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Stromal cells-specific retinoic acid determines
parturition timing at single-cell
and spatial-temporal resolution

Hui Zhao,1,2,6 Yang Wang,1,2,6 Hui Xu,1,2,4,6 Meng Liu,1,2 Xinmei Xu,1,2 Sijing Zhu,1,2 Zhao Liu,1,2,5 Han Cai,1,2

Yinan Wang,1,2 Jinhua Lu,1,2 Xiaoqing Yang,3 Shuangbo Kong,1,2 Haili Bao,1,2,* Haibin Wang,1,2,*

and Wenbo Deng1,2,7,*

SUMMARY

The underlying mechanisms governing parturition remain largely elusive due to limited knowledge of
parturition preparation and initiation. Accumulated evidences indicate that maternal decidua plays a
critical role in parturition initiation. To comprehensively decrypt the cell heterogeneity in decidua ap-
proaching parturition, we investigate the roles of various cell types in mouse decidua process and reveal
previously unappreciated insights in parturition initiation utilizing single-cell RNA sequencing (scRNA-
seq). We enumerate the cell types in decidua and identity five different stromal cells populations and
one decidualized stromal cells. Furthermore, our study unravels that stromal cells prepare for parturition
by regulating local retinol acid (RA) synthesis. RA supplement decreases expression of extracellular
matrix-related genes in vitro and accelerates the timing of parturition in vivo. Collectively, the discovery
of contribution of stromal cells in parturition expands current knowledge about parturition and opens up
avenues for the intervention of preterm birth (PTB).

INTRODUCTION

Parturition initiation is orchestrated bymultiple mechanisms, while our understanding about this process is significantly behind. Timely partu-

rition is critical for the survival of the neonates and their future health trajectory.1,2 Parturition initiation is elegantly directed, which requires

adequate preparation under the coordination of maternal decidua, placenta, and fetus.3 However, the developmental and physiological

mechanisms governing parturition remain unsolved mysteries as relatively little is known about the processes of parturition preparation

and initiation, making combating against preterm birth (PTB) a formidable challenge.4

Accumulating data suggest that ‘‘decidual clock’’ is critical for parturition initiation as evidenced by the two-hit hypothesis: genetic pre-

dispose and environmental stimulus.3,5–9 Additionally, the prevailing hypothesis about the role of decidua in parturition is that the decidua

originated prostaglandin F2 alpha (PGF2a) under the regulation of prolactin initiates parturition via targeting the myometrium to incite

smooth muscle contraction.10–12 Trp53-deficient decidua fails to support the progress of pregnancy to full-term with 50% incidence of

preterm birth due to derailed mTOR signaling pathway and insufficient COX2-derived PGF2a.13 However, the detailed roles of decidua in

parturition regulation remain enigmatic.

The maternal-fetal interface is separated to decidua zone and placental zone based on the distribution of the trophoblast giant cells

(TGC).14 Thematernal decidua zone is a highly dynamic and heterogenetic region consisting of different decidualized stromal cells, epithelial

cells, endothelial cells, perivascular cells, lymphatic cells, and immune cells.15,16 Among them, overactivated macrophages or natural killer

(NK) cells in the maternal decidua lead to recurrent spontaneous absorption by targeting decidualized stromal cells.17,18 Besides, abnormal

epithelium-stroma interactionsmediated by IHH-PTCH/GLI andHB-EGF-EGFR signaling pathways are also critical for the pathological mech-

anism of thin endometrium.19 These evidences established the concept that appropriate endometrial niche supporting different cell types is

momentous for decidua homeostasis maintenance, while the landscape of the significance of these cell types remains largely unknown.

In this study, we explore the parturition preparation by investigating the heterogeneity of maternal decidua in mouse while approaching

parturition via single-cell RNA sequencing (scRNA-seq), optimized single-cell resolution in situ hybridization on tissues (SCRINSHOT), and
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other molecular measures. Our results unravel that stromal cell is the most abundant and active cell type in decidua and dominates decidual

microenvironment by tightly communicating with other cell types. Collectively, this study elucidates a landscape picture for parturition prep-

aration in maternal decidual at single-cell resolution and illustrates the role of stromal cells in calibrating parturition-permission signal in

decidua to determine parturition timing.

RESULTS

Cell heterogeneity of maternal decidua by scRNA-seq

The parturition of mice is initiated at the night of day 19 via labor cascade (day 1 = the day of plug positive) and finished on day 20.20 The

maternal deciduae of day 16 (non-labor stage with low expression of contraction-associated proteins: Oxtr (Oxytocin receptor) and Gja1

(Gap junction protein alpha 1)) and day 19 (peri-parturition with higher expression ofOxtr andGja1)21 were collected in the morning and sub-

jected to scRNA-seq to depict the cell heterogeneity of decidua (Figures 1A, S1A, and S1B). Totally 25 distinct clusters were identified,

including five different stromal cells (Str), decidualized stromal cells, endothelial cells, lymphatic endothelial cells, epithelial cells, mesothe-

lium, myofibroblasts, pericytes, TGC, and immune cells (NK cells, macrophages, T cells, neutrophils, B cells, and mast cells) as annotated

based on marker genes. Various populations were visualized using uniformmanifold approximation and projection (UMAP) (Figures 1B–1D).

Stromal cell was the most abundant cell type as evidenced by the expression of progesterone receptor (PR), estrogen receptor alpha, and

WT1 transcription factor (WT1) (Figures 1E–1J). Through the staining of these maternal-specific genes, we noticed that the maternal-fetal

interface contained a specific layer with intensive nuclear staining. The co-localization of PR and WT1 with CK8 marked TGC suggested

that this nucleus intensive layer containing bothmaternal and fetal tissue, indicating the invasion of TGC intomaternal decidua tissue, termed

compact zone hereafter (Figures S2A and S2B).

The presence of endothelial and lymphatic endothelial cells was marked by PECAM1 and LYVE1 separately (Figure S3A). The lymphatic

endothelial cells were mainly distributed in maternal myometrium, remodeling vessels, and placenta labyrinth as reported before.22,23

The epithelial cells at implantation site were removed at early pregnancy in mice. At later stage, epithelial cells were gradually repaired

from inter-implantation sites and extend to the placenta detach site to facilitate the pups delivery.24 Among those epithelial-specific genes,

we surprisingly found that 20aHSD (Akr1c18), the gene responding to progesterone degradation which highly expressed in cervix epithelium

but not expressed in uterine epithelium on day 4,25 was highly expressed in day 16 and day 19 epithelium (Figures S3B andS3C). Further study

showed that the expression ofAkr1c18 in epitheliumemerged as early as day 10 (Figure S3D). Epitheliumplays an important role in parturition

in both humans and mice. Previous work in mouse cervix suggested that epithelial cell remodeling was necessary to maintain a dynamically

shifting state of homeostasis in pregnancy and labor.26 In this study, we also found a special cell type mesothelium located in the utmost

outside of the uterus as marked by Upk3b (Figure 1K) and Muc16. The function of this specific cell type was supposed to reduce the friction

and be progenitor of specific cell types.27 Among the populations of immune cells, macrophages were the most abundant cell type which

mainly located around myometrium and the underneath of epithelium (Figure S3E). Although NK cells were widely distributed in days 16

and 19 decidua, the proportion of NK cells was significantly decreased in day 19 stroma as measured by FACS and the immunostaining of

DBA-lectin, Gzma, Gzmb, and Spp1 (Figures S4A–S4H).

