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Differential gene expression 
in decidualized human endometrial 
stromal cells induced by different 
stimuli
Yumiko Doi‑Tanaka , Isao Tamura *, Amon Shiroshita , Taishi Fujimura , Yuichiro Shirafuta , 
Ryo Maekawa , Toshiaki Taketani , Shun Sato  & Norihiro Sugino 

Decidualization can be induced by culturing human endometrial stromal cells (ESCs) with several 
decidualization stimuli, such as cAMP, medroxyprogesterone acetate (MPA) or Estradiol  (E2). 
However, it has been unclear how decidualized cells induced by different stimuli are different. We 
compared transcriptomes and cellular functions of decidualized ESCs induced by different stimuli 
(MPA,  E2 + MPA, cAMP, and cAMP + MPA). We also investigated which decidualization stimulus induces 
a closer in vivo decidualization. Differentially expressed genes (DEGs) and altered cellular functions 
by each decidualization stimuli were identified by RNA‑sequence and gene‑ontology analysis. DEGs 
was about two times higher for stimuli that use cAMP (cAMP and cAMP + MPA) than for stimuli that 
did not use cAMP (MPA and  E2 + MPA). cAMP‑using stimuli altered the cellular functions including 
angiogenesis, inflammation, immune system, and embryo implantation whereas MPA‑using stimuli 
(MPA,  E2 + MPA, and cAMP + MPA) altered the cellular functions associated with insulin signaling. 
A public single‑cell RNA‑sequence data of the human endometrium was utilized to analyze in vivo 
decidualization. The altered cellular functions by in vivo decidualization were close to those observed 
by cAMP + MPA‑induced decidualization. In conclusion, decidualized cells induced by different stimuli 
have different transcriptome and cellular functions. cAMP + MPA may induce a decidualization most 
closely to in vivo decidualization.

Implantation of the human embryo in the maternal endometrium is a key step in the establishment of pregnancy 
and requires a dialog between the embryo and the receptive  endometrium1. Human endometrial stromal cells 
(ESCs) undergo cyclic changes during the menstrual cycle, including proliferation and differentiation that are 
controlled by estrogen and  progesterone2–5. Decidualization is one of these changes in which ESCs are primed 
by estrogen in the proliferative phase, respond to progesterone, and become larger and rounder with significant 
changes in cellular functions. This process is critical for embryo implantation and the establishment of preg-
nancy. Impairment of decidualization leads to implantation failure, miscarriage, and unexplained  infertility6–8.

Decidualization of ESCs has long been studied, mainly using in vitro models because it is impossible to study 
decidualization of ESCs directly in vivo for ethical reasons. Decidualization can be reproduced in vitro by cul-
turing primary ESCs with medroxyprogesterone acetate (MPA) for 14  days2,9. As an alternative to MPA, cAMP 
has been widely used as a decidualization stimulus because cAMP is a second messenger of progesterone and 
can induce decidualization within a short period (4 days)2,10. In addition to these two protocols, other protocols 
have been established for in vitro decidualization. Estradiol  (E2) may be added to MPA to mimic the secretion 
of progesterone and estrogen from the corpus  luteum2,11–16. Another protocol is the combination of cAMP and 
MPA because it strongly induces  decidualization1. Using these in vitro models, previous reports have revealed 
that decidualization is regulated by many factors, including intracellular signaling pathways, their related mol-
ecules, and transcription  factors9,17–22. However, it should be noted that the decidualization stimuli were different 
among studies. Since insulin like growth factor binding protein 1 (IGFBP1) and prolactin (PRL) are specifically 
induced by the decidualization of  ESCs1,2,10,20,21,23,24, in vitro decidualization has been assessed by the induction 
of IGFBP1 and PRL expressions. Although all decidualization protocols can induce their expressions, several 
reports pointed out that some gene expression patterns other than IGFBP1 and PRL were different among the 

OPEN

Department of Obstetrics and Gynecology, Yamaguchi University Graduate School of Medicine, Minamikogushi 
1-1-1, Ube 755-8505, Japan. *email: isao@yamaguchi-u.ac.jp

http://orcid.org/0000-0002-0737-5556
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-58065-z&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2024) 14:7726  | https://doi.org/10.1038/s41598-024-58065-z

www.nature.com/scientificreports/

 protocols19,25,26. These facts led us to hypothesize that decidualized cells induced by different stimuli may not be 
the same, and if so, it is interesting to know how they differ.

