
Stem Cell Reports

Resource
Reconstructing Lineage Hierarchies of Mouse Uterus Epithelial Development
Using Single-Cell Analysis

Bingbing Wu,1,2,3,7 Chengrui An,2,3,7 Yu Li,1,2,3 Zi Yin,2,3 Lin Gong,2,3 Zhenli Li,4 Yixiao Liu,2,3

Boon Chin Heng,5 Dandan Zhang,4 Hongwei Ouyang,2,3,6,* and Xiaohui Zou1,2,3,*
1Department of Gynecology, the First Affiliated Hospital, School of Medicine, Zhejiang University, 79 Qing Chun Road, Hangzhou, Zhejiang 310003,

PR China
2Zhejiang Provincial Key Laboratory of Tissue Engineering and Regenerative Medicine, Hangzhou, Zhejiang 310058, PR China
3Dr.Li Dak Sum & Yip Yio Chin Center for Stem Cell and Regeneration Medicine, Zhejiang University, Hangzhou, Zhejiang 310003, PR China
4Department of Pathology, Zhejiang University, Hangzhou, Zhejiang 310058, PR China
5Department of Endodontology, Faculty of Dentistry, The University of Hong Kong, Pokfulam, Hong Kong SAR, PR China
6Collaborative Innovation Center for Diagnosis and Treatment of Infectious Diseases, Hangzhou, Zhejiang 310003, PR China
7Co-first author

*Correspondence: hwoy@zju.edu.cn (H.O.), zouxiaohui@zju.edu.cn (X.Z.)

http://dx.doi.org/10.1016/j.stemcr.2017.05.022
SUMMARY
The endometrial layer comprises luminal and glandular epithelia that both develop from the same simple layer of fetal uterine epithe-

lium. Mechanisms of uterine epithelial progenitor self-renewal and differentiation are unclear. This study aims to systematically analyze

themolecular and cellularmechanisms of uterine epithelial development by single-cell analysis. An integrated set of single-cell transcrip-

tomic data of uterine epithelial progenitors and their differentiated progenies is provided. Additionally the unique molecular signatures

of these cells, characterized by sequential upregulation of specific epigenetic andmetabolic activities, and activation of unique signaling

pathways and transcription factors, were also investigated. Finally a unique subpopulation of early progenitor, as well as differentiated

luminal and glandular lineages, were identified. A complex cellular hierarchy of uterine epithelial development was thus delineated. Our

study therefore systematically decoded molecular markers and a cellular program of uterine epithelial development that sheds light on

uterine developmental biology.
INTRODUCTION

Uterine epithelia play key roles in sperm migration, em-

bryo implantation, and fetal nutrition through their phys-

iological functions in nutrient synthesis and transporta-

tion (Jeong et al., 2010). Traumatic injury or infection of

the endometrium (Al-Inany, 2001), pre-pubertal exposure

to hormones such as progesterone (Filant et al., 2012),

and dysregulation of the uterus (Dahm-Kahler et al.,

2016) could cause absence of uterine glandular epithelia

in adulthood and even infertility (Kobayashi and Beh-

ringer, 2003). Uterine epithelial adenogenesis begins post-

natally, involving budding, tubulogenesis, coiling, and

branching of luminal epithelia (Gray et al., 2001). Mecha-

nisms orchestrating these processes are complex. Only a

few genes were reported to be involved in the development

of uterine epithelia (Kobayashi and Behringer, 2003). It is

important to systematicallymap themolecular and cellular

dynamics during early gland development.

Stem/progenitor cells have been reported to be respon-

sible for tissue development and homeostasis, while dysre-

gulation of tissue-resident stem cellsmay result in dysplasia

or diseases (Berry et al., 2016). Evidence for the existence

of endometrial epithelial stem cells has been reported

recently (Chan et al., 2004; Maruyama, 2014), but little is

known about epithelial stem cells during development of

the uterus. In-depth understanding of uterine epithelial
Stem
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stem cells could facilitate the development of alternative

strategies to manipulate and treat uterus-associated dis-

eases such as dysregulation of the window of implantation

and Asherman’s syndrome (Dahm-Kahler et al., 2016).

Single-cell analysis technologies have been increas-

ingly utilized to identify rare cell subpopulations (Lanctot,

2015). In this study, single-cell RNA sequencing (RNA-seq)

was applied to uterine epithelial cells at five developmental

stages, ranging from neonatal to mature stages, to char-

acterize the transcriptional profiles of single cells and to

analyze the molecular and cellular dynamics during devel-

opment of mouse uterus.
RESULTS

Ultra-Shallow Single-Cell RNA-Seq Reveals Cell

Heterogeneity during Uterine Epithelial Development

A previous study has shown that development of mouse

uterine epithelia is initiated immediately after birth (Gray

et al., 2001). In this study, we used CD326 as the epithe-

lial marker (confirmed by immunocytochemistry with

anti-CD326 antibody, Figures 1A and 2E) to isolate mouse

uterine epithelia from five developmental stages (postnatal

day0 [P0], P7, P14,P28, andP56), andplatedeachcellwithin

the wells of a 96-well plate using flow-cytometry sorting

(Figure 1A). In total, 960 cells were collected. The CEL-Seq
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protocolwas thenused toperformsingle-cell RNA-seq (Jaitin

et al., 2014) at an average depth of approximately 20,000

reads per cell (Figure S1). The sequence data were recorded

and mapped using TopHat, with the average mapping rate

onto annotated genes being about 66%–68% (Figure S1).

The final gene expression data were normalized using Cuff-

norm according to standard procedures (Trapnell et al.,

2012) and represented by tags per million. Genes expressed

by less than four cells were filtered (GEO: GSE98451).

Both the unbiased clustering analysis and t-distributed

stochastic neighbor embedding (t-SNE) analysis showed

that single cells from P0 to P56 could be classified into

four different clusters (Figures 1B and 1C). These clusters

of cells were assigned to different developmental stages of

the uterus: the first cluster including cells from P0 and P7

(cluster 1), the second from P14 (cluster 2), the third from

P28 (cluster 3), and the fourth from P56 (cluster 4). The

data showed that each cell cluster possessed a unique group

of expressed genes (Figure 1D), with cluster 1 expressing

Wnt7a and Pax2, and clusters 2, 3, and 4 expressing

Gata2, Prss29, and Muc4, respectively (Figure 1E).

Cell Heterogeneity during Development Exhibit

Characteristics of Both Progenitor and Mature States

To further obtain a functional insight into each cell cluster,

we performed gene set enrichment analysis (GSEA) (Table

S1). According to the GSEA results, different cell clusters

possessed unique gene ontology according to their respec-

tive differentially expressed genes. GSEA revealed that cells

in cluster 1 possessed characteristics of stem/progenitor

cells with low hormone receptor expression, high pro-

liferative capacity, endothelial-to-mesenchymal transition

(EMT) characteristics, and higher telomerase activity.

Stem/progenitor cells in hormone-responsive tissues,

such as the mammary glands and uterine epithelia, are

always negative for expression of the hormone receptor,

estrogen receptor a (Esr1) (Giraddi et al., 2015; Janzen

et al., 2013; Kato et al., 2007; Masuda et al., 2010). GSEA

showed that cells in the early developmental stages (P0

and P7, cluster 1) displayed low levels of cellular response

to estrogen stimulus and activation of the intracellular

estrogen receptor signaling pathway (Figure 2A), as well

as low expression of the Esr1 gene (Figure 2B). However,
Figure 1. Ultra-Shallow Single-Cell RNA-Seq Reveals Cell Heterog
(A) Schematic of the single-cell analysis of five developmental stag
secondly, cells were labeled with CD326-APC antibody and sorted by F
the data were analyzed and validated.
(B) Heatmap of 714 single cells from the five developmental stag
D, postnatal day.
(C) t-SNE analysis identified cell heterogeneity during the developme
(D) Unique marker genes of the four main cell populations. D, postna
(E) Representative markers for each cell population.
the cellular response to estrogen stimulus and intracellular

estrogen receptor signaling pathway began to increase

from P14 (cluster 2), along with the increased expression

of Esr1 gene, which correlates with the beginning of uter-

ine epithelial differentiation.

