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The human endometrium is essential in providing the site for
implantation and maintaining the growth and survival of the
conceptus. An unreceptive endometrium and disrupted mater-
nal—conceptus interactions can cause infertility due to pregnancy
loss or later pregnancy complications. Despite this, the role of
uterine glands in first trimester human pregnancy is little under-
stood. An established organoid protocol was used to generate and
comprehensively analyze 3-dimensional endometrial epithelial
organoid (EEO) cultures from human endometrial biopsies. The
derived EEO expand long-term, are genetically stable, and can
be cryopreserved. Using endometrium from 2 different donors,
EEO were derived and then treated with estrogen (E2) for 2 d or
E2 and medroxyprogesterone acetate (MPA) for 6 d. EEO cells
were positive for the gland marker, FOXA2, and exhibited appro-
priate hormonal regulation of steroid hormone receptor expres-
sion. Real-time qPCR and bulk RNA-sequencing analysis revealed
effects of hormone treatment on gene expression that recapitu-
lated changes in proliferative and secretory phase endometrium.
Single-cell RNA sequencing analysis revealed that several different
epithelial cell types are present in the EEO whose proportion and
gene expression changed with hormone treatment. The EEO
model serves as an important platform for studying the physiol-
ogy and pathology of the human endometrium.

endometrium | epithelium | organoid | hormone response |
single-cell RNA-seq

he uterus is a complex organ that contains an inner endo-

metrium comprised of a single layer of pseudostratified lu-
minal epithelium (LE) and branched columnar glandular epithelium
(GE) that is supported by stromal fibroblasts along with immune
cells and vascular and lymphatic systems. Known uterine epithelial
cell types include ciliated, secretory, and putative stem/progenitor
cells. Hormones from the ovary (estrogen and progesterone)
regulate shedding of the upper functionalis endometrium (men-
ses) and its regrowth (proliferative phase) and differentiation
(secretory phase). The progesterone-dominated secretory phase is
when the embryo can implant into the differentiated endometrium
to establish pregnancy (1, 2). The architecture of the implantation
site supports the idea that multiple cell types, including the epi-
thelium, decidualized stromal cells, vasculature, resident immune
cells, and placenta trophoblast, communicate together to facilitate
pregnancy establishment (3).

Progesterone, the hormone of pregnancy, causes the endome-
trial GE to undergo a secretory transformation and the stromal
fibroblasts to differentiate into specialized decidual cells (4). The
GE secretes factors that are hypothesized to regulate trophoblast
differentiation and growth of the placenta as well as those that
influence stromal cell differentiation into decidual cells (5, 6).
Decidual cells are important as they regulate growth and devel-
opment of the placenta and the maternal immune system (7).
Moreover, decidual and immune cells are additionally hypothe-
sized to reciprocally impact each other and the GE. Disruptions
in secretory transformation of the glands and/or stromal cell
decidualization are thought to be primary causes of early pregnancy
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loss in the first trimester as well as later pregnancy complications
including preeclampsia and fetal growth restriction (8, 9).

Significant gaps in our scientific knowledge exist concerning
the cellular and molecular mechanisms governing secretory
transformation of the uterine glands and how they interact with
stromal cells and the early placenta throughout the critical first
trimester of human pregnancy. Recent efforts to establish 3-
dimensional (3D) uterine epithelial cultures have been successful
in regards to forming hormone-responsive epithelial organoids
(10-13). Here, we present a functional study of human endo-
metrial epithelial organoids (EEO). Bulk and single-cell RNA-
sequencing (scRNA-seq) was utilized to create a high-resolution
gene expression atlas of the organoids and understand their re-
sponse to the reproductive hormones, estrogen (E2) and pro-
gesterone (P4). These studies established that the EEO are
heterogeneous and contain specific subpopulations of cells that
are hormone-responsive and stem in nature.

Results

Derivation and Cryopreservation of EEOs. Epithelial cells and
glandular fragments were isolated from human endometrial bi-
opsies using enzymatic digestion. Under a defined culture system
utilizing Matrigel and WNT-activating conditions (11), those
cells rapidly self-organized into organoid-like structures that
further expanded in size within 4 d (Fig. 1). After 1 to 2 passages,
any stromal cell contamination was no longer observed. Cells in
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the EEO expressed the epithelial marker CDH1 (cadherin 1 or
E-cadherin). After 5-10 d of culture, the organoids could be
dissociated into mainly single cells that would regenerate and
form organoids that could be achieved for more than 15 pas-
sages. A cryopreservation protocol was established for long-term
storage of the organoids that allowed them to be thawed, re-
grown, and expanded (Materials and Methods and SI Appendix,
Fig. S1).

EEO Exhibit Physiological Hormone Responsiveness. The human
endometrium undergoes extensive remodeling during the men-
strual cycle that is chiefly regulated by the ovarian steroid hormones
E2 and P4 (14, 15). To investigate the hormone responsiveness of
organoids in vitro, EEO were generated from endometrial biopsies
of 2 different donors and then differentiated with either E2; E2 and
medroxyprogesterone acetate (MPA), a nonmetabolizable form of
progesterone; and E2+MPA+cAMP (cAMP) (Fig. 14). Note that
cAMP potentiates secretory transformation of human endometrial
GE cells (11) and decidualization of endometrial stromal cells (16).