Signatures of distinct stromal cells during parturition

As stromal cell was the most abundant cell type in decidua, we first characterized the localization of these different stromal cells utilizing opti-

mized SCRINSHOT.28 Our results suggested that Hsd11b2 and Dio2, which are highly expressed in subepithelial stromal cells on day 4 and

rapidly disappeared in differentiated stromal cells after embryo implantation,29,30 were specifically expressed in Str_0 stromal cells on day 16.

SCRINSHOT showed that Hsd11b2-positive Str_0 stromal cells were mainly located in the outer part of decidua and sparsely distributed in

whole decidual (Figure 2A). Str_1 stromal cells, marked by Ptx3, were widely distributed in whole decidua (Figure 2A). Str_2 stromal cells,

marked by Cyp11a1, were sparsely distributed in the decidua (Figure 2A).

To depict the functional characterization of these three stromal cells, gene expression clustering was applied in these three stromal cells;

genes highly expressed in each stromal cell population were selected and subjected to KEGG analysis (Figures 2B and 2C). Our results un-

raveled that Str_0 stromal cells marker genes were highly enriched in spliceosome and estrogen signaling pathways. As Str_0 stromal cells

were marked by the undifferentiated markers Dio2 and Hsd11b2, the activated spliceosome and estrogen signaling pathway might be

involved in the maintenance of this undifferentiated status of stromal cells. It was noteworthy that genes involved with tissue reorganization

Figure 1. The single-cell landscape of mouse D16 and D19 decidua

(A) Diagram illustrates the experimental workflow for single-cell transcriptome and epigenome profiling in days 16 and 19 decidua. Str_0: stromal cells 0; Str_1:

stromal cells 1; Str_2: stromal cells 2; NK: natural killer cells; TGC: trophoblast giant cells; Mac: macrophages; Myofib: myofibroblast cells.

(B) Uniform manifold approximation and projection (UMAP) plot of the major cell types in days 16 and 19 decidua. Dots represent individual cells, and colors

represent different cell populations.

(C) The expression of marker genes across different cell types.

(D) The Pearson correlation of genes’ expression of different cell types.

(E–G) UMAP visualization of the expression of selected marker genes Pgr (D), Esr1 (F), and Wt1 (G) in stromal cells.

(H–J) Immunostaining of progesterone receptor (PR) (H), estrogen receptor alpha (ERa) (I), and WT1 transcription factor (WT1) (J) in day 16 decidua. CZ:

compacting zone; JZ: junctional zone; LZ: labyrinth zone.

(K) Localization of Upk3b mRNA in day 16 decidua.
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Figure 2. The signature of different stromal cells

(A) The expression and localization of Hsd11b2, Ptx3, and Cyp11a1 in Str_0, Str_1, and Str_2, respectively.

(B) Genes highly express in Str_0, Str_1, and Str_2 by gene expression clustering analysis.

(C) The KEGG enrichment of genes highly express in Str_0, Str_1, and Str_2 stromal cells; dot size: number of genes in data attributed to each KEGG term; color

bar: the log10 transformation of enrichment p value.
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pathways were highly enriched in Str_1 stromal cells, including axon guidance, focal adhesion, and regulation of actin cytoskeleton. This result

heralded the obvious structure organization of stromal cells in later stage of pregnancy. The most significantly enriched pathways in Str_2

stromal cells were lysosome, endocytosis, phagosome, and autophagy pathways, which were closely relevant with nutrition supporting

and longevity increasing of these stromal cells to adapt with growing embryos.

In additional to these stromal cells, we also noticed some other cell types with smaller populations, such as Dec_14, Str_15, and Str_17.

Since Dec_14 stromal cells were close to with Str_2 in UMAP, these cells were also characterized with obvious autophagy pathway as revealed

by KEGGanalysis (Figure 2D). Additionally, we found that these cells highly expressed decidualmarker Prl8a2 andweremainly localized in the

upper part of compactmixture zone (Figure 2E). It was interesting that the expression of HAND2was also limited in this area (Figures S5A and

S5B). Genetic evidence showed that HAND2 is indispensable for embryo implantation and stromal cell decidualization at early stage.31 While

the expression and function of HAND2 in later stage remains unknown, similar localization of HAND2with Prl8a2 suggests that HAND2would

be also important for stromal cells decidualization, which deserves further study in genetically modified animals.

Interferons (IFNs) were proposed to be induced in immune cells as well as cervical epithelial cells in bacterial-induced preterm birth mice

based on scRNA-seq.32 In our study, we noticed that infection signaling pathway was overtly enriched in Str_17 (Figure 2D). This observation

was further supported by the observation of enriched IFN-b signaling pathway in stromal cells in deciduawith specific expression of Isg15, Irf7,

Ifit1, and Ifit3 (Figure 2F), which is further corroborated by the localization of Isg15 in the perivascular stromal cells (Figures 2G and 2H).

Considering the highly phosphorylation of Stat3 under infection insult in our previously study,33 this result uncovered a cell type against virus

infection probably associated with the protection setup of maternal decidua under certain situation.

Stromal cells reorganization during pregnancy

The initiation of parturition was ultimately reflected in muscle contraction. To explore the dynamic change of endometrial smooth muscle,

Myh11, one of the specific markers of smooth muscle in endometrium, was utilized to chart the localization of smooth muscle. Surprisingly,

although there was intensive muscle bundle in the outer of uterus, sparsely distributed smooth muscle was mingled in stromal cells

(Figures 3A and 3B). This result was also recapitulated by the staining of Acta2, another marker of smooth muscle (Figure 3C). This stromal

myometrium distribution in-between might be ascribed to stromal cells invading into myometrium. To decrypt this mystery, we detected the

expression of aSMA (Acta2) with co-staining with CD31 fromdays 8 to 16. There was little to no aSMA expression in stromal cells except some

aSMA-positive cells surrounding blood vessels in mesometrial pole on days 8 and 10 (Figure 3C), which was supported by previous obser-

vation that perivascular cells close tomyometriumweremarkedby both aSMAandNG2 in the outer part of uterus.34While the smoothmuscle

distribution in stroma without co-localization with blood vessels was obviously observed from day 12 (Figure 3C). It was feasible to speculate

that, accompanied with the deep invasion of TGC into mesometrial pole and the growing of developing embryo, the smooth muscle was

tensely stretched and became discontinued with the stromal cells filled in between.