Stem cells are in two phases with respect to the cell cycle,

with some undergoing rapid proliferation and others re-

maining quiescent (Rumman et al., 2015). Gene ontology

associated with the cell cycle such as positive regulation

of cyclin-dependent protein kinase activity was highly

enriched at the early developmental stage (P0 and P7, clus-

ter 1) (Figure 2C), concomitant with the high expression

of Cdk genes (Figure 2D). Immunofluorescence staining

with anti-Ki67 antibody also confirmed the result that cells

at the early developmental stages are highly proliferative

(Figure 2E).

EMT is widely regarded to be a key characteristic of

stem cells (Battula et al., 2010), particularly in some epithe-

lial tissues, i.e., mammary stem cells (Guo et al., 2012).

Gene ontology associated with EMTwas highest in P0 cells

(cluster 1), but decreased to the lowest level in P14 cells

(cluster 2) (Figure 2F). Genes involved in the EMT process

such as Smad4, Sox9, Fgfr2, and Tgfbr1 were highly ex-

pressed during the early developmental stages (Figure 2G).

High telomerase activity is another crucial characteristic

of stem cells (Wong et al., 2010) that support their long-

term self-renewal and proliferation (Kong et al., 2014).

Gene ontology associated with telomerase activity was

highest in cluster 1 (Figure 2H), and genes included in the

ontology associated with telomerase activity such as Ptges3

and Dkc1 were found to be highly expressed during the

early developmental stages (Figure 2I). Small molecules

that inhibit telomerase activity significantly inhibited the

proliferationof P7uterine epithelia (Figure2J). These results

thus indicated the involvement of telomerase during the

early development of uterine epithelia. Telomerase activity

also decreased dramatically by P14 (cluster 2) implying that

uterine epithelia began to differentiate from P14.

Molecular Cascades Regulating the Development and

Maturation of Uterine Epithelia

To further investigate the molecular cascade regulating the

proliferation, self-renewal, and differentiation of uterine
eneity during Uterine Epithelial Development
es, Firstly, the tissues were digested into single-cell suspension;
ACS; thirdly, single-cell RNA-seq was conducted by CEL-Seq; Finally,

es by transcriptome analysis revealed four distinct populations.

nt of uterine epithelia. PND, postnatal day.
tal day.
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Figure 2. Cell Heterogeneity during
Development Exhibits Characteristics of
Progenitor and Mature States
(A) Gene ontology (GO) analysis showed
elevated cellular response to estrogen stim-
ulus and estrogen receptor signaling during
late development of uterine epithelia.
(B) Expression of esr1 gene during devel-
opment.
(C) Gene ontology analysis showed that
positive regulation of cyclin-dependent
protein kinase activity was high during the
early development of uterine epithelia.
(D) Representative cyclin-dependent pro-
tein kinase gene expression during devel-
opment.
(E) Expression of Ki67 protein in the
epithelia (CD326+) during development.
Scale bar, 20 mm.
(F) Gene ontology analysis showed that
EMT was high during early development of
uterine epithelia.
(G) Expression of EMT-related genes during
development.
(H) Gene ontology analysis showed that
telomerase activity was high during early
development of uterine epithelia.
(I) Expression of telomerase activity-
related genes during development.
(J) Specific telomerase inhibitors decreased
cell proliferation of epithelial cell from
early development. Data are presented as
mean ± SEM, n = 6 independent experi-
ments. **p < 0.01, ***p < 0.001.
PND, postnatal day.
epithelial cells, we used GSEA to identify transcription fac-

tors (TFs), signaling pathways, epigenetic activities, and

metabolic states highly enriched at the early and late devel-

opmental stages.

TFs from the differentially expressed genes of the respec-

tive cell clusters were selected (Table S2) and visualized us-

ing a heatmap (Figure 3A). Results showed that each cell

cluster possessed a unique cluster of TFs. This study thus

confirmed the known TFs, as well as identified TFs that

are not studied during the development and differentiation

of uterine epithelia. For example, Pax2 is one of the known
384 Stem Cell Reports j Vol. 9 j 381–396 j July 11, 2017
TFs to be involved in the early development of the uterus

(Kobayashi and Behringer, 2003). Esr1 is also a known nu-

clear hormone receptor responsible for estrogen stimula-

tion during maturation. Most of the other TFs identified

herein are not studied in the development of uterine

epithelia. We found that Gata2 (Rubel et al., 2012, 2016)

was uniquely expressed by P14 cells. Immunocytochem-

istry was performed to confirm the expression of GATA2

at the protein level, with the results showing the highest

expression of GATA2 protein in the P14 cells, with particu-

larly strong expression in the cell nuclei (Figure 3B).



Distinct signaling pathways (Figure 3C) were involved

during the early development and maturation of uterine

epithelial development. Genes associated with func-

tional entities of WNT (Figures 3F and 3G), retinoic acid

(RA) receptor signaling, small guanosine triphosphatase

(GTPase), bone morphogenetic protein (BMP), Nodal,

fibroblast growth factor (FGF), epidermal growth factor re-

ceptor, Insulin, and Hippo signaling pathway were highly

enriched in cluster 1 (P0–P7) (Figure 3C). On the other

hand, genes associated with innate immune response-

activating signal transduction, pattern recognition recep-

tor signaling pathway, Toll-like receptor and apoptotic

signaling pathway, NIK/nuclear factor kB signaling, JAK-

STAT, and vascular endothelial growth factor receptor

signaling pathway were distinctly upregulated in the

mature uterine epithelial cells (clusters 2–4) (Figure 3C).

Small-molecule antagonists against WNT (Figure 3H),

small GTPase, BMP, FGF, JNK, and Insulin signaling (Fig-

ures S2A–S2E) inhibited the proliferation of P7 uterine

epithelial cells. These results thus confirmed the involve-

ment of these signaling pathways during the early develop-

ment of uterine epithelia.

During the development and maturation of uterine

epithelial cells, dynamic epigenetic changes occur at various

levels, with RNA, DNA, and histone modifications (Fig-

ure 3D). RNA methylation activity peaked in P7 uterine

epithelial cells, and dramatically decreased to the lowest

level in P14 uterine epithelial cells. Both DNA methylation

and demethylationwere observed to behighly active during

the early developmental stages of uterine epithelial cells,

with DNA methylation peaking in P7 cells and DNA deme-

thylation peaking in P0 cells. Both histone methylation

and demethylation were highly active in P7 uterine epithe-

lial cells (Table S3), while histone H3 and H4 acetylation

were highly active in P0 uterine epithelial cells (Table S3).

Histone H3 deacetylation was observed to be highly active

in P0 and P28 uterine epithelial cells, while histone H4

deacetylation peaked in P7 cells (Table S3). Small molecules

that inhibit histone methyl transferase and histone acetyl-

transferase significantly inhibited the proliferation of P7

uterine epithelia (Figures S2F and S2G).