Furthermore, it is important to consider whether in vitro decidualization can reproduce in vivo decidualiza-
tion. Previous transcriptome analyses using human endometrium have identified differentially expressed genes 
in the late secretory phase endometrium compared with the proliferative phase  endometrium27,28. However, these 
analyses do not identify the transcriptome changes specific to ESCs because the human endometrium is com-
posed of a variety of cells. Therefore, it is unclear which gene expressions are altered in ESCs, and what kind of 
cellular functions are altered in ESCs by in vivo decidualization. A recent study with a single-cell RNA-sequence 
revealed the transcriptome of human endometrium at single-cell resolution across the menstrual  cycle29. This 
makes it possible to identify the transcriptome changes in ESCs during in vivo decidualization. By comparing 
the transcriptome changes between in vivo and in vitro decidualization, we can identify the decidualization 
protocol that most closely reproduces in vivo decidualization.

In this study, we examined the transcriptomes and cellular functions of decidualized ESCs (dESCs) induced 
by different stimuli (MPA,  E2 + MPA, cAMP, and cAMP + MPA). Furthermore, using a single-cell RNA-sequence 
data of the human endometrium, we investigated which in vitro decidualization stimulus most closely induces 
in vivo decidualization.

Results
Differential gene expressions by different decidualization stimuli
We first confirmed that dESC samples used for RNA-sequence analysis showed the inductions of decidualization 
markers, IGFBP-1 and PRL (Supplementary Fig. S1). Then, we compared the transcriptomes of four types of 
dESCs induced by different stimuli (MPA,  E2 + MPA, cAMP, and cAMP + MPA) and those of two correspond-
ing control samples by a hierarchical clustering analysis (Fig. 1A). dESCs induced by any type of stimulus were 
classified separately from the control samples. Both cAMP and MPA can induce decidualization on their own, 
but were classified separately. As for the combined protocols,  E2 + MPA was classified in the same cluster with 
MPA whereas cAMP + MPA were classified separately from cAMP. Regarding the distances from the controls, 
cAMP was located farther than the cluster of MPA and  E2+MPA, and cAMP + MPA was further distant. These 
results suggested that the transcriptome profiles induced by MPA and cAMP were quite different and that cAMP 
induced a more significant change than MPA did. Furthermore, the addition of MPA to cAMP further changed 
the transcriptome whereas the addition of  E2 to MPA did not induce a significant change.

To identify differentially expressed genes (DEGs) in dESCs induced by each stimulus, the transcriptomes of 
dESCs were compared with those of corresponding controls. The numbers of up-/down-regulated genes by each 
stimulus were as follows; cAMP:1442/2109, cAMP + MPA:1378/2443, MPA:956/1058, and  E2 + MPA:913/1087 
(Fig. 1B and Supplementary Table S2). The number of DEGs was about two times higher in cAMP-used stimuli 
(cAMP and cAMP + MPA) than in cAMP-non-used stimuli (MPA and  E2 + MPA). We compared DEGs between 
four stimuli (Fig. 1C and Supplementary Table S2). Only 90 and 210 genes were identified as commonly up- or 
down-regulated genes, respectively (Fig. 1C, g). When DEGs were compared between cAMP and MPA, 177 
genes were up-regulated by both cAMP and MPA, and 326 genes were down-regulated by both cAMP and MPA 
(Fig. 1D), showing that DEGs are quite different between cAMP and MPA stimuli. We also compared the DEGs 
between cAMP and cAMP + MPA (Fig. 1D). The addition of MPA to cAMP induced a number of different DEGs 
from those induced by cAMP. When compared between MPA and cAMP + MPA (Fig. 1D), the addition of cAMP 
to MPA induced a number of different DEGs from those induced by MPA. When compared between MPA and 
E2 + MPA (Fig. 1D), E2 induced a number of different DEGs from those induced by MPA.

