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Abstract: Decidualization is a crucial step for human reproduction, which is a prerequisite for embryo
implantation, placentation and pregnancy maintenance. Despite rapid advances over recent years,
the molecular mechanism underlying decidualization remains poorly understood. Here, we used
the mouse as an animal model and generated a single-cell transcriptomic atlas of a mouse uterus
during decidualization. By analyzing the undecidualized inter-implantation site of the uterus as a
control, we were able to identify global gene expression changes associated with decidualization in
each cell type. Additionally, we identified intercellular crosstalk between decidual cells and niche
cells, including immune cells, endothelial cells and trophoblast cells. Our data provide a valuable
resource for deciphering the molecular mechanism underlying decidualization.
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1. Introduction

Decidualization is a crucial step for human reproduction. It is a prerequisite for em-
bryo implantation, placentation and pregnancy maintenance [1]. Decidualization initiates
spontaneously in the secretory phase of the menstrual cycle, which is tightly controlled by
ovarian estrogen and progesterone [2]. Upon decidualization, uterine stromal cells change
into large epithelioid cells and secrete two protein markers, decidual prolactin (dPRL) and
insulin-like growth factor-binding protein 1 (IGFBP1) [3]. Impaired decidualization may
lead to intrauterine growth restriction (IUGR), repeated pregnancy loss (RPL) and severe
pre-eclampsia (SPE) [4]. Therefore, it is imperative to understand the molecular mechanism
of decidualization.

Due to ethical restrictions, studies on human decidualization are limited to the in vitro
level. The in vivo investigation of decidualization heavily relies on mice. Slightly different
from humans, the decidual reaction in mice is an embryo-dependent process. Prolactin
family 8 subfamily a member 2 (Prl8a2), a paralog of human dPRL, is a well-established
marker for mouse decidualization [5]. By using uterus-specific gene knockout mice, a
number of genes have been proved to be required for decidualization [6]. Alternatively,
several studies have analyzed global gene expression changes associated with decidualiza-
tion by using high-throughput transcriptomic approaches [5,7-10]. The limitation of these
studies is that the bulk tissue was used. The decidua is a complex tissue consisting of many
cell types, including decidual cells, stromal cells, endothelial cells and various immune
cells. Thus, bulk-tissue methods were unable to accurately capture cell-type-specific gene
expression changes. Moreover, the contribution of crosstalk between different cell types
was ignored.

With advances in the single-cell RN A-seq techniques, it is now possible to analyze the
global gene expression profile within highly heterogeneous tissues at a single-cell level [11].
In the present study, by using the state-of-the-art single-cell RNA-seq approach, we re-
solved all the cell types at the implantation site (decidualized) and the inter-implantation
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site (undecidualized, served as control) of the mouse uterus on gestational day eight.
Consequently, we were able to identify differential expression changes associated with
decidualization in all the cell types. Additionally, we predicted intercellular crosstalk
between the decidual cells and the niche cells. Our study provides a valuable resource for
understanding the molecular mechanisms underlying decidualization.

2. Results
2.1. A Single-Cell Atlas of Mouse Uterus on Gestational Day Eight

To create a cell-type resolved map of a mouse uterus upon decidualization, we per-
formed single-cell RNA-seq analysis (Figure 1A). The implantation site (IS, decidualized
uterus) and the inter-implantation site (IIS, undecidualized uterus, served as a control) were
collected from gestational day eight (GD8) (Figure 1B). The whole uterus, which consists
of the endometrium, the myometrium and the perimetrium, was subjected to single-cell
dissociation (Figure 1C). The embryo at the IS was also kept. Single-cell RNA-seq data
were generated by using the 10 x Genomics platform. After quality control, a total of 15,087
cells (6793 for the IIS and 8294 for the IS) were obtained (Figure 1D,E). In order to validate
this single-cell RNA-seq dataset, we also generated a bulk RNA-seq dataset using the same
samples (Figure 1F). The cell-averaged single-cell RN A-seq data were highly accordant
with the conventional bulk RNA-seq data (r = 0.7465 for the IIS and r = 0.7653 for the IS),
indicative of the high quality of our single-cell RNA-seq data.

Cell abundancy shift (Figures 4, 6)
Differential gene expression (Figures 4, 6)
Cell trajectory (Figure 3)

Cell-cell communication (Figures 5, 7, 8)
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Figure 1. Single-cell transcriptome analysis of the decidualized mouse uterus on gestational day 8. (A) A flowchart overview
of this study. IIS, inter-implantation site (undecidualized uterus, served as control); IS, implantation site (decidualized
uterus). (B) A photograph of mouse uterus on gestational day 8. The positions of embryo implantation sites were marked
with an arrow. (C) Cell viability analysis of single-cell suspension. Cells were stained with the AO/PI solution. Cells in
green were live and cells in yellow were dead. A representative photo was provided, and a bar plot was shown on the
right. n = 3; * p < 0.05. (D,E) Single-cell RNA-seq data pre-processing and quality control. Cells with detected genes of fewer
than 200 or more than 6000 were removed. Only cells with total mitochondrial gene expression below 25% were kept. (F)
Scatter plots showing the correlation between single-cell RNA-seq and bulk RNA-seq. For single-cell RNA-seq data, gene
expression levels were averaged and normalized as transcript per million (TPM). For bulk RNA-seq data, gene expression
levels were measured as fragments per kilobase per million (FPKM).
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Unsupervised clustering analysis revealed 21 distinct cell clusters for all the cells
from the IIS and the IS combined (Figure 2A). The major cell types were defined using the
expression of known cell type-specific genes, with hormone-responsive cells expressing
Pgr and Esr1 [12,13], endothelial cells expressing Pecam1 [14] and immune cells expressing
Ptprc [15] (Figure 2B).
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Figure 2. Identification of different cell types in mouse uterus by using canonical marker genes. (A) The t-Stochastic
neighbor embedding (TSNE) representation of single-cell RNA-seq data obtained from IS and IIS of the uterus. Single cells
were grouped by cellular origin (right) and cell clusters (left). LE, luminal epithelial cells; GE, glandular epithelial cells; S1,
deep stromal cells; S1p, proliferating deep stromal cells; S2, superficial stromal cells; S3, decidual cells; S3p, proliferating
decidual cells; SMC, smooth muscle cells; PC, pericytes; VEC, vascular endothelial cells; VECp, proliferating vascular
endothelial cells; LEC, lymphatic endothelial cells; LECp, proliferating lymphatic endothelial cells; NK, natural killer cells;
T, T cells; NKp, proliferating natural killer cells; B, B cells; M, macrophages; DC, dendritic cells; DCp, proliferating dendritic
cells; pDC, plasmacytoid dendritic cells. (B-J) The expression pattern of canonical marker genes projected onto TSNE
plots. Shown are pan-marker genes for hormone-responsive cells, immune cells and endothelial cells (B), epithelial cells
(C), stromal cells (D), smooth muscle cells and pericytes (E), decidual cells (F), proliferating cells (G), endothelial cells (H),
lymphocytes (I) and myeloid cells (J). Dashed lines denote the boundaries of the cell cluster of interest.
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Hormone-responsive cells included epithelial cells expressing Epcam and Krt19 [16]
(Figure 2C), stromal cells expressing Hoxal1 [17] (Figure 2D), smooth muscle cells express-
ing Acta2 [18] and pericytes expressing Rgs5 [19] (Figure 2E). We found two epithelial
cell clusters, LE and GE. LE was luminal epithelial cells expressing Tacstd2 and GE was
glandular epithelial cells expressing Foxa2 [20]. We identified five stromal cell clusters, S1,
S1p, S2,S3 and S3p. The cells in S2 but not S1 expressed high levels of Hand2, implying
that S2 was superficial stromal cells and S1 was deep stromal cells [21]. S1p was a subset of
proliferating S1 with a high level of Mki67 (Figure 2G). Notably, there was no proliferating
subset for S2. S3 was decidual cells expressing decidualization marker genes Wnt4, Bmp2
and Prl8a2 [22-24]. S3p was intermediate decidual cells expressing proliferation marker
gene Mki67 (Figure 2G). Only one smooth muscle cell cluster and one pericyte cluster were
found.

