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Mesenchymal-to-Epithelial Transition Contributes
to Endometrial Regeneration Following
Natural and Artificial Decidualization

Amanda L. Patterson,” Ling Zhang,? Nelson A. Arango,? Jose Teixeira? and James K. Pru’

Despite being a histologically dynamic organ, mechanisms coordinating uterine regeneration during the men-
strual/estrous cycle and following parturition are poorly understood. In the current study, we hypothesized that
endometrial epithelial tissue regeneration is accomplished, in part, by mesenchymal-to-epithelial transition
(MET). To test this hypothesis, fate mapping studies were completed using a double transgenic (Tg) reporter
strain, Amhr2-Cre; Rosa26—Stopﬂ/ﬂ’EYF P (i.e., flox-stop EYFP reporter). EYFP expression was observed in Miillerian
duct mesenchyme-derived stroma and myometrium, but not epithelia in young and peripubertal double Tg
female mice. However, mosaic EYFP expression was observed in epithelia of double Tg mice after parturition. To
ensure the observed epithelial EYFP expression was not due to leaky Amhr2 promoter activity, resulting in
aberrant Cre expression, transgenic mice expressing LacZ under the control of the Amhr2 promoter (Amhr2-LacZ)
were used to monitor B-galactosidase (B-Gal) activity within the uterus. p-Gal activity was not detected in
luminal or glandular epithelia regardless of age, reproductive status, or degree of damage incurred within the
uterus. Lastly, a unique population of transitional cells was identified that expressed the epithelial cell marker,
pan-cytokeratin, and the stromal cell marker, vimentin. These cells localized predominantly to the regeneration
zone in the mesometrial region of the endometrium. These findings suggest a previously unappreciated role for
MET in endometrial regeneration and have important implications for proliferative diseases of the endometrium
such as endometriosis.

Introduction

APPROXIMATELY 11% oF WOMEN in the United States of
reproductive age (15-44) are infertile [1]. Endometrial
cancer and endometriosis are two hyperproliferative and
debilitating diseases of the endometrium that often result in
infertility. In 2012, it is estimated that more than 47,000 new
cases of endometrial cancer will be diagnosed in the United
States [2], and an additional 5.5 million women in North
America suffer from endometriosis [3]. In addition, many
women using in vitro fertilization experience pregnancy
failure due to inadequate thickening of the endometrium for
implantation [4]. Despite the extensive regenerative capacity
of the uterus and the prevalence of proliferative diseases of the
endometrium, our current understanding of the mechanisms
of uterine regeneration and how deregulation of these pro-
cesses may contribute to endometrial disease is limited.

The uterus of most hemochorial implanting species is a
remarkably resilient organ that undergoes two postnatal
developmental processes which involve dramatic tissue
remodeling. The first occurs early postnatally as the incom-
pletely formed Miillerian ducts mature to form the majority
of the adult female reproductive tract, including the uterus
[reviewed in: 5,6]. In mice, maturation of the uterus be-
gins at birth and involves region-specific luminal epithelial
(LE) differentiation, mesenchymal differentiation to form
the stromal and myometrial layers, and formation of epi-
thelial glands. By postnatal day (PND) 15, the basic uterine
architecture consisting of LE, glandular epithelium (GE),
stroma, and multi-layered myometrium is established. The
second process, which can be broadly classified as involu-
tion, occurs during the menstrual cycle in humans and old
world primates as well as after parturition in all placental
mammals. Throughout a woman’s reproductive years, the
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uterus undergoes 300-400 cycles of tissue remodeling, in-
cluding cellular proliferation, differentiation, degeneration
(menses), and regeneration. During menses, endometrial
tissue comprising the functionalis layer degenerates and is
shed from the body. This, in turn, results in the need for
substantial endometrial regeneration. Extensive endometrial
regeneration also occurs after parturition and expulsion of
the placenta, in which only a small portion of the endome-
trium remains. It is presumed that this residual tissue serves
as the seed for endometrial regeneration. Proper endometrial
regeneration after menses or parturition is required for
preparation of the uterus for ensuing reproductive cycles and
pregnancies.