Forkhead box A2 (FOXAZ2) is a transcription factor that is
expressed specifically in the GE of the endometrium of the hu-
man uterus (17). Consistent nuclear FOXA2 was observed in
cells within the EEO (Fig. 1B). Not all cells within a single
organoid were FOXA?2 positive, and none of the treatments af-
fected the number of FOXA2-positive cells in the EEO. The Ki67
proliferation marker was observed in cells of all EEO in every
treatment group, and the number of Ki67* cells increased with E2
treatment as compared to control untreated day 6 organoids (Fig.
1B). Similar to FOXA2, not all cells within a single organoid were
Ki67 positive.

Organoid
Formation

Day 0 4

In day 6 EEOQ, treatment with E2 increased the number of E2
receptor (ESR1) and progesterone receptor (PGR)-positive cells
compared to the control (Fig. 1C). In contrast, the number of
ESR1 and PGR-positive cells was substantially lower in day 12
control and E2+MPA-treated organoids. The decrease and ab-
sence of PGR and ESR1 in the EEO with MPA treatment are
consistent with the loss of PGR and ESR1 from the LE and GE
that is observed in the endometrium between the proliferative to
the secretory phase of the menstrual cycle (18).

Next, established E2- and P4-stimulated genes were measured
in the EEO using real-time quantitative PCR (Fig. 2). In day 6
organoids, E2 treatment increased OLFM4 and IHH mRNA
levels in EEO from both donors. In day 12 organoids, an increase
in expression of those genes was observed in the E2+MPA as
compared to control organoids generated from Donor 2 but not
Donor 1. With respect to P4-responsive genes, HSD17B2, PAEP,
and SPPI were up-regulated by MPA treatment in day 12
organoids. Note the substantial increase in HSD17B2 and PAEP
mRNA levels in E24+MPA and E2+MPA+cAMP organoids as
compared to day 12 control organoids. A small increase in these
genes was observed in day 6 organoids treated with E2, but that
increase was dependent on donor.

Transcriptomic Response of Organoids to Steroid Hormones. Bulk
RNA-seq analysis of Donor 2 EEO revealed significant changes
in gene expression depending on hormone treatment (Fig. 34
and Dataset S1). Treatment with E2 increased 1,093 genes and
decreased 398 genes compared to control. The most increased
gene was OLFM4, which is also increased during the pro-
liferative phase of the menstrual cycle when E2 is the dominant

E2+MPA+cAMP

Day 12

Control

Control

E2+MPA E2+MPA+cAMP

Fig. 1. Human endometrial epithelia organoids exhibit appropriate responses to ovarian steroid hormones. (A) Organoids were treated with either nothing
(Control) or E2, followed by either nothing (control), E2+MPA, or E2+MPA+cAMP. (B) Round organoids formed under specific culture conditions as described
in Materials and Methods and express CDH1, FOXA2, and Ki67. (C) ESR1 and PGR localization is increased in response to E2 which is seen in vivo. Organoids
were counterstained with Hoechst (blue) to visualize nuclei. (Scale bars: B Upper Left, 200 pm; B Upper Right, 100 um; B Lower and C, 75 pm.)
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Fig. 2. Human endometrial epithelial organoids are responsive to ovarian steroid hormones. Relative PGR, OLFM4, IHH, SPP1, PAEP, and HSD17B2 mRNA
levels in hormone-treated organoids. Data are means + SEMs. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

hormone. Progesterone-regulated genes were also increased in
EEO by E2+MPA treatment compared to control, including
HSD17B2, PAEP, and SPPI that aligned with qPCR results
(Fig. 2). Treatment with E2+MPA decreased 476 genes in the
organoids compared to control treatment including FAM3D,

23134 | www.pnas.org/cgi/doi/10.1073/pnas. 1915389116

MMPI10, and PRSS33. E2+MPA+cAMP treatment increased
1,417 genes and decreased 609 genes compared to the control.
Known P4-regulated genes, including HSD17B2, LIF, PAEP,
and SPPI, were all increased by E2+MPA+cAMP treatment

of EEO.
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Fig. 3. Determination of hormone responsiveness in human endometrial organoids using bulk RNA-seq analysis. (A) Volcano plots of differentially expressed
genes. (B) REVIGO visualization of enriched biological processes associated with genes increased or decreased in organoids by hormone treatment. Bubble
size indicates the frequency of the gene ontology (GO) term identified in the analysis.

REVIGO enrichment analysis of the differentially expressed
genes found that they were enriched for many different bi-
ological processes (Fig. 3B). Biological processes enriched by E2
treatment of EEO included cilium assembly and movement as
well as decidualization. Genes increased by E2+MPA treatment
compared to control were enriched for biological processes in-
cluding the inflammatory response, while those that were de-
creased were enriched for DNA replication, cell proliferation,
cell cycle processes, and morphogenesis. Those genes that were
increased by E2+MPA+cAMP treatment compared to control
were enriched again for the inflammatory response, cilia-related
processes and localization, and movement of the cell. Those that
were decreased were similar to the E2+MPA group in that they
were enriched for DNA replication.