To further explore the potential mechanism of the invasion of these stromal cells into myometrium, we revisited the functional character-

ization of these stromal cells. We noticed that the axon guidance pathway was significantly enriched in Str_0 and Str_1, including Slit3,

Sema3b, Robos, and Vegfd (Figures 3D–3G). Slit3-Robo1 signaling pathway was reported critical for cell migration for neuro and other

cell types.35–37 Our in situ hybridization also revealed that Slit3 was strongly expressed in stromal cells on day 16 (Figure 3E).

In addition, SEMA3B, a secreted protein that belongs to the class 3 semaphorins, was reported critical for axons guiding;38 our

SCRINSHOT results also indicated that Sema3b was strongly expressed in stromal cells on day 16 (Figure 3J). SEMA3 members form com-

plexes with two types of cell surface receptors: neuropilins (NRP1 and NRP2) and plexins. Neuropilins provided binding sites for SEMA3

whereas plexins were necessary for signal transduction. In addition to semaphorins, NRP1 and NRP2 also interact with several members of

the vascular endothelial growth factor family. Our scRNA-seq and SCRINSHOT results indicated that Vegfd was highly expressed in stromal

cells whileNrp2was specifically expressed in lymphatic endothelial cells and endothelial cells on day 16 (Figures 3H and 3I). The expression of

the migration-associated genes in stroma and endothelium indicated the complex communications between these two cell types in guiding

mesometrium reorganization (Figure 3K). Summarily, previously described observations suggested that the mesometrial stromal cells and

smooth muscles underwent notable reorganization at later stage of pregnancy.

Decidual RA is important for parturition preparation

The maternal tissue needed to be prepared prior to parturition. To depict the dynamic change between day 16 and day 19, we compared

cell composition and gene expression in these two different stages. Our results revealed that although the cell composition was comparable

between these two different stages, gene expression was significantly altered (Figures 4A–4C). Among them, alcohol dehydrogenase 1

(Adh1) was overtly upregulated in almost all stromal cells in day 19 stroma compared with day 16, evidenced by both scRNA-seq and

Figure 2. Continued

(D) KEGG enrichment of genes highly express in Dec_14, Str_15, and Str_17 cells; dot size: number of genes in data attributed to each KEGG term; color bar: the

log10 transformation of enrichment p value.

(E) The expression and localization of Prl8a2 mRNA in day 16 decidua. Arrow head indicated the expression of Prl8a2.

(F) Heatmap of genes in interferon b (INFb) signaling pathway in different stromal cells and decidualized stromal cells. Colors represent z-scores normalized

expression of genes.

(G) The expressions of INFb signaling pathway genes Isg15, Ifit1, Ifit3, and Irf7 in Str_17. Arrow heads indicate the expression of these genes.

(H) The localization of Isg15 mRNA in day 16 decidua.
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SCRINSHOT (Figures 4D–4F). Additionally, aldehyde dehydrogenase family 1, subfamily A2 (Aldh1a2), was also upregulated in day 19 stroma,

especially in Str_0 stromal cells (Figures 4G and 4H). As bothAdh1 andAldh1a2were critical enzymes for retinoic acid (RA) metabolism, it was

reasonable to suspect that RA plays an important role in parturition preparation. This speculation was further supported by the expression of

retinol-binding protein 4 (Figures 4I and S6A) and nuclear receptors of retinoic acid, retinoic acid receptor alpha (Rara), retinoic acid receptor

gamma (Figure 4J), and retinoid X receptor alpha (Rxra). These results indicated that RA synthesis was cumulatively increased approaching

parturition. To further interrogate the physiological significance of RA in parturition initiation, all-trans RA (atRA) was injected (800 mg/mouse/

time) from days 16 to 17. Compared with control group, 72.7% mice were parturiated before day 19, indicating the role of RA in accelerating

the timing of parturition (Figures 4K and 4L). The expressions of these retinoic acid synthesis-related genes were also recapitulated in human

maternal stromal cells around parturition,39 further supporting the importance of retinoic acid metabolism in parturition (Figures S7A–S7H).

The next question was the underlying mechanism by which RA induced parturition. We firstly extrapolated the differentially expressed

genes between day 16 and day 19. Oxtr, the most known gene associated with parturition initiation,40 was significantly increased in smooth

muscle (Figure S8A). Additionally, our scRNA-seq and SCRINSHOT results also indicated that Oxtr expression was increased in Str_0 and

Str_1 on day 19 (Figures S8B and S8C), indicating that stromawas another critical parturition initiation site. Connexin 43 (Gja1), another critical

gene recognized as expressed in smooth muscle approaching parturition in both human and mouse mediating ion and nutrition exchange

between cell,41 was also highly expressed in not only smooth muscle but also stromal cells (Figures S8D–S8F). These expressions ofOxtr and

Gja1 in stromal cells were also corroborated with previous studies.42,43 Apart from these two genes, matrix metallopeptidase 11 (Mmp11), a

matrix-degrading enzyme,44 was also highly increased in day 19 Str_0 and Str_1 (Figures S8G–S8I). Besides the upregulated genes in day 19

stromal cells, we noticed that the expressions of collagen type I alpha 1 chain (Col1a1), proenkephalin (Penk), and elastin (Eln) were signifi-

cantly downregulated (Figures 5A–5C), which also supported the concept that parturition was accompaniedwith dramatic extracellular matrix

remodeling to facilitate parturition initiation as well as endometrial postpartum repairing.

To investigate whether RA participated in parturition via regulation of previouslymentioned genes, stromal cells from day 16 were isolated

and treated by atRA. The results suggested that Gja1, Oxtr, and Mmp11 were not affected by RA (Figures S6B–S6D). But the extracellular

matrix genes were overtly downregulated by atRA, such as Col1a1, Penk, Eln, fibronectin (Fn1), and Postn (Figure 5D) and others

(Figures S6E and S6F). As 10X genomics scRNA-seq only detected the genes at 30 UTR, to thoroughly enumerate the genes’ dynamic changes

in day 16 and 19 stroma, sorted stromal cells were subjected to high-throughput bulk RNA sequencing. The results also confirmed that those

extracellular-related genes were significantly downregulated (Figures 5E–5H).

As the change of gene expression was accompanied with epigenetic modification, to chart the epigenetic landscape of stromal cells ap-

proaching parturition, CUT&Tag was applied to inspect epigenetic changes in purified stromal cells from both days 16 and 19 (Figure S9A).