Endothelial cells had four clusters: VEC and its proliferating subset VECp were
vascular endothelial cells expressing Sox17 [14], while LEC and its proliferating subset
LECp were lymphatic endothelial cells expressing Prox1 [14] (Figure 2H).

Therewereeightimmunecellclusters (Figure 21 ]). Included werenatural killer cells (NK,
Ptprc*Nkg7*Cd3e™) [15], proliferating naturalkiller cells (NKp, Ptprc*Nkg7~Cd3e*Mki67%),
T cells (T, Ptprc*Nkg7~Cd3e*) [15], B cells (B, PtprctCd79a*Ms4al*) [15], macrophages (M,
Ptprc*Adgrel*) [25], dendritic cells (DC, Ptprc*Itgax*) [25], proliferating dendritic cells
(DC, PtprctItgax*Mki67*) and plasmacytoid dendritic cells (pDC, Ptprc*Siglech™) [26].

Finally, we aimed to discover novel markers for each cell type. We selected the genes
that were expressed significantly higher in the cell type of interest than the other cell types
using the Wilcoxon rank sum test. A complete list of marker genes is presented in Table S1.

2.2. Reconstruction of Decidual Cell Trajectory Across Stromal Cells

In our single-cell RNA-seq data, we identified the following five clusters of stromal
cells: S1 (deep stromal cells), S1p (proliferating deep stromal cells), S2 (superficial stromal
cells), S3p (intermediate decidual cells) and S3 (decidual cells). We selected signature
genes for each cell cluster by using the Wilcoxon rank sum test. After the removal of
redundancy, we identified a total of 2113 signature genes (Table S2). Through a heatmap,
we grouped all these signature genes into four gene sets (Figure 3A). GeneSet#1, with
359 genes, was S2-specific. Gene ontology analysis showed that these genes were en-
riched in developmental processes (p = 1.2 x 10~!?), RNA metabolism (p = 4.4 x 1077),
protein metabolism (p = 1.1 x 10~°), cell cycle and proliferation (p = 0.00017), cell adhe-
sion (p = 0.014) and cell death (p = 0.038). GeneSet#2, with 475 genes, was S1-specific.
These genes were enriched in cell adhesion (p = 1.6 x 10~ 1), developmental processes
(p = 44 x 10710), stress response (p = 9.0 x 1077), cell organization and biogenesis
(p = 0.00019), cell death (p = 0.00095) and protein metabolism (p = 0.0070). Geneset#3
of 562 genes gradually decreased during the decidualization process. Based on GO, the
enriched terms were cell cycle and proliferation (p = 2.1 x 10~!1), protein metabolism
(p = 5.9 x 1077), cell organization and biogenesis (p = 1.2 x 10~8), DNA metabolism
(p = 2.3 x 107°) and transport (p = 0.0021). GeneSet#4 of 717 genes gradually increased
during the decidualization process. The enriched GO terms were transport (p = 8.7 x 10~7),
protein metabolism (p = 0.016) and cell cycle and proliferation (p = 0.038). Hsd11b2, C3,
Mki67 and Hand2 were representative genes for gene sets 1-4, respectively (Figure 3B).
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Figure 3. Sub-cluster analysis of stromal cells. (A) Heatmap of gene expression signatures for all stromal cell sub-clusters
(left). All signature genes were divided into 4 gene sets and enriched gene ontology terms were assigned accordingly (right).
(B) The expression pattern of marker genes for sub-clusters of stromal cells using violin plot. Shown were pan-stromal
cell markers (Pgr, Esrl and Hoxal1), decidual cell markers (Prl8a2, Wnt4 and Bmp2) and gene set reprehensive genes
(Hsd11b2 for #1, C3 for #2, Mki67 for #3 and Hand?2 for #4). (C-E) Pseudotime ordering of stromal cells. The distribution of
pseudotime (C), cell origin (D) and cell type (E) across the reconstructed trajectory were displayed.

To further reveal the relationship between these five stromal cell clusters, pseudotime
trajectory analysis was conducted by using the Monocle2 software [27]. The cells were
arranged in a pseudotime manner with a pedigree reconstruction algorithm for biological
processes based on transcriptional similarity. We found that all the stromal cell clusters
formed a continuous trajectory with two arms: (1) S1-to-S2 transition, i.e., S1->52; and (2)
decidualization process, i.e., S1->S1p->S3p/S3 (Figure 3C-E).

We are particularly interested in GeneSet#4, the S3-enriched genes. On GDS§, the
entire IS, from the anti-mesometrial region to the mesometrial region, is fully decidualized.
Meanwhile, the IIS shows no sign of decidualization. Thus, the S3-enriched genes could be
validated using qTR-PCR with bulk tissues. The top 12 S3-enriched genes (A2m, Dmkn,
Mt4, Tdo2, Mt3, Rrm2, Dio3, Serpinbéb, Assl, Cystml, Psca and Sfrp5) were selected
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(Figure S1A). Although there was variation in the fold changes between the qRT-qPCR
and the bulk RNA-seq, the up-regulation expression trends for all the genes tested were
coincident between these two techniques (Figure S1B). These data provide the validity of
our single-cell RNA-seq data.

2.3. Cell-Cell Communication between Decidual Cells and Immune Cells

We investigated the abundance of each immune cell type at the IS compared to the IIS.
For each cell type, proliferating and non-proliferating cells were summed. The x? test was
employed to assess the significance of difference between the two groups. By using the
criteria of p < 0.05 and fold change > 2, the proportions of all the cell types are unchanged,
except DC and B cells (Figure 4A).
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Figure 4. Identification of differentially expressed genes in immune cells upon decidualization. (A) Bar plot showing the cell

population change of 6 major immune cell types at IS compared to TIS. Cell types with FC > 2 and p < 0.05 using x? test were

labeled in red. (B) Bar plot showing the count of differentially expressed genes in each immune cell type. The threshold

values for differentially expressed genes were logFC > 0.25 and p < 0.05. UG, up-regulated gene; DG, down-regulated genes.

(C) Gene ontology (GO) enrichment analysis of differentially expressed genes. Differentially expressed genes were grouped

based on MGI GOslim terms under the biological process categories. Up-regulated genes and down-regulated genes were

tested separately. Abbreviations for cell types are listed in Figure 2.