Single-Cell Analysis of Human EEO. Organoids were generated from
Donor 2 and treated with hormones (Fig. 14) and subjected to
scRNA-seq analysis using the 10X Genomics platform. Between
4,131 and 7,384 cells were sequenced from the organoids with
about 195 million reads per library. Bases with high quality (Q >
30) were estimated to be 98.1% of the unique molecular identities

Fitzgerald et al.

(UMI) counts. The raw count data were filtered for cells expressing
more than 200 genes and less than 20% of mitochondria tran-
scripts. Using this filtration step, data from 3,500 to 5,990 cells
were used for subsequent analyses.

Shared Nearest Neighbor and t-Distributed Stochastic Neigh-
bor Embedding (tSNE) methods assigned cells to 12 clusters
for day 6 organoids and 13 clusters for day 12 organoids (S/
Appendix, Fig. S2 A and B). Gene expression of the individual
clusters were analyzed to identify specific markers (Dataset S2).
Known markers of different cell types were then obtained from
the published literature and specific databases (19-21) and mapped
to the Seurat predicted markers to assign cell types to the ex-
pression clusters (Figs. 44 and 5A4). Using this approach, 5 cell
types (ciliated, epithelial, proliferative, stem, and unciliated) were
identified in both control and E2-treated day 6 organoids, and 6
cell types (ciliated, epithelial, secretory, proliferative, stem, and un-
ciliated) were identified in control, E2+MPA-, and E2+MPA-+cAMP-
treated day 12 organoids. This analysis also revealed effects of
hormone treatment on cell types in the day 6 and day 12 EEO
(tables in Figs. 44 and 54). Of note, a substantial increase in ciliated
cells was noted in E2-treated day 6 EEO and E2+MPA-treated day
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Fig. 4. Single-cell RNA-seq profiling of human endometrial organoids reveals different types of cells and responses to estrogen treatment. (A) tSNE plot
revealing 5 different cell types in day 6 control and E2-treated organoids based on marker gene analysis. The number of cells (nCells) in the organoids is
provided in the table as determined by marker gene analysis (Materials and Methods). Note the increase in proportion of ciliated cells with E2 treatment. (B)
Heat map showing distinct patterns of marker gene expression among cell types in day 6 organoids. Scale represents normalized log, expression. (C) Dot plot
representing key cell type marker gene expression and the effect of hormone treatment in each of the 5 different organoid cell types. Dot size indicates
proportion of cells in cluster expressing expressing a gene, and shading indicates the relative level of expression (low to high reflected as light to dark).

12 EEO. In day 6 EEO, the number of epithelial and stem type
cells decreased with E2 treatment, whereas the other cell types
(proliferative and unciliated) remained unchanged. Interestingly,
the secretory cell type was found only in day 12 EEO, and the
number of those cells was increased by E2+MPA treatment. The
number of ciliated, epithelial, and secretory type cells increased
in day 12 EEO treated with E2+MPA, whereas the number of
stem and unciliated type cells decreased with E2+MPA treat-
ment. In contrast, the number of proliferative type cells did not
change with hormone treatment. Although cAMP with E2+MPA
had substantial effects on organoid gene expression (Fig. 3), the
number of cell types did not change with that hormone treatment.

Individual cell types in the cultures displayed distinct patterns
of differential gene expression in response to hormone treatment
(Figs. 4 B and C and 5 B and C and Dataset S2). Changes in gene
expression were most profound in the ciliated cells followed by
the stem cells. This data complements the bulk RNA-seq data
and allows for the determination of which cell type(s) in the
organoid is responsive to steroid hormones. For instance, OLFM4
is an E2-responsive gene that is predominatly up-regulated in the

23136 | www.pnas.org/cgi/doi/10.1073/pnas. 1915389116

stem and ciliated cells of the day 6 EEO. In the day 12 EEO,
PAEP is a P4-responsive gene that is predominantly up-regulated
in the ciliated, proliferative, secretory, and stem cell types by
E2+MPA treatment. Differential response of cell types to hor-
mone treatment based on gene expression cluster patterns was
confirmed by mutual information analysis of coexpressed genes as
well as K-means clustering of gene expression data of each cell
type (22) (SI Appendix, Fig. S3).

Ligand-Receptor Prediction and Analysis. Recent evidence in mice
and humans supports the idea that products of the endometrial
GE impacts stromal cell decidualization (17, 23-25). First, the
FANTOMS database (http://fantom.gsc.riken.jp/5/) (26) of ligands
and receptors was used to determine ligands whose encoded
genes were associated with genes increased by E2+MPA and
E2+MPA+cAMP in day 12 EEO based on bulk RNA-seq analysis
as described in Materials and Methods. Second, receptors for those
ligands were determined using transcriptome data from human
endometrial stromal cells (ESCs) before and after decidualization

Fitzgerald et al.
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Fig. 5. Single-cell RNA-seq profiling of human endometrial organoids reveals different types of cells and responses to estrogen, progesterone, and cAMP
treatment. (A) tSNE plot revealing 6 different cell types in day 12 control, E2+MPA, and E2+MPA+cAMP-treated organoids based on marker gene analysis.
The number of cells (nCells) in the organoids is provided in the table as determined by marker gene analysis (Materials and Methods). Note the increase in
proportion of ciliated and secretory cells with E2+MPA treatment. (B) Heat map showing distinct patterns of marker gene expression among cell types in day
12_organoids. Scale represents normalized log, expression. (C) Dot plot representing key cell type marker gene expression and the effect of hormone
treatment in each of the 6 different organoid cell types. Dot size indicates proportion of cells in cluster expressing expressing a gene, and shading indicates
the relative level of expression (low to high reflected as light to dark).
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in vitro (National Center for Biotechnology Information GEO
accession no. GSE112362) (27).