Metabolic activities associated with the glycolytic pro-

cess, the tricarboxylic acid cycle, and fatty acid oxidation

were predominant during the early development of uterine

epithelia, which correlated with rapid cell proliferation

(Figure 3E). Nucleotide acid metabolic processes peaked

during the early development of uterine epithelia, which

may be due to active DNA replication in proliferating P0

and P7 cells. Processes associated with carbohydrate meta-

bolism, proteoglycan metabolism, and extracellular exo-

somes were highly active in mature uterine epithelial cells

(P28 and P56) (Figure 3E), whichmay be due to the fact that

mature uterine epithelial cells secrete nutrients and growth
factors, such as carbohydrates and glycoproteins that are

essential for embryo implantation and growth (Filant and

Spencer, 2013). In addition, fatty acid metabolic processes,

triglyceride metabolic processes, lactate metabolic pro-

cesses (Figure 3E), RA metabolic processes (Figure 3I), and

related gene expression (Figure 3J) peaked in P14 cells.

Immunofluorescence staining with anti-ALDH1A1 anti-

body also confirmed these results (Figure 3L). Small mole-

cules that inhibit ALDH1 of the retinoic acid metabolic

processes significantly inhibited the proliferation of P7

uterine epithelia (Figure 3K).

Aldehyde Dehydrogenase 1A1 Enriches for an

Epithelial Stem/Progenitor Cell-like Subpopulation at

the Early Developmental Stage of Mouse Uterus

To further investigate the heterogeneity of uterine epithelia

at early developmental stages, we performed single-cell

qPCR with cells from P7 mouse uterus. Ninety-six pairs of

primers of candidate stem cell markers, cell surface marker

genes, uterus-specific TFs, housekeeping genes, and epithe-

lial markers were selected (Table S4). Ninety-six CD326+

epithelia were randomly isolated from the P7mouse uterus

by fluorescence-activated cell sorting (FACS) and subjected

to single-cell pre-amplification with primers specific for the

aforementioned genes. Subsequently, single-cell qPCR was

performed.

Cluster analysis was performed with the threshold-

crossing (Ct) value of each gene from individual cells

(GEO: GSE98438). Postnatal endometrial epithelia could

be clustered into different subpopulations (Figure 4A). A

unique small cluster of cells expressed high levels of the

Aldh1a1 gene (Figure 4B). Furthermore,Aldh1a1 expression

was highly correlated with stem cell markers such as Lgr5,

Cd133, and Msi1, key TFs such as Pax2 and Emx2, and

Wnt signaling genes such as Wnt7a and Ctnnb, as well

as other genes such as Ezh2 and Ki67 (Figure 4C).

Gene ontology analysis using genes correlated with

Aldh1a1 showed association with stem cell proliferation,

Wnt signaling, positive regulation of mesonephros devel-

opment, and morphogenesis of branching structures (p <

0.05) (Table S5). These results thus indicated the key roles

of these genes and Aldh1a1+ cells in gland formation dur-

ing early uterine development. Immunohistochemistry

showed that ALDH1A1 is highly expressed in the glands

as well as in the invagination sites responsible for gland

formation in P7mice. These sites also expressed high levels

of aldh1a1-correlated proteins such as Ki67, EZH2, and

PAX2, thus implying that these cells were rapidly prolifer-

ating (Figure 4I). We concluded that Aldh1a1 was strongly

associated with endometrial epithelial stem/progenitor

cells in the early P7 mouse uterus.

ALDH1A1+ cells were isolated by FACS using the com-

mercial ALDEFLUOR kit (STEMCELL Technologies). We
Stem Cell Reports j Vol. 9 j 381–396 j July 11, 2017 385
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chose the marker CD326 to label the uterine epithelia. The

results showed that the ALDEFLUOR kit could be used to la-

bel, detect, and isolate ALDH1A1-high cells from endome-

trial epithelia in P7 mice. FACS analysis showed that 8% of

cells are ALDH1A1+CD326+ cells in the P7 mouse uterus,

with 42.78% of epithelial cells being ALDH1A1-high

cells (Figure 4D). qPCR showed that CD326+ ALDH1A1-

high cells expressed higher levels of Aldh1a1-correlated

genes such as Vimentin, Lgr5, Cd133, and Ki67 (Figure 4E)

compared with the CD326+ ALDH1A1-low cells. High

Vimentin expression implied that CD326+ ALDH1A1-high

cells of P7 mouse uterus may be involved in EMT.

Next, we compared the self-renewal capacity of the

ALDH1A1-low CD326+ with those of the ALDH1A1-high

CD326+ cells. The results showed that CD326+ ALDH1A1-

high cells have higher self-renewal capacity, exhibiting

more colony formation within the culture dish compared

with the ALDH1A1-low CD326+ cells (Figures 4F and 4G),

with a small number of ALDH1A1+ cells still remaining in

the colony after culture (Figure 4H).

These results thus showed that ALDH1A1+ epithelial cells

are highly proliferative with high self-renewal capacity,

which are the classic hallmarks of stem/progenitor cells

(Chan et al., 2004), and these cells are comparable with pre-

viously reported endometrial epithelial stem/progenitor

cells (Table S6). Hence, we concluded that ALDH1A1 en-

riches for a population with stem/progenitor properties

that are mainly located in the developing uterine gland.

Differentiation of Luminal and Glandular Epithelia

during the Maturation of Uterine Epithelia

The initiation of uterine epithelial cell differentiation in

P14 cells is associated with decreased cell proliferation

rate and a significant increase in the expression of ESR1

gene (Figures 2A–2C and 5D). To further investigate cellular

heterogeneity duringmaturation of uterine epithelial cells,

we employed t-SNE analysis to further cluster cells from

P14 to P56 into subgroups (Figures 5A–5C). The heatmap

of distinct cell clusters (Figure 5A) showed the respective

marker genes (Figure 5B), among which cluster-1 cells dis-

played high expression of Hist1h2ao, a gene essential for

cell proliferation, cluster-2 cells expressed high levels of
Figure 3. Molecular Cascades Regulating the Development and M
(A) Differentially expressed transcription factors (TFs) of the respect
(B) Expression of GATA2 protein in uterine epithelia (CD326+) during
(C–K) Sequential upregulation of signaling pathways (C), epigenet
Involvement of WNT (F) and RA metabolic processes (I) during early d
(G) and RA metabolic processes (J) during development. Specific WNT
cells from early development.
(L) Expression of ALDH1A1 protein in the epithelia (CD326+) during
PND, postnatal day. Data are presented as mean ± SEM, n = 6 indepe
Figure S2.
Gata2 and Lpar3, cluster-4 and cluster-5 cells expressed

high levels of Prss28 and Prss29, and cluster-6 cells ex-

pressed high levels of Lif (Figure 5B). According to a previ-

ous study (Filant and Spencer, 2013), Lpar3 gene is a known

marker of luminal epithelia (Figures 5E and 5F), while

Prss28, Prss29, and Lif are markers of glandular epithelia

(Figures 5G–5I). Hence, cellular heterogeneity during the

differentiation of uterus cells arose from the differentiation

of luminal and glandular cells since P14 (Figure 5J).

Mapping the Cellular Hierarchy of Uterine Epithelial

Cells during Development by Lineage Progression

Analysis

Cell lineage hierarchy was reconstructed using the SPADE

software suite. TF genes, proliferation genes, luminal and

glandular marker genes, Wnt genes, stem cell markers,

and differentiation genes (Table S7) that were differentially

expressed were selected from each cell cluster to recon-

struct the lineage SPADE tree, so that different cell clusters

from distinct differentiation states were spontaneously

separated into their respective branches. The distance be-

tween different branches shows the lineage distance be-

tween different unique clusters of cells (Qiu et al., 2011).

