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Abstract

Mesenchymal-epithelial transition (MET) is a mechanism of endometrial epithelial regeneration. It is also implicated in
adenocarcinoma and endometriosis. Little is known about this process in normal uterine physiology. Previously, using preg-
nancy and menses-like mouse models, MET occurred only as an epithelial damage/repair mechanism. Here, we hypothesized
that MET also occurs in other physiological endometrial remodeling events, outside of damage/repair, such as during the
estrous cycle and adenogenesis (gland development). To investigate this, Amhr2-Cre-YFP/GFP mesenchyme-specific reporter
mice were used to track the fate of mesenchymal-derived (MD) cells. Using EpCAM (epithelial marker), EpCAM*YFP*
MD-epithelial cells were identified in all stages of the estrous cycle except diestrus, in both postpartum and virgin mice.
EpCAMTYFP* MD-epithelial cells comprised up to 80% of the epithelia during estrogen-dominant proestrus and signifi-
cantly declined to indistinguishable from control uteri in diestrus, suggesting MET is hormonally regulated. MD-epithelial
cells were also identified during postnatal epithelial remodeling. MET occurred immediately after birth at postnatal day
(P) 0.5 with EpCAM*GFP™ cells ranging from negligible (0.21%) to 82% of the epithelia. EpCAM*GFP* MD-epithelial
cells declined during initiation of adenogenesis (P8, avg. 1.75%) and then increased during gland morphogenesis (P14, avg.
10%). MD-epithelial cells expressed markers in common with non-MD-epithelial cells (e.g., EpCAM, FOXA2, ESR1, PGR).
However, MD-epithelial cells were differentially regulated postnatally and in adults, suggesting a functional distinction in
the two populations. We conclude that MET occurs not only as an epithelial damage/repair mechanism but also during other
epithelial remodeling events, which to our knowledge has not been demonstrated in other tissues.

Keywords Endometrial epithelial remodeling - Mesenchymal-epithelial transition (MET) - Endometrial regeneration -
Postnatal uterine maturation - Epithelial repair

Introduction growth, differentiation, degeneration, and regeneration with

the extent of degeneration and regeneration differing by spe-

The adult uterus is a dynamic organ that responds to synchro-
nized hormonal (e.g., estrogen and progesterone) changes
throughout the menstrual cycle in women and estrous cycle
in other mammals. These cycles are characterized by cellular
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cies. In women, two-thirds of the endometrium (uterine lin-
ing) is shed and regenerated approximately 400 times from
puberty to menopause. In estrous cycling species, such as
mice, the endometrium is not shed; however, it responds
similarly to patterns of ovarian hormones resulting in cellular
turnover by proliferation and apoptosis (Wood et al. 2007).
In species with invasively implanting embryos, including
humans and mice, the endometrium is extensively remod-
eled during pregnancy and regenerated postpartum. Proper
endometrial regeneration is necessary for the preparation of
the uterus for subsequent reproductive cycles and pregnancy.

The two primary hormonally responsive cell types that
comprise the endometrium are stromal-mesenchymal cells
and epithelial cells [luminal epithelium (LE) and glandular
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epithelium (GE)]. These two cell types are etiologically, phe-
notypically, and functionally distinct and both are subject
to degeneration and regeneration. Epithelial regeneration is
likely facilitated by multiple processes to ensure swift repair
of the luminal barrier (LE) to protect against infection and
hemorrhage and further to regenerate the endometrial glands
(GE) that are necessary for optimal fertility (Kelleher et al.
2019; Spooner et al. 2021). The most widely accepted mecha-
nism is the contribution of epithelial stem/progenitor cells.
Increasing evidence suggests a novel mechanism, mesenchy-
mal-epithelial transition (MET), contributes to endometrial
epithelial regeneration during menstruation and postpartum
(Garry et al. 2009; Huang et al. 2012; Patterson et al. 2013;
Cousins et al. 2014; Yin et al. 2019).

MET and its counterpart, epithelial-mesenchymal transi-
tion (EMT), are cellular mechanisms important in embryonic
development but may become dysregulated and contribute
to diseases like cancer and endometriosis (Matsuzaki and
Darcha 2012; Bartley et al. 2014; Banyard and Bielenberg
2015; Wilson et al. 2020). Studies have demonstrated that
MET occurred in the endometrium following parturition and
induced endometrial shedding in mice (Huang et al. 2012;
Patterson et al. 2013; Yin et al. 2019). In two seminal studies,
lineage-tracing was performed using Anti-Mullerian Hor-
mone Receptor Type 2 (Amhr2)-Cre mice to drive expression
of either EYFP (Amhr2-Cre;Rosa26-Eyfp) (Patterson et al.
2013) or LacZ (Amhr2-Cre; Rosa26-LacZ) (Huang et al. 2012)
reporters. The Amhr2 promoter is active only in mesenchy-
mal cells of the uterus (i.e., stroma and myometrium) (Jamin
et al. 2002; Arango et al. 2008; Huang et al. 2012; Patterson
et al. 2013; Saatcioglu et al. 2019); therefore, reporter expres-
sion was restricted to mesenchymal cells and mesenchymal-
derived (MD) cells. In immature and virgin mice, reporter
expression was shown to be restricted to the mesenchyme.
However, following completed endometrial regeneration post-
partum, EYFP* or LacZ* MD cells were identified in the GE
and LE suggesting that stromal-mesenchymal cells under-
went MET as a mechanism of epithelial regeneration (Huang
et al. 2012; Patterson et al. 2013). Furthermore, dual staining
identified cells co-expressing stromal and epithelial mark-
ers during menses-like endometrial regeneration, identifying
putative mesenchymal-epithelial transitional cells (Patterson
et al. 2013; Cousins et al. 2014). It is probable that MET
occurs monthly in women during menstruation. Although
studies are scarce, this was proposed as early as 1897 (Heape
1897). Notably, histological techniques and scanning electron
microscopy were used to evaluate menstrual epithelial regen-
eration, revealing possible contribution of stromal cells to the
LE, presumably through MET (Baggish et al. 1967; Garry
et al. 2009). Together, these studies suggest that MET is a
mechanism for epithelial regeneration during menstruation
and postpartum, though little is known about this process.
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Although MET appears to be a mechanism of epithelial
regeneration following endometrial damage in menstruation
and pregnancy, its role in other epithelial remodeling events
is unknown. There are three primary physiological epithelial
remodeling events that occur in the uterus. The first begins
after birth when the immature single layer of epithelium
(LE) differentiates and invaginates into the stroma forming
endometrial glands (GE) in a process termed adenogenesis
(Spencer et al. 2005). This is a damage/repair-independent
process. The second occurs cyclically in sexually mature
adult females. This is the estrous cycle (or in women, the
menstrual cycle), during which ovarian estradiol (E,) and
progesterone (P,) regulate epithelial proliferation and apop-
tosis (Wood et al. 2007). The estrous cycle, in contrast to
the menstrual cycle, is damage/repair independent as there
is not endometrial shedding. The third event occurs during
pregnancy and postpartum and the extent of remodeling is
species dependent. In pregnancy, the epithelium is remod-
eled during embryo implantation, and postpartum is repaired
and/or regenerated as the uterus returns to its pre-pregnant
state. Currently, it is unknown if stromal cells contribute to
epithelial remodeling, via MET, under non-damage/repair
conditions in postnatal adenogenesis and the estrous cycle.

We hypothesize that MET occurs during all three epithe-
lial remodeling events including in non-damage/repair con-
ditions. Therefore, the objectives of the current study were to
(1) characterize mesenchymal-derived (MD) epithelial cells
in postpartum uteri, (2) investigate MET in epithelial remod-
eling during the estrous cycle, and (3) evaluate the role of
MET in postnatal epithelial maturation and adenogenesis.