Differences in cellular functions altered in dESCs by different stimuli
The different gene expression among decidualization stimuli led us to hypothesize that cellular functions altered 
in dESCs also depend on the stimulus. Therefore, to examine this, the up- and down-regulated genes were 
subjected to gene ontology (GO) analyses. A number of enriched terms were identified in the up- or down-
regulated genes (Supplementary Tables S3 and S4). The enriched GO terms were then summarized by removing 
redundancy using reduce and visualize gene ontology (REVIGO), as reported  previously30,31. The GO terms were 
classified into several groups according to their associated cellular functions (Supplementary Tables S3 and S4). 
The representative GO terms of these cellular functions are shown in Fig. 2. Gene ratio means the ratio of the 
number of identified genes to all genes in each term. They are indicated with the size of the circle. P-values of each 
term are indicated with colors. GO terms associated with ‘cell morphology’, ‘signal transduction’, ‘cell proliferation’, 
‘metabolism’, and ‘differentiation’ (indicated with orange rectangles in Fig. 2) were detected in the up- and down-
regulated genes by each of four stimuli. These cellular functions are designated as common functions among 
four stimuli. On the other hand, GO terms associated with ‘angiogenesis’, ‘inflammation’, ‘immune system’, and 
‘embryo implantation’ (indicated with blue rectangles in Fig. 2) were mainly detected in the genes up-regulated 
by cAMP-using stimuli (cAMP and cAMP + MPA), but not by non-cAMP stimuli (MPA and  E2 + MPA). GO 
terms associated with ‘insulin signaling’ (indicated with yellow rectangles in Fig. 2) were detected in the genes 
up-regulated by MPA-using stimuli (MPA,  E2 + MPA, and cAMP + MPA), but not by non-MPA stimulus (cAMP). 
These cellular functions are designated as specific functions to cAMP-using stimuli or MPA-using stimuli.

The validation assay for RNA-sequence analysis was performed on genes that were associated with specific 
functions. For this purpose, we selected several genes belonging to gene ontology terms included in specific 
cellular functions (Supplementary Table S3, shown in bold). Their expression levels were examined by real-time 
RT-PCR (Fig. 3). We confirmed that dESCs samples used for RT-PCR showed the inductions of decidualiza-
tion markers, IGFBP-1 and PRL. In agreement with the in-silico analysis, cAMP-using stimuli (cAMP and 
cAMP + MPA) up-regulated genes associated with angiogenesis (ANGPT2 and VEGFA), inflammation (PTGS2 
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Figure 1.  Differential gene expressions by different decidualization stimuli. (A) Hierarchical cluster analysis 
comparing the transcriptome of four types of dESCs induced by different stimuli (cAMP, cAMP + MPA, 
MPA, and  E2 + MPA,) and the corresponding two control samples. Distances of gene expression pattern are 
indicated as height. (B) Numbers of DEGs in dESCs induced by four types of decidualization stimuli. (C) 
4-way Venn diagrams comparing DEGs induced by four types of decidualization stimuli. Genes belonging to 
each compartment (a–o) are shown in Supplementary Table S2. (D) Venn diagrams indicating the number of 
specifically and commonly up- or down-regulated genes between decidualization stimuli.
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and IL1A), immune system (CXCL12 and CD40) and embryo implantation (IL1B), whereas stimuli that did not 
contain cAMP (MPA and  E2 + MPA) did not up-regulate them. On the other hand, MPA-using stimuli (MPA, 
 E2 + MPA, and cAMP + MPA) up-regulated a gene associated with insulin signaling (IRS2), whereas a stimulus 
that did not contain MPA (cAMP) did not.