Branches that have high expression of both Hmga1 and

Tead2 genes could be defined as the early progenitor

clusters (Figures 6B and 6C), among which the branch

that highly expressed Hist1h2ao gene could be defined

as the fast-proliferating cell subcluster of the early progen-

itors (Figure 6D). Moreover, within the fast-proliferating

Hist1h2ao progenitor branch, the one that highly ex-

pressed Aldh1a1 was a subpopulation of stem/progenitor

cells (Figure 6E). As the P0 mouse uterus epithelial cells

have a very limited number of ALDH1A1+ cells, after

the gland epithelial cells began to invaginate and bud

into the mesenchymal layer, the number of ALDH1A1-

positive cells started to increase. Thus, we speculated

that the ALDH1A1-negative subpopulations of the early

progenitors (marked with Hmga1+Tead2+Hist1h2ao+

ALDH1A1�Esr1� on the SPADE map) might give rise to

ALDH1A1+ progenitors (marked with Hmga1+Tead2+

Hist1h2ao+ALDH1A+Esr1� on the SPADE map). In addi-

tion to the ALDH1A1� progenitor and the ALDH1A1+ fast
aturation of Uterine Epithelia
ive cell cluster were selected and visualized using a heatmap.
development. Scale bar, 20 mm.
ic activity (D), and metabolic activity (E) during development.
evelopment of uterine epithelia. Expression of genes related to WNT
(H) and ALDH1 (K) inhibitors decreased proliferation of epithelial

development. Scale bars, 10 mm or 20 mm.
ndent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. See also
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proliferative progenitor cells, there is a subpopulation

in the early development of mouse uterus marked with

Hmga1+Tead2+Hist1h2ao�ALDH1A1�Esr1� in the SPADE

map, which we term ‘‘non-cycling progenitor,’’ that might

be an intermediate between ALDH1A1+ progenitor and

Esr1+ fast proliferative differentiated cells (Figure 6J).

Branches that strongly expressed the hormone receptor

gene Esr1 could be defined as the maturation/differen-

tiation cluster (Figure 6A). This cluster could be further

separated into sub-branches: the proliferative subcluster

branches displayed high expression of Hist1h2ao (Fig-

ure 6D), while high expression of Lpar3 and Prss29 was

observed in the luminal epithelial subcluster branches

(Figures 6F and 6G) and glandular epithelial subcluster

branches, respectively (Figure 6H). These results also indi-

cated that in addition to the early progenitors and differen-

tiated luminal and glandular epithelia, there is a lineage

that expressed both Hmga1 and low levels of Esr1 (Figures

6A, 6B, and 6D), whichmay represent a transitional lineage

between the early progenitors and the late differentiated

luminal and glandular epithelia.

In summary, the P0 cells mainly comprised the

early ALDH1A1� progenitor (Hmga1+Tead2+Hist1h2ao+

ALDH1A1�Esr1�) and a few ALDH1A1+ progenitor cells

(Hmga1+Tead2+Hist1h2ao+ALDH1A1+Esr1�). Most of the

ALDH1A1+ progenitor cells were mainly located in the

gland of the P7 mouse uterus epithelial cells, while some

of the other cells of P7 mouse uterus were early ALDH1A1�

progenitor and late quiescent progenitor (Hmga1+Tead2+).

The P14 cells mainly comprised the differentiated luminal

cells (Esr+Lpar3+) and the rest of the cells were proliferative

differentiated cells (Esr1+Hmgal+Hist1h2ao+) and differenti-

ated glandular cells (Esr1+Prss29+). The P28 and P56 cells

mainly comprised the proliferative differentiated cells

(Esr1+Hmgal+Hist1h2ao+), differentiated luminal cells (Esr1+

Lpar3+), and differentiated glandular cells (Esr1+Prss29+).

Finally, we reconstructed a theoretical model of the uter-

ine epithelial lineage map from SPADE (Figure 6I), which

may arise from fast-proliferating ALDH1A1-negative pro-
Figure 4. Aldehyde Dehydrogenase 1A1 Enriches for an Epithelia
the Mouse Uterus
(A) P7 endometrial epithelial cells were clustered into different subp
(B) Aldh1a1 is highly expressed in a unique cluster of cells.
(C) Genes correlated with Aldh1a1 expression were ordered according
(D) FACS isolation of CD326+ ALDH1A1-high cells from a single-cell s
(E) CD326+ ALDH1A1-high cells display high expression of aldh1a1-c
(F) CD326+ ALDH1A1-high cells possess high self-renewal capacity w
(G) Comparison of the colony formation efficiency of CD326+ ALDH1A
n = 3 independent experiments. **p < 0.01.
(H) ALDH1A1 is highly expressed by some epithelial cells within the
(I) ALDH1A1 is highly expressed in the glands as well as at the invag
together with high levels of Ki67, EZH2, PAX2, and VIMENTIN. Scale
genitors that transit into fast-proliferating ALDH1A1-posi-

tive progenitors, and through ‘‘non-cycling progenitors’’

into the fast-proliferating Esr1+ transitional lineage, ending

at the differentiated luminal and glandular cells (Figure 6J).
DISCUSSION

In this study we generated four useful datasets: we provided

a single-cell transcriptome profile of the uterine epithelia

from neonatal to sexually mature mice in vivo, identified a

subpopulation of stem/progenitor cells during early devel-

opment, revealed themolecular cascades orchestrating their

development andmaturation, and reconstructed a complex

temporal and spatial cellular hierarchical map.
Single-Cell Transcriptome Profile of Uterine Epithelial

Development In Vivo

Single-cell analysis technology has been increasingly

applied to study the molecular and cellular functions

of rare cell populations, particularly stem/progenitor

cells (Krieger and Simons, 2015). This study altered the

sequencing depth limit for the single-cell RNA-seq study.

For full-length cDNA library construction and sequencing,

the limit of sequencing depth was previously shown

to be 50,000 reads per single cell to accurately classify

different cell types (Pollen et al., 2014). However, the 30

end sequencing adopted in this study showed that shal-

lower sequencing (20,000 reads per cell on average) would

be sufficient to classify cells at distinct developmental

stages.

Our study provides a single-cell RNA-seq dataset and

comprehensive overview of transcriptome dynamics un-

derlying uterine epithelial development and maturation

in vivo. We validated the single-cell RNA-seq dataset at

multiple levels using single-cell qPCR, qPCR, immuno-

fluorescence, FACS, cell culture, and small molecules. We

confirmed the knownmarkers and identifiedmoremarkers

during the development of uterine epithelia.
l Stem/Progenitor Subpopulation during Early Development of

opulations by hierarchical clustering.

to the respective correlation coefficients.
uspension of P7 mouse uterus.
orrelated genes.
ith more colonies formed.
1+ and CD326+ ALDH1A1� cells. Data are presented as mean ± SEM,

colony in vitro. Scale bar, 100 mm.
ination sites responsible for gland formation, and is co-expressed
bar, 50 mm.
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Figure 5. Differentiation of Luminal and
Glandular Epithelia during the Maturation
of Uterine Epithelia
(A) Heatmap of single cells from the late
developmental stages revealed six populations.
(B) Unique marker genes of the six main cell
populations, cluster 1 (C1) to cluster 6 (C6).
(C) t-SNE analysis identified cell heterogeneity
along the late developmental stages of uterine
epithelia. PND, postnatal day.
(D–I) Expression of representative markers
selected for each cell population.
(J) Differentiation of luminal (LE) and glandular
(GE) epithelia occurs during the maturation of
uterine epithelia.