Materials and methods
Animals

Amhr2-Cre mice (Jamin et al. 2002) were obtained from the
Mutant Mouse Resource and Research Center, Rosa26-
Stop"=EYFP (Srinivas et al. 2001) (Jax stock #: 006148), Rosa26-
Stop™"='T (Wang et al. 2008) (Jax stock #: 008603), and TRE-
H2B-GFP (Tumbar et al. 2004) (Jax stock #: 005104) mice were
obtained from Jackson Laboratories.

Lineage-tracing studies

Amhr2-Cre mice were crossed to Rosa26-Stop™EYFP mice
to generate double transgenic reporter females (Amhr2-Cre;
Rosa26-EYFP) and littermate controls (Amhr2-WT; Rosa26-
Stop™"=EYFP) Tn cells with Amhr2 promotor activity (mesenchy-
mal cells-stroma and myometrium), Cre-mediated excision of
the loxP-floxed stop codon in the Rosa26 locus resulted in con-
stitutive expression of EYFP (Fig. 1a). Uteri from Amhr2-Cre;
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Fig.1 Schematic diagrams of lineage-tracing mouse models. a Mice
expressing Cre under the control of the anti-Miillerian Hormone Type
II Receptor (Amhr2) promoter (Amhr2-Cre), were crossed to mice
with a loxP-floxed STOP sequence upstream of enhanced yellow
fluorescent protein (EYFP) (Rosa26-Sto, M=EYFPy in the Rosa locus.
Upon Cre mediated excision of the STOP sequence, EYFP was con-
stitutively expressed in mesenchymal and mesenchymal-derived cells
within the uterus of double transgenic mice (Amhr2-Cre; Rosa26-
EYFP). b Amhr2-Cre mice were crossed to mice with a loxP-floxed
STOP sequence upstream of the tetracycline trans-activator (tTA)
(Rosa26—St0pﬂ/ﬂ"TA), resulting in constitutive expression of tTA.
A third cross was made with mice that had a histone H2bj-GFP
fusion gene controlled by an up-stream tetracycline-inducible pro-
moter (TRE, tetracycline response element) (TRE-H2b-GFP) result-
ing in triple transgenic mice (Amhr2-Cre; Rosa26-tTA; H2B-GFP).
In Amhr2-Cre; Rosa26-tTA; H2B-GFP mice, tTA bound the TRE,
inducing expression of H2B-GFP that was incorporated into nucle-
osomes serving to label mesenchymal and mesenchymal-derived cells
within the uterus

Rosa26-EYFP and control females were collected at the fol-
lowing time points: postnatal (P) day 21 (n=4), and sexually
mature virgin adults (2-5 months) in proestrus (n=7), estrus
(n=4), metestrus (n=10), and diestrus (n=4). For postpartum
time points, after one pregnancy per mouse, uteri were collected
at 96 h (n=4), 2 weeks (n=5), 3 weeks (n=9), 2 months (n=4),
and 3 months (n=3). Uteri were observed grossly and the num-
ber of implantation sites per mouse was counted. Postpartum
mice were also staged at the time of collection resulting in the
following: proestrus (n=4), estrus (n=4), metestrus (n=5), and
diestrus (n=_8).

To generate triple transgenic females (Amhr2-Cre; Rosa26-
tTA; H2B-GFP), Rosa26—St0prﬂ‘rTA mice were crossed with
TRE-H2B-GFP reporter mice to produce homozygous, double
transgenic mice (Rosa26-Stop™="T; H2B-GFP) before a final
cross with Amhr2-Cre mice (Fig. 1b). Amhr2-WT; Rosa26-
Stopﬁ/ﬂ"TA; H2B-GFP mice served as controls. In triple trans-
genic mice (Amhr2-Cre; Rosa26-tTA; H2B-GFP), H2B-GFP
was constitutively expressed and incorporated into nucleosomes
in cells with Amhr2 promotor activity and any daughter cells.
This resulted from Cre-mediated excision of the loxP-floxed
stop codon in the Rosa26 locus leading to expression of tTA
that then bound to TRE driving H2B-GFP expression. Uteri
were collected at P0.5 (n=5), P3 (n=4), P§ (n=6), P14 (n=06),
and P21 (n=5).

Estrous cycle staging

Cycle staging was ascertained using vaginal lavage method
with 40 pL of 10% trypan blue/PBS solution. Stage was deter-
mined microscopically according to proportions of cornified
epithelial cells, nucleated epithelial cells, and leukocytes
(Ajayi and Akhigbe 2020) and verified by gross visualization
of the uterus (Bertolin and Murphy 2014).

Uterine epithelial cell isolation and image-based
flow cytometry

Uterine epithelial cell isolation was performed using a modi-
fied protocol (De Clercq et al. 2017). Uterine horns were
collected from Amhr2-Cre; Rosa26-EYFP, Amhr2-Cre;
Rosa26-tTA; H2B-GFP, and control females, cut longitudi-
nally to expose the lumen, cut into 2—4-mm pieces and placed
in a 15-mL conical tube with HBSS + (Hank’s Balanced Salt
Solution with antibiotic/antimycotics, Gibco, Waltham, MA)
and 0.25% trypsin (Sigma, St. Louis, MO). Adult uteri under-
went a series of digestions: 4 °C oscillating at 50-70 rpm for
1 h, RT without oscillation for 40 min, and 37 °C without
oscillation for 25 min. Postnatal uteri underwent a similar
series of digestions: RT without oscillation for 12 min (P
0.5), 17 min (P 3), 20 min (P 8), 25 min (P 14), or 30 min (P
21), 37 °C without oscillation for 5 min (P 0.5), 10 min (P

@ Springer



396

Cell and Tissue Research (2023) 391:393-408

3, P 8), 15 min (P 14), or 20 min (P 21). All contents were
poured over a 100 um cell strainer and collected in a 50-mL
conical tube. Uterine pieces were transferred into Mouse
Endometrial Epithelial Cell (MEEC) media containing 10%
FBS for 5 min to deactivate trypsin and then into HBSS +in
a 15-mL conical tube and vortexed vigorously for 10 s to
release epithelial cells. Cells were combined with previously
strained contents. Transfer of tissue into MEEC media, vor-
tex, and filtration were repeated three times and cells were
pooled. Cell suspensions (adult uteri only) were cleared
of red blood cells with AKC lysis buffer (Gibco) and then
incubated in PBS buffer (1 XxPBS, 2% FBS, 1%BSA, 1 mM
EDTA) for 10 min. Cells were pelleted and then stained with
EpCAM-APC (1:10; BD Biosciences, San Jose, CA; cat #
563478) in PBS buffer for 15 min at RT. After a final wash
and resuspension with PBS, buffer cells were analyzed by
Amnis FlowSight image-based flow cytometer (Kennedy
et al. 2014; Kerns et al. 2018) (Luminex, Austin, TX), fit-
ted with a 20 X microscope objective, using FlowSight dedi-
cated IDEAS software (Version 6.2, Luminex). Events were
gated for singlets [bright field (BF)-aspect ratio by BF-area]
(SFig. 1a), then side scatter by EpCAM-APC fluorescence
to identify epithelial cells (SFig. 1a’), and finally EpCAM-
APC by YFP/GFP fluorescence to visualize EpCAM*YFP/
GFP~ and EpCAM*YFP/GFP* populations (SFig. 1a’”).
EpCAM and YFP/GFP expression was confirmed in sin-
gle cell images acquired using the FlowSight 20 X objective
(SFig. 1b) and in tissue sections by immunofluorescence for
EpCAM and direct fluorescence for YFP/GFP (SFig. 1c—f).