Most adult organs exhibit some degree of plasticity, and
advances in stem cell biology have established a role for
adult stem cells in tissue renewal. Recently, it has been
proposed that bone marrow-derived cells contribute to
uterine regeneration [7-9]; however, the functional contri-
bution of these cells to the endometrium has not yet been
established. Cervell6 et al. demonstrated that although bone
marrow-derived cells engraft in the endometrium of trans-
plant recipients, they do not contribute to the side population
[10]. An alternative or additive mechanism of regeneration to
stem cell theory is cellular transdifferentiation, an example of
which is mesenchymal-to-epithelial transition (MET). During
MET, mesenchymal cells are reprogrammed, thereby grad-
ually losing mesenchymal cell characteristics while gaining
epithelial cell traits [11]. MET and its counterpart, epithelial-
to-mesenchymal transition (EMT), are fundamental pro-
cesses that occur during embryo development and are also
implicated in tumor metastasis [reviewed in: 12].

The occurrence of cellular transdifferentiation in uterine
biology has previously been reported in the context of pre-
natal developmental. The Miillerian ducts, which give rise to
the oviducts, uterus, and anterior portion of the vagina, are
formed via MET and EMT [13]. The Miillerian ducts develop
from the coelomic epithelium, which is initially derived from
the intermediate mesoderm. Cells of the intermediate me-
soderm undergo partial MET to form the mesoepithelial cells
of the coelomic epithelium, which then either complete MET
to form the Miillerian duct epithelium or undergo EMT to
form the Miillerian duct mesenchyme (MDM) [13-15]. Al-
though transformation of coelomic epithelium into MDM
was observed more than 50 years earlier [16], the possibility
that cellular transformation also serves as a mechanism to
regenerate adult endometrium has not been evaluated. In
this study we used a lineage tracing technique to map the
fate of MDM-derived cells in the adult uterus to test the
hypothesis that epithelial tissue regeneration in the mouse
endometrium is accomplished in part by MET.

Materials and Methods
Animals

All protocols involving animal experiments were ap-
proved by the Institutional Animal Care and Use Committee
at Washington State University or Massachusetts General
Hospital. B6;129S7-Amhr2™3 B /Mmnc (Amhr2-Cre) [17]
mice were obtained from the Mutant Mouse Regional
Resource Centers, B6.129 x 1-Gt(ROSA)26Sor ™ EYFDICos /1
(Rosa26—Stopﬂ/ﬂ’EYFP ) [18] mice were purchased from The
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Jackson Laboratory (Bar Harbor, ME), and Amhr2-LacZ mice
were kindly provided by Dr. Richard Behringer [19]. CD1
mice were purchased from Charles River Laboratories (Wil-
mington, MA).

Menses-like mouse model

Female mice were placed with vasectomized male CD1
mice and designated day of pseudopregnancy (DOPP) 0.5 on
observation of a vaginal plug. Sesame oil (20 uL) was then
injected into the uterine lumen on DOPP 4 to artificially in-
duce endometrial decidualization. At 48 or 72h postoil in-
duced decidualization, progesterone (P,) stimulus was
removed by ovariectomy (ovex) to allow the deciduoma to
degenerate. Coincident with degeneration of the deciduoma
was the regeneration of the endometrium, which was com-
plete by 72h after the removal of P, stimulus. Mice were
euthanized, and uteri were collected at 0, 24, 36, or 48-h
postovex during endometrial regeneration.

Fate mapping studies

Amhr2-Cre mice were crossed to Rosa26-StopEYFP
reporter mice to generate double transgenic females (Amhr2-
Cre; Rosa26-EYFP) that constitutively express EYFP after
Cre-mediated excision of a loxP floxed stop codon from the
Rosa-26 promoter in cells with Amhr2 promoter activity (i.e.,
MDM-derived cells). Uteri were collected from Amhr2-Cre;
Rosa26-EYFP females at PND 14 (n=3), PND 25 (n=3),
and after 2-3 pregnancies (1 =6). Uteri from control (Rosa26-
Stop™"EYFP; Jacking Cre) mice were collected for each time
point. All tissues from Amhr2-Cre; Rosa26-EYFP and control
mice were fixed in 4% paraformaldehyde (PFA) for 5-15 min
on ice and were processed for gelatin embedding and
freezing and direct visualization of fluorescence.