The distribution curve and heatmap of H3K4me3, H3K4me1, and H3K27Ac confirmed the high quality of our CUT&Tag data (Figures 5I and

5J). To detailed segmentation of genome regions modified by these epigenetic modification combinations, ChromHMM was applied to

figure out the modification pattern of genome by these enzymes. There were totally eight modification patterns with pattern 6 possessed

high enrichment of H3K4me3, H3K4me1, and H3K27Ac with low H3K27me3 (Figure 5K). Although the total modifications of H3K27Ac and

H3K4me1 were comparable genome widely in days 16 and 19 (Figure 5L), the alternations in specific sites were observed. For Oxtr and

Mmp11, both H3K4me1 and H3K27Ac at the marked site were responded for their upregulation in day 19. H3K27Ac at the marked site

was more dominant for Aldh1a2 and Adh1 expression (Figure 5M). Interestingly, both the marked sites responded for these gene expression

well correlated with pattern 6 characterized by ChromHMM. These results suggested that the epigenetic landscape of stromal cells was also

involved in parturition preparation.

The cell connections in days 16 and 19 decidua

Cell-cell communications play an important role in homeostasis maintenance. In order to dissect out the complex interactions between

different cell types, we next leveraged CellPhoneDB to identify the expression of ligand-receptor pairs and to predict their interactions

with other cells in days 16 and 19 decidua. As ranked by the number of connections between different cell types, Str_15, Str_1, Str_17,

Str_0, and endothelial cell were the most active cell types in days 16 and 19 decidua (Figures 6A, 6B, and S10A). Besides, both

Figure 3. The signaling pathway of stromal cells migration

(A) The localization of Myh11 mRNA in day 16 decidua by SCRINSHOT.

(B) The expression of smooth muscle markers Myh11 and Acta2 in decidua.

(C) Immunostaining of aSMA (red), PECAM1 (green), and DAPI (blue) in decidua from days 8–19.

(D) The UMAP visualization of the expression of Slit3 and its receptors Robo1 and Robo2 in different cell types.

(E) The localization of Slit3 mRNA in day 16 decidua.

(F) Violin plots show the expression levels for Slit3 and Robo2 in different cell types.

(G) The UMAP visualization of Vegfd and its receptor Nrp2 in different cell types.

(H) The localization of Vegfd mRNA in day 16 decidua.

(I) Violin plots show the expression levels for Vegfd and Nrp2 in different cell types.

(J) Localization of Sema3b mRNA in day 16 decidua.

(K) The expressions of genes associated with migration signaling pathways. The same color in left and right represent genes in the same signaling pathway with

ligands marked with blue and receptors marked with red. The size of the dot represents the percent of cells expressed with indicated genes and the color

represents the average expression of indicated gene.
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CellPhoneDB and NicheNet analysis strongly suggested that there were extensive communications between endothelial cells and stromal

cells (Figures 6C and S10B). Especially, endothelin 1 (Edn1) in endothelial cells was of high priority to regulate downstream target genes

expression through its receptor Ednra and Ednrb (Figure 6D). EDN1 was reported to activate RhoA/Rho kinase pathway through protein ki-

nase C and sphingosine kinase to promote the calcium sensitization and subsequent contraction of rat myometrium in the late pregnancy.45,46

Our results suggested that there was less EDN1 secreted by vascular endothelial cells in day 16 decidua with more in epithelium, while in day

19 decidua, stronger vascular endothelial EDN1 was secreted to target stroma and other cell types (Figures S11A–S11G).

Among the differentially changed pathways, P-selectin (SELP)-CD34 signal pathway increased obviously in day 19 stroma with FN1-integ-

rin-mediated extracellular matrix organization and bone morphogenetic protein-mediated differentiation pathways downregulation as evi-

denced by both scRNA-seq and SCRINSHOT (Figures 6E, S11H, and S11I). The SELP gene encoded a cell adhesion molecule facilitating the

interaction of activated platelets on endothelium with leukocytes,47 which supported the conjecture of postpartum coagulation and wound

healing. In summary, our explorations of the signaling pathway between stroma and other types of cells confirmed the complex interactions of

different cell types involved for parturition preparation.

The stemness genes were activated before parturition

To delineate the functional change of differentially expressed genes between days 16 and 19, the enriched pathways in different stromal cells

were analyzed. It was noticeable that regulation of pluripotency andWNT signaling pathwaywere enriched in day 19 stroma, includingWnt5a,

Axin2, Fzd7,Dkk2, and Ror2 (Figures 7A–7F). When projecting these signaling pathways to the cells, it showed thatWNT signaling wasmainly

enriched in Str_0 and Str_1 and regulation of pluripotency was enriched in Str_0 (Figures 7G and 7H). AXIN2-mediated WNT signaling

pathway was reported as critical gene for progenitor cells regeneration.48 The RNA velocity analysis also confirmed that Str_0 stromal cells

were potential progenitors of Str_1 (Figure 7I).

DISCUSSION

Parturition is regulated by progressive cascade of events, comprising signaling pathways frombothmaternal decidual and placenta, while the

underlying mechanism has been a long-standing conundrum. Previous studies suggest that the development of placenta controls the timing

of parturition through ‘‘placenta clock.’’49 Accumulative evidence shows that decidua plays an essential role during parturition via ‘‘decidua

clock.’’50 Both genetic and epigenetic predisposition of decidua and external inflammation insults are considered the most important deter-

minants for the irregulated parturition initiation.51 Current understanding for the parturition initiation is that PGF2a derived from maternal

decidua or fetal membrane induces luteolysis and smooth muscle contraction.3,12 This work has been further proven by the observation of

delayed parturition in COX-1-deficient mice.52 The failure of labor onset is observed in PGF2a receptor (FP) knockout mice accompanied

with defect Oxtr induction but normal Oxtr expression.53 However, it is interesting that Oxtr is dispensable for parturition onset since Oxtr

deficiency exhibits normal parturition but with defects in lactation and maternal nurturing.53 Whether there are some other decidual factors

required for induction of parturition remain elusive.

Among decidual stromal cells, in this study, we depict the decidua factors by single-cell sequencing. Stromal cell is themost abundant cell

type in maternal decidua. The scRNA-seq data of the early maternal-fetal interface in human show that there were three clusters of stromal

cells in decidual layers.16 Decidual stromal cells play critical roles in promoting successful pregnancy, interfacing with fetal cells throughout

pregnancy, and the timing of birth.3,54 Both genetic and epigenetic predisposition of decidual stromal cells are considered the most impor-

tant determinants for the irregulated parturition initiation. The expression of GATA2 and HAND2 in stromal cells may regulate transcriptional

programs that influence the timing of parturition in humans.51 Our study suggests that the composition of decidua is more complex than we

knew before. There are five different stromal cells and one decidualized stromal cell in decidua with their own roles in mice at later stage of

pregnancy. The complexity of stromal cell in decidua approaching parturition is further corroborated by another work investigating the un-

derlying mechanism of bacteria-induced preterm birth.32 In our study, we further characterize the regionalization of different stromal cells in

decidua as well as decidualized stromal cells.