Gelatin embedding and frozen tissue preparation

Uterine horns were collected from Amhr2-Cre; Rosa26-
EYFP, Amhr2-Cre; Rosa26-tTA; H2B-GFP, and control
females and fixed in 8% PFA for 30 min at 4 °C, washed 3
times with ice-cold PBS and incubated in 15% sucrose buft-
ered in PBS overnight. Samples were incubated in gelatin
(7.5% gelatin, 15% sucrose in PBS; gelatin from porcine skin,
Sigma) for 1 h at 37 °C, embedded in gelatin, frozen at— 50
to— 65 °C in 2-methylbutane cooled by liquid nitrogen, and
stored at °80 °C until cryo-sectioning. Tissues were cryo-
sectioned at 5-8 um and thaw-mounted.

Immunofluorescence

Gelatin was removed from thaw-mounted tissues in 37 °C PBS.
The following antibodies were used for immunofluorescence:
EpCAM (1:100; BD Biosciences, cat # 552370), Ki67 (1:100;
Invitrogen, Waltham, MA, cat # MAS5-14520), estrogen receptor
alpha (ESR1; 1:100; Santa Cruz Biotechnology, Dallas, TX,
cat # A0716), progesterone receptor (PGR; 1:100; Invitrogen,
cat # MAS5-14505), FOXA2 (1:100; Abcam, Cambridge, MA,
cat # ab108422), and GFP (1:1000; Invitrogen, cat # A-11122).
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Tissues were blocked in PBS buffer (1 xPBS, 1% BSA, 10%
normal goat serum, and 0.1% Triton X-100) for 1 h at RT before
incubation in primary antibodies; EpCAM, Ki67, and GFP
antibodies for 1 h at RT, and ESR1, PGR, and FOXA?2 antibodies
overnight at 4 °C. Tissues were washed thrice for 10 min each
before incubation in appropriate species-specific Alexa Fluor-
conjugated secondary antibodies (1:1000) for 40 min in the
dark (Alexa Fluor 555, Cell Signaling Technology, Danvers,
MA, cat # 4417; Alexa Fluor 568 Invitrogen, cat # A11036).
After 2-10 min PBS washes, tissues were counterstained with
DAPI (300 nM; BioLegend, San Diego, CA) and cover-slipped
using fluoro-gel aqueous mounting media (Electron Microscopy
Sciences, Hartfield, PA, cat # 17985-30). Omission of primary
antibodies served as a negative control. Fluorescent imaging was
performed using a Leica 5500 microscope.

Blood serum collection and ELISAs

Amhr2-Cre; Rosa-EYFP and Amhr2-Cre; Rosa26-tTA; H2B-
GFP females aged P21 were anesthetized prior to submandib-
ular bleed. Blood was collected in 1.5-mL tubes, allowed to
coagulate for 30 min to 1 h before centrifugation, 10,000 rpm
at 4 °C for 10 min. Serum was removed, transferred into a
clean Eppendorf tube, and stored at 20 °C until use. Mouse/rat
estradiol and progesterone ELISA kits (Calibiotech, El Cajon,
CA, cat #s ES180S-100 and PG362S, respectively) were used
per manufacturer’s protocol to assess blood serum estradiol
and progesterone concentrations and read using a Synergy HT
multi-detection microplate reader (BioTek, Winooski, VT).

Statistical analyses

All statistical analyses were performed using GraphPad Prism
9 software (San Diego, CA). One-way ANOVA with Tukey’s
post-hoc test, Student’s 7-test, and Pearson’s correlation coef-
ficients were used where appropriate (indicated in figure leg-
ends) and significance was considered at P <0.05.

Results

Mesenchymal-derived (MD) epithelial cells fluctuate
across the estrous cycle in postpartum uteri

Previous studies using lineage tracing mouse models to
examine the fate of mesenchymal-derived (MD) cells identified
MD-epithelial cells following postpartum and menses-like
endometrial epithelial regeneration (Huang et al. 2012;
Patterson et al. 2013). It was hypothesized that endometrial
stromal-mesenchymal cells underwent MET as a mechanism
to regenerate the epithelium following endometrial damage.
MD-epithelial cells were present in the epithelium for at least
2 months postpartum (Huang et al. 2012), but additional
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evaluation of these cells was not conducted. Here, we sought to
determine if the number of implantation sites, being the regions
of greatest regeneration, was correlated with the number of
MD-epithelial cells and if MD-epithelial cells increased over
time postpartum. We used the Cre-lox system by crossing
Amhr2-Cre mice with Rosa26-Stop™'~EYFP reporter mice to
indelibly label uterine mesenchymal cells and any MD cells
(Fig. 1a). As previously reported, the Amhr2 promoter is only
active in uterine mesenchymal cells but not in epithelial cells in
embryonic, postnatal, and adult mice (Jamin et al. 2002; Arango
et al. 2008; Huang et al. 2012; Patterson et al. 2013; Saatcioglu
et al. 2019). Uteri were collected from Amhr2-Cre; Rosa-
EYFP females at various time points postpartum after epithelial
regeneration was completed, implantation sites were counted,
and endometrial cells were analyzed by flow cytometry (gating
strategy, SFig. la—a’*) for EpCAM (epithelial cells) and EYFP
(MD cells). The only significant difference between the number
of implantation sites and the percentage of EpCAMTEYFP™*
MD-epithelial cells was between six and seven implantation
sites (Fig. 2b). Longitudinal sections of implantation sites and
inter-implantation sites showed no qualitative differences in the
presence of EYFP* MD-epithelial cells (Fig. 2a—a’’). There were
no significant differences in the percentage of EpCAM*YEYFP*
MD-epithelial cells present at 96 h, 2 weeks, 3 weeks, 2 months,
and 3 months postpartum (Fig. 2c). The results showed extreme
variability in the percentages of EpCAMTEYFP* MD-epithelial
cells postpartum. For example, with five implantation sites, the
range in EpCAM*EYFP* cells was 0.03 to 61.4%. Similar
variability was also seen when analyzed by time postpartum.
Subsequently, samples were categorized by the stage of
the estrous cycle based on vaginal cytology. There was a
significant decline in the percentage of EpCAMTEYFP? cells
from proestrus (47.35% +7.48%) to diestrus (0.81%+0.09%),
with no difference between diestrus and control uteri (Fig. 2d).
These data suggest that MD-epithelial cell populations
fluctuate in response to hormonal changes across the estrous
cycle irrespective of the number of sites of regeneration or time
postpartum.

MET occurs in the absence of endometrial damage
and repair

In previous studies, MD-epithelial cells were only observed
after menses-like endometrial shedding or postpartum, but
not in virgin mice (Huang et al. 2012). It was suggested that
MET is reserved as a damage/repair mechanism of epithe-
lial regeneration but is not required for minimal epithelial
turnover during the estrous cycle. Although the endome-
trium is not shed and regenerated, as in the menstrual cycle,
there is substantial growth and resorption that occurs across
the short, 4-5 day estrous cycle in mice (Wood et al. 2007).
Prior studies did not consider estrous cycle stage, and
because of the significant differences in MD-epithelial cells

seen across the cycle in postpartum uteri, we re-evaluated
MET in virgin mice in each cycle stage. Similar to postpar-
tum uteri, there was a high percentage of EpCAM*EYFP*
MD-epithelial cells (avg. 58%) identified in virgin uteri
from Amhr2-Cre; Rosa-EYFP mice during proestrus that
significantly declined to indistinguishable from control
uteri in diestrus (Fig. 3f). Flow cytometry results were con-
firmed in uterine cross-sections, with direct visualization
of YFP fluorescence (Fig. 3). When compared by cycle
stage, EpCAM*EYFP" MD-epithelial cells in postpartum
and virgin uteri were statistically similar (Fig. 3g). These
data suggest that MET can occur during the estrous cycle
in virgin mice regardless of prior endometrial damage and
repair (regeneration) events.