390 Stem Cell Reports j Vol. 9 j 381–396 j July 11, 2017



Figure 6. Mapping Cellular Hierarchy of Uterine Epithelial Cells during Development and Maturation by Lineage Progression
Analysis
(A) Esr1+ lineage represents mature uterine epithelial lineage.
(B and C) Hmga1 (B) and Tead2 (C) represent early progenitor lineage.
(D) Hist1h2ao represents fast-proliferating lineage.
(E) Aldh1a1 represents a subpopulation of stem/progenitor lineage of the early uterine epithelia.
(F) Lpar3 represents differentiated luminal epithelial lineage during the maturation of uterine epithelia.
(G) Gata2 is highly enriched in the mature Lpar3 lineage.
(H) Prss29 represents differentiated glandular epithelial lineage during the maturation of uterine epithelia.
(I) Reconstructed cellular lineage hierarchy from early stem/progenitor to late differentiated luminal and glandular epithelia.
(J) A work model of the uterine epithelial lineage map.
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Epithelial Stem/Progenitors during Early

Development of Uterine Epithelia

Stem/progenitor cells have been reported to be responsible

for tissue development and homeostasis (Berry et al.,

2016). Since the report of clonogenic and highly prolifera-

tive endometrial epithelial stem/progenitor cells in 2004

(Chan et al., 2004), various subpopulations have been

identified, such as side population cells (Cervello et al.,

2011; Chan and Gargett, 2006), label retaining cells

(Chan and Gargett, 2006; Patterson and Pru, 2013),

SSEA1+ cells (Valentijn et al., 2013), and CD44+ epithelial

cells (Janzen et al., 2013). Nevertheless, all of these studies

focused on the characteristics of uterus epithelial stem/pro-

genitor cells in adulthood. In this study, we have identified

and characterized ALDH1A1 as a marker that enriches for a

population with stem/progenitor properties during early

development of the uterine epithelia (P7) with high prolif-

erative potential, self-renewal capacity, ability to undergo

EMT, and low hormone-response activity. The Aldh1a1

gene identified as themarker for epithelial stem/progenitor

cells in the P7 uterus is also known to be a stem cell-associ-

ated marker in many other normal tissues and cancers (Ma

and Allan, 2011).

Most of the tissue-specific stem cells have two states

with regard to cell cycle to maintain tissue homeostasis

(Rumman et al., 2015); for example, in the small intestine

there are Bmi1+ quiescent stem cells and Lgr5+ proliferative

stem cells (Li et al., 2014a). Epithelial stem/progenitor

cells in the uterus tissue may also have two states; the

SSEA1+ epithelial stem cells in human endometria were re-

ported to show a significant reduction in Ki67 expression

compared with SSEA1� cells (Valentijn et al., 2013), while

CD44+ epithelial stem cells in the mouse uterus were

shown to express high levels of cell division-related genes

(Janzen et al., 2013). The ALDH1A1+ subpopulation in

this study was mainly located in the newly formed glands

ofmice during the fast glandular genesis of the uterus, indi-

cating that the ALDH1A1+ cells would be highly prolifera-

tive in supporting the formation of new glands.

Molecular Cascades Orchestrating Uterine Epithelial

Development

Molecular mechanisms orchestrating uterine develop-

ment and differentiation are highly complex (Kobayashi

and Behringer, 2003). Our study provided a systematic

and continuous analysis of molecular cascades during

development and maturation of the uterine epithelia. We

identified developmental stage-specific signaling path-

ways, epigenetic and metabolic activities, as well as the

respective TFs involved during different stages of uterine

epithelial development. In this study, we have identified

molecular cascades that were previously uncharacterized.

Among these we found that TF Gata2 was uniquely ex-
392 Stem Cell Reports j Vol. 9 j 381–396 j July 11, 2017
pressed by P14 cells. GATA2 regulated the expression of

the gene regulatory network required during progester-

one-induced differentiation of healthy endometrial cells

by direct binding to their promoter during pregnancy (Ru-

bel et al., 2012, 2016). In addition, GATA2 was reported

to directly bind to the CDKs Esr1 and Esr2 genomic regions

by chromatin immunoprecipitation sequencing using

endothelial cells (Kanki et al., 2011), with the decrease in

Gata2 expression promoting proliferation, migration, and

invasion of HepG2 cells (Li et al., 2014b). It was also re-

ported that whenGata2 expressionwas repressed by hyper-

methylation, endometriosis occurred (Dyson et al., 2014).

A possible explanation for this is that GATA2 may inhibit

cell proliferation during uterine epithelial development

and induce maturation of the uterus through direct bind-

ing to the promoter regions (Cdks and Esr1). This is in

accordance with our observation that cells in P14 ceased

to proliferate and began to express Esr1, which may imply

the involvement of Gata2.

Overall, the molecular cascades described here are

defined by unique TFs and markers, stemness gene ontol-

ogies, signaling pathways, and epigenetic and metabolic

regulation (Figure 7), which interact and cross-talk to ensure

proper development and maturation of uterine epithelia.

Cellular Hierarchical Map of Uterine Epithelial

Development

Our study provides a complex cellular hierarchical map of

uterine epithelial development and maturation (Figure 6J).

We reconstructed the lineage hierarchical map of uterine

epithelial development using SPADE. The map represents

both temporal (progenitor and differentiation/maturation

lineage) and spatial (luminal and glandular lineage) rela-

tionships among epithelial cells during the development

and maturation of the mouse uterus.
EXPERIMENTAL PROCEDURES

Preparation of Cell Suspension from Mouse Uterus
Female ICR mice (purchased from the Zhejiang Academy

of Medical Science) of different ages (P0, P7, P14, P28, and P56)

were utilized in this study. Uterus tissues were prepared as

described previously (Masuda et al., 2007). Mice were euthanized

by cervical dislocation, andwhole uterus were explanted bymicro-

dissection and immersed immediately into ice-cold PBS (Sigma),

followed by removal of the surrounding tissues such as blood ves-

sels, ovaries, and oviducts. All procedures were performed with

approved protocols in accordance with guidelines of the animal

experimental center of Zhejiang University.

Single-cell suspensions of uterus tissues were then prepared

by enzymatic digestion overnight at 4�C with type I collagenase

(Life Technologies) diluted in low-glucose DMEM (Gibco), and

the digested tissues were triturated into a single-cell suspension

with a 1-mL pipette. The enzymes and cell debris were removed



Figure 7. Schematic Summary of Molecular Signatures Regulating Mouse Uterine Epithelial Development and Maturation
The molecular cascades described here include developmental specific markers and TFs, stemness gene ontologies, signaling pathways, and
epigenetic and metabolic regulation. PND, postnatal day; EMT, epithelial-to mesenchymal transition; GPCR, G-protein-coupled receptor;
cGMP, cyclic guanosine monophosphate; BMP, bone morphogenetic protein; TLR, Toll-like receptor; NFkB, nuclear factor kB; TCA,
tricarboxylic acid; RA, retinoic acid.
by centrifugation at 200 3 g for 5 min and washed with PBS,

followed by filtering the single-cell suspension through a 70-mm

strainer (Corning). The resultant single-cell suspension could

then be utilized for flow-cytometry analysis, single-cell analysis,

and cell culture.
Fluorescence-Activated Cell Sorting of Uterine Cells
Uterine epithelial cells at different stages (P0, P7, P14, P28, and

P56) were isolated by FACS of the uterus single-cell suspension
labeled with an anti-CD326 antibody (CD326-APC, eBioscience

#17-5791), and cells without labeling antibody were used as

negative control. Single CD326+ cells were sorted into each well

of a 96-well plate (Bio-Rad) on BD Influx (BectonDickson) at Hang-

zhou Normal University. The sorted cells were further used for

single-cell analysis.

CD326+ ALDH1A1-high cells fromP7mouse uteruswere isolated

by FACS of the mouse uterus single-cell suspension labeled with

the anti-CD326 antibody and the ALDEFLUOR kit (Stem Cell

Technologies); cells treated with an ALDH1 inhibitor provided in
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the kit were used as a negative control and sorted on BD Influx

(Becton Dickson) at HangZhouNormal University. The sorted cells

were further used for cell culture.