Figure 4. Decidual retinoic acid synthesis during parturition preparation

(A) Stromal cell composition in days 16 (left circle) and 19 (right circle) decidua.

(B) Scatterplots depict differentially expressed genes in Str_0, Str_1, and Str_2 between day 16 and day 19. Red and blue represent genes specifically expressed in

day 16 and day 19, respectively.

(C) Heatmap of the differentially expressed genes in Str_0, Str_1, and Str_2 between day 16 and day 19. Color bar represents Z score normalized expression of

genes.

(D) UMAP visualization of the expression of Adh1 in days 16 and 19 stromal cells in decidua.

(E) Quantitative expression of Adh1 in distinct stromal cells between days 16 and 19. ***p < 0.001, Wilcoxon tests.

(F) Localization of Adh1 mRNA in days 16 and 19 decidua.

(G) UMAP visualization of the expression of Aldh1a2 in days 16 and 19 stromal cells in decidua.

(H) Quantitative expression of Aldh1a2 in distinct stromal cells between days 16 and 19. ***p < 0.001, Wilcoxon tests.

(I) Localization of Rbp4 mRNA in days 16 and 19 decidua.

(J) Localization of Rara and Rarg mRNAs in days 16 and 19 decidua.

(K) Experimental schedule of atRA administration induced preterm birth in D16-D17 pregnant female mice (i.p. injection with 800 mg/mouse each time).

(L) The ratio of preterm birth after atRA injection.
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Especially, the stromal cells possess the property of generating local retinol acid characterized by expression of the enzymes for RA syn-

theses and transports as well as its nuclear receptors, RARa, RARb, and RXRa. The expression of these genes in peri-implantation uterus and

compromised female fertility of disrupted RARa also supports the role of RA in pregnancy.55,56 Current metabolome profile analysis in

maternal plasma evidence that the metabolism during pregnancy is a dynamic and precisely programmed process.57 Since adequate vitamin

A during pregnancy is of critical importance for the health of pregnant women,58 the analysis of retinoid metabolites in pregnant women

plasma shows that retinol levels are significantly reduced with significantly increased 13-cis-retinoic acid and retinol-binding protein in

PTB compared to term birth.59 These metabolic observations further corroborate our conclusion that RA is a potential decidual critical factor

for labor onset. More elegant genetic models are deserved to parse the physiological significance of these genes’ role during parturition.

The decidua needs to be prepared before parturition including the remodeling of stromal cells which involves the previous unappreciated

migration of stromal cells into myometrium in normal physiological condition. Our results suggest that there is dramatic stromal reorganiza-

tion during pregnancy. During this process, we decipher the mechanism that SLIT-ROBOs signaling pathway is important for this stromal

migration. This transformation would benefit the prevention of over-invasion of trophoblast, which would contribute to placenta accreta

or placenta implantation in human beings.60 This processmight also facilitate themuscle contraction in parturition establishment. In addition,

the invasion of stromal cells into myometrium would also preserve stromal cells for endometrium regeneration after parturition via WNT

signaling pathway.

Tissues destruction, repairing, and remodeling is critical for parturition, placenta shedding, and uterine involution,61 while little is known

about this process until now. Our results suggest that stromal cells play a vital role for the detachment of fetus from uterus via the degradation

of extracellular matrix, encompassing kinds of collagens, fibronectin, glycoprotein, and others.62,63 Extracellular matrix degradation and re-

modeling by proteolytic enzymes, such asmatrix metalloproteinases (MMPs), are required for the final steps of parturition via their proteolytic

activities on specific substrates: collagenases (MMP1,8, and 13), gelatinases (MMP2 and 9), matrilysins (MMP7 and 26), stromelysins (MMP3,

10, and 11), and membrane-type MMPs (MMP14, 15, 16, 17, 24, and 25), and are balanced by the action of their inhibitors.64,65

Our results not only identify the unappreciated role of stromal MMP11, also named as stromelysin-3, holding strong activity to degrade

serine protease inhibitor a1-antitrypsin and insulin-like growth factor-binding protein-1,66 in stroma approaching parturition, but also provide

evidence that increased RA is important for collagen degradation by inhibiting the expression of sorts of collagenases. Additionally, there are

evidences thatMMP11 is also important for migration and invasionwhich corroborates the fact of invasion of stromal cells intomyometrium.67

Our observations provide a possibility to intervene parturition by targeting extracellular matrix remodeling. Considering the secretory nature

of MMP11, it is very promising to predict parturition timing and diagnose preterm birth by monitoring serum level of MMP11.

The recognition of preparation and onset of the labor is very limited until now. PTB, a symptom of derailed initiation of parturition, is

increasingly recognized as an outcome that results from a variety of pathological processes. Our results provide information on the parturition

preparation and labor onset based on the observation of distinct function of various stromal cells in decidua. In addition, we also unravel that

RA is another critical factor for parturition preparation partly by regulating extracellular matrix remodeling (Figure 7J). Collectively, our results

shed light on themechanismof parturition andprovide agenda to illuminate the basic and translational research opportunities and limitations

that need to be decrypted to advance the field of PTB prevention.

Limitations of the study

Although our research provides a molecular mechanism for the regulation of initiation of labor and PTB, this study has several limitations due

to the complexity of regulation mechanisms of delivery initiation and PTB. Firstly, the decidua is a highly heterogeneous tissue consisting of

Figure 5. The downstream genes of RA and the epigenetic landscape of stromal cells approaching parturition

(A–C) Quantitative expression of Col1a1 (A), Penk (B), and Eln (C) in distinct stromal cells between days 16 and 19. ***p < 0.001, Wilcoxon tests.

(D) Relative expression ofCol1a1, Penk, Eln, Fn1, and PostnmRNAs in day 16 cultured stromal cell after 5 mMatRA treatment for 24 h. ***p < 0.001, Student’s t test.

Data are represented as mean G SEM (n = 3).

(E) Heatmap of differentially expressed genes by bulk RNA-seq in whole decidua from days 16 and D19; Colors represent the Z score normalized expression of

genes.

(F) Volcano plot of differentially expressed genes by bulk RNA-seq in whole decidua between days 16 and 19. Red color represents of upregulated genes in day 19

deciduawith p < 0.05 and fold change >2; blue color represents downregulated genes in day 19 deciduawith p < 0.05 and fold change <0.5; gray color represents

not significantly change genes in these two groups.

