seq data, PTGER4 expression
was reduced in response to PGE2 + MPA or cAMP + MPA treatment
from an average of 5 TPM to 2 or 1 TPM, respectively, but not by
MPA treatment alone. Single-cell data also supported this sequence
of events, where PTGER2 was expressed at the mature decidual end
of the curve and, by contrast, PTGER4 was unexpressed in PRL+

cells.
Progestin-dependent expression of PTGER2 has previously been

reported in human cells [73]. Dependence of PGE2 receptor activa-
tion (i.e., PTGER2) has also been found in the rabbit [79] (Stadt-
mauer and Wagner, unpublished) and dog [41]. Both PTGER2 and

Figure 7. Schematic diagram of induction of decidual cell differentiation.

Self-limitation of PTGER4, plus P4-induced transcriptional upregulation

of PTGER2, result in a transition to a PKA-dominated, rather than AKT-

dominated, signaling state.

PTGER4 are G protein-coupled receptors that signal through the
Gαs subunit, which activates adenylyl cyclase to produce cAMP.
However, PTGER4 activates an additional signal transduction path-
way, phosphoinositide 3-kinase/protein kinase B (PI3K/AKT), which
opposes decidualization [1, 80]. Of the two kinases, PTGER4 favors
AKT [81], whereas PTGER2 is specific for PKA [82]. Decidualization
is therefore unlikely to be inducible by PTGER4 signaling alone,
given the demonstrated necessity of PKA signaling. Instead, it is likely
that upon induction of PTGER2 and desensitiziation of PTGER4,
preferential signaling through PTGER2 favors a PKA-dominated
intracellular state, and thus, promotes decidualization.

The PTGER2 has been described as the least abundantly
expressed of the four paralogous PGE2 receptors [83], suggesting
that its physiological role is more specialized. In pulmonary fibrob-
lasts, PGE2 signaling inhibits PI3K/AKT signaling through PTGER2
[84]. The same antagonistic mechanism may channel decidualizing
endometrial stromal cells away from a more myofibroblast-like
or stressed ESF state toward DSC. In our single-cell expression
data, PTGER2 was associated with the mature decidual end of
the decidualization curve and had little to no intersection with
markers of the acESF state (Figure 6a). Furthermore, the decreasing
pattern of AKT-related gene expression (Figure 6g) is consistent with
a transition away from a PI3K/AKT-dominated state. At a post-
translational level, phosphorylated (activated) AKT has been shown
to decrease in cells decidualizing under the influence of progesterone,
but phospho-AKT is elevated in the absence of progesterone or in the
presence of progesterone plus a PKA inhibitor [48]. This supports the
notion of a progesterone-/PGE2-dependent mechanism for shifting
the balance from AKT-dominated to PKA-dominated state such as
the one proposed here.

Cellular heterogeneity and PGE2-driven decidualization

Decidual cell heterogeneity is the hypothesis that decidualization
gives rise to multiple cell types, multiple states of the same cell
type, or both. Different cell populations may coexist at the same
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time and fulfill distinct functions, compatible with the notion of
temporal phases, including an early pro-inflammatory and later
mature decidual state [1, 75, 85].

Single-cell RNA sequencing studies of the peri-implantation
fetal–maternal interface [71, 86] support the model of decidual
cell heterogeneity, with each partitioning DSC-like cells into three
distinct transcriptional clusters. In the analysis by Vento-Tormo et al.
[86], these included a cluster lacking PRL and IGFBP1 expression
but expressing ACTA2 and TAGLN. These are markers of the ESF
cells identified in our study termed acESF. In addition, Vento-Tormo
et al. [86] describe two kinds of mature decidual cell populations
characterized by expression of standard markers, PRL and IGFBP1,
although to a higher degree in one cluster with the other expressing
markers, such as LEFTY2 and IL15. Notably, LEFTY2 was one of
the genes that we found to be more highly elevated in PGE2 + MPA
treatment than cAMP + MPA, and the majority of the DSC cluster
identified at 6 days were LEFTY2+ and IL15+, with an offshoot
more highly expressing PRL and SST. The authors implied a possible
identification of the LEFTY2+ cluster as senescent DSC, although
this identification remains to be elaborated [86]. Our LEFTY2+ cells
from in vitro PGE2 + MPA treatment lack expression of the putative
senescence markers, so it is unlikely that all DSC we observed
are senescent. In the analysis by Suryawanshi and colleagues, the
three subtypes of DSC were analyzed explicitly as a developmental
trajectory, with one being an intermediate, more ESF-like starting
point, an ACTA2+ and TAGLN+ state, and a canonical decidual
state expressing PRL and IGFBP1. Overall, comparison between
the present study and the two in vivo analyses suggests that the most
robust pattern is the identification of canonical PRL+ IGFBP1+

DSC and an ACTA2+ TAGLN+ cell, we deem acESF, as well as a
residual population of proliferative ESF.