We investigated the breadth of transcriptional changes in each immune cell type by
performing differential gene expression analysis. The proliferating cells were excluded.
Using a logFC cutoff of 0.25 and a p value cutoff of 0.05, we identified 278, 380, 123, 181, 432
and 270 differentially expressed genes for T, B, NK, M DC and pDC, respectively (Figure 4B
and Table S3). We then explored the biological implications of differentially expressed
genes using gene ontology (GO) analysis. A complete list of the enriched GO terms is
provided in Figure 4C. These data indicated that each immune cell type invokes distinct
biological processes upon decidualization.
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We then used the CellChat software [28] to predict the ligand-receptor interactions
between the decidual cells and the immune cells. We found a total of 68 ligand-receptor
interaction pairs (Figure 5A). Pathway analysis revealed that these ligand-receptor interac-
tions were enriched among the ECM-receptor interaction (FDR = 1.00 x 10, the PI3K-
Akt signaling pathway (FDR = 1.00 x 10~3%), the Cytokine—cytokine receptor interaction
(FDR = 1.00 x 10~16), the regulation of actin cytoskeleton (FDR = 1.00 x 10~ %), the MAPK
signaling pathway (FDR = 5.01 x 1078), the Rap1 signaling pathway (FDR = 1.26 x 1077),
endocytosis (FDR = 158 x 107°), the natural killer cell-mediated cytotoxicity
(FDR =3.98 x 10~°), phagosome (FDR = 6.31 x 10~°), the TGF-beta signaling pathway
(FDR = 1.58 x 107°), the Hippo signaling pathway (FDR = 2.51 x 10~%), the NOD-like
receptor signaling pathway (FDR = 3.98 x 10~%), the Toll-like receptor signaling pathway
(FDR = 3.98 x 10~%), the mTOR signaling pathway (FDR = 2.00 x 10~%) and the Ras
signaling pathway (FDR = 2.00 x 107%) (Figure 5B).
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Tnxb-Sded TnfsfO-Tnfrsfo Y
Lame2-Cd44 ° Tnfsf12-Tnfrsf12a
Lamel-Cddd . Tnf-Tnfrsfla
Lamel-(Itga6+ltgb]) { @ o @ ° ° o | Tefb2-(Tgforl+Tgfbr2) : ©
Lamel-(Itga3+ltghl) { @ o @ ° ° ° Tg‘bl'(Tgfbr?EtE'zfz
Lamcl-(ltgal+ligbl) | © o o . ° . sla-telry @ ® ® © ° ®
Sema3c-(Nrp2-+Plxna2) °
Lamb3-Dagl
Sema3c-(Nrpl+Plxna2) ° °
Lamb3-(Itga-1tgl) Sema3a-(Nrpl-+Plxna2) .
Lamb3-(Itga3-+Itgbl) Ptn-Sded ° ° )
Lamb3-(Ttgal+Itgbl) Ptn-Sdc3 High
Lamb2-Cd44 ° ° Pt-Nel{ o ° ° ° ° °
Lama5-Cd44 Pros1-Axl e o
Fal-Sde4 Postn-(Itgav+tghs) ° .
Fnl-Cd44 Nampt-(ItgaS+Itgbl) -E
Fnl-(ItgaS+Itgbl) Mif-Ackr3 2
Fnl-(Itgad+Ttgh7) Mif-(Cd74+Cxcrd) £
Fnl-(Itgad-+Itgbl) Mif-(Cd74+Cd44) ° %
Fal-(Itga3+Itgbl) Mdk-Sdo4 2
Col6al-Sded M“;‘:k];mll £
Col6al-Cddd -Lip ¢ 3
Coldassded Mdk-(Itgad+Ttgb1) ° ° ° ©
oa-bde Lgals9-Ighm
Colda3-Cda4 Lgals9-Cd45
Col4a2-Sded Lgals9-Cd44
Col4a2-Cd44 Igfl-Igflr e o o Low
Col4al-Sdc4 Ifnb1-(Ifnar] +Ifnar2) ° °
Col4al-Cd44 Hbegf-Egfr °
Colla2-Sdc4 Gzma-Pard3
Colla2-Cda4 ° ) Gzma-F2r
Colla2-(Ttga3+Itgbl) Gdf15-Tgfbr2
Colla2-(Itgal +Itgb1) Gas6-Axl
Collal-Sded . ° Fgf2-Fefi2 | @ L L L L L
Collal-Cd44 ° ° Fasl-Fas °
C3-C3arl
- ~ & &2 & & C3-(Itgam+tgh2) >
VAV
> TSR fSo o Loy g $ D
A IR
& &S ¢ F
B)
_ 2 P
Z £
2 . z
g £
] s
- =4
R, m
HEm i
e & 8 R S & & @ S @
S < . & &:\ &s ;&‘ (04‘
S N <& &
AR AN
\\Q \\Q \\Q \\Q
S & & &
@ % N 0
&éd ‘% < '_)%
5 Q\e && &
< A

Figure 5. Cell-cell communication between decidual cells and immune cells. (A) Dot plot showing selected ligand-
receptor interactions underlying crosstalk between decidual cells (S3) and immune cells (T, NK, B, M, DC and pDC). The
communication probability defined by the CellChat software were indicated by color. (B) KEGG pathway enrichment
analysis of ligand-receptor pairs by using Metascape online tools.
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2.4. Cell-Cell Communication between Decidual Cells and Endothelial Cells

By using the criteria of p < 0.05 and fold change > 2, we found that the proportion
of LEC was unchanged, whereas the proportions of VEC were significantly increased
(Figure 6A). Using a logFC cutoff of 0.25 and a p value cutoff of 0.05, we identified 627
and 111 differentially expressed genes for VEC and LEC, respectively (Figure 6B and
Table S2). The differentially expressed genes were further characterized using GO analysis

(Figure 6C).
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Figure 6. Identification of differentially expressed genes in endothelial cell during decidualization. (A) Bar plot showing the
cell population change of 2 major endothelial cell types (VEC and LEC) at IS compared to IIS. Cell types with FC > 2 and
p < 0.05 using %2 test were labeled in red. (B) Bar plot showing the count of differentially expressed genes in each immune
cell type. The threshold values for differentially expressed genes were logFC > 0.25 and p < 0.05. UG, up-regulated gene;
DG, down-regulated genes. (C) Gene ontology (GO) enrichment analysis of differentially expressed genes. Differentially
expressed genes were grouped based on MGI GOslim terms under the biological process categories. Up-regulated genes
and down-regulated genes were tested separately.