As expected, a large number of ligands were expressed by the
control and hormone-treated EEO with corresponding receptors
expressed in the undecidualized and decidualized ESCs. Next,
differentially expressed receptors were determined in the ESCs
and decidualized ESCs based on the RNA-seq analysis. Then,
ligands from the control organoids were determined as well as
ligands that are differentially expressed between hormone-treated
and control organoids (Fig. 6 and Dataset S3). For example, the
ligands CALM3 (calmodulin 3), FN1 (fibronectin 1), TIMP2
(TIMP metallopeptidase inhibitor 2), and TNC (tenascin C) were
found in day 12 control EEO in levels significantly different from
those treated with either E2+MPA or E2+MPA+cAMP. Several
receptors, mostly integrins, were found to be differentially expressed
in the undecidualized as compared to decidualized stromal cells.
The treatment of organoids with E2+MPA increased the expres-
sion of COL1A2 (collagen type I alpha 2) and JAG1, whereas the
addition of cAMP resulted in differential regulation of IL1RN
(Interleukin 1 Receptor Antagonist), SPP1, and TGM2.

Second, an integrative analysis using the single-cell RNA-seq
data were performed to determine potential interactions be-
tween individual cell types in the EEO with in vitro decidualized
ESCs and their progenitors in vitro. This analysis predicted a
large number of reciprocal ligand—receptor interactions occur in
a cell-specific manner (SI Appendix, Figs. S4-S6 and Dataset S3).
Collectively, these analyses support the idea that endometrial
epithelia, particularly the GE, produces factors that communi-
cate with decidualizing stromal cells and other cell types, such as
the invading trophoblast as well as immune cells, during the peri-
implantation period of pregnancy.

Discussion

This study highlights that human EEO are comprised of the
major epithelial cell types that are normally found in the endo-
metrium including both LE and GE. The FOXA2 transcription
factor is expressed specifically in the GE of all studied mam-
malian uteri (17, 6, 28) and regulates GE differentiation and
function (23, 24, 29, 30). The EEO generated in this and other
studies (10-13) contained both FOXA2" and FOXA2™ cells,
signifying they are a mixture of LE and GE. Organoids estab-
lished from other human tissues such as prostate, intestine, lung,
kidney, and oviducts or Fallopian tubes are also comprised of
different epithelial cell types at different stages of differentia-
tion, highlighting their similarity to those in vivo (31-35). Here,
analysis using scRNA-seq found that day 6 control and E2-
treated EEOs were made up of 5 cell types, i.e., proliferative,
epithelial, ciliated, unciliated, and stem. The day 12 EEOs were
made up of 6 cell types, including the same 5 as day 6, and also a
secretory cell population. Previous EEO studies revealed gene
expression of markers related to epithelial, mucosal secretory,
and epithelial progenitor cells as well as electron microscopy and
gene expression analyses showing evidence of ciliated cells (10—
12). In women, the endometrial epithelium is morphologically
differentiated into the LE and GE, both are either ciliated or

CALM3 ==0)-=" KCNQ5
CALM3 ==0)=" MYLK2
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organoid cell
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unciliated, and the proportion of those cells changes across the
menstrual cycle stage (36, 37). During menstruation, the func-
tional layer of the endometrium is shed, which is followed by
reepithelialization, regeneration, and cellular proliferation during
the proliferative phase. Differentiation and secretory transformation
of the endometrial glands occurs during the subsequent secretory
phase and, if pregnancy does not occur, the entire process repeats,
typically in a 28-d cycle. As such, to recapitulate the hormonally
controlled in vivo environment, EEO should also be comprised of
proliferating, secretory, and putative stem cell populations as de-
termined by single-cell RNA-seq analysis in the present study.

The ability of the organoids to be maintained in culture long-
term and to maintain proliferative capacity suggests that a pop-
ulation of epithelial stem cells is present. Previous EEO studies
established their clonogenicity (10, 11). Clonogenic activity of
human endometrial epithelial cells was first shown when in cul-
ture, single epithelial cells in culture were able to form a colony
at low densities (38). While this was possible, the number of cells
able to produce these colonies was small as were the colonies
themselves. Although extensive efforts have been subsequently
made to identify markers of endometrial epithelial stem/progenitor
cells, such as CDHI1, SSEA-1, and LGRS (39-42), the identity of
these clonogenic progenitors as legitimate stem cells remains
largely unknown. Turco et al. (11) found that endometrial epi-
thelial organoids formed from SSEA-1-negative cells. Those
published endometrial epithelial stem cell markers were identified
in the bulk RNA-seq data from the EEO here, but not in the stem
cell cluster determined by scRNA-seq analysis. However, the cell
type designations of the sScRNA-seq analysis relied on a dataset of
stem cell marker genes curated from tissues other than the en-
dometrium. Nevertheless, analysis of EEO should provide signif-
icant insights into endometrial epithelial stem cell dynamics that
occur in the developing and adult human uterus.