Assessment of Amhr2 promoter activity

For Amhr2 promoter activity experiments, uteri were
obtained from Amhr2-LacZ mice at PND 14 and 25, nullip-
arous mice at 6 weeks and 6 months of age, 3 days post-
partum (DPP; implantation sites), and 48 h-post ovex using
the menses-like mouse model described earlier (n=3 per
time point). Uteri from control mice that lacked the Amhr2-
LacZ transgene were collected from wild-type littermates at
PND 25, 6 weeks and 3 months of age, DPP 3 and 48h
postovex.

p-galactosidase staining

Tissues collected from Amhr2-LacZ and control mice were
fixed for 15-60 min in 4% PFA on ice followed by 3 washes
in rinse buffer (40 mM NaH,POy, 0.16 mM Na,HPO,-7H,0,
2mM MgCl,, 0.2mM sodium deoxycholate, and 0.02%
Nonidet-P40). Tissues were then incubated in X-Gal
(5-bromo-4-chloro-3-indolyl B-D-galactopyronoside; Sigma
Chemical Co., St. Louis, MO) staining solution (1 mg/mL
X-Gal, 5mM Kj3Fe(CN)s, 4 mM Ky Fe(CN)g-3H,O in rinse
buffer) for 24h at 37°C with agitation followed by post-
fixation in 10% neutral-buffered formalin overnight at room
temperature (RT). The next day, tissues were processed for
gelatin embedding and freezing in preparation for thin
sectioning.
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Gelatin embedding and frozen tissue preparation

After B-galactosidase staining of LacZ expressing and
control uteri or afer PFA fixation of all other uteri (e.g., EYFP
and CD1), the tissues were washed thrice in phosphate-
buffered saline (PBS) and then incubated overnight at 4°C in
15% sucrose buffered in PBS. Samples were then incubated at
37°C for 1h in gelatin (15% sucrose, 7.5% gelatin in PBS),
embedded in gelatin, frozen at —50°C to —65°C in iso-
pentane cooled by liquid nitrogen, and stored at —80°C until
sectioning. Tissues were cryo-sectioned at 5-8 um and thaw
mounted. After removal of gelatin in 37°C PBS, LacZ ex-
pressing tissues were counterstained with hematoxylin
(Fisher Scientific, Pittsburgh, PA) and cover slipped with
aqueous mounting medium (Aqua Mount, Lerner Labora-
tories, Pittsburgh, PA). EYFP expressing samples were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI;
Vector Laboratories, Burlingame, CA) mounting medium
and viewed directly using fluorescence microscopy. CD1
tissues were used for vimentin and pan-cytokeratin dual-
immunofluorescence.