Identification of DEGs by in vivo decidualization and their associated cellular functions
We next investigated which stimulus most closely induces in vivo decidualization. To answer this question, we 
decided to identify the DEGs by in vivo decidualization using public single-cell RNA-sequence data of the human 
endometrium during the menstrual  cycle29. The transcriptomes of 189 ESCs in the late proliferative phase (day 
9 ~ day 11 of the menstrual cycle) were compared with those of 137 ESCs in the late secretory phase (day 24 ~ day 
27 of the menstrual cycle) because the decidual reaction occurs in the late secretory phase  endometrium2. The 
numbers of up-regulated and down-regulated genes by in vivo decidualization were 2579 and 3768 genes, respec-
tively (Fig. 4 and Supplementary Table S5). The up- and down-regulated genes were subjected to GO-REVIGO 
analysis. GO terms were then classified into several cellular functions (Fig. 4 and Supplementary Table S6), 
which were used in the in vitro decidualization analysis (shown in Fig. 2). All of the common functions among 
four stimuli, which were observed by in vitro decidualization, were detected by in vivo decidualization. Among 
the specific functions induced by cAMP-using stimuli, ‘angiogenesis’, ‘inflammation’, and ‘immune system’ were 
also detected in in vivo decidualization. These cellular functions were mainly based on the up-regulated genes. 
On the other hand, ‘embryo implantation’ was not detected. A specific function induced by MPA-using stimuli, 
‘insulin signaling’ was detected in in vivo decidualization, and it was based on the up-regulated genes. Thus, the 
cellular functions of dESCs induced by in vivo decidualization were close to those induced by cAMP + MPA in 
in vitro decidualization (Fig. 2).

Comparison of DEGs between in vitro decidualization and in vivo decidualization
The DEGs shared between in vitro and in vivo decidualization are shown in Fig. 5A and Supplementary Table S7. 
Among four in vitro decidualization stimuli, cAMP + MPA stimulus had the higher number of common DEGs 
(762 genes), and the concordance ratio with in vivo decidualization was 19.9% (Fig. 5A).

We next examined cellular functions associated with the common 762 DEGs between cAMP + MPA-induced 
decidualization and in vivo decidualization (Fig. 5B, Supplementary Table S8). The up- or down-regulated genes 
in the common DEGs were subjected to GO-REVIGO analysis, and GO terms were then classified into several 
cellular functions. GO terms associated with ‘signal transduction’ and ‘cell proliferation’ were detected in the up- 
and down-regulated genes. GO terms associated with ‘angiogenesis’, ‘immune system’,‘metabolism’, and ‘insulin 
signaling’ were detected in the up-regulated genes while ‘cell morphology’ and ‘differentiation’ were detected 

Figure 2.  Differences in cellular functions altered in dESCs by different stimuli. The up- or down-regulated 
genes by each decidualization stimulus were subjected to GO-REVIGO analysis. The GO terms were classified 
into several groups according to their associated cellular functions (center column). Common cellular functions 
are indicated with orange rectangles. The cellular functions altered by cAMP-used stimuli and MPA-used stimuli 
are indicated with blue and yellow rectangles, respectively. The representative GO terms belonging to each 
cellular function are shown. The ratio of the number of identified genes to all genes in each term is designated as 
“Gene ratio” and is indicated with the size of the circle. P-values of each term are indicated with colors.
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Figure 3.  Validation of RNA-sequence data by real-time RT-PCR. ESCs were treated with the decidualization 
stimuli for 4 days (cAMP or cAMP + MPA) or 14 days (MPA or  E2 + MPA). ESCs cultured without 
decidualization stimuli for 4 days or 14 days were used as the controls, respectively. We selected 8 genes 
that are the representative of the uncommon cellular functions. mRNA levels of these selected genes and 
decidualization markers (IGFBP-1 and PRL) were quantified by real-time RT-PCR. Values were normalized to 
those of MRPL19. The relative mRNA expression levels of each decidualized cells (cAMP, cAMP + MPA, MPA, 
 E2 + MPA) were calculated as fold changes to the corresponding control cells. We repeated the three independent 
experiments on each three independent patient’s cells. Then, the mean ± SE of fold change from three different 
individuals was used as a relative expression value in decidualized cells. Data are mean ± SE of three independent 
experiments. a, P < 0.05 vs. control; b, P < 0.01 vs. control; c, P < 0.05 vs. cAMP; d, P < 0.01 vs. cAMP.
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in the down-regulated genes (Fig. 5B). The cellular function associated with ‘inflammation’ was not detected in 
the common DEGs. Twenty percent of the DEGs induced by cAMP + MPA were also induced in in vivo decidu-
alization. The cellular functions associated with these DEGs included all cellular functions observed in in vivo 
decidualization except ‘inflammation’.

Discussion
The present study showed that dESCs induced by different stimuli have quite different gene expression profiles 
and cellular functions. Several protocols have been used to induce decidualization so  far2. Although cellular 
functions of dESCs have been reported to be different depending on the decidualization stimulus, the detailed 
profiles of dESCs induced by different stimuli remain unknown. This may have confused our understanding on 
in vitro decidualization. Therefore, our study provides important information about the detailed profiles includ-
ing gene expressions and cellular functions of dESCs induced by different stimuli.