MD-epithelial cells exhibit dynamic temporal
expression patterns during postnatal epithelial
remodeling

Involvement of MD-epithelial cells in postnatal uterine
maturation has not been previously explored. To investigate
the temporal origin and possible contribution of MET to
epithelial remodeling events postnatally, uteri were collected
from Amhr2-Cre; Rosa26-tTa; H2B-GFP females (Fig. 1b)
at postnatal days (P) 0.5, P3, P8, P14, and P21 to encompass
epithelial expansion, adenogenesis, and differentiation. Flow
cytometry data showed that EpCAM*GFP* MD-epithelial
cells arose rapidly after birth with high variability in sam-
ples ranging from 0.21 to 81.84% at P0.5 (and similar vari-
ability at P3), before declining significantly to P8, during
initiation of adenogenesis (Fig. 4a). This variability may
indicate dynamic turnover of the two epithelial cell popula-
tions leading up to adenogenesis, which is predominated
by EpCAM*GFP~ non-MD-epithelial cells at P8 (Fig. 4a).
Interestingly, EpCAM*GFP* and EpCAM*GFP~ cells
(visualized in Fig. 4c—c’’, regions 1 and 2, respectively)
segregated into two distinct populations by side scatter at
PO.5 (Fig. 4d, d’, populations 1 and 2, respectively) and
P3 (SFig. 2a, a’), indicating differences not only by GFP
expression but also by cellular complexity between the two
epithelial populations. The difference in cellular complexity
was not present in later postnatal ages or in adult mice. It is
also noted that two distinct EpCAM~GFP* mesenchymal
cell populations were revealed based on GFP intensity at
P0.5 (Fig. 4d’) and P3 (SFig. 2a, a’). This may be indica-
tive of different mesenchymal subpopulations as reported by
Kirkwood et al. (2021). At P14, during the shift from adeno-
genesis to glandular morphogenesis (Vue et al. 2018; Vue
and Behringer 2020), the percentage of EpCAM*GFP* cells
increased slightly, although not significantly, and was main-
tained through P21 (Fig. 4a). Some variability was noted at
P21, with results from Amhr2-Cre; Rosa-EYFP females cor-
roborating the same findings from Amhr2-Cre; Rosa26-tTa;
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Fig.2 Mesenchymal-derived (MD) epithelial cells fluctuate across
the estrous cycle in postpartum uteri. a Representative image of direct
YFP fluorescence in a longitudinal section of a uterine horn following
pregnancy and endometrial repair in Amhr2-Cre; Rosa-EYFP female
mice. The implantation site (IMP) is demarcated by white dashed
lines and is flanked by inter-implantation sites (Inter-IMP). a> Magni-
fied image of red-boxed area in (a) showing YFP* (MD) and YFP~
(non-MD) epithelial cells in the IMP site. a’> Magnified image of
white-boxed area in a showing YFP* (MD) and YFP~ (non-MD) epi-

H2B-GFP females at P21 (Fig. 4b). Depending on the strain
(ours being on a mixed background), female mice reach
puberty between 28 and 40 days of age as defined by a com-
pleted estrous cycle with ovulation (Bertolin and Murphy
2014; Pangas and Rajkovic 2014). However, low levels of
ovarian production of estradiol (E,) are observed as early
as P7 and then substantially increase after P20, and proges-
terone (P,) is detected around P10 and steadily increases
to about P30 (Bell 2018) all prior to puberty. Because E,
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thelial cells in the inter-IMP site. The percentages of EpCAM*YFP.*
(MD-epithelial cells) analyzed by flow cytometry were quantified and
graphed by the number if implantation sites (b), time postpartum (c),
and stage of the estrous cycle (d). Statistical analyses were performed
by one-way ANOVA with significance at P <0.05, indicated by * or
different letters. ns, not significant; ST, stroma; LE, luminal epithe-
lium; GE, glandular epithelium; EpCAM, epithelial cell adhesion
molecule; YFP, yellow fluorescent protein; Pro, proestrus; Es, estrus;
Met, metestrus; Di, diestrus; Ctrl, control (no cre)

and P, are present prior to puberty, we sought to determine
if variations in MD-epithelial cells at P21 correlated with
hormones like in the adult. We assayed serum E, and P,
concentrations at P21 and show no significant correlation
with the percentage of MD-epithelial cells in Amhr2-Cre;
Rosa-EYFP or Amhr2-Cre; Rosa26-tTa; H2B-GFP females
(Tables 1 and 2, respectively). Together, these data suggest
that epithelial cells originate from the mesenchyme very
early after birth, presumably through MET, and are quickly



Cell and Tissue Research (2023) 391:393-408

399

replaced by non-MD-epithelial cells during adenogenesis.
However, they return during gland morphogenesis and dif-
ferentiation at P14 and are maintained, likely independently
of ovarian E, and P, at P21.

MD-epithelial cells are unique but have general
characteristics of functional epithelial cells

We have shown that in addition to endometrial regeneration,
MD-epithelial cells contribute to epithelial remodeling post-
natally and in virgin mice. Due to the high turnover of MD-
epithelial cells or replacement by non-MD-epithelial cells
during postnatal uterine maturation and the estrous cycle, we
investigated their epithelial characteristics to determine if
they have the potential to function as bone fide endometrial
epithelial cells. MD-epithelial cells expressed the epithe-
lial marker, EpCAM, at all postnatal and adult time points
(SFig. 1c, respectively). Importantly, EpCAM was specific
to LE and GE, indicating mesenchymal cells were not inad-
vertently analyzed by flow cytometry. FOXA2, a marker
of GE, was first observed at P8 (adenogenesis initiation),
at which time point few cells showed nuclear expression
(Fig. 5a-a’"). Because very few GFP* MD-epithelial cells
were found at this time, subsequently, no co-expression of
GFP and FOXA?2 was observed in the GE. From P14 through
adulthood, FOXA?2 was expressed in the GE by both GFP*
MD-epithelial cells and GFP™ non-MD-epithelial cells simi-
larly (Fig. 5b—d”’).

During postnatal maturation, initially, there was high pro-
liferation at PO.5 with comparable expression of Ki67 in GFP*
MD-epithelial cells and GFP™ non-MD-epithelial cells in the
undifferentiated LE (Fig. 6a—a’’). At P3, there was an over-
all decline in expression of Ki67. Both GFP* and GFP~ LE
cells expressed Ki67 but it was slightly more prevalent in the
GFP~ cells (Fig. 6b—b’"). At P8 during adenogenesis initiation,
there was minimal Ki67 expression in the epithelium which
was largely devoid of GFP* MD-epithelial cells (both GE
and LE) (Fig. 6¢c—c’’). By P14, LE proliferation was abun-
dant and GFP* MD-epithelial cells were again present, but
the GE showed very few GFP* cells and little proliferation.
Expression patterns of Ki67 were distinct between GFP* and
GFP~ LE cells at this time. There were clusters of several
GFP™ non-MD-epithelial cells that expressed Ki67, whereas
typically, a single GFP™ MD-epithelial cell expressing Ki67
was followed by several more GFP* cells that were negative
for Ki67 (Fig. 6d—d’’). At P21, there was little-to-no prolifera-
tion throughout the uterus (data not shown). Together, these
results suggest that a divergence occurs between GFP* and
GFP~ epithelial cells around P3, such that GFP* MD-epithelial
cells are mostly absent at P8, return by P14, and there is prefer-
ential proliferation in GFP™ cells at P14, particularly in the LE.