We predicted the ligand-receptor interactions between decidual cells and VEC/LEC.
We found a total of 101 ligand-receptor interaction pairs for decidual-VEC crosstalk and
104 ligand-receptor interaction pairs for decidual-LEC crosstalk, respectively (Figure 7A).
Pathway analysis revealed that these ligand-receptor interactions were enriched among
the PI3K-Akt signaling pathway (FDR = 1.00 x 107%°), the ECM-receptor interaction
(FDR = 1.00 x 10~%), the Rap1 signaling pathway (FDR = 1.00 x 10~2°), the Cytokine-
cytokine receptor interaction (FDR = 1.00 x 10~%), the Ras signaling pathway
(FDR = 1.00 x 10~17), the regulation of actin cytoskeleton (FDR =1.00 x 10~1%), the HIF-1
signaling pathway (FDR = 126 X 107%), the MAPK signaling pathway
(FDR = 1.58 x 107Y), endocytosis (FDR = 6.31 x 1078), the Phospholipase D signal-
ing pathway (FDR = 3.16 x 10~°), the Hippo signaling pathway (FDR = 3.98 x 10°),
the TGF-beta signaling pathway (FDR = 2.00 x 10~°), the mTOR signaling pathway
(FDR =5.01 x 10~%), phagosome (FDR = 1.26 x 10~3), the NOD-like receptor signaling path-
way (FDR = 6.31 x 10~3) and the Toll-like receptor signaling pathway (FDR = 6.31 x 1072)
(Figure 7B).
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Figure 7. Cell-cell communication between decidual cells and endothelial cells. (A) Dot plot showing selected ligand-

receptor interactions underlying the crosstalk between decidual cells (S3) and endothelial cells (VEC and LEC). The

communication probability defined by the CellChat software were indicated by color. (B) KEGG pathway enrichment

analysis of ligand-receptor pairs by using the Metascape online tools.
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2.5. Cell-Cell Communication between Decidual Cells and Trophoblast Cells

Trophoblast cells may interact with decidual cells and pay an important role during
the decidualization process. However, due to the relatively small number of embryonic
cells at the implantation site, we did not find any fetal cell clusters in our single-cell RNA-
seq data. Alternatively, we re-analyzed a published single-cell RNA-seq dataset on mouse
E7.5 embryos (GSM3457437) [29]. E7.5 is equivalent to gestational day eight in our study.
By using marker gene Placl [30], we discovered a trophoblast cell cluster (Figure 8A).
These cells were further divided into ectoplacental cone (EPC) expressing DIx3 [31] and
trophoblast giant cells (TGC) expressing Prl3d1 [32] (Figure 8B).
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Figure 8. Cell—cell communication between decidual cells and trophoblast cells. (A) A single-cell atlas of E7.5 embryos,
which were collected from GD8 uterus from a previous study. TSNE clustering was employed (left) and Placl-positive
cell were further divided into EPC (ectoplacental cone) and TGC (trophoblast giant cells) (right). (B) TSNE map showing
the expression pattern of well-known marker genes. (C) Network plot showing the ligand-receptor interaction events
between decidual cells (S3) and blastocyst cells (EPC and TGC). Cell—-cell communication was indicated by the connected
line. The thickness of the lines is correlated with the total number of ligand-receptor interaction events. (D) Dot plot
showing selected ligand-receptor interactions underlying the crosstalk between decidual cells and trophoblast cells. The
communication probability defined by the CellChat software were indicated by color. (E) KEGG pathway enrichment
analysis of ligand-receptor pairs by using the Metascape online tools.
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By using the CellChat software [28], we generated an interaction network under-
lying decidual cells and EPC/TGC (Figure 8C). We found a total of 38 ligand-receptor
interaction pairs for decidual-EPC crosstalk and 36 ligand-receptor interaction pairs for
decidual-TGC crosstalk (Figure 8D). Based on pathway analysis, these ligand-receptor inter-
actions were enriched among the ECM-receptor interaction (FDR = 1.00 x 10~%), the PI3K-
Akt signaling pathway (FDR = 1.00 x 10~%’), the Cytokine-cytokine receptor interaction
(FDR = 1.00 x 10~!), the regulation of actin cytoskeleton (FDR = 1.00 x 10~7), the Rap1
signaling pathway (FDR = 200 x 107%), the TGF-beta signaling pathway
(FDR = 3.98 x 10~°), the Ras signaling pathway (FDR = 7.94 x 10~7), the Phospholipase D
signaling pathway (FDR =7.94 x 1075), the Hippo signaling pathway (FDR =1.26 X 1073)
and the MAPK signaling pathway (FDR = 1.26 x 10~3) (Figure SE).

3. Discussion

We have recently established a single-cell atlas of mouse uterus during embryo implan-
tation using the 10 x Genomics approach [33]. In this study, we systematically characterized
the mouse uterus on GDS at a single-cell resolution. We identified 21 distinct cell clusters
in mouse uterus during decidualization, including 5 stromal cell clusters, 2 epithelial cell
clusters, 1 smooth muscle cell cluster, 1 pericyte cluster, 4 endothelial cell clusters and 8
immune cell clusters. To our knowledge, our study is the first comprehensive single-cell
transcriptomic atlas for mouse decidualization.

We used 2 mg/mL Collagenase Il and 10 mg/mL Dispase II for a single-cell suspension
preparation. Collagenase Il is a crude collagenase preparation with weak trypsin-like
activity and, thus, trypsin was not used in our method. It turned out that the cell viability
was >80% and the percentage of cell clumps was <10%, indicative of the high efficiency of
our method. Nevertheless, we noticed that the percentage of decidualized stromal cells was
much lower than expected: S3 (decidual cells) was 4.4% and S3p (intermediate proliferating
decidual cells) was 1.7%. As we observed lower cell viability at the implantation site
compared to the inter-implantation site, we suspected that the collagenase treatment might
selectively destroy the decidualized cells. This was in line with the finding that the highly
expressed decidual-specific marker gene Prl8a2 contaminated all the other cells, indicative
of the rupture of the decidual cells during the single-cell suspension preparation.

Moreover, we would like to note that the collagenase treatment might cause transcrip-
tional disturbances, leading to artifacts [34]. We compared single-cell RNA-seq data against
parallel bulk RNA-seq data. We found that a large number of genes were changed in both
the IS and the IIS (Figure S2A). The complete list of differentially expressed genes is listed
in Tables 54 and S5. There were 1590 down-regulated genes and 1297 up-regulated genes
shared by the IS and the IIS (Figure S2B). We focused on up-regulated genes because we
suspected that these genes might exhibit de novo expression upon collagenase treatment.
We examined the expression pattern of 12 selected up-regulated genes in single-cell RNA-
seq data. We found that Egrl, Egr2, Egr3, Fos, Jun and Atf3 were ubiquitously expressed
in nearly all cell types, whereas Ccl6, Ccl9, Ccl5, Ccl8, Ar and Tagln were expressed in
a cell-type-restricted manner (Figure S2C). We believe that these genes could be used
as marker genes without any problem, although they are similar to “artificial markers”.
However, it will be problematic if they are chosen as differentially expressed genes, because
the de novo expression levels might vary across each collagenase treatment. Our data
suggest that single-cell RNA-seq data should be interpreted with caution.

In this study, the embryo at the IS was kept. We estimated that there were around
2000 cells per embryo. We usually obtained two million cells per sample in the single-cell
dissociation procedure. Approximately 5000 cells were sequenced per sample by the 10 x
platform. By calculating the probability, we found that only ~5 cell per embryo could be
captured in our single-cell RNA-seq data. This was in line with our findings that there were
no embryo-derived cell clusters in our single-cell RNA-seq data. The embryo-derived cells,
if they existed at all, might be scattered among uterine cells in our single-cell RNA-seq data.
Due to their small number, these cells might not have an obvious effect on the assigning cell
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type label for each cell cluster. Moreover, these cells might not interfere with the process
for identifying differentially expressed genes either, because we set min.pct to 0.20, which
means that we required the differentially expressed genes to be expressed in a minimum of
20% of cells within the cluster of interest.

