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The endometrial epithelium of the uterus regenerates periodically.
The cellular source of newly regenerated endometrial epithelia
during a mouse estrous cycle or a human menstrual cycle is pres-
ently unknown. Here, I have used single-cell lineage tracing in the
whole mouse uterus to demonstrate that epithelial stem cells exist
in the mouse uterus. These uterine epithelial stem cells provide a
resident cellular supply that fuels endometrial epithelial regeneration.
They are able to survive cyclical uterine tissue loss and persistently
generate all endometrial epithelial lineages, including the functionally
distinct luminal and glandular epithelia, to maintain uterine cycling.
The uterine epithelial stem cell population also supports the regen-
eration of uterine endometrial epithelium post parturition. The 5-
ethynyl-2′-deoxyuridine pulse-chase experiments further reveal
that this stem cell population may reside in the intersection zone
between luminal and glandular epithelial compartments. This tissue
distribution allows these bipotent uterine epithelial stem cells to
bidirectionally differentiate to maintain homeostasis and regenera-
tion of mouse endometrial epithelium under physiological conditions.
Thus, uterine function over the reproductive lifespan of a mouse
relies on stem cell-maintained rhythmic endometrial regeneration.

mouse | uterine regeneration | epithelial stem cells | bipotent | intersection
zone

The endometrial epithelium of the uterus is composed of lu-
minal (LE) and glandular epithelia (GE). It experiences cy-

clical regression and regeneration under the regulation of
ovarian steroid hormones. Women go through ∼400–500 uterine
menstrual cycles during their reproductive lifespan, and the en-
dometrium thickens by ∼7 mm within 1 wk over each menstrual
cycle (∼28 d) (1). In mice, endometrial epithelial cell numbers
increase approximately ninefold during a 5-d-long estrous cycle
(SI Appendix, Fig. S1). Periodic uterine regeneration maintains
female reproductive function and general health. Disorders of
endometrial epithelial proliferation lead to a range of uterine
pathological conditions, including infertility, endometriosis, en-
dometrial hyperplasia, and endometrial cancer (2).
Adult stem cells have long been proposed to regenerate the

uterus (3). Efforts to identify them in human and mouse uteri
have utilized characteristics associated with limited stem or
progenitor cell populations such as label retaining (4–6) and side
population (SP) (7). As cells, like certain stem cells, divide in-
frequently, they may consistently retain DNA labels (label
retaining). Such label-retaining cells have been found in multiple
tissues; yet only 0.5% of all 5-bromo-2-deoxyuridine (BrdU)
label-retaining hematopoietic cells were identified as hemato-
poietic stem cells (HSCs) (8). Lgr5-labeled small intestinal stem
cells are distinct from “DNA label-retaining +4 intestinal pro-
genitor cells” (9). SP cells, which efflux Hoechst dye via the ATP-
binding cassette family of transporter proteins, have also been
claimed as potential stem or progenitor cells in certain tissues,
but SP cell properties are also shared by differentiated cells in
adult tissues (10). Thus, neither label retaining nor dye efflux is a
common or unique property of all stem cell populations. Nor is it
clear whether such phenotypic characteristics would be seen in
uterine stem cells. In vitro clonogenicity assays and trans-
plantation have also been applied to search for potential uterine

stem cells (2, 11–13), but evidence is lacking that the in vivo
counterparts of these candidate cells behave like stem or pro-
genitor cells. Mapping of the fate determination of these claimed
stem or progenitor cell candidates during normal uterine cycling
is required to define their stem cell potential. Thus, the exis-
tence, identity, and roles of the proposed uterine stem cells
remain unknown.
Here, I have established a CreERT2-LoxP–based single-cell

lineage tracing system to functionally identify stem cells in the
adult mouse uterus by characterizing stem cell clones. This
method utilizes a universal hallmark of stem cells, the ability to
divide indefinitely (self-renewal) (9, 14–19), instead of relying on
the assumed characteristics of certain stem or progenitor cell
populations (4–7). In lineage tracing, a single cell is marked such
that the mark is transmitted to the cell’s progeny, resulting in a
labeled clone. Based on the properties of the labeled clone, it can
be determined whether or not the labeled clone is a stem cell
clone; accordingly, its founder cell can be identified as stem cell or
not (19). Lineage tracing is a powerful and reliable tool for
identifying stem cells, which has been used to discover and re-
search adult stem cells in mouse intestine (9), epidermis (15),
muscle (16), liver (17), and Drosophila ovary (18) and gut (14).
The lineage mark does not change the properties of the marked
cell, or its progeny, or the surrounding environment (20). Thus,
lineage tracing reflects a cell’s physiological behavior and fate in
the context of the intact tissue where it lives, as opposed to what it
is able to do in nonniche environments, such as in vitro clonoge-
nicity assays or transplantation. The other advantage of single-cell
lineage tracing is that it can be performed in any cell type without
knowing the specific gene markers of this cell type (20).