The leading form of decidual cell heterogeneity discovered in
vitro is what has been labeled as the senescent decidual cell state,
which is proposed to have a physiological role in decidual devel-
opment [42] as well as a pathological role in recurrent pregnancy
loss [43]. According to this theory, development of DSC along a
senescence pathway promotes tissue turnover and makes room for
the implantation of the blastocyst and is aided by the active phago-
cytic and cytolytic removal of senescent stromal cells by uterine
natural killer cells. Single-cell transcriptomic studies of in vitro decid-
ualized human ESF revealed a trajectory splitting event at 4 days
of decidualization after which “mature” and “senescent” decidual
cells diverge [43]. This result was obtained using the cAMP + MPA
decidualization protocol.

Our single-cell experiments on PGE2-mediated decidualization
focused on 2- and 6-day time points to bracket this splitting event
[43], and indeed, after 6 days, a population of cells expressing the
SOX4-associated gene set reported by Lucas et al. [43] appeared.
Cell fate mapping analysis based upon RNA velocity identified this
as a relatively weak attractor compared to DSC but nevertheless a
potential alternative state to DSC. Importantly, the cells identified
as most likely terminal cells (Supplementary Figure S7) did not
highly express decidual marker genes, either regulatory such as
FOXO1 or signaling such as PRL; the expression of these genes
within cells belonging to the snESF cluster was mostly due to those
which were closer to the identified transition point to DSC and
therefore presumably not fated to remain snESF. For this reason,
we feel justified for the time being in our assessment of these cells
as senescent (activated) ESF rather than “senescent DSC,” i.e., a
cell which has fully decidualized and also activated a senescence
program. A fuller demonstration of the ties between senescence and
decidualization is beyond the scope of the present study and will

await further experimentation. As one possible direction, senescence
in fibroblasts has been found to occur in the process of activation
and myofibroblast transition [87–89]. It is therefore possible that the
pattern we see with respect to the snESF/acESF state in PGE2 + MPA
decidualization, with a pronounced acESF presence, may reflect a
biological balance between the two programs of fibroblast activa-
tion and cellular senescence, which is tipped toward snESF under
cAMP + MPA decidualization.

Our PGE2-mediated decidualization protocol showed a reduced
signature of senescence compared to the cAMP + MPA protocol.
A conceivable explanation for this pattern is that the physiologi-
cal receptor:ligand signaling interaction of PGE2 and its receptors
slightly delays the decidualization process and that a direct syn-
chronic comparison to direct membrane-permeable cAMP addition
is inappropriate: in other words, 6 days of PGE2 + MPA may be
more comparable to only the very beginning of the senescent/mature
split and is destined to become more pronounced. However, since
decidualization by PGE2 + MPA treatment is acting through the
PTGER2 → cAMP → PKA pathway, we are inclined to believe that
treatment with extracellular cAMP may overload the cell with cAMP,
leading to stress (and as a consequence to senescence) in addition to
the activation of the decidual cell programs (Supplementary Figure
S8). That said, in women during the secretory phase, senescent
stromal cells have also been identified and there is evidence that links
them to the implantation process [42]. If senescence is more intense
in vivo, we imagine that it may be related to additional paracrine
signals from other endometrial cell types.

Conclusion

In vitro decidualization is inevitably removed from in vivo biology.
Our PGE2 + MPA in vitro decidualization appears to generate
mature DSC as well as a subset of acESF, which is similar to
the myofibroblast-like acESF identified in in vivo studies [71, 86].
We recognize that the decidualization process in humans is more
complex than the PGE2-based in vitro protocol, and it is not our
goal to mimic the full complexity of human decidualization in
vitro. Instead, the present study has aimed at characterizing the
degree to which PGE2 in conjunction with progestin can induce the
decidual gene expression phenotype in vitro, given that comparative
data suggest that progesterone/PGE2 could be the minimal ances-
tral deciduogenic signals, with PGE2 signaling being dependent on
progesterone induction of PTGER2. With this model, we identified
a gene regulatory innovation that might be key in the evolution of
the decidual cell type, namely, the progestin-dependent induction of
the PGE2 receptor PTGER2. This minimal ancestral deciduogenic
network likely evolved in the stem lineage of placental mammals and
informs our understanding of the origins of this cell type.
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