By analyzing the transcriptome of dESCs induced by different stimuli, we found that all stimulation proto-
cols induced the cellular functions associated with cellular morphology, signal transduction, cell proliferation, 
metabolism, and differentiation, which are known to be important for  decidualization3–5. Our results also showed 
that cAMP changed the expression of more genes than did MPA or  E2 + MPA. Furthermore, in terms of cellular 
functions, well-known functions required for decidualization such as angiogenesis, immune system, inflamma-
tion, and embryo  implantation2,4, were specifically induced when cAMP was used as a decidualization stimulus, 
but stimuli that did not use cAMP (MPA and E2 + MPA) did not. This is supported by previous reports showing 
that cAMP, but not MPA, up-regulates the expression of genes associated with these cellular  functions5,25,32–37. 
cAMP is considered as a second messenger of progesterone because progesterone increases intracellular cAMP 
concentrations in  ESCs1,9. Incubation of ESCs with cAMP rapidly increases intracellular cAMP levels and acti-
vates the signaling pathways  downstream1,14. Therefore, cAMP takes 4 days to induce decidualization. On the 
other hand, decidualization induced by MPA (without cAMP) needs a longer period because the increase of 
intracellular cAMP takes more than 10  days9,38. cAMP has also been reported to induce significantly higher 
expression of decidualization markers than MPA  does1,9, indicating that cAMP is a stronger decidualization 
stimulus than progesterone. Therefore, cAMP-using stimuli clearly altered more gene expressions and cellular 
functions than did MPA or  E2 + MPA.

Interestingly, our result showed that the cellular functions associated with insulin signaling were induced 
only when MPA was used as a decidualization stimulus, while cAMP alone did not. One of the metabolisms that 

Figure 4.  Cellular functions associated with DEGs by in vivo decidualization. By utilizing public single-
cell RNA-sequence data of the human endometrium during the menstrual cycle, 2579 and 3768 genes were 
identified as the up- or down-regulated genes by in vivo decidualization, respectively. They were subjected to 
GO-REVIGO analysis. The GO terms were classified into several groups according to their associated cellular 
functions (center column). The representative GO terms belonging to each cellular function are shown. The 
ratio of the number of identified genes to all genes in each term is designated as “Gene ratio” and is indicated 
with the size of the circle. P-values of each term are indicated with colors.
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occur during decidualization is glucose metabolism, characterized by an increase in the storage of  glycogen39,40. 
We and others have demonstrated that genes associated with the insulin signaling pathway, such as insulin 
receptor (INSR), insulin receptor substrate 1 (IRS1), and insulin receptor substrate 2 (IRS2), were up-regulated 
by  E2 + MPA or cAMP + MPA, leading to an increase of glucose  uptake11,22,24,41–44. Progesterone regulates gene 
transcription through its nuclear receptor, which acts as a ligand-dependent transcription  factor45. Therefore, 
we speculate that insulin signaling is controlled by progesterone receptor (PR)-mediated regulation and is an 
MPA-specific cellular function that is not affected by cAMP. In fact, PR activated by MPA binds to the promoter 
region of IRS2 to increase its expression, which activates glucose uptake during  decidualization24,46. Furthermore, 
the MPA-specific effects on gene regulation have been previously reported. Superoxide dismutase 1 (SOD1) was 
up-regulated in dESCs induced by  E2 + MPA, but not by  cAMP47. Heart and neural crest derivatives–expressed 
transcript 2 (HAND2), an important transcription factor for decidualization, is up-regulated in dESCs induced 
by  E2 + MPA, but not by  cAMP48. These facts support our current findings that certain gene expressions and 
cellular functions are altered by MPA, but not by cAMP.