Significance

Disorders of endometrial epithelial regeneration result in se-
vere pathological conditions, including uterine cancer, endo-
metriosis, and infertility. The lack of a detailed understanding
of the cellular mechanisms underlying endometrial epithelial
regeneration during the mouse estrous cycle or human men-
strual cycle hinders the effective treatment of such diseases.
Here, I demonstrate that the mouse uterine endometrial epi-
thelium is maintained by a resident tissue stem cell population.
These stem cells survive cyclical uterine tissue loss and persis-
tently generate all endometrial epithelial lineages during a
female’s reproductive lifespan. Such findings in mice should
facilitate the study of human uterine stem cells and regenera-
tion, which will further the understanding of uterine physiol-
ogy and pathology.
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The single epithelial cell lineage tracing system in whole
mouse uterus developed here faithfully tracks the behavior and
fate of individual epithelial cells over normal uterine regenera-
tion. A cell population located in the intersection zone between
luminal and glandular epithelial compartments was identified
that survived the repeated uterine tissue loss and persistently
generated the whole endometrial epithelial lineage, including LE
and GE, for the murine reproductive lifespan. This cell pop-
ulation is bipotent and cycles slowly, and the multicellular clones
derived from it possess all of the properties of stem cell clones.
Thus, these cells represent the mouse uterine epithelial stem cell
population, demonstrating that resident stem cells exist in the
mouse uterus to support homeostasis and cyclical regeneration
of endometrial epithelium under physiological conditions.

Results
Characterization of Mouse Uterine Endometrial Epithelium. In mice,
luminal epithelia and glands surrounded by stromal matrix com-
pose the uterine endometrial epithelium (Fig. 1A and SI Appendix,

Fig. S1). Both epithelial compartments undergo substantial pro-
liferation and differentiation over a uterine estrous cycle (SI Ap-
pendix, Fig. S1). Based on vaginal cytology, four stages (diestrus,
proestrus, estrus, and metestrus) of one mouse estrous cycle could
be identified (SI Appendix, Fig. S1A) (21). Currently, under-
standing of endometrial epithelial structure, cellular composition,
and dynamic change over mouse estrous cycles is limited and
based on 2D tissue sectioning (22). Here, I have carried out an in-
depth characterization of mouse endometrial epithelium using
whole-mount uterine tissue analysis. Adult wild-type (∼8- to 10-
wk-old mice) uterine horns were cut open along the mesometrial
line (SI Appendix, Fig. S2A) and stained with Alexa Fluor 488 anti-
EpCAM antibody to specifically label endometrial epithelia for
whole-mount analysis. Multiangle observations revealed that in-
dividual uterine glands surrounded by the stromal tissue distrib-
uted apart from each other (SI Appendix, Fig. S2B). A straight
neck from each gland stretched up toward the lumen surface (SI
Appendix, Fig. S2C). Here, a uterine epithelial structure was de-
fined based on the 3D analysis: the intersection zone between
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Fig. 1. Characterization of mouse uterine endometrial epithelium. (A) Representative mouse uterine epithelia labeled with EpCAM antibody (epithelial
marker, green), FOXA2 antibody (glandular-specific marker, red), and DAPI (nuclei, blue) in a wild-type uterine tissue section. Higher magnification of the
glandular neck indicated in the dotted square in the Left merge panel is shown on the Right. (B, Upper) Intersection zone (indicated by arrow) between the
luminal epithelial compartment and glandular tissue. (B, Lower) Higher magnification of the intersection zone circled on the Left. (C) A representative intact
uterine epithelial unit dissected from adult wild-type uterus, stained with EpCAM antibody (green) and laminin antibody for basement membrane (magenta).
(D) A representative loose uterine epithelial unit post manual dissociation of the coil compartment, stained as in C. (E) Higher magnification of glandular neck
and intersection zone (circled by square) from the image in large dotted square in image D. (F) Higher magnification of glandular branch from the image in
small dotted square in image D. (G) Microstructure of glandular tube by electron microscopy. Arrow indicates basement membrane. (H) Schematic of mouse
uterine epithelial unit. (I) Cellular composition of intersection zone (Top view). Green indicates luminal cells, magenta indicates glandular cells. Data were
collected from at least five adult wild-type mice for each independent experiment. (Scale bar, 2 μm in G and 50 μm in all other images.)
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luminal and glandular epithelial compartments. It is an open ring
structure connecting both luminal epithelium and gland (Fig. 1B
and Movie S1). The intersection zone, one gland and attached
luminal epithelium, construct the basic epithelial unit (Fig. 1C).
Individual uterine epithelial units (Fig. 1C) could be dissected out
based on EpCAM fluorescence signal. After mechanical dissoci-
ation of the coiled section, the gland became loose (Fig. 1D).
Structural properties of uterine epithelial units were documented
using confocal and electron microscopy: the gland is a tubular
structure composed of a single layer of epithelial cells enclosed by
a thin layer of basement membrane (Fig. 1 E–G), which differs
from mammary glands (23) and sweat glands (24), which contain a
bilayer of distinct epithelial cell types.
The uterine epithelial units undergo dynamic changes over one