During the estrous cycle, Ki67, ESR1, and PGR expression
varies dynamically from stage to stage (Wang et al. 2000;

Mote et al. 2006). In proestrus, estrus, and metestrus, when
YFP* MD-epithelial cells were present, there appeared to be
no qualitative differences in ESR1 and PGR expression com-
pared to YFP™ non-MD-epithelial cells (Fig. 7, middle and
right panels and SFigs. 4 and 5, respectively). Both YFP™ and
YFP* LE cells proliferated in response to rising estrogen in
proestrus, indicated by Ki67 expression (Fig. 7a, SFig. 3a—a’).
In estrus, there was an overall decrease in Ki67 expression in
the LE and this appeared to be more evident in YFP* com-
pared to YFP™ cells (Fig. 7b, SFig. 3b-b’). By metestrus, pro-
liferation was restricted to the GE and was similar in YFP*
and YFP™ cells (Fig. 7c, SFig. 3c—’). In diestrus, there was a
lack of epithelial proliferation and YFP™ MD-epithelial cells
were absent (Fig. 7d, SFig. 3d—d’). These data support that
MD-epithelial cells have endometrial epithelial characteris-
tics. However, a distinction exists between MD-epithelial cells
and non-MD-epithelial such that the former is replaced by the
latter as the cycle progresses from proestrus to diestrus.

Discussion

Prior research using Amhr2-Cre lineage tracing models showed
that MD-cells populated the epithelium (GE and LE) following
postpartum endometrial repair. These cells were not observed in
pre/peri-pubertal (Patterson et al. 2013) or virgin (Huang et al.
2012) mice. Also, using a menses-like mouse model, putative
mesenchymal-epithelial transitional cells that co-expressed
vimentin and cytokeratin were identified in the regenerating
endometrial stroma (Patterson et al. 2013; Cousins et al. 2014).
These cells increased in number and appeared to migrate
from the stromal-myometrial border to the repairing luminal
epithelium as time progressed (Patterson et al. 2013). It was
thus hypothesized that endometrial stromal-mesenchymal cells
underwent MET as a mechanism of epithelial regeneration, and
that this mechanism was reserved for damage/repair processes
that occurred postpartum or during menstruation. However, in
the current study, MD-epithelial cells were identified during
postnatal uterine maturation and throughout the estrous cycle
in virgin mice, both physiological processes that are not asso-
ciated with damage and repair. We propose two explanations
for the discrepancy in these reports regarding the occurrence
of MET outside of damage/repair events in the endometrium.
First, the current study used image-based flow cytometry which
is a more sensitive technique for identifying MD-epithelial cells
(EpCAM*YFP/GFP"). We show that except for two mice, the
average percentage of MD-epithelial cells at P14 (n=5) and
P21 (n=4) was around 6% which is difficult to observe in tissue
sections. This could explain why Patterson et al. (2013) did not
identify MD-epithelial cells at P14 and P25. Huang et al. (2012)
evaluated virgin mice and did not observe MD-epithelial cells.
However, they did not evaluate mice according to estrous cycle
stage. We show that MD-epithelial cells are not detectable in
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«Fig.3 MET occurs in the absence of endometrial damage and repair.
Representative images of direct YFP fluorescence in uterine cross sec-
tions from adult Amhr2-Cre; Rosa-EYFP female mice during proestrus
(a, a”), estrus (b, b’’), metestrus (c, ¢’’), diestrus (d, d’”), and control
mice (no Cre) (e, €’). EpCAMTYFP~ (non-MD) and EpCAM*YFP*
(MD) epithelial cells were analyzed by flow cytometry in proestrus
(a”), estrus (b””), metestrus (¢’’), diestrus (d’’), and control (e’”) with
percentages of EpCAM*TYFP" cells graphed in (f). Percentages of
EpCAM*'YFP.* MD-epithelial cells were compared by estrous cycle
stage from virgin and postpartum mice (g). Statistical analyses were
performed by one-way ANOVA (f) and #-test for each stage of the
estrous cycle (g) with significance at P <0.05 indicated by different let-
ters. ns, not significant. EpCAM, epithelial cell adhesion molecule; Pro,
proestrus; Es, estrus; Met, metestrus; Di, diestrus; Ctrl, control (no cre)

mice in diestrus. Female mice are known to enter anestrous or
prolonged diestrus when group-housed in the absence of a male
(or their pheromones) (Whitten 1956, 1958; Lamond 1959). We
speculate that the virgin mice (n=5) assessed by Huang et al.
(2012) were in diestrus or perhaps acyclic. Therefore, the current
study does not negate the findings in previous reports that MET
is a mechanism of epithelial repair but that it also occurs during
other important epithelial remodeling events not associated with
damage and repair. However, because of the rapid turnover of
MD-epithelial cells during the estrous cycle regardless of prior
damage/repair events, further analyses are needed during the
initial hours of endometrial repair (postpartum/menstruation)
to determine the direct contribution of these cells to epithelial
regeneration.

MET as a mechanism of endometrial epithelial regenera-
tion was recently challenged. In a study using the same Cre
model with LacZ report (Amhr2-Cre;Rosa26-LacZ), LacZ*
cells were identified in the epithelium of adult virgin mice
(Ghosh et al. 2020) consistent with what we show here.
However, the authors concluded that the LacZ* epithelial
cells were not stromal-derived by MET, but rather originated
embryonically from Amhr2-expressing coelomic epithelial
(CE) cells (Ghosh et al. 2020). During embryonic develop-
ment, a few CE cells are specified to become Miillerian duct
epithelial (MDE) cells, which then invaginate into the mesen-
chyme and proliferate forming the epithelial tube of the Miil-
lerian duct. The MDE in turn becomes the uterine epithelium
after birth and in the adult (Klattig and Rnglert 2007). Ghosh
et al. (2020) showed, similar to others (Arango et al. 2008),
that the CE expresses Amhr2 (indicating promoter activity)
and thus concluded that Amhr2-expressing CE cells were the
source of LacZ* cells in the adult epithelium (Ghosh et al.
2020). However, this interpretation is incorrect because the
CE does not express Amhr2 until after invagination of the
MDE, and the CE does not further contribute to the growing
MBDE after this stage (Guioli et al. 2007; Orvis and Behringer
2007; Arango et al. 2008). Of note, the MDE was negative
for Amhr2 expression/promoter activity in that study (Ghosh
et al. 2020) as well as others (Jamin et al. 2002; Arango et al.

2008; Saatcioglu et al. 2019). Therefore, embryonic CE or
MDE cells are not the source of Amhr2-lineage traced cells in
postnatal and adult uterine epithelium. Furthermore, Amhr2
promotor activity has been investigated postnatally and in
adults. At no point during postnatal uterine maturation, in
virgin adults, or during endometrial regeneration (postpartum
and menses-like model) have uterine epithelia demonstrated
Amhr2 promotor activity (Arango et al. 2008; Huang et al.
2012; Patterson et al. 2013; Saatcioglu et al. 2019), support-
ing that reporter-labeled epithelial cells in Amhr2-Cre lineage
tracing models are mesenchyme-derived.

The regulation of MET in endometrial remodeling is still
under investigation; however, our current data provide insight
into possible hormonal regulation in the adult. We show that
MBD-epithelial cells may arise by MET due to increasing E,, as
the highest percentages were observed in proestrus and estrus.
This is somewhat substantiated by a report of MET in vitro.
Cultured mouse endometrial stromal cells were shown to tran-
sition to epithelial cells after 10 days of E, treatment (Yin
et al. 2019). Following a decline in E, after ovulation, the
MD-epithelial population in diestrus was indistinguishable
from control (no Cre) uteri. Interestingly, the percentage of
MD-epithelial cells increased from negligible in diestrus to
comprising 30-80% of the epithelia in proestrus. Since the
estrous cycle in mice is 4-5 days long, these data indicate
that there is rapid and robust contribution from the stroma
to epithelial expansion in no more than 1-day time. This
may be due to a combination of rising E, and a release from
P, inhibition. The MD-epithelial cells were then cleared or
replaced in an exceptionally short amount of time, as well,
as the cycle progressed back to diestrus. How MD-epithelial
cells are “cleared” so quickly is under investigation. Apoptosis
occurs during the cycle in the LE and GE. However, at the
highest rates of apoptosis during metestrus, only ~2.5% of GE
and~27% of LE cells were apoptotic (Wood et al. 2007). This
suggests there may be other mechanisms involved in replace-
ment of the MD-epithelial cells. It is also unclear, at this time,
how MD and non-MD epithelial cells are differentially regu-
lated by E, and P, as they express ESR1 and PGR similarly.
The uterus is proposed to contain epithelial stem/progenitor
cells (Spooner et al. 2021). Results from the current study
would suggest that both epithelial progenitors and stromal
cells contribute to epithelial remodeling in the uterus because
not all epithelial cells are mesenchymal-derived. Since MD-
epithelial cells were cleared quickly across the estrous cycle,
they may be replaced by epithelial progenitor cells.