(G) Dot plot of enriched signaling pathways based on differentially expressed genes by bulk RNA-seq between day 16 and day 19 decidua.

(H) Heatmap of extracellular matrix genes in days 16 and 19 decidua by bulk RNA-seq.

(I) Metaplot of H3K4me3, H3K27Ac, and H3K4me1 modification across gene body. TSS, transcription start site; TES, transcription end site.

(J) Heatmap of H3K4me3, H3K27Ac, and H3K4me1 distribution across gene body in days 16 and 19 stromal cells.

(K) Chromatin state adjacency frequencies (how often 2 chromatin states neighbor each other) defined by multivariate hidden Markov model-based method

(ChromHMM) via integrating chromatin modification of H3K4me1, H3K4me3, H3K27Ac, and H3K27me3. Genome is segmented into 200-bp intervals based

on state classifications and divided into 8 different modification signatures.

(L) Definition of distinctive genomic regions marked by H3K4me1, H3K4me3, H3K27Ac, and H3K27me3 which learned by ChromHMM based on the

CUT&Tag data.

(M) The visualizations of H3K4me3, H3K4me1, H3K27Ac, and H3K27me3 modification at Oxtr, Mmp11, Adh1, and Aldh1a2 loci in IGV. The magenta track

represents pattern six defined by ChromHMM in (L) with higher modification of H3K4me1, H3K27Ac, and H3K4me3 and weaker modification of H3K27me3.

The red boxes highlight the regions with differential modifications in one of H3K4me3, H3K4me1, and H3K27Ac.
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stromal cells, immune cells, endothelial cells, and other cell types. The expression of various molecules is not only cell type specific but also

spatiotemporal specific. To further explore the mechanism of parturition initiation, spatial transcriptome sequencing can be used to conduct

in-depth research. Secondly, although our study find that RA plays an important role in the initiation of parturition, more elegant genetic

models are deserved to parse the physiological significance of RAduring parturition. Thirdly, whether the effect of RA is conservative in clinical

practice needs further verification.
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Figure 6. Cell-to-cell connection in day 16 and day 19 decidua

(A) The abundance of connection between different cell types in days 16 and 19 decidua utilizing CellPhoneDB.

(B) The circular plot represents outgoing signaling and incoming signaling among different cell types in days 16 and 19 decidua analyzed by CellPhoneDB.

(C) The interaction between endothelium and lymphatic endothelial cells with themajor stromal cells. Themost left is the prioritized ligands defined byNicheNet.

Pearson correlation indicates the ability of each ligand to its target genes, and better predictive ligands are thus ranked higher. The dot plots represent the

expression of ligands in endothelium and lymphatic endothelial cells and their target genes in different stromal cells. Heatmap shows the predicted ligands

activity by NicheNet on their target genes in different stromal cells.

(D) Heatmap shows the bona fide interactions between the ligands in endothelium and lymphatic endothelial cells and their receptors in different stromal cells.

Dot plots represent the average expression of ligands and their receptors in senders and receivers, respectively.

(E) The differential changed signaling pathways between endothelium, lymphatic endothelial cells, and different stromal cells in day 16 and day 19 defined by

CellPhoneDB. Among them, BMP2-SMO and VEGFD-KDR are mainly enriched in day 16 decidua, while SELP-CD34 and ACVR-INHBB are mainly enriched in day

19. The size of dot represents the expression of indicated ligand (magenta) and its receptor (blue) in different cell types and color bar represents their enrich

significance. The numbers in the colored round indicate different cell types as annotated in (A).
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents and dataset may be directed to, and will be fulfilled by the Lead Contact, Wenbo Deng

(wbdeng@xmu.edu.cn).

Material availability

All materials in this study will be made available on request to the lead contact.

Data and code availability

d Single-cell RNA-seq and Cut & Tag data have been deposited at National Center for Biotechnology Information Sequence Read Archive

and are publicly available as of the date of publication. Accession numbers are listed in the key resources table.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Collagenase I Worthington LS004196

Collagenase V Worthington LS004188

HBSS Sigma-Aldrich Cat#7447407

Dulbecco0s Phosphate Buffered Saline Sigma-Aldrich D8537

PrimeScript� RT reagent Kit with gDNA Eraser (Perfect

Real Time)

TaKaRa RR047A

TB Green� Premix Ex Taq� II (Tli RNase H Plus) TaKaRa RR820Bii

cOmplete�, EDTA-free Protease Inhibitor Cocktail Roche 04693132001

16% Formaldehyde Cell Signaling Technology 12606S

Triton X-100 Sigma-Aldrich T8787

SplintR� Ligase NEB M0375L

Phi29 MAX DNA Ploymerase Vazyme N106-02

Retinoic acid Med Chem Express HY-14649

Deposited data

Data of Cut & Tag assays and scRNA-Seq for days 16

and 19 deciduae

This study PRJNA907416

Experimental models: Organisms/strains

Mouse: CD1 TengXin Biotechnology N/A

Software and algorithms

Bowtie2(2.5.0) Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

MACS2(2.2.7.1) Zhang et al., 2008 https://github.com/taoliu/MACS

Seurat (4.3.0) Hao et al., 2021 https://github.com/satijalab/seurat

CellphoneDB(v4) Efremova et al., 2021 https://github.com/Teichlab/cellphonedb

Cellchat(1.5.0) Suoqin et al., 2021 https://github.com/sqjin/CellChat

NicheNet (1.1.1) Browaeys et al., 2019 https://github.com/saeyslab/nichenetr

TopHat2 (2.1.1) Kim et al., 2013 https://ccb.jhu.edu/software/tophat/

index.shtml

GraphPad Prism (8.0.0) GraphPad https://www.graphpad.com/scientific-

software/prism/

Other

Original code for data analysis applied in this paper. This paper https://doi.org/10.5281/zenodo.8275380

Accession number of original sequencing data This paper PRJNA907416
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d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOI is listed in the key resources

table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Experiments were performed in 6�8 weeks female CD1 mice (purchased from TengXin Biotechnology, Chong Qing, China). Mice

were housed in animal care facility of Xiamen University, which contained a controlled environment (22 G 2�C, 50–60% humidity,

12-h light-dark cycles) and free access to food and water according to the guidelines for the care and use of laboratory animals.

All experimental procedures were approved by the Animal Welfare Committee of Research Organization (X200811), Xiamen Univer-

sity. Maternal deciduae were collected on days 16 and 19, separately. The day of vaginal plug formation was considered Day 1 of

pregnancy.