estrous cycle. From diestrus, proestrus, to estrus, more (34 vs.
43 vs. 54 glands per longitudinal uterine tissue section) (SI Ap-
pendix, Fig. S3 A and C) and larger glands (50 vs. 81 vs. 156 cells
per middle cross-section of a single gland) (SI Appendix, Fig. S3
A and D) gradually appeared, driven by high rates of cell pro-
liferation, as assessed by Ki67+ proliferating glandular cells (13%
vs. 38% vs. 52% vs. 18% Ki67+ glandular cells in total glandular
cells) (SI Appendix, Fig. S3 B and E). During this process, uterine
glands became branched (SI Appendix, Fig. S3A) and glandular
necks gradually opened from cord to duct (SI Appendix, Fig. S4).
These changes prepare the glands for the secretion and prompt
release of key factors such as leukemia inhibitory factor (LIF)
into the uterine lumen to establish an optimal environment for
successful embryo implantation (25). So, structural defects or
malfunction of uterine glands results in failure of implantation
(25, 26). Luminal epithelia attached to each gland also experi-
enced considerable proliferation and differentiation during each
estrous cycle (SI Appendix, Fig. S1). The number of luminal epi-
thelial cells increased approximately ninefold within each cycle (SI
Appendix, Fig. S1 C and D) and the luminal epithelial surface
became increasingly folded with deep crypts from diestrus to es-
trus (SI Appendix, Fig. S1C). Meanwhile, dynamic epithelial cell
populations including EpCAM+;FOXA2− luminal epithelia and
EpCAM+;FOXA2low glandular epithelia gradually constituted the
intersection zone (SI Appendix, Fig. S4) along with proliferation
and differentiation of endometrial epithelia over the mouse es-
trous cycle. All of the results showed that uterine epithelial units
(Fig. 1 H and I) form the whole endometrial epithelium and un-
dergo repeated cycles of basal-to-maximal proliferation and dif-
ferentiation to maintain homeostasis, regeneration, and function
of the uterus.

Genetic Marking of Single Epithelial Cells in Whole Mouse Uterus. To
understand a single epithelial cell’s behavior and fate over one
uterine estrous cycle, an in vivo CreERT2-LoxP–based single-cell
marking system was established in the mouse uterus. Antibody
screening in adult wild-type uterine tissue, combined with mouse
genetic screening using CreERT2-LoxP, revealed that Keratin19
was expressed in both the LE and GE of the uterus (SI Appendix,
Fig. S5). Thus, Keratin19:CreERT2;RosaYFP/+ mice were used to
lineage label epithelial cells. In the CreERT2-LoxP system, cell-
labeling efficiency is positively correlated to tamoxifen dosage; a
lower dose of tamoxifen injection leads to fewer cells being la-
beled (SI Appendix, Fig. S6) (27). Such single-cell labeling system
has been applied in mouse ovary to faithfully trace a single germ
cell’s behavior and fate under physiological condition (28, 29). In
the present study, to randomly label a few isolated single epi-
thelial cells in a whole mouse uterus, titrating tamoxifen in ∼8-
to 10-wk-old Keratin19:CreERT2;RosaYFP/+ mice revealed that a
single low dose of tamoxifen (0.01 mg/g body weight), being in-
jected at the diestrus stage, resulted in an average of 32 single
epithelial cells marked by YFP in one uterine horn at 12 h
posttamoxifen injection (Fig. 2 A–C and J). Of those cells, 81%
were LE and 19% were GE (Fig. 2M). Alignment of serial

uterine tissue sections indicated that these YFP-labeled single
epithelial cells were spatially distributed apart from each other at
a distance of ≥481 μm (Fig. 2 D and K). Such scattered distri-
bution avoided overlap among their progeny clones to allow us to
track each single cell’s behavior and fate individually. Although
uterus tissue is sensitive to tamoxifen (30), no uterine defect was
observed during estrous cycles at this low level of tamoxifen
administration.