Estrogen treatment instigated changes in organoid gene and
protein expression as well as cell composition that mimics the in
vivo endometrium during the proliferative phase of the men-
strual cycle. Treatment with E2 increased the number of ESR1-
and PGR-positive cells. This replicates in vivo changes in the
proliferative phase of the menstrual cycle when many GE cells in
the functionalis and basalis layers of the endometrium express
ESR1 and PGR (43-45). Furthermore, others have shown a
positive correlation between plasma E2 levels and the PGR
content in uterine tissues and primary endometrial cells treated
with E2 have increased expression of PGR (46, 47). Treatment
with E2 also significantly amplified OLFM4, and this was the most
significantly increased gene in the bulk RNA-seq analysis. This
reflects in vivo and previous cell culture experiments where
OLFM4 expression is highest during the proliferative phase and
E2 treatment of endometrial explants stimulates OLFM4 expres-
sion (48). Stimulation with E2 also increased JHH expression in
the absence and presence of MPA in the EEO. In the mouse
uterus, Ihh is a mediator of P4 action and is expressed in the
murine epithelium under the control of P4 (49). Immunohis-
tochemistical studies of the human endometrium found that THH
is increased in secretory phase glands and stroma as compared to

E2+MPA+cAMP
organoid
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Fig. 6. Ligand receptor analysis of EEOs and stromal cells. Integrative analysis of bulk and single-cell RNA-seq data for identification of consensus ligands
expressed in day 12 organoids whose receptors are expressed in either stromal cells or decidual cells.
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the proliferative phase (50). However, I[HH mRNA levels are
higher in proliferative than secretory phase endometrium. Thus,
E2 regulation of IHH expression in the EEO here may represent
physiological hormone regulation in the human endometrium
(27). Alternatively, the stem cell-promoting conditions of the EEO
culture system may produce aberrant hormone response. The 3D
EEO system provides a unique opportunity to investigate the
hormone responsiveness and function of genes in the endometrial
epithelia, as proper hormone responsiveness of endometrial epi-
thelial cells is not observed in 2D culture systems.

Single-cell RNA-seq analysis identified groups of ciliated and
unciliated epithelial cells with the number of ciliated cells in-
creasing substantially after E2 treatment. Similarly, investigation
of differentially expressed genes in the bulk RNA-seq analysis of
control and E2-treated organoids found that they were enriched
for cilia-related biological processes. This reflects what is seen
in vivo where the number of ciliated epithelial cells in the en-
dometrium changes depending on menstrual cycle stage, sug-
gesting hormonal regulation of cilia formation (36, 37). During
the proliferative phase of the menstrual cycle, ciliogenesis and
number of ciliated cells is maximal, which decreases in the sec-
ond half of the cycle when P4 levels rise during the secretory
phase (36, 37). The presence of cilia on cells in EEO has been
reported (10-12), and E2 drives formation of ciliated cells in
human endometrial epithelial organoids (12). Thus, EEO are a
good in vitro model to investigate effects of estrogens on endo-
metrial epithelial morphogenesis and function.

In the EEO, E2+MPA treatment substantially decreased PGR
expression, recapitulating in vivo events in which PGR expres-
sion in endometrial glands decreases to undectectable levels by
the late secretory phase (43, 44). In the EEO, ESR1 expression is
low to absent with MPA treatment, which is also observed in the
presence of elevated endogenous P4 during the secretory phase
(45). Both qPCR and bulk RNA-seq analysis revealed that
HSDI17B2, PAEP, and SPPI were increased with E2+MPA and
E2+MPA+cAMP treatment. Indeed, SPP1 (osteopontin) is in-
creased in secretory phase endometrium of women, localized to
the epithelial cells, and is present in glandular secretions (51).
Similarly, PAEP (glycodelin) is expressed and secreted by human
endometrial gland cells during the secretory phase of the men-
strual cycle, with its expression stimulated by P4 and is not de-
tected in proliferative phase endometrium (44, 52). Furthermore,
the expression of HSD17B2 is induced by P4, and that enzyme
catalyzes the conversion of E2 to estrone in human endometrial
epithelial cells (53). LIF is found in the secretory phase endo-
metrial glands and is decreased in the uterine luminal fluid of
infertile women compared to normal fertile women (54, 55).
Previous EEO studies confirm our demonstration that P4 treat-
ment increases HSD17B2, LIF PAEP, and SPP1 expression, all
mimicking in vivo changes in the endometrium during the men-
strual cycle (10, 11). These secretory phase genes were further
increased with the addition of cAMP, a second messenger mole-
cule that enhances stromal cell decidualization and is involved in
the receptor-mediated effects of prostaglandins and CG (16).
Thus, EEO offer an in vitro model to study the effects of P4 and
other pregnancy hormones on expression of critical genes such as
PAEP and SPPI.