We show that uterine MD-epithelial cells were present
right after birth. Four out of five pups showed GFP* uterine
epithelial cells (range: 15-80%) at PO.5. Because these cells
do not originate from the embryonic epithelium (discussed
above), we speculate that they arise immediately after birth
by MET. At birth, fetuses experience a sudden change in
their hormonal exposure. The gestational environment is
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dominated by P, produced by the mother, with P, withdrawal =~ experience uterine bleeding similar to that seen during men-
occurring when the fetuses are removed from the uterine  struation in adults, and this has been suggested to be due to
environment at birth. In humans, some newborn females P, withdrawal (Ober and Bernstein 1955; Puttemans et al.
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«Fig.4 Mesenchymal-derived (MD) cells populate the epithelium dur-
ing postnatal uterine maturation. (a) EpCAM*GFP* (MD) epithelial
cells from Amhr2-Cre; Rosa26-tTA; H2B-GFP mouse uteri at postnatal
day (P) 0.5, P3, P8, P14, and P21 were analyzed by flow cytometry and
graphed. (b) Graphical comparison of the percentages of endometrial
EpCAM*YFP" and EpCAMTGFP* cells analyzed by flow cytometry
from Amhr2-Cre; Rosa-EYFP and Amhr2-Cre; Rosa26-tTA; H2B-GFP
female mice, respectively, at P21. (c—¢’’) Representative uterine cross
section from an Amhr2-Cre; Rosa26-tTA; H2B-GFP mouse uterus at
P0.5, corresponding to high % of EpCAM*GFP™ cells in (a), showing
examples of EpCAMGFP~ non-MD-epithelial cells (region 2, orange
line), and EpCAM*GFP* MD-epithelial cells (region 1, yellow line).
Regions are represented in flow cytometry plots in (d, d’). (d) Rep-
resentative flow cytometry plot from P0.5 mouse uterus of EpCAM*
epithelial cells that segregated into two populations (1 and 2) by side
scatter (SSC). EpCAM- cells are also represented. (d”) EpCAM™ popu-
lations 1 and 2 from (d) were plotted by EpCAM and GFP expression.
Population 1 with higher SSC in (d) was GFP™ in (d’) and population
2 with lower SSC in (d) was GFP™ in (d’). EpCAM™ cells from (d) are
represented in (d”) and segregated into GFP~, GPF*4i™, and GFp*bright,
Statistical analyses were performed by one-way ANOVA (a) and -test
(b), with significance at P <0.05 indicated by different letters. ns, not
significant. EpCAM, epithelial cell adhesion molecule

2017). We speculate the MD-epithelial cells arise rapidly
after birth influenced by P, withdrawal. E, is not required
for postnatal epithelial remodeling (adenogenesis and dif-
ferentiation), and uterine maturation remains ovarian ster-
oid independent until approximately P25 (Ogasawara et al.
1983; Bigsby and Cunha 1985; Branham and Sheehan 1995).
In line with this, at P21, our results showed no correlation
between MD-epithelial populations and serum E, or P, con-
centrations. This contrasts with the adult where E, and P,
regulate uterine function including epithelial remodeling.
Because of this, MET in the postnatal uterus is likely mecha-
nistically different from MET occurring in adult uteri. Fur-
ther exploration during peripubertal time points is necessary
to determine the temporal transition in MET regulation in
the uterus. Insight might also be gleaned from information
on mammary gland and kidney. Although MET specifically
has not been demonstrated in the mammary gland, inhibition
of EMT by the transcription factor Ovo-like 2 (OVOL?2) is

Table 1 Correlation between the percentages of EpCAM*YFP* endo-
metrial cells from Amhr2-Cre; Rosa-EYFP female mice with serum
estradiol (E2) and progesterone (P4) concentrations at P21

% EpCAM*YFP* cells E2 concentration P4 concentration

0.09 4.524 4.667
7.77 2.258 4.610
33.1 4.276 5.077
355 2.937 4.460
Pearson correlation —0.065 0.212
P-value 0.966 0.788

Table2 Correlation between the percentage of EpCAM*GFP™ endo-
metrial cells with serum estradiol (E2) and progesterone (P4) concen-
trations at P21 from Amhr2-Cre; Rosa26-tTA; H2B-GFP female mice

% Epcam*GFP™ cells E2 concentration P4 concentration

1.43 3.728 1.806
3.13 7.368 3.615
6.22 3.362 2.978
10.99 2.346 2.700
36.01 2.486 4.010
Pearson correlation —0.504 0.661
P-value 0.387 0.225

required for gland morphogenesis (development) and regen-
eration (Watanabe et al. 2014). In the developing kidney,
cells of the metanephric mesenchyme undergo MET to form
tubular epithelium (Horster et al. 1999). Bone morphogenetic
protein 7 (BMP7) expression correlates with formation of the
tubular epithelium from the metanephric mesenchyme (Luo
et al. 1995; Vukicevic et al. 1996) and in the adult, exogenous
administration of BMP7 induces MET in fibroblasts to facili-
tate repair of fibrotic kidney (Zeisberg et al. 2003a, b, 2005).
Investigation into factors such as OVOL2 and BMP7 will be
important for determining the regulation of MET in postna-
tal, as well as adult, epithelial remodeling.

Lastly, it should be noted that there is high variability in
some of the data presented, particularly the postnatal results.
We can speculate that the variability is due to the timing of
tissue collection and development/maturation being a con-
tinuum (Vue et al. 2018). For example, at P8 during adeno-
genesis, some mice had distinguishable glands and others
only had invaginations but not distinct glands. So, there is
variability in the developmental status of the tissue at indi-
vidual time points which could explain the variability in the
results. This is also likely in the adult as the estrous cycle is
a continuum as well. Therefore, collection in estrus may be
early, mid, or late in the stage resulting in variability in the
data. Moving forward, endometrial organoids may be used
to recapitulate the uterine environment in an in vitro model
since epithelial-stromal interactions are crucial to respond
correctly to hormones. This will aid in investigating the
regulation of MET in pre/peri-pubertal vs adult uteri in a
more controlled environment with reduced variability. The
3D culture system will also be important for understanding
of the role of MET in women.