YFP-Labeled Single Epithelial Cells Follow Distinct Fates. When the
fates of these YFP-labeled single cells were followed from di-
estrus to estrus over one estrous cycle (Fig. 2E, labeled at di-
estrus phase, examined at the first following estrus phase), all of
the YFP-labeled cells generated epithelial clones (on average,
35 clones per uterine horn vs. 32 initially labeled single cells; Fig.
2J) that varied in size and property (Fig. 2 F–H and L). Three
types of clones were derived from the YFP-labeled single epi-
thelial cells (Fig. 2 F–H and M): 72% contained only LE cells
(LE clones) (Fig. 2 F and M), 23% contained only GE cells (GE
clones) (Fig. 2 G and M), and 5% contained both LE and GE
cells (mixed clones) (Fig. 2 H and M). These clones distributed
separately (Fig. 2I) as their founder cells did; the distance be-
tween two adjacent YFP+ clones (517 μm, Fig. 2K) was larger
than that between two adjacent initially YFP-labeled single cells
(481 μm, Fig. 2K), which is likely because the uterine horn ex-
panded in volume from diestrus to estrus (SI Appendix, Fig.
S1B). Clone size (reflected by number of YFP+ cells per middle
cross-section of single clone) varied across a broad distribution
(Fig. 2L). Compared with LE clones (37 cells per clone) or GE
clones (32 cells per clone), the mixed clones (48 cells per clone)
are larger in size (Fig. 2L), indicating that founder cells of mixed
clones have a higher proliferative capacity. The variable size and
diverse cellular identities of these clonal progeny reflected that
individual epithelial cells of the mouse uterine endometrium are
at any point in time in different proliferation and differentiation
states, excluding the possibility that the endometrial epithelium
is maintained by a large population of identical cells.
YFP-labeled cells were not observed in the endometrial

stroma and myometrium compartments, revealing that epithelial
cells likely do not contribute to these lineages, and that peri-
metrial cells do not contribute to YFP+ endometrial epithelia,
even though Keratin19 labeled cells in the perimetrium (SI Ap-
pendix, Fig. S5). The apparent lack of exchange/migration of cells
between perimetrium and endometrium is consistent with the
perimetrium being physically separated from the endometrium
by the myometrium (SI Appendix, Fig. S1C).

Founder Cells of Mixed Clones Persistently Regenerate Epithelial
Lineages. To determine if the YFP-labeled endometrial epithelial
cells can survive cyclical uterine tissue turnovers to support the re-
peated regenerations of endometrial epithelia, YFP-labeled single
cells were monitored for extended periods (Fig. 3A: 120 d/24 cycles,
240 d/48 cycles and 360 d/72 cycles, based on the 5-d mouse uterine
cycle) (21). Surprisingly, the mixed clones persisted for multiple
estrous cycles and sustained the repeated reexpansion of the
endometrial epithelia (48 cells vs. 373 cells vs. 501 cells vs.
638 cells per mixed clone, Fig. 3 B, C, and E). Larger regions of
the endometrial epithelium, including both surface luminal epi-
thelium and glands, were gradually populated by YFP+ cells over
multiple estrous cycles (Fig. 3 C and E). However, both luminal
and glandular clones decreased in size (37 vs. 8 cells per luminal
clone, 32 vs. 6 cells per glandular clone, Figs. 2L and 3F) and in
number (22 vs. 4 luminal clones, 7 vs. 3 glandular clones per
uterine horn, Figs. 2 J and M and 3G) during this long term of
trace. Clearly, mixed clones were able to survive, whereas luminal
and glandular clones were easily lost over cyclical uterine tissue
turnovers, suggesting that founder cells of mixed clones are
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Fig. 2. Fate of single endometrial epithelial cell during uterine regeneration. (A) Experimental design for single epithelial cell marking. A single low dosage
of tamoxifen (0.01 mg/g mouse body weight) was given to adult Keratin19CreERT2;Rosa26YFP/+ mice (n = 20) at diestrus, then uteri were collected at 12 h
posttamoxifen injection for analysis. (B) Single luminal epithelial cell (LE) and (C) single glandular epithelial cell (GE) were marked by yellow fluorescent
protein (YFP, red color) at 12 h posttamoxifen injection. (Insets) Higher magnification of single epithelial cells marked by YFP. (D) Widely distributed YFP-
labeled single epithelial cells. (E) Experimental design for single epithelial cell tracing over one estrous cycle. A low dosage of tamoxifen (0.01 mg/g body
weight) was given to adult Keratin19CreERT2;Rosa26YFP/+ mice (n = 20) at diestrus, then uteri were collected at the first estrus stage posttamoxifen injection
for analysis. (F) A representative luminal epithelial clone (LE clone). (G) A representative glandular epithelial clone (GE clone). (H) A representative mixed
clone (MC) containing both luminal and glandular epithelia. (I) The YFP-labeled epithelial clones, indicated by arrows, are widely separated at the first estrus
stage posttamoxifen injection. (J) Number of YFP-labeled clones at 12 h or first estrus stage posttamoxifen injection, which is shown as clone number per
uterine horn. Each point represents an average from two uterine horns of a single mouse (n = 20). Unpaired t test was applied here for the data assessment.
(K) Distance between two adjacent YFP+ clones at 12 h or first estrus stage posttamoxifen injection. Mann–Whitney U test was applied here for the data
assessment. (L) Size distribution of three types of epithelial clones at first estrus stage posttamoxifen injection, which is shown by the number of YFP+ cells in
the middle cross-section of a single clone. Kruskal–Wallis test followed by Dunn’s test was applied here for the data assessment. (M) Proportion of three types
of clones at 12 h or first estrus stage posttamoxifen injection. *P < 0.05; **P < 0.01; ***P < 0.001; P > 0.05, not significant (ns). (Scale bar, 100 μm in all images.)
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capable of life-long maintenance of the self-renewing endometrial
epithelium.