In mice, embryo implantation initiates at midnight on GD4. Upon embryo implan-
tation, the superficial stromal cells proximally surrounding the implantation chamber
exhibit proliferation and spreading. These cells differentiate and form the primary decidual
zone (PDZ) on the afternoon of gestational day five. The PDZ subsequently undergoes
apoptosis and disappears by GD8. Meanwhile, the stromal cells next to the PDZ continue
to proliferate and differentiate into decidual cells, forming the secondary decidual zone
(SDZ). The SDZ is full developed on GD8. Here, we found five stromal cell clusters for
the IS (52, S1, S1p, S3 and S3p) and three stromal cell clusters for the IIS (S2, S1 and S1p).
S2 was superficial stromal cells and S1/S1p was deep stromal cells, which is in line with
our previous study [33]. S3 and S3p were IS-specific: S3 was decidual cells expressing the
decidualization marker genes Wnt4, Bmp2 and Prl8a2, while S3p was intermediate decid-
ual cells expressing the proliferation marker gene Mki67. Through pseudotime trajectory
analysis, we found that S3p/S3 decidual cells originated from S1/S1p, but not from S2
cells. By using the Wilcoxon rank sum test, we identified two gene sets (GeneSet#3 and
GeneSet#4) associated with decidualization. GeneSet#3 was gradually decreased during
the decidualization process, whereas GeneSet#4 was gradually increased during the decid-
ualization process. Based on GO analysis, the enriched terms for GeneSet#3 were cell cycle
and proliferation, protein metabolism, cell organization and biogenesis, DNA metabolism
and transport. The enriched GO terms for GeneSet#4 were transport, protein metabolism
and cell cycle and proliferation. Our data provided clues for the development trajectory
for decidualized stromal cells in SDZ.

We are particularly interested in GeneSet#4, which may represent the key molecular
mechanism of decidualization. The best strategy to validate our findings is to obtain
a pure cell population by using fluorescence activated cell sorting (FACS). Previously,
CD13-specific antibodies were used to sort stromal cells by FACS from human endometrial
biopsies [35,36]. However, the same method to sort decidual cells is yet to be established.
GeneSet#4 was S3-enriched genes. On GDS, the IS but not the IIS is fully decidualized.
Thus, the genes in GeneSet#4 should be up-regulated in the IS compared to the IIS at
the bulk-tissue level. In this way, we were able to validate GeneSet#4, at least in part,
by using qRT-PCR. The top 12 genes were tested. It turned out that all these genes were
up-regulated in the IS compared to the IIS. This result might provide the validity of our
single-cell RNA-seq data.

Immune cells play an important role in embryo implantation and decidualization in
mice [37]. We investigated the abundance of each immune cell type at the IS compared to
the IIS. By using the criteria of p < 0.05 and fold change > 2, the proportions of all the cell
types are unchanged, except for DC and B cells. As B cells were a minor cell type (< 5%) in
the uterus, we thus focused on DC cells. It has been demonstrated that the depletion of
DC cells resulted in a severe impairment of the decidualization process, leading to embryo
resorption [38]. We found that S3 decidual cells expressed secreted factors such as Tgftb2,
Tgfa, Ptn, Mif, Mdk, Lgals9, Igfl, Fgf2 and C3, while their receptors were expressed on DC
cells. Thus, these secreted factors might attract DC cells, leading to the accumulation of
DC cells in the decidualized implantation site of the uterus. On the other hand, DC cells
expressed secreted factors Tnf, Tgfb1l, Nampt and Mif. As their receptors were expressed
on S3 decidual cells, these secreted factors might contribute to the decidualization reaction
of stromal cells.

Endothelial cells are in the niche of decidual cells. We hypothesized that endothelial
cells might contribute to decidualization. We found that VEC cells were significantly
increased, while LEC cells were slightly decreased upon decidualization. This was in line
with the fact that the decidualization process is accompanied by angiogenesis [39]. Though
cell-cell communication analysis, we found that angiogenesis was likely mediated by Vegfa
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and Vegfb expressed on S3 decidual cells and their receptors Vegfrl and Vegfr2 expressed
on VEC cells. VEC cells might promote decidualization by expressing soluble factors such
as Hbegf. The contribution of VEC to decidualization deserves further investigation.

Previously, E7.5 embryos obtained from the GD8 uterus have been subjected to single-
cell RNA-seq [29]. Through data integration, we inferred cell-cell communication between
E7.5 embryos and the implantation site of the GD8 uterus by their expression of ligand-
receptor pairs. We generated an interaction network for decidual cells from the uterus and
EPC/TGC cells from the embryo. These interactions might provide clues for the physical
function of decidual cells in placentation and fetal development.

In summary, we revealed intercellular crosstalk between decidual cells and niche cells,
including immune cells, endothelial cells and trophoblast cells. This cell atlas of mouse
uterus on GD8 provides an essential resource for understanding the molecular mechanism
underlying decidualization.

4. Materials and Methods
4.1. Sample Collection

Adult CD-1 mice of the SPF grade were used in this study. All mice were caged
under light-controlled conditions (14 h/10 h light/dark cycles) with free access to regular
food and water. Female mice were mated with fertile males and mating was confirmed
the next morning by the presence of a vaginal plug. The day of the vaginal plug was
denoted as gestation day 1 (GD1). On GDS8, the implantation sites (decidualized uterus)
and non-implantation sites (undecidualized uterus, served as a control) were collected
separately.

4.2. Bulk RNA-Seq Analysis

The total RNA from uterine tissues were extracted with the TRIzol reagent (Invitro-
gen). RNA-seq libraries were generated by using the TruSeq RNA sample preparation
kit (Illumina, San Diego, CA, USA) and sequenced on an Illumina HiSeq 2500 system
with the paired-end 150-bp protocol. Raw data were analyzed using TopHat v2.0.4 [40]
and Cufflinks v2.2.1 [41]. The mouse genome UCSC mm10 was used for reference. Gene
expression levels were measured as fragments per kilobase per million (FPKM).

4.3. Single-Cell Dissociation of Mouse Uterus

Uterine samples from 3 mice for each group were pooled and minced with a blade.
Samples were then incubated in dissociation buffer containing 2 mg/mL Collagenase II
(#C6885, Sigma-Aldrich, St. Louis, MO, USA), 10 mg/mL Dispase II (#354235, Corning,
Corning, NY, USA) and 50,000 U/mL DNase I (#DN25, Sigma-Aldrich, St. Louis, MO, USA)
for up to 30 min at 37 °C in a shaking incubator. The digestion progress was checked
every 5 min with a microscope until a single cell suspension was achieved. The single-cell
suspension was then passed through a 40-micrometer cell strainer to remove undigested
tissues. Cells were spun down at 250 g at 4 °C for 4 min and the pelleted cells were
washed using centrifugation. In order to measure cell viability, cells were strained with
AOQO/PI solution (#CS2-0106, Nexcelom Bioscience, Lawrence, MA, USA) and counted using
a Cellometer Auto 2000 instrument (#5D-100, Nexcelom Bioscience, Lawrence, MA, USA).
The single-cell suspension was carried forward to single-cell RNA-seq only if the cell
viability was >80% and the percentage of cell clumps was <10%.

4.4. Single-Cell RNA-Seq Library Preparation and Sequencing

The final concentration of single-cell suspension was adjusted to 1000 cells/uL and
a volume of 15 uL was loaded into one channel of the Chromium™ Single Cell B Chip
(#1000073, 10x Genomics, Pleasanton, CA, USA), aiming at recovering 8000-10,000 cells.
The Chromium Single Cell 3’ Library and Gel Bead Kit v3 (#1000075, 10x Genomics,
Pleasanton, CA, USA) was used for single-cell bar-coding, cDNA synthesis and library
preparation, following the manufacturer’s instructions. Library sequencing was performed
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on an [llumina NovaSeq 6000 system configured with the paired-end 150-bp protocol at a
sequencing depth of approximately 400 million reads.