High-Throughput Microfluidic Real-Time Single-Cell

qPCR
Single-cell qPCR was performed according to standard protocols

provided by Fluidigm. In brief, 96 genes were chosen for analysis

by single-cell qPCR (Table S4). Multiplexed primers for single-cell

qPCR were designed with Primer5 and synthesized by Generay.

Single-cell sequence-specific pre-amplification individual primer

sets (a total of 96) were pooled to a final concentration of

0.1 mM for each primer. Individual CD326+ uterine epithelial cells

sorted in the 96-well PCR plate were loaded with 5 mL of RT-PCR

master mix (2.5 mL of Cells Direct reaction mix [Invitrogen];

0.5 mL of primer pool; 0.1 mL of RT/Taq enzyme [Invitrogen];

1.9 mL of nuclease-free water) in each well. The plates were imme-

diately placed on the PCR machine after centrifugation. Cell lysis

and RT were performed followed by reverse transcriptase inactiva-

tion, and Taq polymerase activation that was achieved by heating

to 95�C for 3min. Subsequently, the resultant cDNAwent through

20 cycles of sequence-specific amplification by denaturing at 95�C
for 15 s, annealing, and elongation at 60�C for 15 min. Pre-ampli-

fied products were diluted prior to analysis. Amplified single-

cell samples were analyzed with the Universal PCR Master Mix

(Applied Biosystems), EvaGreen Binding Dye (Biotium), and indi-

vidual qPCR primers using 96.96 Dynamic Arrays on a BioMark

System (Fluidigm). Ct values were calculated using the BioMark

Real-Time PCR Analysis software (Fluidigm).

Single-Cell RT, Pre-amplification, Library Preparation,

and Sequencing
Sorted cells in the plates were immediately lysed or frozen on

dry ice. Single-cell mRNA RT, pre-amplification, and library con-

struction for sequencing were performed according to a previous

CEL-seq protocol (Jaitin et al., 2014). In brief, single uterine epithe-

lial cells from the 96-well plate were lysed and reverse transcribed

(Invitrogen) by addition of a lysis buffer and a barcoded RT

mix, respectively. After RT, the single-cell reaction samples were

pooled and digested by ExoI nuclease (NEB), followed subse-

quently by second-strand synthesis (NEB) and in vitro transcrip-

tion (NEB). Finally, RNAs were fragmented (Ambion) and the

sequencing library was constructed by ligation (NEB), RT (Invitro-

gen), and PCR (KapaBiosystems) by addition of Illumina primers

(with sequencing primer, index, and linkers) to both ends of the

fragments. The library was then sequenced using the Illumina

HiSeq2500 system.

Computational Bioinformatics Analyses of Single-Cell

Data
Single-cell RNA-seq reads data were mapped using TopHat and

transcripts were assembled using Cufflinks, with the final gene

expression data being normalized using Cuffnorm according to

standard procedures (Trapnell et al., 2012). Gene expression was

represented by tags per million. Genes expressed by less than

four cells were filtered. Correlation coefficients of Aldh1a1expres-

sionwith other geneswere calculated using Spearman’s correlation
394 Stem Cell Reports j Vol. 9 j 381–396 j July 11, 2017
analysis. Enrichment scores were calculated by GSEA (Subrama-

nian et al., 2005) executed in MATLAB R2013a (MathWorks).

Single-cell qPCR data with Ct values were analyzed by the

SINGuLAR Analysis Toolset 3.0 software (Fluidigm). Principal

components analysis, hierarchical clustering, correlation, and

visualization were performed according to the toolset by using

R software. Gene ontology enrichment analysis and GSEA were

performed with DAVID informatics resources. Spanning-tree

Progression Analysis of Density-normalized Events (SPADE) was

conducted with SPADE V3.0 software (Qiu et al., 2011) (http://

pengqiu.gatech.edu/software/SPADE/index.html).

H&E Staining
The mouse uteri at different developmental stages were fixed in

4% (w/v) paraformaldehyde and then dehydrated in an ethanol

gradient, prior to embedding in paraffin and sectioning at 10-mm

thickness. The paraffin sections were then stained with H&E.

Immunofluorescent Staining
The series of 10-mm-thick sections were rehydrated, fixed with

4% (w/v) paraformaldehyde for 30 min, rinsed three times with

PBS, and treated with blocking solution (1% BSA) for 30 min, prior

to incubation with primary antibodies at 4�C overnight. The pri-

mary antibodies rabbit anti-mouse monoclonal antibodies against

ALDH1A1 (Abcam, ab52492), Ki67 (Abcam, ab16667), EZH2 (CST,

5246), PAX2 (Abcam, ab79389), VIMENTIN (DakoCytomation,

103465-002), and GATA2 (Abcam, ab173817), and rat anti-mouse

monoclonal antibodies against CD326 (eBioscience, 17-5791)

were used to detect the expression of selected proteins within the

mouse uteri. Goat anti-rabbit secondary antibody (Invitrogen,

A11008), goat anti-rat secondary antibody (Beyotime Institute of

Biotechnology, A0507), and DAPI (Beyotime Institute of Biotech-

nology, C1002) were used to visualize the respective primary

antibodies and the cell nuclei. All procedures were carried out

according to the manufacturer’s instructions.

Cell Culture
The digested single-cell suspension as well as the CD326+ epithe-

lial cells sorted by FACS was further cultured in the epithelial

defined CnT-PR medium (CELLnTEC) at 37�C and 5% CO2. To

validate the results of bioinformatics GSEA and further investi-

gate the molecular cascade controlling the self-renewal and pro-

liferation of uterine epithelial cells, we investigated epigenetic

and signaling pathways that were highly enriched at the early

developmental stage. We further investigated small molecules tar-

geting the gene ontology, which are highly enriched in the first

cell cluster. The effects of these small molecules on cell prolifera-

tion of developing uterine epithelia from P7, which were cultured

in epithelial cell defined medium (for a list of small molecules

and concentrations see Table S8), were evaluated with absor-

bance readings at 450 nm, utilizing the cell counting kit-8

(CCK-8; Dojindo). The colony-forming unit (CFU) efficiency of

the ALDH1A1+ epithelial cells and ALDH1A1� epithelial cells

were compared by seeding at the density of 10,000, 5,000, and

1,000 cells per well of a 24-well plate after FACS, and cultured

in the epithelial defined CnT-PR medium (CELLnTEC) at 37�C
and 5% CO2.

http://pengqiu.gatech.edu/software/SPADE/index.html
http://pengqiu.gatech.edu/software/SPADE/index.html


Statistical Analysis
The CFU efficiency of the ALDH1A1+ cells and ALDH1A1� cells

after FACS was compared by using an unpaired t test in Prism

5.0 software; normality was tested by Kolmogorov-Smirnov test,

with all p values less than 0.05 being considered statistically signif-

icant. The effects of small molecules against the respective gene

ontology and pathways on cell proliferation were compared using

Dunnett’s one-way ANOVA in Prism 5.0 software, with all p values

less than 0.05 being considered statistically significant.

ACCESSION NUMBERS

The accession number for the raw data and counts of single-cell
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SUPPLEMENTAL INFORMATION

Supplemental Information includes two figures and eight tables

and can be found with this article online at http://dx.doi.org/10.

1016/j.stemcr.2017.05.022.

AUTHOR CONTRIBUTIONS

B.W.: acquisition of data, data analysis and interpretation, manu-

script writing; C.A.: data analysis and interpretation; Y. Li: acquisi-

tion of data, manuscript writing; Z.Y., L.G., Y. Liu: acquisition of

data; Z.L., D.Z.: data analysis; B.H.: manuscript writing; H.O.:

conception and design, manuscript writing; X.Z.: conception

and design, manuscript writing.