Founder Cells of Mixed Clones Cycle Slowly and Are Bipotent. Sus-
taining a stable pool of stem cells by stem cell replacement ensures
tissue maintenance and helps prevent stem cell loss during aging or
because of injury (19, 31, 32). Mixed clones expand in size over a
lifetime of tracing, likely attributable to replacement of stem cells.
This dynamic expansion of mixed clones over 1 y of tracing (Fig. 3 C
and E) allowed the calculation of the cycling rate of their founder

cells. This cell population cycled slowly, duplicating approximately
once every 8 estrous cycles: each YFP-labeled founder cell generated
a mixed clone containing 48 cells after 1 cycle on average; this mixed
clone expanded to 373 cells after 24 cycles (Fig. 3E), implying that
∼8 founder cells (373/48) were generated after 24 cycles, and that
this expansion required 2.8-cell divisions (2√8), therefore, 8 uterine
cycles per division (24 cycles per three divisions). This result rules out
the possibility that initiation of founder cell division of mixed clones
is induced by steroid hormones; otherwise they will divide every cycle
under the cyclical stimulation of steroid hormones.
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Histological analysis indicated that mixed clones contained
both luminal and glandular epithelia (Figs. 2H and 3C). Anti-FOXA2
antibody staining showed that mixed clones derived from YFP-
labeled single epithelial cells were composed of both FOXA2−

LE cells and FOXA2+ GE cells (Fig. 3D). Thus, the founder cells
of mixed clones are bipotent; luminal and glandular epithelia,
which coordinately construct endometrial epithelium, have a
common cellular origin.

Founder Cells of Mixed Clones May Reside in the Intersection Zone.
To further define the identity of the founder cell population of
mixed clones, I traced the differentiation of uterine glandular
cells using Foxa2:CreERT2 mice to determine whether glandular
cells could contribute to luminal epithelium. After crossing with
a reporter mouse line RosatdTomato/tdTomato, a single dose of ta-
moxifen (4 mg per injection) was given to ∼8- to 10-wk-old
Foxa2:CreERT2;RosatdTomato/+ mice at diestrus stage to exten-
sively label glandular cells (Fig. 4A). As uterus is a hormone-
sensitive tissue (30), cystic endometrial hyperplasia was found in
the uteri of some animals when using this tamoxifen dose. Based
on the data collected from the rest of normal Foxa2:CreERT2;
RosatdTomato/+ animals, tdTomato-labeled glandular cells ex-
panded from an initial 10% of the glandular cell population on
day 1 to 70% on day 90 (after 18 estrous cycles) posttamoxifen
induction (Fig. 4 B and D). During tracing, tdTomato signal was
restricted to FOXA2-expressing epithelial cells in both glands
and intersection zone (Fig. 4 B and C). Thus, FOXA2+ glandular
epithelia did not contribute to luminal epithelium under physio-
logical condition. Further tracing showed that tdTomato-labeled

glandular cells were significantly reduced to 15% of total glan-
dular cells by day 180 (after 36 uterine cycles) (Fig. 4 B and D),
indicating that tdTomato-labeled resident glandular cells could
transiently support homeostasis and regeneration of uterine
glands, but to maintain long-term regeneration of glandular
epithelium, a persistent supply of uterine glandular cells from
founder cells of mixed clones is required. So, FOXA2+ glandular
compartment does not contain founder cells of mixed clones.
To more precisely locate founder cells of mixed clones, 5-