Both E2+MPA and E2+MPA+cAMP increased the number
of ciliated, epithelial, and secretory cells and decreased the
number of stem and unciliated cells. Interestingly, these treat-
ments did not affect the population of proliferating cells, which
remained unchanged. The number of Ki67" cells was moderately
increased in the E2-treated organoids; however, Ki67" cells were
observed in all other treatment groups. In the endometrium of
cycling women, the number of Ki67* cells is increased in the
glands during the proliferative phase and is greatly decreased or
absent during the secretory phase (45, 56, 57). Boretto et al. (10)
also observed an increase in Ki67" cells with E2 treatment and a
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significant reduction with the addition of P4 in their EEO cul-
tures. In that study, P4 may have had a more influential effect on
the percentage of Ki67* cells because the concentration of E2
was decreased when P4 was added. In the present study, the
concentration of E2 remained consistent, which may explain why
the number of ciliated cells also increased with E2+MPA and
E2+MPA+cAMP treatment. During the secretory phase of the
menstrual cycle, the number of ciliated epithelial cells decreases
(36, 37). Future experiments with EEO model may involve
lowering the E2 concentration when P4 is added to more accu-
rately recapitulate the relative reduction in E2 during the se-
cretory phase of the menstrual cycle when compared to the late
proliferative phase and preovulatory peak. Nevertheless, the
number of stem cells decreased, while the secretory and epi-
thelial cells increased upon organoid exposure to MPA and
cAMP, suggesting that the addition of MPA and cAMP stimulated
the differentiation of putative stem/progenitor cells into cells with
a secretory phenotype as is observed during the secretory phase of
the menstrual cycle in vivo.

The influence of hormone treatment on EEO gene expression
was examined in organoids from 2 different donors. While the
gene expression changes due to hormone treatment were overall
similar between the 2 donors, some differences were observed.
For example, the magnitude of fold change in gene expression in
response to hormone treatment varied between patients in a
gene-dependent manner. In example, the addition of cAMP had
a much greater influence on /HH expression in Donor 1 than in
Donor 2. While the overall similarity in hormone response sug-
gests that in culture the organoids return to a similar baseline
despite coming from different donors, investigations into the
implications or donor differences, particularly in endometrial
epithelial cells, has not been studied as in endometrial stromal
cells. Stromal cells isolated from both proliferative and secretory
phase have similar levels of prolactin (PRL) secretion following
P4 treatment (58); however, donor-specific reproductive pa-
thologies may influence the behavior and gene expression of
cultured cells. For instance, PRL secretion is abnormal from
endometrial stromal cells isolated from women with recurrent
pregnancy loss (59). Similarly, endometrial stromal cells from
women with a previous pregnancy complicated by severe pre-
eclampsia fail to decidualize in vitro (9) and genes are differen-
tially expressed in primary stromal cell cultures from endometriosis
patients compared to controls (60). Thus, patient reproductive
pathologies may have a greater influence and should be carefully
considered when deriving cell and organoid lines from these
patients.

Our current understanding of the interactions between uterine
glands and stromal or decidual cells is limited. Clear evidence
has shown that mice lacking glands present with infertility due to
recurrent peri-implantation pregnancy loss and disruptions in
stromal cell and decidualization (61). In mice, uterine glands and
their secretions are critical for stromal cell decidualization (23,
24). While there are no reported studies directly showing the
interaction or intercellular communication between glands and
decidual stromal cells, there is some evidence that supports the
concept that uterine glands and their secretions are critical for
blastocyst survival and implantation as well as embryo and pla-
cental development during the first trimester before the onset of
fetal maternal circulation (6, 62-64). During decidualization,
decidual stromal cells express and secrete PRL and, while there
are no reports of uterine glands expressing PRL, they do express
the PRL receptor (65-69), suggesting a reciprocal relationship
between the glands and stroma. As such, the development of a
3D coculture model incorporating both organoids and stromal
cells, and in the future other cell types of the endometrium, is
fundamental to our understanding of how uterine glands influ-
ence embryo implantation and survival, and early pregnancy events
in humans.
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The development of EEOs cultured in a defined medium (10,
11) has allowed for the expansion and cryopreservation of en-
dometrial epithelial cells, which was previously difficult to
achieve. These EEOs are hormone-responsive and express known
markers of differentiation under P4 treatment, reflective of the
secretory phase of the menstrual cycle when the endometrium is
receptive to embryo implantation in women. A comprehensive
analysis of EEO was performed under the influence of both E2
and P4 in an unbiased approach using both bulk RNA-seq and
single-cell RNA-seq technologies. Importantly, the organoids ex-
press genes similar to that of uterine glands and consist of the
different epithelial cell types found in the in vivo environment.
These analyses provide a crucial contribution to our understand-
ing of uterine glands and allow for the further development of this
model to incorporate other endometrial cell types to better un-
derstand pregnancy establishment and complications in women.
The EEOs can also be utilized as a platform to discover genes and
regulatory mechanisms that impact endometrial regeneration and
differentiation and how this influences early pregnancy establish-
ment. The cryopreservation of organoids derived from different
donors with normal endometrium and endometrial pathologies
allows for comparative studies into the specific mechanisms that
may drive endometrial dysfunction as well as the responsiveness of
these cells to potential treatments that target pregnancy compli-
cations such as preeclampsia, pregnancy loss, and infertility.