The present study clearly showed that cAMP + MPA stimulus covered all functions altered by cAMP and 
MPA. It is reasonable to consider that this was due to a combination of the pathways activated by cAMP and 
MPA because MPA induced the expression of a number of different genes from those induced by cAMP (Fig. 1). 
In addition to the activation of each pathway, there are cross-talks between cAMP signaling and progesterone/

Figure 5.  Comparison of DEGs and cellular functions between in vivo decidualization and in vitro 
decidualization. (A) DEGs by in vitro decidualization were compared with those by in vivo decidualization. The 
ratios of the number of common DEGs by each decidualization stimuli to DEGs by in vitro decidualization are 
shown as percentages. (B) Cellular functions associated with common DEGs by cAMP + MPA stimulus. 226 
up-regulated genes and 536 down-regulated genes by cAMP + MPA stimulus were identified as common DEGs. 
They were subjected to GO-REVIGO analysis. The GO terms were classified into several groups according to 
their associated cellular functions (center column). The representative GO terms belonging to each cellular 
function are shown. The ratio of the number of identified genes to all genes in each term is designated as “Gene 
ratio” and is indicated with the size of the circle. P-values of each term are indicated with colors.
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PR  signaling1,2. cAMP induces the expression of essential transcription factors for decidualization, including 
signal transducer and activator of transcription-5 (STAT5), CCAAT/enhancer-binding protein β (CEBPβ), 
and forkhead box protein O1A (FOXO1)1,49,50. These factors can increase the DNA binding activities of PR to 
enhance the expression of target genes during  decidualization46,51. Furthermore, it has been reported that cAMP 
can enhance the transcriptional activity of PR by inhibiting the interaction with corepressors, such as nuclear 
corepressor (NCoR) and silencing mediator of retinoic acid and thyroid hormone receptor (SMRT), and by 
activating the interaction with coactivators, such as steroid receptor coactivator-1 (SRC-1) and CREB binding 
protein (CBP)52–54. On the contrary, progesterone/PR complex can modulate the transcriptional activities of 
critical transcription factors including STAT5, CEBPβ and FOXO1 for  decidualization49,55,56. These interactions 
likely contribute to inducing multifunctional decidual phenotypes induced by cAMP + MPA.

Previous transcriptome analyses using the whole endometrium have attempted to identify DEGs by in vivo 
 decidualization27,28. However, they have not been clarified due to the heterogeneity of the human endometrium. 
In this study, utilizing a public single-cell RNA-sequence data of human  endometrium29, we have, for the first 
time, identified the changes in transcriptome and cellular functions specific to dESCs by in vivo decidualization. 
Our results indicate that 2579 genes were up-regulated and 3768 genes were down-regulated in ESCs during 
decidualization in human endometrium and that ESCs acquired several cellular functions during decidualization 
such as angiogenesis, inflammation, immune system, cell morphology, signal transduction, cell proliferation, 
metabolism, differentiation, and insulin signaling, which are known to be important for decidualization. Thus, 
the cellular functions of dESCs induced by in vivo decidualization were close to those observed by in vitro 
decidualization.

In terms of cellular functions, our results showed that cAMP + MPA induced a decidualization that most 
closely resembled in vivo decidualization. Thus, cAMP + MPA can reproduce changes in cellular function that 
are close to those in in vivo decidualization. The cellular function associated with embryo implantation was not 
observed in in vivo decidualization although it was observed in in vitro decidualization. This was not surprising 
since we analyzed the single-cell RNA-sequence data of ESCs derived from the late secretory phase endometrium, 
which is the period after implantation.

The present study showed that decidualized cells induced by different stimuli have quite different gene expres-
sion profiles and cellular functions. Among several protocols tried, cAMP + MPA most closely reproduces in vivo 
decidualization. However, the transcriptome changes induced by in vitro decidualization may be different from 
those induced by in vivo decidualization, which should be kept in our mind when we interpret the results 
obtained from in vitro decidualization. The present results should be very useful for designing future studies of 
decidualization, as well as for better understanding the previous studies.

Materials and methods
Reagents
Dulbecco’s modified Eagle medium (DMEM), L-glutamine, 1 × trypsin–EDTA, streptomycin, and penicillin 
were purchased from Invitrogen (Carlsbad, CA, USA). Fetal bovine serum (FBS) was obtained from Biological 
Industries Ltd (Beit Haemek, Israel). Collagenases, dibutyryl cyclic adenosine monophosphate (cAMP), Estradiol 
 (E2) and medroxyprogesterone acetate (MPA) were obtained from Sigma Chemical Co Ltd.