4.5. Single Cell RNA-Seq Data Analysis

Raw data (bcl files) from the Illumina NovaSeq 6000 platform were converted to
fastq files using the bcl2fastq tool (v2.19.0.316, lllumina, San Diego, CA, USA). These fastq
files were aligned to the UCSC mm10 mouse reference genome by using the CellRanger
software (v3.0.1, 10 x Genomics, Pleasanton, CA, USA). The resulting gene counts matrix
was analyzed with the R package Seurat (v3.1.3) [42]. Cell with fewer than 200 or greater
than 6000 unique genes, as well as cells with greater than 25% of mitochondrial counts, were
excluded. Meanwhile, genes expressed in fewer than 3 cells were removed. Following data
filtering, the gene counts matrix was normalized and scaled by using the NormalizeData
and ScaleData functions, respectively. The top 2000 highest variable genes were used for
the principal component analysis (PCA) and the optimal number of PCA components was
determined using the JackStraw procedure. Single cells were clustered using the K-nearest
neighbor (KNN) graph algorithm in PCA space and visualized using the t-distributed
stochastic neighbor embedding (tSNE) dimensional reduction technique. The cell type
label for each cell cluster was manually assigned based on canonical cell markers. The
Find AllMarkers function was used to identify novel marker genes for each cluster with
min.logfc being set to 0.25 and min.pct being set to 0.20. By using the same parameters, the
FindMarkers function was used to find differential expressed genes in the IS compared to
the IIS for each cell type.

4.6. Pseudotime Analysis

The Monocle2 package v2.18.0 was used for pseudotime analysis [27]. The count data
and meta data were exported from the Seurat object and then imported into the CellDataSet
object in Monocle2. Feature genes were selected by using the differentialGeneTest function.
After dimension reduction by using the DDRTree algorithm, the orderCells function was
used to infer the trajectory with default parameters. The reconstructed trajectory was
visualized using the plot_cell_trajectory function.

4.7. Gene Ontology Analysis

Gene ontology (GO) analysis was performed as described previously [43]. GO terms
were grouped according to the biological process category defined in the Mouse Genome
Informatics (MGI) GOslim database [44]. To test for enrichment, a hypergeometric test was
conducted and p < 0.05 was used as the significance threshold to identify enriched GO
terms.

4.8. Pathway Analysis

Pathway enrichment analysis was conducted by using the Metascape v7.4 online
tools [45]. The significance threshold for FDR was set at 0.05.

4.9. Cell-Cell Communication Analysis

The CellChat v1.1.0 R package [28] was used to infer cell-cell communication based
on ligand-receptor interaction with default parameters. For each ligand-receptor pair,
CellChat assigned a communication probability value by the law of mass action based
on the average expression values of a ligand by one cell group and that of a receptor by
another cell group. The statistical significance of communication probability values was
assessed using a permutation test. p < 0.05 was considered significant.

4.10. Validation by Quantitative RT-PCR

The TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract total RNAs.
The cDNAs were synthesized with the PrimeScript reverse transcriptase reagent kit
(TaKaRa, Dalian, China). A quantitative RT-PCR was performed on Applied Biosys-
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tems 7500 (Life Technologies, Carlsbad, CA, USA) with the THUNDERBIRD SYBR qPCR
Mix (Toyobo, Osaka, Japan). The Rpl7 gene was used as the reference gene for data
normalization. A complete list of primer sequences is provided in Table S6.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms22147696/s1.

Author Contributions: J.-L.L. supervised the study. J.-L.L. designed the experiments. J.-P.H., Q.T.
and Q.-Y.Z. performed the experiments. J.-PH., Q.T., Q.-Y.Z. and J.-L.L. analyzed the data. J.-PH. and
J.-L.L. wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (32070845
and 31771665), Guangdong Natural Science Funds for Distinguished YoungScholars (2021B1515020079),
Innovation Team Project of Guangdong University (2019KCXTD001) and Guangdong Special Support
Program (2019BT02Y276).

Institutional Review Board Statement: All animal procedures were approved by the Institutional
Animal Care and Use Committee of South China Agricultural University (No. 2020B078, approved
on 29 September 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: All raw and analyzed sequencing data can be found at Gene Expression
Omnibus.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, H.; Dey, S.K. Roadmap to embryo implantation: Clues from mouse models. Nat. Rev. Genet. 2006, 7, 185-199. [CrossRef]

2. Ramathal, C.Y.; Bagchi, I.C.; Taylor, R.N.; Bagchi, M.K. Endometrial decidualization: Of mice and men. Semin. Reprod. Med. 2010,
28,17-26. [CrossRef] [PubMed]

3. Christian, M.; Mak, I.; White, J.O.; Brosens, J.J. Mechanisms of decidualization. Reprod. Biomed. Online 2002, 4 (Suppl. 3), 24-30.
[CrossRef]

4. Gellersen, B.; Brosens, ].J. Cyclic decidualization of the human endometrium in reproductive health and failure. Endocr. Rev. 2014,
35, 851-905. [CrossRef]

5. Wang, C,; Zhao, M.; Zhang, W.Q.; Huang, M.Y.; Zhu, C.; He, ].P; Liu, ].L. Comparative analysis of mouse decidualization models
at the molecular level. Genes 2020, 11, 935. [CrossRef] [PubMed]

6. Liu, J.L.; Wang, T.S. Systematic analysis of the molecular mechanism underlying decidualization using a text mining approach.
PLoS ONE 2015, 10, e0134585. [CrossRef]

7. Cheng, C.W,; Bielby, H.; Licence, D.; Smith, S.K,; Print, C.G.; Charnock-Jones, D.S. Quantitative cellular and molecular analysis of
the effect of progesterone withdrawal in a murine model of decidualization. Biol. Reprod. 2007, 76, 871-883. [CrossRef]

8.  Kashiwagi, A.; DiGirolamo, C.M.; Kanda, Y.; Niikura, Y.; Esmon, C.T.; Hansen, T.R.; Shioda, T.; Pru, ] K. The postimplantation
embryo differentially regulates endometrial gene expression and decidualization. Endocrinology 2007, 148, 4173-4184. [CrossRef]

9. Liu, J.L; Zhang, W.Q.; Zhao, M.; Huang, M.Y. Integration of transcriptomic and metabolomic data reveals enhanced steroid
hormone biosynthesis in mouse uterus during decidualization. Proteomics 2017, 17, 1700059. [CrossRef]

10. McConaha, M.E.; Eckstrum, K.; An, J.; Steinle, ].J.; Bany, B.M. Microarray assessment of the influence of the conceptus on gene
expression in the mouse uterus during decidualization. Reproduction 2011, 141, 511-527. [CrossRef]

11.  Svensson, V.; Vento-Tormo, R.; Teichmann, S.A. Exponential scaling of single-cell RN A-seq in the past decade. Nat. Protoc. 2018,
13, 599-604. [CrossRef]