Vimentin and pan-cytokeratin
dual-immunofluorescence

Co-localization of vimentin and pan-cytokeratin was per-
formed on tissues obtained from CD1 females during en-
dometrial regeneration (0, 24, 36, and 48 h postovex; n=3 per
time point). Uteri were collected, fixed in 4% PFA for 20 min
on ice, and processed for gelatin embedding and freezing.
5um sections were thaw mounted, gelatin was removed in
37°C PBS and dual-immunofluorescence for vimentin
(mouse monoclonal 1:50; Cell Signaling Technology, Dan-
vers, MA; cat # 5741S), and pan-cytokeratin (rabbit mono-
clonal 1:250; Sigma-Aldrich, St. Louis, MO; cat # C2931) was
performed using a modified protocol for the Vector Mouse
on Mouse (M.O.M.) Kit (Vector Laboratories, Inc., Burlin-
game, CA). Briefly, tissues were incubated for 1h at RT in
blocking solution (0.1% triton x100, 0.1% BSA, 10% normal
donkey serum, 10% normal goat serum, and 3.6% M.O.M. kit
blocking reagent in PBS), followed by duplicate 2-min wa-
shes in PBS. After incubation in diluent (0.1% triton x 100,
0.1% BSA, 10% normal donkey serum, 10% normal goat se-
rum, and 8% M.O.M. kit protein concentrate in PBS) for 5min
at RT, primary antibodies were applied for 90min at RT.
Tissues were washed twice for 2min in PBS and incubated
with secondary antibodies (Alexa Fluor 546 donkey anti-
rabbit IgG, 1:500 and Alexa Fluor 488 goat anti-mouse IgG,
1:500; Life Technologies, Grand Island, NY) for 45min at RT
followed by 2 final 2-min PBS washes before being counter
stained with DAPI mounting medium and cover slipped.
Omission of primary antibodies served as a negative control.

For cell counts, images of the mesometrial endometrium
were taken at 630x magnification on either side of the pre-
sumptive luminal space in the regeneration zone. Images of
vimentin expression, pan-cytokeratin expression, and DAPI
staining were taken from 2 tissue sections from each animal
at each time point (0, 24, 36 and 48 h postovex; n=3 per time
point). The images were analyzed using NIH Image ] soft-
ware for total number of cells, total number of pan-
cytokeratin positive cells, and the total number of cells that
co-localized for vimentin and pan-cytokeratin. Statistical
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analyses were performed with GraphPad Prism 5 software
(La Jolla, CA) using the one-way ANOVA with Tukey’s
Multiple Comparison Test on the acquired cell counts, re-
sulting in significance at P <0.05.

Results
MET during endometrial regeneration

To study MET in the uterus, the Cre-loxP system was used
to label MDM-derived cells (i.e., stroma and myometrium) in
the uterus in an effort to map potential changes in cell fate.
Anti-Miillerian hormone type II receptor (Amhr2) gene pro-
moter activity has been shown to be restricted, within the
uterus, to mesenchymal cell types [19]. By crossing Amhr2-
Cre mice, which express Cre recombinase under the control
of the Amhr2 promoter, to Rosa26-Stop” **™" mice, we gen-
erated double transgenic offspring (Amhr2-Cre; Rosa-EYFP)
with indelibly labeled mesenchymal cells beginning at em-
bryonic day 12.5 (E12.5) when Amhr2 promoter activity, and
thus Cre expression, is first detected [17]. We first looked at
EYFP expression in the uteri of double transgenic female
mice on PND 14 (Fig. 1A-C) and PND 25 (Fig. 1D-F) in
which minimal tissue turnover and homeostasis occur. While
constitutive stromal and myometrial EYFP expression was
observed, EYFP was not expressed in the GE or LE (Fig. 1).
EYFP expression was then assessed in the uteri of double
transgenic mice after 2 or 3 pregnancies in which substan-
tially greater endometrial remodeling and regeneration occur
compared with nulliparous female mice. In support of our
hypothesis, EYFP expression was not only observed in
uterine mesenchymal tissue, but was also observed in the GE
and LE (Fig. 2A-F), suggesting the occurrence of MET. EYFP
expression was not observed in Rosa26-Stop” FY? singularly
transgenic control mice lacking cre recombinase expression
(data not shown). These results suggest that MET serves as a
mechanism of endometrial re-epithelialization after natural
decidualization.