ACKNOWLEDGMENTS

This work was supported by the National High Technology

Research and Development Program of China (2016YFC1100401)

(863Program,2015AA020302), theNationalNatural Science Foun-

dationofChina (CN) (81270682, 81300454), theKey Scientific and

Technological Innovation Team of Zhejiang Province (2013TD11),

China Postdoctoral Science Foundation (2015M571887), Zhe-

jiang Medical and Health Science and Technology plan project

(2013KYB080), and the Fundamental Research Funds for the Cen-

tral Universities (2014QNA7016).We acknowledgeWeiwei Yi from

HangZhou Normal University for assistance in FACS sorting of

cells. We acknowledge Kim Bunpetch for correcting grammatical

errors.

Received: November 27, 2016

Revised: May 16, 2017

Accepted: May 17, 2017

Published: June 15, 2017
REFERENCES

Al-Inany, H. (2001). Intrauterine adhesions. An update. Acta Ob-

stet. Gynecol. Scand. 80, 986–993.

Battula, V.L., Evans, K.W., Hollier, B.G., Shi, Y., Marini, F.C.,

Ayyanan, A., Wang, R.Y., Brisken, C., Guerra, R., Andreeff, M.,

et al. (2010). Epithelial-mesenchymal transition-derived cells
exhibit multilineage differentiation potential similar to mesen-

chymal stem cells. Stem Cells 28, 1435–1445.

Berry, D.C., Jiang, Y., and Graff, J.M. (2016). Emerging roles of ad-

ipose progenitor cells in tissue development, homeostasis, expan-

sion and thermogenesis. Trends Endocrinol. Metab. 27, 574–585.

Cervello, I., Mas, A., Gil-Sanchis, C., Peris, L., Faus, A., Saunders,

P.T., Critchley, H.O., and Simon, C. (2011). Reconstruction of

endometrium from human endometrial side population cell lines.

PLoS One 6, e21221.

Chan, R.W., andGargett, C.E. (2006). Identification of label-retain-

ing cells in mouse endometrium. Stem Cells 24, 1529–1538.

Chan, R.W., Schwab, K.E., and Gargett, C.E. (2004). Clonogenicity

of human endometrial epithelial and stromal cells. Biol. Reprod.

70, 1738–1750.

Dahm-Kahler, P., Diaz-Garcia, C., and Brannstrom, M. (2016). Hu-

man uterus transplantation in focus. Br. Med. Bull. 117, 69–78.

Dyson, M.T., Roqueiro, D., Monsivais, D., Ercan, C.M., Pavone,

M.E., Brooks, D.C., Kakinuma, T., Ono, M., Jafari, N., Dai, Y.,

et al. (2014). Genome-wide DNA methylation analysis predicts

an epigenetic switch for GATA factor expression in endometriosis.

PLoS Genet. 6, e1004158.

Filant, J., and Spencer, T.E. (2013). Cell-specific transcriptional

profiling reveals candidate mechanisms regulating develop-

ment and function of uterine epithelia in mice. Biol. Reprod. 89,

86, 1–10.

Filant, J., Zhou, H., and Spencer, T.E. (2012). Progesterone inhibits

uterine gland development in the neonatal mouse uterus. Biol.

Reprod. 86, 146, 1–9.

Giraddi, R.R., Shehata, M., Gallardo, M., Blasco, M.A., Simons,

B.D., and Stingl, J. (2015). Stem and progenitor cell division ki-

netics during postnatal mouse mammary gland development.

Nat. Commun. 6, 8487.

Gray, C.A., Bartol, F.F., Tarleton, B.J., Wiley, A.A., Johnson, G.A.,

Bazer, F.W., and Spencer, T.E. (2001). Developmental biology of

uterine glands. Biol. Reprod. 65, 1311–1323.

Guo,W., Keckesova, Z., Donaher, J.L., Shibue, T., Tischler, V., Rein-

hardt, F., Itzkovitz, S., Noske, A., Zurrer-Hardi, U., Bell, G., et al.

(2012). Slug and Sox9 cooperatively determine the mammary

stem cell state. Cell 148, 1015–1028.

Jaitin, D.A., Kenigsberg, E., Keren-Shaul, H., Elefant, N., Paul, F.,

Zaretsky, I., Mildner, A., Cohen, N., Jung, S., Tanay, A., et al.

(2014). Massively parallel single-cell RNA-seq for marker-free

decomposition of tissues into cell types. Science 343, 776–779.

Janzen, D.M., Cheng, D., Schafenacker, A.M., Paik, D.Y., Goldstein,

A.S., Witte, O.N., Jaroszewicz, A., Pellegrini, M., and Memarzadeh,

S. (2013). Estrogen and progesterone together expand murine

endometrial epithelial progenitor cells. Stem Cells 31, 808–822.

Jeong, J.W., Kwak, I., Lee, K.Y., Kim, T.H., Large, M.J., Stewart, C.L.,

Kaestner, K.H., Lydon, J.P., andDeMayo, F.J. (2010). Foxa2 is essen-

tial for mouse endometrial gland development and fertility. Biol.

Reprod. 83, 396–403.

Kanki, Y., Kohro, T., Jiang, S., Tsutsumi, S., Mimura, I., Suehiro, J.,

Wada, Y., Ohta, Y., Ihara, S., Iwanari, H., et al. (2011). Epigeneti-

cally coordinated GATA2 binding is necessary for endothelium-

specific endomucin expression. EMBO J. 30, 2582–2595.
Stem Cell Reports j Vol. 9 j 381–396 j July 11, 2017 395

http://dx.doi.org/10.1016/j.stemcr.2017.05.022
http://dx.doi.org/10.1016/j.stemcr.2017.05.022
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref1
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref1
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref2
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref2
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref2
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref2
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref2
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref3
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref3
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref3
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref4
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref4
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref4
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref4
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref5
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref5
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref6
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref6
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref6
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref7
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref7
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref8
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref8
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref8
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref8
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref8
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref9
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref9
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref9
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref9
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref10
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref10
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref10
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref11
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref11
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref11
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref11
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref12
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref12
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref12
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref13
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref13
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref13
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref13
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref14
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref14
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref14
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref14
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref15
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref15
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref15
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref15
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref16
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref16
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref16
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref16
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref17
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref17
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref17
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref17


Kato, K., Yoshimoto,M., Kato, K., Adachi, S., Yamayoshi, A., Arima,

T., Asanoma, K., Kyo, S., Nakahata, T., and Wake, N. (2007). Char-

acterization of side-population cells in human normal endome-

trium. Hum. Reprod. 22, 1214–1223.

Kobayashi, A., and Behringer, R.R. (2003). Developmental genetics

of the female reproductive tract in mammals. Nat. Rev. Genet. 4,

969–980.

Kong, F., Zheng, C., and Xu, D. (2014). Telomerase as a ‘‘stemness’’

enzyme. Sci. China Life Sci. 57, 564–570.

Krieger, T., and Simons, B.D. (2015). Dynamic stem cell heteroge-

neity. Development 142, 1396–1406.

Lanctot, C. (2015). Single cell analysis reveals concomitant tran-

scription of pluripotent and lineage markers during the early steps

of differentiation of embryonic stem cells. Stem Cells 33, 2949–

2960.