In conclusion, this study has demonstrated using lineage
tracing models that MET occurs during non-damage/repair
epithelial remodeling events, contrary to previous beliefs.
MD-epithelial cells were found during E,-dominant stages
of the estrous cycle, as well as during postnatal maturation,
suggesting MET makes a greater contribution to epithelial
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Fig.5 Mesenchymal-derived (MD) glandular epithelial cells express
FOXAZ2. Representative images of uterine cross sections from Amhr2-
Cre; Rosa26-tTA; H2B-GFP mice at postnatal day (P) 8 (a-a’’), P14
(b-b’%), P21 (c—c’’), and from Amhr2-Cre; Rosa-EYFP mice in proes-
trus (Pro) (d-d”’). (a, b, ¢, d) direct GFP/YFP expression in mesen-

remodeling than solely being a mechanism for endometrial
repair. In both postnatal maturation and during the estrous
cycle, MD-epithelial cells exhibited rapid turnover. Despite
this, MD-epithelial cells expressed similar markers to non-
MD-epithelial cells, supporting that although distinct, these

@ Springer

chymal cells an MD-epithelial cells. (a’, b’, ¢’, d’) FOXA2 expression
(red) by immunofluorescence, restricted to the glandular epithelium.
(@’, b, ¢”, d”’) Merged images of the first two panels with nuclear
DAPI staining (blue). FOXA?2, Forkhead Box A2

cells have gained epithelial characteristics during MET.
Based on our data, we hypothesize that E, may have a role
in MET in the adult, but P, withdrawal may contribute during
ovarian steroid independent stages: the mechanism induc-
ing MET is still unknown and requires further study. Future
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Fig.6 Mesenchymal-derived (MD) epithelial cells differentially con-
tribute to epithelial remodeling by proliferation during postnatal uter-
ine maturation. Representative images of uterine cross sections from
Amhr2-Cre; Rosa26-tTA; H2B-GFP mice at postnatal day (P) 0.5
(a-a”’), P3 (b-b”*), P8 (c—¢’’), and P14 (d-d’’). (a, b, ¢, d) Direct
GFP expression in mesenchymal cells and MD-epithelial cells. (a’,

research will continue to characterize MD-epithelial cells
with lineage tracing models, organoids, and begin to address
the mechanism behind MET. This study provides important
insight into MET as a mechanism of normal physiological

b’, ¢’, d’) Ki67 expression (red) by immunofluorescence, indicating
cells that proliferated. (a’’, b”’, ¢’’, d’’) Merged images of the first
two panels with nuclear DAPI staining (blue). White arrow heads
indicate GFP~ (non-MD) epithelial cells that expressed Ki67. Yellow
arrow heads indicate GFP." (MD) epithelial cells that expressed Ki67

endometrial remodeling under non-damage/repair condi-
tions. This is relevant for further understanding of how MET
when mis-regulated may contribute to endometrial disease
or dysfunction.
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Fig.7 Mesenchymal-derived (MD) epithelial cells in adult uteri show
characteristics of endometrial epithelial cells but are unique. Representa-
tive images of uterine cross sections from adult Amhr2-Cre; Rosa26-EYFP
mice in proestrus (Pro) (a—a”’), estrus (Es) (b—b’”), metestrus (Met) (c—),
and diestrus (Di) (d—d”’). (a, b, ¢, d) Ki67 expression by immunofluo-
rescence (IF, red), direct GFP expression in mesenchymal cells an MD-
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stain (blue). (@’’, b”’, ¢’, d”’) PGR expression by IF (red), direct GFP
expression (green), and nuclear DAPI stain (blue). ESR1, estrogen receptor
alpha; PGR, progesterone receptor; LE, luminal epithelium; GE, glandular
epithelium; dotted lines demarcate LE from the underlying stroma

Development of the National Institutes of Health under Award Number
RO1HD102476 (ALP), Research Incentive Fund grant from Division of
Animal Sciences, University of Missouri (PS), and seed funding from
the University of Missouri College of Agriculture, Food and Natural
Resources (PS).


https://doi.org/10.1007/s00441-022-03711-z

Cell and Tissue Research (2023) 391:393-408

407

Declarations

Ethical approval All protocols involving animal experiments were
approved by the Animal Care and Use Committee at the University of
Missouri (protocol #’s 33781, 30081).

Consent to participate Not applicable.

Conflict of interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ajayi AF, Akhigbe RE (2020) Staging of the estrous cycle and induc-
tion of estrus in experimental rodents: An update. Fertil Res Pract
6:5

Arango NA, Kobayashi A, Wang Y, Jamin SP, Lee HH, Orvis GD,
Behringer RR (2008) A mesenchymal perspective of mullerian duct
differentiation and regression in amhr2-lacz mice. Mol Reprod Dev
75:1154-1162

Baggish MS, Pauerstein CJ, Woodruff JD (1967) Role of stroma in regen-
eration of endometrial epithelium. Am J Obstet Gynecol 99:459-465

Banyard J, Bielenberg DR (2015) The role of emt and met in cancer dis-
semination. Connect Tissue Res 56:403—413

Bartley J, Julicher A, Hotz B, Mechsner S, Hotz H (2014) Epithelial to mes-
enchymal transition (emt) seems to be regulated differently in endo-
metriosis and the endometrium. Arch Gynecol Obstet 289:871-881

Bell MR (2018) Comparing postnatal development of gonadal hormones
and associated social behaviors in rats, mice, and humans. Endocri-
nology 159:2596-2613

Bertolin K, Murphy BD (2014) Reproductive tract changes during the mouse
estrous cycle. In: Croy BA, Yamada AT, Demayo FJ, Adamson SL
(eds) The guide to investigation of mouse pregnancy. Elsevier, Place,
pp 85-87

Bigsby RM, Cunha GR (1985) Effects of progestins and glucocorticoids
on deoxyribonucleic acid synthesis in the uterus of the neonatal
mouse. Endocrinology 117:2520-2526

Branham WS, Sheehan DM (1995) Ovarian and adrenal contributions to
postnatal growth and differentiation of the rat uterus. Biol Reprod
53:863-872

Cousins FL, Murray A, Esnal A, Gibson DA, Critchley HO, Saunders PT
(2014) Evidence from a mouse model that epithelial cell migration
and mesenchymal-epithelial transition contribute to rapid restoration
of uterine tissue integrity during menstruation. PLoS ONE 9:e86378

De Clercq K, Hennes A, Vriens J (2017) Isolation of mouse endometrial
epithelial and stromal cells for in vitro decidualization. J Vis Exp

Garry R, Hart R, Karthigasu KA, Burke C (2009) A re-appraisal of the
morphological changes within the endometrium during menstrua-
tion: a hysteroscopic, histological and scanning electron micro-
scopic study. Hum Reprod 24:1393-1401

Ghosh A, Syed SM, Kumar M, Carpenter TJ, Teixeira JM, Houairia
N, Negi S, Tanwar PS (2020) In vivo cell fate tracing provides no
evidence for mesenchymal to epithelial transition in adult fallopian
tube and uterus. Cell Rep 31:107631

Guioli S, Sekido R, Lovell-Badge R (2007) The origin of the mullerian
duct in chick and mouse. Dev Biol 302:389-398

Heape W (1897) The menstruation and ovulation of macacus rhesus,
with observations on the changes undergone by the discharged
follicle. Part ii. Philosophical Transactions of the Royal Society
of London Series b, Containing Papers of a Biological Character
188:135-166

Horster MF, Braun GS, Huber SM (1999) Embryonic renal epithelia:
induction, nephrogenesis, and cell differentiation. Physiol Rev
79:1157-1191

Huang CC, Orvis GD, Wang Y, Behringer RR (2012) Stromal-to-
epithelial transition during postpartum endometrial regeneration.
PLoS ONE 7:e44285

Jamin SP, Arango NA, Mishina Y, Hanks MC, Behringer RR (2002)
Requirement of bmprla for mullerian duct regression during male
sexual development. Nat Genet 32:408—410

Kelleher AM, Demayo FJ, Spencer TE (2019) Uterine glands: devel-
opmental biology and functional roles in pregnancy. Endocr Rev
40:1424-1445

Kennedy CE, Krieger KB, Sutovsky M, Xu W, Vargovic P, Didion
BA, Ellersieck MR, Hennessy ME, Verstegen J, Oko R, Sutovsky
P (2014) Protein expression pattern of pawp in bull spermatozoa
is associated with sperm quality and fertility following artificial
insemination. Mol Reprod Dev 81:436-449

Kerns K, Zigo M, Drobnis EZ, Sutovsky M, Sutovsky P (2018) Zinc ion
flux during mammalian sperm capacitation. Nat Commun 9:2061

Kirkwood PM, Gibson DA, Smith JR, Wilson-Kanamori JR, Kelepouri
O, Esnal-Zufiaurre A, Dobie R, Henderson NC, Saunders PTK
(2021) Single-cell rna sequencing redefines the mesenchymal cell
landscape of mouse endometrium. FASEB J 35:¢21285