12.  Hamilton, K.J.; Arao, Y.; Korach, K.S. Estrogen hormone physiology: Reproductive findings from estrogen receptor mutant mice.
Reprod. Biol. 2014, 14, 3-8. [CrossRef]

13.  Wu, S.P; Li, R;; DeMayo, FJ. Progesterone receptor regulation of uterine adaptation for pregnancy. Trends Endocrinol. Metab. 2018,
29, 481-491. [CrossRef] [PubMed]

14. Kalucka, J.; de Rooij, L.; Goveia, J.; Rohlenova, K.; Dumas, S.J.; Meta, E.; Conchinha, N.V,; Taverna, F.; Teuwen, L.A.; Veys, K,; et al.
Single-cell transcriptome atlas of murine endothelial cells. Cell 2020, 180, 764-779.€20. [CrossRef] [PubMed]

15. Hilton, H.G.; Rubinstein, N.D.; Janki, P.; Ireland, A.T.; Bernstein, N.; Fong, N.L.; Wright, K.M.; Smith, M.; Finkle, D.; Martin-
McNulty, B.; et al. Single-cell transcriptomics of the naked mole-rat reveals unexpected features of mammalian immunity. PLoS
Biol. 2019, 17, €3000528. [CrossRef] [PubMed]

16. Jin, S. Bipotent stem cells support the cyclical regeneration of endometrial epithelium of the murine uterus. Proc. Natl. Acad. Sci.

USA 2019, 116, 6848-6857. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms22147696/s1
https://www.mdpi.com/article/10.3390/ijms22147696/s1
http://doi.org/10.1038/nrg1808
http://doi.org/10.1055/s-0029-1242989
http://www.ncbi.nlm.nih.gov/pubmed/20104425
http://doi.org/10.1016/S1472-6483(12)60112-6
http://doi.org/10.1210/er.2014-1045
http://doi.org/10.3390/genes11080935
http://www.ncbi.nlm.nih.gov/pubmed/32823685
http://doi.org/10.1371/journal.pone.0134585
http://doi.org/10.1095/biolreprod.106.057950
http://doi.org/10.1210/en.2007-0268
http://doi.org/10.1002/pmic.201700059
http://doi.org/10.1530/REP-10-0358
http://doi.org/10.1038/nprot.2017.149
http://doi.org/10.1016/j.repbio.2013.12.002
http://doi.org/10.1016/j.tem.2018.04.001
http://www.ncbi.nlm.nih.gov/pubmed/29705365
http://doi.org/10.1016/j.cell.2020.01.015
http://www.ncbi.nlm.nih.gov/pubmed/32059779
http://doi.org/10.1371/journal.pbio.3000528
http://www.ncbi.nlm.nih.gov/pubmed/31751331
http://doi.org/10.1073/pnas.1814597116
http://www.ncbi.nlm.nih.gov/pubmed/30872480

Int. J. Mol. Sci. 2021, 22, 7696 16 of 17

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Gendron, R.L.; Paradis, H.; Hsieh-Li, HM.; Lee, D.W,; Potter, S.S.; Markoff, E. Abnormal uterine stromal and glandular function
associated with maternal reproductive defects in Hoxa-11 null mice. Biol. Reprod. 1997, 56, 1097-1105. [CrossRef]

Suryawanshi, H.; Morozov, P; Straus, A.; Sahasrabudhe, N.; Max, K.E.A.; Garzia, A.; Kustagi, M.; Tuschl, T.; Williams, Z. A
single-cell survey of the human first-trimester placenta and decidua. Sci. Adv. 2018, 4, eaau4788. [CrossRef]

Mucenski, M.L.; Mahoney, R.; Adam, M.; Potter, A.S.; Potter, S.S. Single cell rna-seq study of wild type and Hox9,10,11 mutant
developing uterus. Sci. Rep. 2019, 9, 4557. [CrossRef]

Fu, D.J.; De Micheli, A.].; Bidarimath, M.; Ellenson, L.H.; Cosgrove, B.D.; Flesken-Nikitin, A.; Nikitin, A.Y. Cells expressing Pax8
are the main source of homeostatic regeneration of adult mouse endometrial epithelium and give rise to serous endometrial
carcinoma. Dis. Model. Mech. 2020, 13, dmm047035. [CrossRef]

Li, Q.; Kannan, A.; DeMayo, FEJ.; Lydon, ]J.P.; Cooke, PS.; Yamagishi, H.; Srivastava, D.; Bagchi, M.K.; Bagchi, 1.C. The
antiproliferative action of progesterone in uterine epithelium is mediated by Hand2. Science 2011, 331, 912-916. [CrossRef]
Alam, S.M.; Konno, T.; Soares, M.]. Identification of target genes for a prolactin family paralog in mouse decidua. Reproduction
2015, 149, 625-632. [CrossRef]

Franco, H.L.; Dai, D.; Lee, K.Y.; Rubel, C.A.; Roop, D.; Boerboom, D.; Jeong, ] W.; Lydon, J.P,; Bagchi, I.C.; Bagchi, M.K,; et al.
Wnt4 is a key regulator of normal postnatal uterine development and progesterone signaling during embryo implantation and
decidualization in the mouse. FASEB J. 2011, 25, 1176-1187. [CrossRef]

Li, Q.; Kannan, A.; Wang, W.; Demayo, EJ.; Taylor, R.N.; Bagchi, M.K.; Bagchi, I.C. Bone morphogenetic protein 2 functions via a
conserved signaling pathway involving Wnt4 to regulate uterine decidualization in the mouse and the human. J. Biol. Chem.
2007, 282, 31725-31732. [CrossRef]

Keenihan, S.N.; Robertson, S.A. Diversity in phenotype and steroid hormone dependence in dendritic cells and macrophages in
the mouse uterus. Biol. Reprod. 2004, 70, 1562-1572. [CrossRef]

Ye, Y.; Gaugler, B.; Mohty, M.; Malard, F. Plasmacytoid dendritic cell biology and its role in immune-mediated diseases. Clin.
Transl. Immunol. 2020, 9, €1139. [CrossRef]

Qiu, X,; Hill, A.; Packer, J.; Lin, D.; Ma, Y.A.; Trapnell, C. Single-cell mrna quantification and differential analysis with census. Nat.
Methods 2017, 14, 309-315. [CrossRef] [PubMed]

Jin, S.; Guerrero-Juarez, C.F.; Zhang, L.; Chang, I.; Ramos, R.; Kuan, C.H.; Myung, P.; Plikus, M.V.; Nie, Q. Inference and analysis
of cell-cell communication using cellchat. Nat. Commun. 2021, 12, 1088. [CrossRef] [PubMed]

Chan, M.M.; Smith, Z.D.; Grosswendyt, S.; Kretzmer, H.; Norman, T.M.; Adamson, B.; Jost, M.; Quinn, ].].; Yang, D.; Jones, M.G.;
et al. Molecular recording of mammalian embryogenesis. Nature 2019, 570, 77-82. [CrossRef]

Donnison, M.; Broadhurst, R.; Pfeffer, P.L. Elf5 and Ets2 maintain the mouse extraembryonic ectoderm in a dosage dependent
synergistic manner. Dev. Biol. 2015, 397, 77-88. [CrossRef] [PubMed]

Simmons, D.G.; Natale, D.R.; Begay, V.; Hughes, M; Leutz, A.; Cross, ].C. Early patterning of the chorion leads to the trilaminar
trophoblast cell structure in the placental labyrinth. Development 2008, 135, 2083-2091. [CrossRef]