ethynyl-2′-deoxyuridine (EdU) pulse-chase experiments in both
whole uterine tissue and individual epithelial units were carried
out (Fig. 5A and SI Appendix, Fig. S7). EdU incorporation oc-
curred mainly in epithelial cells (arrows in Fig. 5 B and C) within
the intersection zone 4 h post EdU injection at the diestrus stage,
and then spread bidirectionally toward both the surface luminal
epithelia and glandular neck to form EdU+ epithelial clusters at
24 h and the following estrus phase (white squares, Fig. 5 B and
C). Similar epithelial proliferation patterns were also observed in
Ki67-stained uterine tissue over one estrous cycle (SI Appendix,
Fig. S3B). These results revealed that founder cells of mixed
clones were likely located in the intersection zone between LE
and GE compartments (Fig. 5D). This location explained well
the dynamic cellular composition of the intersection zone over
one estrous cycle (SI Appendix, Fig. S4).

Founder Cells of Mixed Clones Regenerate Injured Endometrial
Epithelium. Pregnancy and parturition provide a natural uterine
endometrial injury and regeneration model (33). To examine whether
or not YFP-labeled single cells are able to support the endometrial
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epithelium after parturition when the endometrium is undergoing
injury-induced regeneration, adult Keratin19:CreERT2;RosaYFP/+

mice were given a single low dose of tamoxifen (0.01 mg/g body

weight) at the diestrus stage and mated with wild-type male mice
(Fig. 6A). Uteri were then collected at day 3 postpartum. Large
mixed epithelial clusters including both LE and GE were derived
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Fig. 5. Founder cells of mixed clones may reside in the intersection zone. (A) Experimental design for the EdU chase experiment. A single EdU injection of 0.5 mg per
mouse was given to ∼8- to 10-wk-old wild-type mice at diestrus; uterus tissue was collected at 4 h, 24 h, and the first estrus stage postinjection (n = 5 animals per time
point). (B) EdU (red) detected in uterine tissue with EdU+ epithelial cells in the intersection zone indicated by arrows (4 h). EdU+ epithelial clusters are indicated in dashed
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Schematic of mouse uterine endometrial epithelium, epithelial stem cell distribution, and behavior of uterine epithelial stem cells. (Scale bar, 100 μm in all images.)
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from YFP-labeled single epithelial cells (Fig. 6B), and signifi-
cantly more area of the endometrial epithelium was occupied
by YFP-labeled mixed epithelial clusters in the endometrium
postpartum than in nonpregnancy (Fig. 6 B and C). Thus,
founder cells of mixed clones provide both a regenerative func-
tion during regular repeated uterine cycles and support re-
generation of injured endometrial epithelium after parturition.

Discussion
Understanding uterine regeneration has been complicated by the
absence of a direct method for analyzing the fate of uterine cells
under physiological conditions. Here, I have established a single-
cell lineage tracing system in the mouse uterus to reveal a uterine
epithelial stem cell population that drives endometrial epithelial
regeneration. These stem cells are bipotent, persistent, and
generate a complete endometrial epithelial lineage, including
surface luminal epithelia and glands embedded in the stroma,
thereby maintaining the mouse endometrial epithelium.
Adult stem cells maintain tissues that are continually lost

during normal homeostasis, or sporadically through injury. The
niches where tissue stem cells reside preserve their indefinite
self-renewal ability by providing the appropriate microenviron-
ment and molecular cues (15, 19, 31, 32). Therefore, over tissue
turnover, stem cells behave uniquely to generate stem cell clones
distinct from the transient nonstem cell clones. Stem cell clones
are generally large in size, long lived, and contain progeny in
multiple differentiation states. In contrast, transient clones de-
rived from nonstem cells are usually small and variable in size,
short lived, and mainly contain fully differentiated cells (14, 19).
Identifying stem cell clones in the lineage analysis, as the golden
standard of stem cell identification (9, 14–19), has allowed me to
identify stem cells within uterine tissues. The mixed clones de-

rived from YFP-labeled single epithelial cells in the mouse en-
dometrium possess all of the properties of stem cell clones. After
one estrous cycle of chase, the mixed clones are larger than ei-
ther luminal or glandular clones, indicating that the founder cells
of mixed clones have a high proliferative potential (Fig. 2). Life-
long tracing results demonstrate that mixed clones are able to
survive cyclical uterine tissue loss, revealing that founder cells of
mixed clones can self-renew and continually proliferate and
differentiate to form stable clonal progeny with endometrial
tissue turnovers (Fig. 3). In contrast to mixed clones, the founder
cells of luminal or glandular clones have a limited proliferative
ability; thus clones diminish in size with time, and their clonal
lineages were easily lost during uterine tissue turnovers (Fig. 3).
Histology assessment and FOXA2 staining reveal that mixed
clones derived from YFP-labeled single epithelial cells contain
two distinct epithelial lineages (luminal and glandular), indicat-
ing that founder cells of mixed clones are bipotent (Figs. 2 and
3). Mathematical analysis suggests that founder cells of mixed
clones cycle slowly. These various properties demonstrate that
mixed clones are stem cell clones, a notion reinforced by their
ability to support the injured uterine regeneration post parturi-
tion (Fig. 6). Thus, the founder cells persistently generating the
mixed clones represent a uterine epithelial stem cell population.
Previous studies have claimed to identify epithelial progenitor