Klattig J, Rnglert C (2007) The miillerian duct: recent insights into its
development and regression. Sex Dev 1:271-278

Lamond DR (1959) Effect of stimulation derived from other animals of the
same species on oestrous cycles in mice. J Endocrinol 18:343-349

Luo G, Hofmann C, Bronckers AL, Sohocki M, Bradley A, Karsenty G
(1995) Bmp-7 is an inducer of nephrogenesis, and is also required for
eye development and skeletal patterning. Genes Dev 9:2808-2820

Matsuzaki S, Darcha C (2012) Epithelial to mesenchymal transition-like
and mesenchymal to epithelial transition-like processes might be
involved in the pathogenesis of pelvic endometriosis. Hum Reprod
27:712-721

Mote PA, Arnett-Mansfield RL, Gava N, Defazio A, Mulac-Jericevic B,
Conneely OM, Clarke CL (2006) Overlapping and distinct expres-
sion of progesterone receptors a and b in mouse uterus and mam-
mary gland during the estrous cycle. Endocrinology 147:5503-5512

Ober WB, Bernstein J (1955) Observations on the endometrium and
ovary in the newborn. Pediatrics 16:445-460

Ogasawara Y, Okamoto S, Kitamura Y, Matsumoto K (1983) Prolifera-
tive pattern of uterine cells from birth to adulthood in intact, neo-
natally castrated, and/or adrenalectomized mice, assayed by incor-
poration of [125i]iododeoxyuridine. Endocrinology 113:582-587

Orvis GD, Behringer RR (2007) Cellular mechanisms of mullerian duct
formation in the mouse. Dev Biol 306:493-504

Pangas SA, Rajkovic A (2014) Follicular development: mouse, sheep,
and human models. In: Plant TM and Zeleznik AJ (ed) Knobil
and neill’s physiology of reproduction. Academic Press, Place

Patterson AL, Zhang L, Arango NA, TeixeiraJ, Pru JK (2013) Mesenchymal-
to-epithelial transition contributes to endometrial regeneration follow-
ing natural and artificial decidualization. Stem Cells Dev 22:964-974

Puttemans P, Benagiano G, Gargett C, Romero R, Guo SW, Brosens
I (2017) Neonatal uterine bleeding as a biomarker for reproduc-
tive disorders during adolescence: a worldwide call for systematic

@ Springer


http://creativecommons.org/licenses/by/4.0/

408

Cell and Tissue Research (2023) 391:393-408

registration by nurse midwife. J] Matern Fetal Neonatal Med
30:1434-1436

Saatcioglu HD, Kano M, Horn H, Zhang L, Samore W, Nagykery N,
Meinsohn MC, Hyun M, Suliman R, Poulo J, Hsu J, Sacha C,
Wang D, Gao G, Lage K, Oliva E, Morris Sabatini ME, Donahoe
PK, Pepin D (2019) Single-cell sequencing of neonatal uterus
reveals an misr24+ endometrial progenitor indispensable for fer-
tility. Elife 8

Spencer TE, Hayashi K, Hu J, Carpenter KD (2005) Comparative devel-
opmental biology of the mammalian uterus. Curr Top Dev Biol
68:85-122

Spooner MK, Lenis YY, Watson R, Jaimes D, Patterson AL (2021) The
role of stem cells in uterine involution. Reproduction 161:R61-R77

Srinivas S, Watanabe T, Lin CS, William CM, Tanabe Y, Jessell TM,
Costantini F (2001) Cre reporter strains produced by targeted inser-
tion of eyfp and ecfp into the rosa26 locus. BMC Deyv Biol 1:4

Tumbar T, Guasch G, Greco V, Blanpain C, Lowry WE, Rendl M, Fuchs
E (2004) Defining the epithelial stem cell niche in skin. Science
303:359-363

Vue Z, Behringer RR (2020) Epithelial morphogenesis in the perinatal
mouse uterus. Dev Dyn 249:1377-1386

Vue Z, Gonzalez G, Stewart CA, Mehra S, Behringer RR (2018) Volu-
metric imaging of the developing prepubertal mouse uterine epi-
thelium using light sheet microscopy. Mol Reprod Dev 85:397-405

Vukicevic S, Kopp JB, Luyten FP, Sampath TK (1996) Induction of
nephrogenic mesenchyme by osteogenic protein 1 (bone morpho-
genetic protein 7). Proc Natl Acad Sci USA 93:9021-9026

Wang H, Eriksson H, Sahlin L (2000) Estrogen receptors alpha and
beta in the female reproductive tract of the rat during the estrous
cycle. Biol Reprod 63:1331-1340

Wang L, Sharma K, Deng HX, Siddique T, Grisotti G, Liu E, Roos
RP (2008) Restricted expression of mutant sod! in spinal motor
neurons and interneurons induces motor neuron pathology. Neu-
robiol Dis 29:400—408

Watanabe K, Villarreal-Ponce A, Sun P, Salmans ML, Fallahi M,
Andersen B, Dai X (2014) Mammary morphogenesis and

@ Springer

regeneration require the inhibition of emt at terminal end buds by
ovol2 transcriptional repressor. Dev Cell 29:59-74

Whitten WK (1956) Modification of the oestrous cycle of the mouse by
external stimuli associated with the male. J Endocrinol 13:399-404

Whitten WK (1958) Modification of the oestrous cycle of the mouse by
external stimuli associated with the male; changes in the oestrous
cycle determined by vaginal smears. J Endocrinol 17:307-313

Wilson MR, Holladay J, Chandler RL (2020) A mouse model of endo-
metriosis mimicking the natural spread of invasive endometrium.
Hum Reprod 35:58-69

Wood GA, Fata JE, Watson KL, Khokha R (2007) Circulating hor-
mones and estrous stage predict cellular and stromal remodeling
in murine uterus. Reproduction 133:1035-1044

Yin M, Zhou HJ, Lin C, Long L, Yang X, Zhang H, Taylor H, Min
W (2019) Cd34(+)klf4(+) stromal stem cells contribute to endo-
metrial regeneration and repair. Cell Rep 27(2709-2724):¢2703

Zeisberg M, Bottiglio C, Kumar N, Maeshima Y, Strutz F, Moller GA,
Kalluri R (2003a) Bone morphogenic protein-7 inhibits progression
of chronic renal fibrosis associated with two genetic mouse models.
American Journal of Physiology - Renal Physiology 285:F1060-F1067

Zeisberg M, Hanai J-1, Sugimoto H, Mammoto T, Charytan D, Strutz F,
Kalluri R (2003b) Bmp-7 counteracts tgf-[beta]1-induced epithelial-
to-mesenchymal transition and reverses chronic renal injury. Nat
Med 9:964-968

Zeisberg M, Shah AA, Kalluri R (2005) Bone morphogenic protein-7
induces mesenchymal to epithelial transition in adult renal fibro-
blasts and facilitates regeneration of injured kidney. J Biol Chem
280:8094-8100

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	A re-appraisal of mesenchymal-epithelial transition (MET) in endometrial epithelial remodeling
	Abstract
	Introduction
	Materials and methods
	Animals
	Lineage-tracing studies
	Estrous cycle staging
	Uterine epithelial cell isolation and image-based flow cytometry
	Gelatin embedding and frozen tissue preparation
	Immunofluorescence
	Blood serum collection and ELISAs
	Statistical analyses

	Results
	Mesenchymal-derived (MD) epithelial cells fluctuate across the estrous cycle in postpartum uteri
	MET occurs in the absence of endometrial damage and repair
	MD-epithelial cells exhibit dynamic temporal expression patterns during postnatal epithelial remodeling
	MD-epithelial cells are unique but have general characteristics of functional epithelial cells

	Discussion
	References