Assessment of Amhr2 promoter activity

To ensure that the epithelial EYFP expression was not due
to leaky Amhr2 promoter activity in epithelial cells, we
conducted promoter activity experiments using transgenic
mice that express LacZ directly under the control of the en-
dogenous Amhr2 promoter (Amhr2-LacZ). Thus, Amhr2-LacZ
mice only express LacZ when the Amhr2 promoter is active.
Both Amhr2-Cre and Amhr2-LacZ mice were created using
similar knock-in strategies at the same insertion site [17,19].
In prepubertal Amhr2-LacZ mice, LacZ was expressed
throughout the stroma and myometrium (Fig. 3A-D) and in
adult nulliparous mice, LacZ expression was restricted to the
myometrium (Fig. 3E-H). Although mesenchymal LacZ ex-
pression patterns vary slightly with the age of the mouse,
what remains consistent across all ages is that LacZ was not
expressed in either the GE or LE. LacZ expression was not
observed in WT littermate controls at PND 25 and 3 months
of age (Fig. 3L, J). We then looked at Amhr2 promoter ac-
tivity during endometrial regeneration after a normal
pregnancy and using the menses-like model. Both natural
and mechanical decidualization (i.e., menses-like model)
result in endometrial repair; however, the mechanical
model results in more profound decidualization throughout
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FIG. 1. Localization of EYFP expression in uteri from young Amhr2-Cre; Rosa-EYFP double transgenic mice. Representative
uterine cross-sections from postnatal day (PND) 14 (A-C) and PND 25 (D-F) mice. (B, E) EYFP expression was restricted to the
stroma and myometrium and was not present in the luminal epithelium (LE) and glandular epithelium (GE). (A, D) Nuclear DAPI
staining. (C) Merged image of A and B. (F) Merged image of D and E. Color images available online at www.liebertpub.com/scd

the entire uterus, yielding more tissue for experiments in a
shorter amount of time. LacZ expression was observed in
the stroma and myometrium in the uteri of Amhr2-LacZ
mice as expected, but not in the epithelium 3 days post-
partum after a normal pregnancy (Fig. 4A, B). Likewise,
LacZ expression was detected in the myometrium 48h

postovex after induced decidualization; however, there was
no LacZ expression in the epithelium (Fig. 4C, D). As pre-
viously reported, these findings confirm that Amhr2 pro-
moter activity is restricted to the uterine stroma and
myometrium regardless of the age, reproductive status, or
the degree of damage incurred within the uterus.

C

FIG. 2. Mesenchymal-to-epithelial transition during endometrial regeneration. Representative cross-sections of fully re-
generated endometrium in uteri from 2 Amhr2-Cre; Rosa-EYFP double transgenic female mice after 2-3 pregnancies each (A-
F). After pregnancy and parturition re-epithelialization occurred and EYFP positive cells were found interspersed with EYFP
negative cells (arrowheads) in the LE and GE (B, C, E, F). (A, D) Nuclear DAPI staining. (B, E) EYFP expression. (C, F) Merged
images of A and B, and D and E respectively. Color images available online at www .liebertpub.com/scd
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FIG. 3. Amhr2 promoter ac-
tivity in uteri from prepubertal
and adult nulliparous mice.
LacZ expression was abundant
in the myometrium and stroma
of the PND 14 mouse uterus
(A, B). LacZ continued to be
expressed at 25 days (prepu-
bertal) (C, D), 6 weeks of age
(sexually mature; E, F), and in
the adult (6 months) nullipa-
rous mouse (G, H), although
expression became more re-
stricted to the myometrium as
the age of the mouse increased.
There was no LacZ expression
in the epithelium, luminal or
glandular, of uteri from Amhr2-
LacZ mice, regardless of age
(A-H). Uterine cross-sections
from WT control mice at PND
25 (I) and adult (3 months)
nulliparous (J) showed no LacZ
expression. Color images avail-
able online at www liebertpub
.com/scd
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Identifying transitional cells during
endometrial regeneration