cells principally as label-retaining cells in the mouse endome-
trium (13). When labeled by histone 2B-GFP, these label-
retaining epithelial cells lose their label within 2–4 wk (5, 6),
suggesting two possibilities: (i) the label-retaining cells are
washed out after 2–4 wk, or (ii) they are still present but the label
has been diluted to a point where it is no longer detectable. If
possibility i is correct, the label-retaining epithelial cells are
easily lost, they are short lived, unlike stem cells, which generally
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have a long lifespan (19) such as the uterine epithelial stem cells
identified here (Fig. 3). If possibility ii is correct, the label-retaining
epithelial cells have substantially diluted the label within 2–4 wk,
suggesting they divide at a high frequency, not according to the
expectation that label-retaining cells divide infrequently (4–6).
Based on the cycling rate of uterine epithelial stem cells identi-
fied here (dividing once every eight cycles, the equivalent of
6 wk), the histone 2B-GFP label should be retained within 2–
4 wk in these stem cells. Thus, the uterine epithelial stem cells
identified by single-cell lineage tracing in the current study ap-
pear to be distinct from these label-retaining adult uterine epi-
thelial cells. When labeled by BrdU in early postnatal uteri, few
label-retaining uterine epithelial cells persist beyond the sub-
sequent developmental stages, and undergo division when the
uteri reach adult stage (4, 34). As the single layer of epithelia in
early postnatal uteri may provide the precursors for the adult
endometrial epithelium, it is possible that these rare label-
retaining cells may contribute to the establishment of the adult
uterine stem cell pool, but further evidence, through lineage
tracing, regarding the identity of these label-retaining cells is
needed. Recently, single-cell sequencing of uterine epithelia has
suggested that aldehyde dehydrogenase 1 family member A1
(ALDH1A1) is correlated with a cell population with stem/pro-
genitor properties during early development of the uterine epi-
thelia (postnatal day 7) (35). However, evidence that these
ALDH1A1+ epithelial cells are able to survive the postnatal pro-
cess of uterus formation/development to contribute to endometrial
epithelium in the adult uterus is lacking. The lack of ALDH1A1
expression in adult uterine tissue clearly differentiates these cells
from the adult uterine epithelial stem cells identified here. CD44+

epithelial cells able to survive hormonal deprivation and generate
gland-like structures in a tissue reconstitution assay have been
claimed as a potential uterine progenitor cell candidate (2). These
CD44+ cells do not express estrogen or progesterone receptors, a
property that the uterine epithelial stem cells identified here most
probably have, based on their cycling rate (dividing approximately
once every 40 d, Fig. 3E). This steroid hormonal unresponsiveness
of uterine epithelial stem cells may be required for the homeostasis
stability of uteri during cyclical estrogen stimulation. A certain de-
gree of overlap may exist in both cell populations, and in situ fate
determination of CD44+ cells by lineage tracing will reveal whether
they can self-renew and differentiate into the complete uterine
epithelial lineage as these uterine epithelial stem cells do. In addi-
tion to these proposed resident cell sources, the exogenous supply of
bone marrow cells, through tissue transplantation from a donor
animal, has led to the suggestion that bone marrow cells are able to
contribute to uterine regeneration (12, 36). Whether or not the
conditions experienced by the uterus during tissue transplantation
reflect physiological conditions will be critical in determining if such
an exogenous cellular supply plays a role in supporting normal cy-
clical uterine regeneration, which the current study is focused on.
The discovery of murine adult uterine epithelial stem cells will

facilitate the further exploration of the cellular mechanisms un-
derlying human uterine regeneration. A stable resident tissue stem
cell pool must be maintained in both human and mouse to fuel
cyclical endometrial regeneration, regardless of the fact that hu-
man endometrium experiences shedding, whereas apoptosis and
reabsorption occurs in mouse endometrium (2, 37). In humans,
the regions equivalent to the mouse uterine epithelial intersection
zone are shed during menstruation; therefore potential stem cells
should be located in the endometrial basalis layer, a founder
compartment for cyclical uterine tissue regeneration. Recent
studies have shown that stage-specific embryonic antigen 1
(SSEA-1) and N-cadherin may mark human endometrial epithe-
lial progenitor cells in the basalis layer and contribute to endo-
metriosis progress, a common benign gynecological disease (38,
39). These findings imply that a stem cell population functionally
equivalent to the mouse uterine epithelial stem cells identified