Li, N., Yousefi, M., Nakauka-Ddamba, A., Jain, R., Tobias, J.,

Epstein, J.A., Jensen, S.T., and Lengner, C.J. (2014a). Single-cell

analysis of proxy reporter allele-marked epithelial cells establishes

intestinal stem cell hierarchy. Stem Cell Rep. 3, 876–891.

Li, Y.W., Wang, J.X., Yin, X., Qiu, S.J., Wu, H., Liao, R., Yi, Y., Xiao,

Y.S., Zhou, J., Zhang, B.H., et al. (2014b). Decreased expression

of GATA2 promoted proliferation, migration and invasion of

HepG2 in vitro and correlated with poor prognosis of hepatocellu-

lar carcinoma. PLoS One 9, e87505.

Ma, I., and Allan, A.L. (2011). The role of human aldehyde

dehydrogenase in normal and cancer stem cells. Stem Cell Rev. 7,

292–306.

Maruyama, T. (2014). Endometrial stem/progenitor cells. J. Obstet.

Gynaecol. Res. 40, 2015–2022.

Masuda, H., Maruyama, T., Hiratsu, E., Yamane, J., Iwanami, A.,

Nagashima, T., Ono, M., Miyoshi, H., Okano, H.J., Ito, M., et al.

(2007). Noninvasive and real-time assessment of reconstructed

functional human endometrium in NOD/SCID/gamma c(null)

immunodeficientmice. Proc. Natl. Acad. Sci. USA 104, 1925–1930.

Masuda, H., Matsuzaki, Y., Hiratsu, E., Ono, M., Nagashima, T., Ka-

jitani, T., Arase, T., Oda, H., Uchida, H., Asada, H., et al. (2010).

Stem cell-like properties of the endometrial side population: impli-

cation in endometrial regeneration. PLoS One 5, e10387.

Patterson, A.L., and Pru, J.K. (2013). Long-term label retaining cells

localize to distinct regions within the female reproductive epithe-

lium. Cell Cycle 12, 2888–2898.
396 Stem Cell Reports j Vol. 9 j 381–396 j July 11, 2017
Pollen, A.A., Nowakowski, T.J., Shuga, J., Wang, X., Leyrat, A.A.,

Lui, J.H., Li, N., Szpankowski, L., Fowler, B., Chen, P., et al.

(2014). Low-coverage single-cell mRNA sequencing reveals cellular

heterogeneity and activated signaling pathways in developing

cerebral cortex. Nat. Biotechnol. 32, 1053–1058.

Qiu, P., Simonds, E.F., Bendall, S.C., Gibbs, K.J., Bruggner, R.V., Lin-

derman, M.D., Sachs, K., Nolan, G.P., and Plevritis, S.K. (2011).

Extracting a cellular hierarchy from high-dimensional cytometry

data with SPADE. Nat. Biotechnol. 29, 886–891.

Rubel, C.A., Franco, H.L., Jeong, J.W., Lydon, J.P., and DeMayo, F.J.

(2012). GATA2 is expressed at critical times in the mouse uterus

during pregnancy. Gene Expr. Patterns 12, 196–203.

Rubel, C.A., Wu, S.P., Lin, L., Wang, T., Lanz, R.B., Li, X., Komma-

gani, R., Franco,H.L., Camper, S.A., Tong,Q., et al. (2016). AGata2-

dependent transcription network regulates uterine progesterone

responsiveness and endometrial function. Cell Rep. 17, 1414–

1425.

Rumman, M., Dhawan, J., and Kassem, M. (2015). Concise review:

quiescence in adult stem cells: biological significance and rele-

vance to tissue regeneration. Stem Cells 33, 2903–2912.

Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert,

B.L., Gillette, M.A., Paulovich, A., Pomeroy, S.L., Golub, T.R.,

Lander, E.S., et al. (2005). Gene set enrichment analysis: a knowl-

edge-based approach for interpreting genome-wide expression

profiles. Proc. Natl. Acad. Sci. USA 102, 15545–15550.

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D.R.,

Pimentel, H., Salzberg, S.L., Rinn, J.L., and Pachter, L. (2012).

Differential gene and transcript expression analysis of RNA-seq

experiments with TopHat and Cufflinks. Nat. Protoc. 7, 562–578.

Valentijn, A.J., Palial, K., Al-Lamee, H., Tempest, N., Drury, J., Von

Zglinicki, T., Saretzki, G., Murray, P., Gargett, C.E., and Hapan-

gama, D.K. (2013). SSEA-1 isolates human endometrial basal

glandular epithelial cells: phenotypic and functional characteriza-

tion and implications in the pathogenesis of endometriosis. Hum.

Reprod. 28, 2695–2708.

Wong, C.W., Hou, P.S., Tseng, S.F., Chien, C.L., Wu, K.J., Chen,

H.F., Ho, H.N., Kyo, S., and Teng, S.C. (2010). Kruppel-like tran-

scription factor 4 contributes to maintenance of telomerase activ-

ity in stem cells. Stem Cells 28, 1510–1517.

http://refhub.elsevier.com/S2213-6711(17)30229-1/sref18
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref18
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref18
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref18
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref19
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref19
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref19
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref20
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref20
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref20
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref20
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref21
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref21
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref22
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref22
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref22
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref22
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref23
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref23
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref23
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref23
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref24
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref24
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref24
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref24
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref24
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref25
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref25
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref25
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref26
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref26
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref27
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref27
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref27
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref27
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref27
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref28
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref28
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref28
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref28
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref29
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref29
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref29
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref30
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref30
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref30
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref30
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref30
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref31
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref31
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref31
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref31
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref32
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref32
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref32
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref33
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref33
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref33
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref33
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref33
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref34
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref34
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref34
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref35
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref35
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref35
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref35
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref35
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref36
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref36
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref36
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref36
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref37
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref37
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref37
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref37
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref37
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref37
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref38
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref38
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref38
http://refhub.elsevier.com/S2213-6711(17)30229-1/sref38

	Reconstructing Lineage Hierarchies of Mouse Uterus Epithelial Development Using Single-Cell Analysis
	Introduction
	Results
	Ultra-Shallow Single-Cell RNA-Seq Reveals Cell Heterogeneity during Uterine Epithelial Development
	Cell Heterogeneity during Development Exhibit Characteristics of Both Progenitor and Mature States
	Molecular Cascades Regulating the Development and Maturation of Uterine Epithelia
	Aldehyde Dehydrogenase 1A1 Enriches for an Epithelial Stem/Progenitor Cell-like Subpopulation at the Early Developmental St ...
	Differentiation of Luminal and Glandular Epithelia during the Maturation of Uterine Epithelia
	Mapping the Cellular Hierarchy of Uterine Epithelial Cells during Development by Lineage Progression Analysis

	Discussion
	Single-Cell Transcriptome Profile of Uterine Epithelial Development In Vivo
	Epithelial Stem/Progenitors during Early Development of Uterine Epithelia
	Molecular Cascades Orchestrating Uterine Epithelial Development
	Cellular Hierarchical Map of Uterine Epithelial Development

	Experimental Procedures
	Preparation of Cell Suspension from Mouse Uterus
	Fluorescence-Activated Cell Sorting of Uterine Cells
	High-Throughput Microfluidic Real-Time Single-Cell qPCR
	Single-Cell RT, Pre-amplification, Library Preparation, and Sequencing
	Computational Bioinformatics Analyses of Single-Cell Data
	H&E Staining
	Immunofluorescent Staining
	Cell Culture
	Statistical Analysis

	Accession Numbers
	Supplemental Information
	Author Contributions
	Acknowledgments
	References