For atRA injection, pregnant mice were injected with atRA on days 16 and 17 with twice/day (800 mg/mouse/time.68,69 Mice parturition

before day 19 morning was identified as accelerating the timing of parturition.

METHOD DETAILS

10x genomics single-cell RNA-seq of decidua tissue

The deciduae containing only maternal tissue from three individual on days 16 and 19 were surgically removed, mixed together, rinsed with

ice-cold DPBS (Merck Millipore, D8537) and chopped using scalpels into small pieces and enzymatically digested in 5 mL digestion solution

containing 1 mg/mL collagenase I (Worthington, LS004196) and 1 mg/mL collagenase V (Worthington, LS004188) in HBSS. The supernatant

was dilutedwith HBSS and passed through 70-mmcell sieve and then 40-mmcell sieve (Biosharp, BS-40-CS). The flow-throughwas centrifuged

and resuspended in 1mL of red blood cell lysis buffer for 3 min. The cells were collected by spinning down at 500g for 5min and re-suspended

in DPBS and kept on ice for subsequent 10X scRNA sequencing.

Flow cytometry staining and cell sorting

Decidual stromal cells were dissociated according to the protocol used before and incubated at 4�C for 30 min in 1ml FACS staining

buffer (2% BSA in DPBS) with monoclonal antibodies specific to CD45 (BD Pharmingen, Cat# 553081) and CD31 (eBioscience,

Cat#11031185). After removing CD45 positive immune cells and CD31 positive endothelial cells, the remaining CD45 and CD31

negative cells were purified for subsequent experiments, such as RNA seq and CUT&Tag. The antibodies used were listed in key

resources table.

Decidua stromal cell culture

Decidua stromal cells isolation followed the protocol as described before. Cells were plated in 12-wells plates containing phenol red-free

Dulbecco modified Eagle medium (DMEM) and Ham F12 nutrient mixture (1:1) (Gibco) with 10% charcoal-stripped fetal bovine serum

(CS-FBS) and antibiotic. Two hours later, themediumwas replaced with freshmedium (DMEM/F12, 1:1) with 10%CS-FBS. After 24h culturing,

themediumwas replacedwith DMEM/F12 without CS-FBS for 12h starvation. After 12h starvation, themediumwas replaced with DMEM/F12

containing vehicle (DMSO) or atRA (5 mM) (MedChemExpress, HY-14649) for 24h.

CUT&Tag assay

The CUT&Tag assay was performed using the NovoNGS� CUT&Tag 3.0 High-Sensitivity Kit (NovoProtein, N259-YH01). In brief, 100,000

purified decidual stromal cells by FACS washed twice with 1.5 mL wash buffer and then mixed with 10 mL activated concanavalin A beads

and incubated at RT for 10 min. After successive incubations with the primary antibody (overnight at 4�C) at a dilution of 1:50 and second-

ary antibody (room temperature, 1 h) at a dilution of 1:100, the cells were washed and incubated with 1 mL pAG-Tn5 in 100 mL ChiTag Buffer

for 1 h at room temperature. Tagmentation buffer (50 mL) was added into the samples and incubated at 37�C for 1 h. The reaction was

stopped by adding 1 mL 10% SDS and incubated at 55�C for 15 min. To extract DNA, 100 mL Tagment DNA extract beads were added

to each tube with vortexing, quickly spun and held for 5 min. Tubes were placed on magnet stand, then the liquid was carefully withdrawn.

Without disturbing the beads, beads were washed twice in 200 mL 80% ethanol. After drying for about 5 min, 37 mL of TE Buffer was added,

the tubes were vortexed, quickly spun and allowed to sit for 3 min. Tubes were placed on a magnet stand and the liquid was transferred to

a fresh tube.

Bulk RNA-Seq of decidual stromal cells

RNA was extracted from purified decidual stromal cells using TRIzol reagent (Vazyme，R401). RNA concentration was measured by

NanoDrop (Thermo Fisher scientific, Waltham, MA) and the quality of RNA was determined by Agilent TapeStation 4200 (Agilent Technol-

ogies, Santa Clara, CA). Libraries were prepared using the TruSeq Stranded Total RNA Library Prep Kit (Illumina, San Diego, CA) from total

RNA. Paired-end deep sequencing was done using HiSeq 2500 sequencer (Illumina, San Diego, CA).
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RNA-seq data analysis

After alignment of the paired-end reads to mouse genome (GRCm38) by STAR with default parameters, gene expression was normalized to

fragments per kilobase of exon model per million mapped reads (FPKM) using the EdgeR3.9 package in R with the criteria of fold change

greater than 2 or less than 0.5 and p < 0.05. Ggplot2 package in R was applied for data visualization of RNA-Seq data. Gene ontology

(GO) and KEGG enrichment analysis of differential expression genes (DEGs) were analyzed by clusterProfiler package in R.

Digoxygenin In situ hybridization (ISH)

In situ hybridization with digoxygenin (DIG) was modified according to the previously described method. Frozen sections (10 mm) were

mounted onto poly-L-lysine coated slides and stored at�80�Cuntil used. After removal from�80�C, the slides were placed on a slide warmer

(37�C) for 3 min and then fixed in 4% paraformaldehyde in PBS for 60 min. Following prehybridization, sections were hybridized to DIG

labeled cRNA probes overnight at 55�C. After hybridization, the slides were incubated with RNase A (10 mg/ml) at 37�C for 30 min. After

incubated with alkaline phosphatase conjugated anti-Digoxigenin antibody (Fab fragments, Roche), the signal was visualized with

5-Bromo-4-chloro-3-indolyl phosphate (BCIP) and nitro blue tetrazolium (NBT). Primer pairs were listed in Table S1.

Single-molecule fluorescence in situ hybridization (ISS)

The padlock probes of genes of interesting were designed by PrimerQuest (https://eu.idtdna.com/PrimerQuest/Home/Index?

Display=AdvancedParams). Tissue sections were removed from -80�C and mounted onto Superfrost Plus slides (ThermoFisher Scientific)

at 45�C for 3 min, fixed in 4% PFA (freshly prepared) for 60 min. BlockingMasterMix containing tRNA andOligo-dT was added and incubated

the slides at room temperature (RT) for 30 min to block the unspecific binding of probes on the tissue section. Padlocks probes (0.5 mM each,

listed in Table S2) were added and incubated at 55�C for 15 min for denaturation and at 45�C for 120 min for hybridization. SplintR ligase

(PBCV-1 DNA Ligase, NEB, M0375L) was added to ligate the hybridized padlock probes for 12-16 hours at 25�C. Phi 29 (F29) polymerase

(Vazyme, N106-02) was added to perform the rolling circle amplification (RCA) at 30�C for 12-16 hours. After adding of detecting solution

containing HRP-labeled detecting probes onto the slides and incubating in the dark for 45-60 min at RT, signal was visualized using TSA.