Materials and Methods

Establishment, Maintenance, and Cryopreservation of Human Uterine EEOs. All
experiments involving human subjects were approved by the Institutional
Review Board of the University of Missouri, and written informed consent was
obtained from each donor. Donor 1 was 35 y old, having a nonfunctional
ovarian cyst removed, and cycle day 27 (late secretory phase). Donor 2 was 28 y
old, having a vaginal cyst excised, and cycle day 9 (proliferative phase). Both
were Caucasian.

Upon collection, endometrial tissue biopsies were immediately placed in
Dulbecco’s modified eagle medium: nutrient mixture F-12 medium (DMEM/
F12) (Gibco, 11320-033) supplemented with 10% fetal bovine serum (FBS)
(Sigma, F0926) and 1% antibiotic-antimycotic (Anti-Anti, Gibco, 15240-062)
at 4 °C. Endometrial tissues were washed with DMEM/F12 medium supple-
mented with 1% antibiotic-antimycotic for 20 min at 37 °C with gentle ag-
itation to remove blood and debris. Tissues were transferred to a Petri dish
and finely minced with scissors. Minced tissue was placed in 20 mL of en-
zymatic digestion solution (DMEM/F12 supplemented with 1% antibiotic-
antimycotic, 0.4 mg/mL Collagenase V [Sigma, C-9263], 1.25 U/mL dispase II
[Sigma, D4693]) and incubated at 37 °C with agitation. The extent of di-
gestion was checked after 20 min and, depending on the amount of tissue,
total digestion time was between 40 and 50 min. Once digested, 20 mL of
neutralizing medium (DMEM/F12 supplemented with 1% anti-anti and 10%
FBS), was added to the tissue/digestion solution to halt further digestion.
The Falcon tube containing the digested tissue was swirled firmly and left to
stand for 2 min to allow any undigested tissue fragments to settle at the
bottom of the Falcon tube. The supernatant was passed through 1 or more
100-um cell strainers and rinsed with DMEM/F12 supplemented with 1%
anti-anti medium. The 100-um strainer was inverted over a Petri dish, and
the glandular fragments/epithelial cells were forcefully backwashed, trans-
ferred to a Falcon tube, and pelleted by centrifugation. The supernatant was
removed and the glandular fragments resuspended in 1 mL of advanced
DMEM/F12 medium (Gibco, 12634010). The tissue/cell suspension was pipetted
up and down repeatedly to separate glandular fragments and pelleted by
centrifugation. The supernatant was removed and tube with pellet placed on
ice for 2-3 min. The pellet was loosened by flicking the tube and cells/glan-
dular fragments were resuspended in Matrigel (Corning, 536231) at a volume
according to volume recommended by Turco et al. (11) and placed on ice.
Twenty-microliter droplets of the Matrigel cell suspension were added to a 48-
well plate (1 droplet per well) and incubated at 37 °C for 15 min. Organoid
medium (250 pL) was overlaid in each well. The organoids formed within 3-4 d
and were passaged according to growth and confluency within the Matrigel.

To passage the organoids, a 1-mL pipette was used to scrape the Matrigel
droplets from the well of the cell culture plate so that they detached into the
organoid medium. The Matrigel/organoids and medium were transferred to
a Falcon tube and centrifuged for 10 min at 4 °C. The medium/supernatant
was removed, replaced by 1 mL of Advanced DMEM/F12 (Gibco, 12634010),
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and pipetted up and down to dissociate the pellet. Another 1 mL of Advanced
DMEM/F12 medium was added to the cell suspension; the suspension was
mixed by pipetting and centrifuged for 10 min at 4 °C. The supernatant was
removed and the pellet placed on ice for 3 min. The cells were then resuspended
in Matrigel, and 20-uL droplets of Matrigel/cells were plated onto a 12-well
cell culture plate (3-4 droplets per well), followed by incubation at 37 °C for
15 min to allow the droplets to set. Seven hundred microliters per well of
organoid medium was overlaid in each well.

Cryopreservation of organoids was achieved by first passaging the organoids
as mentioned previously and following the second centrifugation and re-
moval of supernatant, the organoids were resuspended in 1 mL of freezing
medium consisting of 10% DMSO in FBS and placed in cryovials at —80 °C
overnight. Organoids were then transferred to liquid nitrogen for long-term
storage. To thaw, organoids were removed from liquid nitrogen and thawed
by pipetting 500-uL aliquots of warmed organoid medium added serially
into the cryovial. The thawed vial contents were then transferred to a 15-mL
Falcon tube. This was repeated as many times as necessary until all contents
of the cryovial were thawed and freezing medium was diluted. Following
centrifugation for 10 min, the supernatant was removed and pellet resus-
pended in 1 mL of organoid medium by gently pipetting up and down. The
cell suspension was again centrifuged for 10 min, supernatant was removed,
and the pellet resuspended in Matrigel and placed on ice for 3 min. Twenty-
microliter droplets of Matrigel were placed in a 48-well cell culture plate and
incubated for 15 min at 37 °C. Organoid medium supplemented with 10 M
Y-27632 was overlaid in each well and used for the first 3 media changes.
Following this, normal organoid medium was used for continued culture.