ESC isolation
Human endometrial tissues were obtained at hysterectomy from patients with a normal menstrual cycle, aged 
40–45 years, who underwent surgery for myoma uteri. The patients were not on hormonal therapy at the time of 
surgery. Informed consent was obtained from all participating patients, and ethical approval was obtained from 
the Institutional Review Board of Yamaguchi University Hospital (H26-102–7). All experiments were performed 
in accordance with the Tenets of the Declaration of Helsinki. Endometrial samples utilized for ESC isolation were 
histologically diagnosed as being in the late proliferative phase according to the published  criteria57. Tissue sam-
ples were washed with Phenol Red-free DMEM containing 4 mM glutamine, 50 mg/ml streptomycin and 50 IU/
ml penicillin, and minced into pieces of < 1  mm3. ESCs were isolated as reported  previously58. Cells were seeded 
at  105 cells/cm2 in 75  cm2 tissue culture flasks and incubated in Phenol Red-free DMEM containing glutamine, 
antibiotics, and 10% dextran-coated charcoal-stripped FBS at 37 °C, 95% air and 5%  CO2. At confluence, cells 
were treated with 1 × trypsin–EDTA and subcultured to use each experiment.

Induction of in vitro decidualization
To induce decidualization, ESCs from one patient were subcultured into 6 groups and were incubated with 
treatment medium (Phenol Red-free DMEM supplemented with glutamine, antibiotics and 2% dextran-coated 
charcoal-stripped FBS) with or without decidualization stimuli. Decidualization can be induced by culturing 
ESCs with cAMP (0.5 mM) for 4 days or MPA  (10−6 M) for 14 days. These are both considered the basic protocols 
for decidualization induction because MPA and cAMP are the main decidualization  inducers1. In addition to 
these basic protocols,  E2  (10−8 M) may be added to MPA for 14 days  (E2 + MPA), or MPA may be added to cAMP 
for 4 days (cAMP + MPA)2. These combined stimuli have been widely used as well. Therefore, we prepared dESCs 
induced by four types of stimulation protocols (cAMP, cAMP + MPA, MPA, and  E2 + MPA). Because the cultured 
period was different between the 4-days protocol (cAMP and cAMP + MPA) and the 14-days protocol (MPA, 
and  E2 + MPA), we prepared two control ESCs (non-dESCs) that were cultured without stimulations for 4 days 
or 14 days, respectively. The concentration of decidualization stimuli and the period of incubation used in this 
study were based on our previous  report9,11,50. The medium was changed every other day.
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Whole‑transcriptome analysis with RNA sequence
ESCs from one patient, who underwent surgery for myoma uteri, were subcultured into 6 groups (control sample 
for the 4-days protocol, cAMP, cAMP + MPA, control sample for the 14-days protocol, MPA, and  E2 + MPA). 
Total RNA was isolated from the cultured cells with an RNeasy® Mini Kit with DNAse treatment (QIAGEN, 
Inc., Valencia, CA). RNA-sequence was performed as reported  previously59–61. mRNA was purified with oligo 
dT beads (NEBNext Poly(A) mRNA magnet Isolation Module, New England Biolabs). Complementary DNA 
libraries for Illumina sequencing were generated with NEBNext Ultra II RNA library Prep kit (NEB) and NEB-
Nextplex Oligos for Illumina. The confirmed libraries were sequenced with Illumina Next-seq DNA sequencer 
with a 75-bp pair-end cycle sequencing kit (Illumina). To produce the raw bcl, or base call files, quality assess-
ment and image analyses were performed using Next-seq packaging software (Illumina) Real Time Analysis, and 
bcl2fastaq Conversion Software v2.19 (Illumina) was used for demultiplexing of the samples and adaptor remov-
able. Reads with more than two ambiguous nucleotides and reads with quality scores less than 13 as calculated 
by the Phred program were removed using CLC Genomics Workbench software (version 12.0.3, QIAGEN). The 
DNA fragments were read with 75-bp pair-end cycle sequencing. After mapping the paired reads, if they were 
more than 1000 bases apart or less than 20 bases close, they were discarded. Trimmed reads were mapped to the 
human reference genome GRCh37 (version 19) with CLC Genomics Workbench software (version 12.0.3) in 
default settings. Briefly, the reads were aligned to reference using the setting conditions with mismatch cost of 2, 
insertion cost of 3, and deletion cost of 3. In addition, the reads were mapped when at least 80% of the alignment 
matched the reference sequence (length fraction of 0.8), and the matched alignment was at least 80% identical 
to the reference sequences (similarity fraction of 0.8). Gene expression values were calculated as “transcripts per 
million” (TPM) as reported  previously62. 1 was added to the TPM value before the following calculation. When 
the TPM value increased or decreased more than 2.0-fold or 0.5-fold compared to the corresponding control 
samples, these genes were defined as up- or downregulated genes by in vitro decidualization.