here exists within the SSEA-1+ and N-cadherin+ basal epithelial
progenitor cells, supporting normal uterine tissue homeostasis or,
when perturbed, uterine diseases progress such as uterine cancer
and endometriosis. Although uterine epithelial stem cells may be
located in different area in human and mouse, a common char-
acteristic such as potency may be shared as being bipotent to
generate the whole uterine endometrial epithelia lineage. Thus,
comparative studies of mouse and human uterine stem cells
should advance our understanding of uterine biology and poten-
tially provide a route to uterine regenerative medicine.
Combining all of the data, I propose the following working

model of endometrial epithelial regeneration over mouse uterine
cycling. To support the expansion of the uterine horn during each
cycle, the uterine epithelial stem cells generate early luminal or
glandular progenitors in the intersection zone. These progenitors
then further differentiate into either luminal epithelial lineage
along the lumen surface or glandular epithelial lineage along the
neck of gland, thereby maintaining homeostasis and cyclical re-
generation of the mouse endometrial epithelium (Fig. 5D).

Materials and Methods
Mice. Adult 8- to 10-wk-old mice carrying Foxa2:CreERT2 (40), Keratin19:
CreERT2 (41), RosaYFP/YFP, and RosatdTomato/tdTomato were used here. Four
stages (diestrus, proestrus, estrus, and metestrus) of the mouse estrous cycle
are identified based on vaginal smears (21). Lineage tracing was induced by
a single tamoxifen injection; control mice were given corn oil without ta-
moxifen. All procedures involving mice were approved by the Committee on
Use and Care of Animals at the University of Michigan.

Histochemistry and Immunostaining. For immunofluorescence (42), dissected uteri
were fixed in 4% paraformaldyhyde/PBS overnight at 4 °C, washed extensively in
PBS, transferred through serial sucrose/PBS, and embedded in O.C.T. compound
(Tissue Tek) for cryosectioning. The 10-μm thickness of serial tissue section
was made by using a LEICA CM3050S cryostat. For immunostaining, the
sections were permeablized in 1% Triton X-100 (Sigma)/PBS for 15 min at
room temperature (RT), blocked for 1 h in 4% BSA (Sigma)/PBS solution at
RT, then incubated with primary antibodies in the blocking solution
overnight at 4 °C. The next day, slides were washed three times with PBS
(10 min per wash), incubated with secondary antibodies for 2 h at RT,
washed with PBS three times, counterstained by DAPI for 5 min, washed
with PBS three times before mounting in Fluoromount G (South-
ernBiotech), and then imaged with a Leica confocal fluorescence scope.

Whole-Mount Uterine Tissue Staining and Dissection of Single Glands. Mouse
fresh uterine horns were opened by cutting along the mesometrial line, then
fixed and stained by Alexa Fluor 488 anti-mouse EpCAM (BioLegend) antibody
for 24 h with a gentle shaking at RT under a dark environment. Then the
uterine tissue was washed with PBS three times (30 min per time). By a
vertical cut, a small piece (1–2 mm thick) from the stained whole uterine
horn tissue was used for multiangle imaging. Meanwhile, green single
glands labeled by EpCAM could be isolated under fluorescence scope by
using two 1-mL syringes with 26-gauge needles. The isolated glands were
washed with PBS twice. Then they were mounted and imaged with con-
focal fluorescence microscopy.

Quantitation and Statistical Analysis. After alignment of serial uterine tissue-
section images, cell numbers ofmiddle cross-section of each clone (cell cluster)
were counted based on YFP signal. For the distance of two adjacent clones,
the length between two middle cross-sections of two adjacent clones was
calculated, based on YFP signal. The size of individual glands is reflected by
the cell number of the middle cross-section of each gland; glandular cells
were counted based on EpCAM antibody staining signal. Each experiment in
the current study was repeated at least three times. Bar graphs represent
mean ± SEM. Statistical analysis was performed with GraphPad Prism 7.0
(GraphPad Software, Inc.). All statistical data considered significant show P
values of <0.05 as assessed by Student’s t test or Mann–Whitney U test for
two-group comparison, and one-way ANOVA followed by Tukey’s test or
Kruskal–Wallis test followed by Dunn’s test for comparisons across multiple
groups; P > 0.05 means not significant (ns).
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