Hormone Treatment of Organoids. To examine the hormone responsiveness of
organoids following passaging, 10,000 cells per Matrigel droplet were plated
in 12-well plates (3 droplets per well) and allowed to establish into organoids
over 4d in organoid medium. Organoids were then treated with either 10 nM
estradiol (E2, Sigma, E1024) or vehicle as a control (100% ethanol) for 2 d.
Following this, organoids were treated with either 10 nM E2 and 1 pM MPA
(Sigma, PHR1589) (E2+MPA), 10 nM E2, 1 pM MPA, and 1 uM cAMP (2'-O-
dibutyryladenosine 3’, 5’-cyclic monophosphate sodium salt; Sigma, D0627)
(E2+MPA+cAMP) for a further 6 d. Each treatment was performed in trip-
licate wells with a fourth well for each treatment used for histology pur-
poses. Organoids derived from 2 individual donors were used.

Organoid Dissociation for Single-Cell Analysis. Hormone treatment of organoids
was performed as described above. Following treatment, a 1-mL pipette
was used to scrape the Matrigel droplets from the well of the cell culture
plate so that they detached into the organoid medium. The Matrigel/
organoids and medium were transferred to a Falcon tube, the volume in-
creased to 10 mL using serum-free DMEM/F12 supplemented with antimycotic-
antibiotic, and the mixture was placed on ice for 5 min. The organoid sus-
pension was centrifuged for 10 min at 4 °C, the supernatant removed, and the
pellet resuspended in 10-mL serum-free DMEM/F12 supplemented with
antimycotic-antibiotic. Following an additional centrifugation, the superna-
tant was removed and pellet resuspended in 0.05% trypsin EDTA to dissociate
organoids. This mixture was incubated for 40 min at 37 °C with resuspension
via pipetting 10 min to create a single-cell suspension. Suspension volume was
increased to 10 mL with serum-free DMEM/F12 supplemented with antimycotic-
antibiotic and the mixture centrifuged. Pelleted cells were resuspended in
serum-free DMEM/F12 supplemented with antimycotic-antibiotic and 1 mg/mL
DNase | and incubated for 5 min at 37 °C. An equal volume of serum-free
DMEM/F12 supplemented with antimycotic-antibiotic was added to the cell
suspension, and the suspension mixed and centrifuged. The supernatant was
removed, and the pellet was resuspended in 1-mL PBS containing 0.04% BSA.
This mixture was passed through a 40-um cell strainer. Another 1 mL of PBS
containing 0.04% bovine serum albumin (BSA) was passed through the cell
strainer. The cells were counted and viability assessed.

scRNA-Seq and Data Analysis. Droplet generation of single cells was per-
formed using a 10X Chromium system with a target cell count of 4,000 per
sample. Single-cell RNA-seq libraries were prepared using 10X Chromium
technology using the manufacturer’s protocol at the University of Missouri
DNA Core facility. Libraries were sequenced on an llumina NextSeq with a
target reads per cell of 25,000. The BCL (base call) files generated from
Illumina sequencing were processed by Cell Ranger (v. 3.0.1), the proprietary
pipeline for single-cell sequence analysis by 10X Genomics. The “mkfastq”
function of Cell Ranger was used to demultiplex the raw base call (BCL) files
into FASTQ files, which were then used to map to the human reference
genome GRCh38 using STAR aligner. The “count” function of Cell Ranger
was used to count barcodes, UMI, perform background filtration based on
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UMI vs. barcode counts, and generate feature-barcode matrices based on
the barcodes used in the sequencing libraries. The Cell Ranger pipeline also
generated the summary statistics of cell counts, read counts, and mapping
information relative to the genome.

The R package “Seurat” was used to analyze the expression count data
generated by Cell Ranger. The count data were read using “Read10x”
function of Seurat that was then used to create Seurat object for each
sample. Cells were filtered with lower gene expression (nfeature < 200) and
a higher percentage (>20) of mitochondrial origin as described (19). The
variable genes in the normalized filtered data were detected by using the
“FindVariableFeatures” function of Seurat for each sample separately. In
order to compare the hormone treatment sample with the control sample,
we integrated day 6 control and E2 treated data by finding integration
anchors using the first 20 dimensions of data variation. The anchors were
then used to integrate expression data of control and treatment samples
using the “IntegrateData” function of Seurat. A similar approach was used
to integrate data of the control and the 2 treatments (E2+MPA and
E2+MPA-+cAMP). The scaled integrated data were then used to determine
the principal components of expression variation with the nonlinear di-
mensional reduction method of UMAP (Uniform Manifold Approximation
and Projection) and tSNE methods implemented in Seurat. Marker genes for
individual clusters were predicted using the “FindAllMarkers” function and
the list of the predicted markers were compared with known cell type
markers (19-21). in order to assign cell types to different expression clusters.
The heatmaps, dot plots, and violin plots were generated using plotting
functions of Seurat. The mutual information (MI) plot was generated by
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