Immunofluorescence

The fresh tissue of whole implantation site of days 8, 10, 12, 14,16 and 19 were snap frozen in liquid nitrogen and then stored in -80�C. After
embedded in OCT, the whole uteri of days 8, 10 and 12 were collected for immunofluorescence. For big tissue of day 14, 16 and 19, the fetus

was trimmed off after embedded in OCT and the remaining maternal tissue of mesenterium (M) side was subjected to immunofluorescence.

Briefly, tissue sectionswere fixedwith 4%paraformaldehyde for 60min, followedby three timeswashing in 0.1%PBS-T (Sigma-Aldrich, T8787)

for 5 min. Nonspecific binding was blocked with 5% BSA in PBS for 1h at room temperature. Tissue sections were then incubated with primary

antibodies overnight at 4�C. Secondary antibodies and DAPI at a 1:200 dilution in 5% BSA were incubated for 1h at room temperature.

Quantitative real-time PCR

Total RNAs were extracted from decidual tissues or cells using TRIzol reagent (Vazyme, R401) according to the manufacturer’s protocol, and

1 mg total RNA was utilized as template for reverse transcription to synthesize cDNA (TaKaRa，RR047A) according to the manufacturer’s in-

structions. RT-qPCRwas performed using TBGreen� Premix Ex Taq� (TaKaRa，RR820B). Each experiment was repeated at least three times

independently. Relative gene expression was analyzed using the delta delta CT method (DDCT). All RT-qPCR primer pairs were listed in

Table S1.

Single cell RNA-seq data processing

Single-cell libraries were sequenced on Illumina HiSeq X Ten instruments using 150 bp paired-end sequencing. Reads were processed using

the CellRanger 4.0.0 pipelinewith the default and recommended parameters. This output was then imported into the Seurat (v3.0) R toolkit for

quality control and downstream analysis of our single-cell RNA-seq data after batch correction by harmony package of R. All functions were

run with default parameters unless specified otherwise. Low-quality cells (total UMI count per cell (library size) below 30,000, genes per

cell < 500 and the content of mitochondria genes > 20%) were excluded.70 Next, we used a cluster-level approach to remove potential

doublet cells. In brief, the doublet score was calculated for each cell using doubletCells function of R package v.1.18.7. There were totally

13,404 and 12,375 cells remained for day 16 and 19, respectively, for downstream analysis. Cell clusters in each sample were identified by

examining the top 50 principal components (PCs) across highly variable genes (HVGs), building neighbour graph by buildSNNGraph function,

and then clustering using the cluster_louvain function from the igraph R package v.1.2.9. The median doublet score of each cell cluster was

calculated using median-centred MAD-variance normal distribution. Clusters with a median score above the extreme top end of this distri-

bution were considered as doublets. After filtering, remaining cells were kept for the downstream analysis.

Cell clustering and annotation

A total of 2,000 HVGs were selected using the highly_variable_genes function, and then the top 50 PCs were calculated using the PCA func-

tion. We regressed out the effect of percentage of mitochondrial genes and scaled each gene to unit variance. Nearest neighbourhood

graphs were built using the neighbours function, and the community algorithm was applied for clustering using the louvain function. The
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dimensionality of each dataset was reduced using UMAP. The 25major cells types identified in our dataset were annotated based on the well-

known marker genes.

Gene-clustering analysis

After averaging expression of each gene in different cell types by AverageExpression function in Seurat, the genes expressed in Str_0, Str_1

and Str_2 was clustered into different groups depended on their expression patterns by TCSeq R packag.71 Then, genes highly expressed in

Str_0, Str_1 and Str_2 were subjected into KEGG analysis.

Calculation of gene signature scores based on scRNA-seq data

Gene signature scores of pluripotency and WNT signaling were calculated on the basis of the scRNA-seq data. For each gene signature,

individual cells were scored using the AddModuleScore function, which calculated the average expression levels of selected genes at the

single-cell level and subtracted by the aggregated expression of control feature sets which composed of 100 randomly selected genes’ aver-

aged expression.

Cell-cell interactions analysis by CellPhoneDB

To investigate potential interactions across different cell types in decidua, cell-cell interaction analysis was performed using CellPhoneDB, a

public database that stores receptors, ligands, and their interactions.16 Both ligands and receptors included subunit structures that accurately

represent heteromeric complexes. In brief, a log2-normalized count matrix was subsampled into 500 cells per cluster. Significant ligand–

receptor pairs were identified after filtering. For each ligand–receptor pair, the total number of this ligand–receptor pairs across clusters

from the same cellular module was counted. Cellular-module-specific ligand–receptor pairs were then determined based on the enrichment

score. To identify potential ligands that drive the latent phenotype, NicheNet (v.1.1.0) was applied to interrogate possible interaction and

target genes between indicated cell types.

CellChat analysis of cell-cell communication

To further analyze and compare the intercellular communication differences between days 16 and 19 decidua, CellChat, an open-source R

package (https://github.com/sqjin/CellChat) was used for scRNA-seq data. A database of signaling molecular interactions existed in this

package, consisting of 60% of paracrine/autocrine signaling interactions, 21% of extracellular matrix (ECM)-receptor interactions and

19% of cell-cell contact interactions. Quantification of intercellular interactions was calculated based on differential expression of ligand-

receptor pairs.

RNA velocity analysis

Read annotations for samples were performed using the velocyto.py (v0.17.17) command-line tool (velocyto run10x) with BAM, genome anno-

tation, and repeat annotation files. The BAM file was produced by the default parameters of the Cellranger software (10x Genomics). The

genome annotations GRCm38 from the Cellranger pre-built references were used to count molecules while separating them into three cat-

egories: ‘spliced’, ‘unspliced’, or ‘ambiguous’. Repeat annotation files were downloaded from the UCSC genome browser. The velocyto.R

package v0.6 was used to calculate RNA velocity values for selected genes from each cell, and highly variably expressed genes computed

by FindVariableFeatures function of Seurat were further filtered out based on a cluster-wise expression, then the remaining highly variably

expressed genes were the selected genes as the input for velocyto.R. Finally, The RNA velocity vectors were embedded to the UMAP

plot produced by the Seurat R package.

Statistical analysis

Statistical analyses were performed using GraphPad Prism (v.9.0) (for experimental data), R (v.4.1.0) and RStudio (2021.09.1). Comparisons

between groups were conducted using Student’s t-tests and Wilcoxon rank-sum tests and ANOVA were used for continuous variables.

P < 0.05 was considered to be statistically significant. No statistical methods were used to predetermine the sample size of scRNA-seq

libraries. Unless otherwise noted, each experiment was repeated three or more times with biologically independent samples.
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