In‑silico analysis of single‑cell RNA‑sequence data
To investigate the transcriptome changes in ESCs during in vivo decidualization, we utilized public single-cell 
RNA-sequence data of the human endometrium during the menstrual cycle (GEO accession: GSE111976)29. In 
their study, dimensional reduction via t-distributed stochastic neighbor embedding (t-SNE) was performed to 
segregate the cells into distinct groups. According to the canonical markers and highly differentially expressed 
genes, one of the cell populations was identified as ESCs. Therefore, cells determined as ESCs were used for our 
analysis. We extracted and analyzed the transcriptome of ESCs by Seurat (version 4.0.3). Then, the transcrip-
tomes of 189 ESCs from 4 patients in the late proliferative phase (day 9 ~ day 11 of the menstrual cycle) were 
compared with those of 137 ESCs from 5 patients in the late secretory phase (day 24 ~ day 27 of the menstrual 
cycle) that express FOXO1, one of the decidualization  markers1,63. To determine the expression level of each 
gene, the mean TPM of all cells in the late proliferative and secretory phase were calculated, respectively. These 
values were used as the gene expression levels for each phase. 1 was added to mean TPM before the following 
calculation. When gene expression levels in the late secretory phase increased or decreased more than 2.0-fold 
or 0.5-fold compared to those in the late proliferative phase, these genes were defined as up- or down-regulated 
genes by in vivo decidualization, respectively.

Real‑time RT‑PCR
ESCs from one patient were subcultured into 6 groups ESCs (control for day 4, cAMP, cAMP + MPA, control 
for day14, MPA, E + MPA). Total RNA was isolated with an RNeasy Mini Kit with DNase treatment (QIAGEN). 
RT reaction and real-time RT-PCR were performed as reported  previously58, using CFX384 Real-Time System 
(Bio-Rad, Hercules, CA) with Luna Universal qPCR Master Mix (Bio-Rad). The primer sequences are shown 
in Supplementary Table S1. Mitochondrial ribosomal protein L19 (MRPL19) were used as internal controls as 
reported  previously64,65. The relative mRNA expression levels of each decidualized cells (cAMP, cAMP + MPA, 
MPA, E + MPA) were calculated as fold changes to the corresponding control cells. This is a result from an 
individual ESCs. We repeated the three independent experiments on each three independent patient’s cells. 
Then, the mean ± SE of fold change from three different individuals was used as a relative expression value in 
decidualized cells.

Bioinformatics
A hierarchical clustering analysis was performed using the R package “Cluster” (version 2.1.4)66. DAVID Bio-
informatics Resources (version 6.8) (https:// david. ncifc rf. gov/) was used to determine whether the functional 
annotation of the differentially expressed genes was enriched for specific Gene Ontology (GO)  terms67. P values 
less than 0.01 were considered to indicate significant enrichment. Then, the enriched GO terms were summa-
rized by removing redundancy and plotted using reduce and visualize gene ontology (REVIGO) with allowed 
similarity as “small (0.5)” as reported  previously30,31,68.

Statistical analysis
To analyze differences between groups, statistical significance was analyzed by a Tukey–Kramer test. All statisti-
cal analyses were performed using R (version 4.0.2, R Foundation for Statistical Computing, Vienna, Austria). 
Differences were considered significant at P < 0.05.

https://david.ncifcrf.gov/
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Data availability
Original data generated and analyzed during this study are included in this published article or in the data 
repositories listed in References. RNA-seq data are deposited in Gene Expression Omnibus (GEO) (GEO acces-
sion no.: GSE235151).
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