El-Hashash, A .H.; Warburton, D.; Kimber, S.J. Genes and signals regulating murine trophoblast cell development. Mech. Dev.
2010, 127, 1-20. [CrossRef]

Yang, Y.; He, J.P; Liu, J.L. Cell-cell communication at the embryo implantation site of mouse uterus revealed by single-cell
analysis. Int. ]. Mol. Sci. 2021, 22, 5177. [CrossRef]

Van den Brink, S.C.; Sage, F.; Vertesy, A.; Spanjaard, B.; Peterson-Maduro, J.; Baron, C.S.; Robin, C.; van Oudenaarden, A.
Single-cell sequencing reveals dissociation-induced gene expression in tissue subpopulations. Nat. Methods 2017, 14, 935-936.
[CrossRef]

Krjutskov, K.; Katayama, S.; Saare, M.; Vera-Rodriguez, M.; Lubenets, D.; Samuel, K.; Laisk-Podar, T.; Teder, H.; Einarsdottir, E.;
Salumets, A.; et al. Single-cell transcriptome analysis of endometrial tissue. Hum. Reprod. 2016, 31, 844-853. [CrossRef]

Parasar, P; Sacha, C.R.; Ng, N.; McGuirk, E.R.; Chinthala, S.; Ozcan, P; Lindsey, |.; Salas, S.; Laufer, M.R.; Missmer, S.A; et al.
Differentiating mouse embryonic stem cells express markers of human endometrium. Reprod. Biol. Endocrinol. 2017, 15, 52.
[CrossRef] [PubMed]

Zenclussen, A.C.; Hammerling, G.J. Cellular regulation of the uterine microenvironment that enables embryo implantation. Front.
Immunol. 2015, 6, 321. [CrossRef] [PubMed]

Plaks, V.; Birnberg, T.; Berkutzki, T.; Sela, S.; BenYashar, A.; Kalchenko, V.; Mor, G.; Keshet, E.; Dekel, N.; Neeman, M.; et al.
Uterine DCs are crucial for decidua formation during embryo implantation in mice. J. Clin. Invest. 2008, 118, 3954-3965.
[CrossRef] [PubMed]

Ng, S.W.; Norwitz, G.A ; Pavlicev, M,; Tilburgs, T.; Simon, C.; Norwitz, E.R. Endometrial decidualization: The primary driver of
pregnancy health. Int. . Mol. Sci. 2020, 21, 4092. [CrossRef] [PubMed]

Trapnell, C.; Pachter, L.; Salzberg, S.L. Tophat: Discovering splice junctions with rna-seq. Bioinformatics 2009, 25, 1105-1111.
[CrossRef]

Trapnell, C.; Williams, B.A ; Pertea, G.; Mortazavi, A.; Kwan, G.; van Baren, M.].; Salzberg, S.L.; Wold, B.J.; Pachter, L. Transcript
assembly and quantification by RNA-seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat.
Biotechnol. 2010, 28, 511-515. [CrossRef] [PubMed]

Stuart, T.; Butler, A.; Hoffman, P.; Hafemeister, C.; Papalexi, E.; Mauck, W.M., 3rd; Hao, Y.; Stoeckius, M.; Smibert, P.; Satija, R.
Comprehensive integration of single-cell data. Cell 2019, 177, 1888-1902.e21. [CrossRef] [PubMed]


http://doi.org/10.1095/biolreprod56.5.1097
http://doi.org/10.1126/sciadv.aau4788
http://doi.org/10.1038/s41598-019-40923-w
http://doi.org/10.1242/dmm.047035
http://doi.org/10.1126/science.1197454
http://doi.org/10.1530/REP-15-0107
http://doi.org/10.1096/fj.10-175349
http://doi.org/10.1074/jbc.M704723200
http://doi.org/10.1095/biolreprod.103.024794
http://doi.org/10.1002/cti2.1139
http://doi.org/10.1038/nmeth.4150
http://www.ncbi.nlm.nih.gov/pubmed/28114287
http://doi.org/10.1038/s41467-021-21246-9
http://www.ncbi.nlm.nih.gov/pubmed/33597522
http://doi.org/10.1038/s41586-019-1184-5
http://doi.org/10.1016/j.ydbio.2014.10.011
http://www.ncbi.nlm.nih.gov/pubmed/25446535
http://doi.org/10.1242/dev.020099
http://doi.org/10.1016/j.mod.2009.09.004
http://doi.org/10.3390/ijms22105177
http://doi.org/10.1038/nmeth.4437
http://doi.org/10.1093/humrep/dew008
http://doi.org/10.1186/s12958-017-0273-2
http://www.ncbi.nlm.nih.gov/pubmed/28716123
http://doi.org/10.3389/fimmu.2015.00321
http://www.ncbi.nlm.nih.gov/pubmed/26136750
http://doi.org/10.1172/JCI36682
http://www.ncbi.nlm.nih.gov/pubmed/19033665
http://doi.org/10.3390/ijms21114092
http://www.ncbi.nlm.nih.gov/pubmed/32521725
http://doi.org/10.1093/bioinformatics/btp120
http://doi.org/10.1038/nbt.1621
http://www.ncbi.nlm.nih.gov/pubmed/20436464
http://doi.org/10.1016/j.cell.2019.05.031
http://www.ncbi.nlm.nih.gov/pubmed/31178118

Int. J. Mol. Sci. 2021, 22, 7696 17 of 17

43.

44.

45.

Liu, J.L.; Zuo, R.J.; Peng, Y.; Fu, Y.S. The impact of multiparity on uterine gene expression and decidualization in mice. Reprod. Sci.
2016, 23, 687—-694. [CrossRef] [PubMed]

Law, M.; Shaw, D.R. Mouse Genome Informatics (MGI) is the international resource for information on the laboratory mouse.
Methods Mol. Biol. 2018, 1757, 141-161. [PubMed]

Zhou, Y.; Zhou, B.; Pache, L.; Chang, M.; Khodabakhshi, A.H.; Tanaseichuk, O.; Benner, C.; Chanda, S.K. Metascape provides a
biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 2019, 10, 1523. [CrossRef]


http://doi.org/10.1177/1933719115612131
http://www.ncbi.nlm.nih.gov/pubmed/26494701
http://www.ncbi.nlm.nih.gov/pubmed/29761459
http://doi.org/10.1038/s41467-019-09234-6

	Introduction 
	Results 
	A Single-Cell Atlas of Mouse Uterus on Gestational Day Eight 
	Reconstruction of Decidual Cell Trajectory Across Stromal Cells 
	Cell-Cell Communication between Decidual Cells and Immune Cells 
	Cell-Cell Communication between Decidual Cells and Endothelial Cells 
	Cell-Cell Communication between Decidual Cells and Trophoblast Cells 

	Discussion 
	Materials and Methods 
	Sample Collection 
	Bulk RNA-Seq Analysis 
	Single-Cell Dissociation of Mouse Uterus 
	Single-Cell RNA-Seq Library Preparation and Sequencing 
	Single Cell RNA-Seq Data Analysis 
	Pseudotime Analysis 
	Gene Ontology Analysis 
	Pathway Analysis 
	Cell-Cell Communication Analysis 
	Validation by Quantitative RT-PCR 

	References