The epithelial cell marker, pan-cytokeratin, was used to
identify epithelial-like cells in the endometrium during re-
generation after endometrial breakdown. In the adult nul-
liparous mouse uterus, pan-cytokeratin expression was
restricted to the GE and LE (Fig. 5A). Likewise, at 0h post-
ovex, before removal of P, stimulus and subsequent regen-
eration, pan-cytokeratin was expressed only in the minimal
GE that localizes exclusively to the anti-mesometrial pole
(Fig. 5B). However, pan-cytokeratin was not expressed in the
myometrium or undecidualized stroma in either the me-
sometrial (Fig. 5C) or anti-mesometrial poles (Fig. 5B). Once
endometrial regeneration began, approximately 21% of the
cells in the regenerating stroma expressed pan-cytokeratin at
24 h postovex (Fig. 5H). By 36 and 48h postovex, approxi-
mately 34% and 30% of the cells in the regeneration zone
expressed pan-cytokeratin, respectively (Fig. 5H). In addition
to an increase in pan-cytokeratin positive cells within the
stroma, the location of these cells within the undecidualized /
regenerating stroma changed over the first 48 h after removal
of P,. At 24 h postovex, pan-cytokeratin expressing “stromal”
cells were located at the stromal-myometrial border (Fig. 5D,
dotted line between US and M), whereas at 36 and 48h
postovex, the cells transitioned to the presumptive luminal
surface where re-epithelialization ensued (Fig. 5E, F; dotted
line between DP and US). This occurred primarily in the
mesometrial zone of regeneration. These unique cytokeratin
positive stromal cells do not appear to originate from glands,
given that GE localize to the anti-mesometrial pole.

Due to the unique location of the pan-cytokeratin ex-
pressing cells (i.e., located within the stroma) and since these
cells morphologically resemble stromal cells more so than
epithelial cells, we further characterized these cells using the
stromal cell marker vimentin. Pan-cytokeratin and vimentin
co-localized cells were not present in the endometrium at the
time of ovariectomy (Fig. 6A-C, H). However, co-localiza-
tion began at 24 h and peaked at 48 h postovex with 18.5% of
the total cells in the mesometrial regeneration zone co-
localizing for pan-cytokeratin and vimentin (Fig. 6H). The
co-localized cells were primarily located in the mesometrial
pole in the regeneration zone near the stromal-myometrial
border at 24 h postovex (data not shown) and just adjacent to
the degenerating deciduoma at 36 (data not shown) and 48 h
postovex (Fig. 6D-F, white dotted line). The co-localization

<
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of pan-cytokeratin (green) and vimentin (red) in cells at the
regeneration zone at 48h postovex can clearly be seen at
high magnification (Fig. 6G-J, arrowheads). These data sug-
gest that during endometrial regeneration, cells transition
between mesenchymal and epithelial states and that they
progress from the stromal-myometrial border to the pre-
sumptive luminal interface as a mechanism to facilitate en-
dometrial epithelial repair.

Discussion

Using fate-mapping techniques, we identified the presence
of MDM-derived cells within the glandular and luminal epi-
thelium during endometrial regeneration, suggesting the oc-
currence of MET during this process (Fig. 7). MET appears to
be reserved as a mechanism of re-epithelialization for cases of
extensive endometrial regeneration (e.g., after parturition) but
not for adenogenesis (gland formation) or postnatal expansion
of the epithelium. This is evidenced by the appearance of
EYFP-positive cells in the epithelium only after regeneration
but not in young or peripubertal mice. Huang et al. recently
demonstrated that MET does not occur in nonpregnant fe-
males during the estrous cycle [20]. While cellular transdif-
ferentiation has been suggested to occur in other reproductive
tissues such as the ovary [21,22], our study demonstrates
cellular transdifferentiation in the adult uterus under normal
physiological conditions. Since large continuous regions of
epithelial cells that express EYFP are found in the endome-
trium, it is unlikely that fusion of stromal cells with overlying
epithelial cells is responsible. Thus, however unlikely, further
research is needed to definitively rule out this possibility.

Based on the results of our study, we propose that pre-
natal developmental programming of the uterus remains
intact in the adult uterus as a mechanism of tissue regener-
ation/repair. There is strong developmental precedence for
MET and EMT during the formation of the Miillerian duct
and the subsequent embryonic uterus [23,24]. Two studies
conducted simultaneously employed various lineage tracing
experiments to track the fate of coelomic epithelial cells, and
each concluded that the Miillerian ducts, including mesen-
chymal and epithelial cell types, develop from the coelomic
epithelium via cell proliferation [23,24]. The studies revealed
the mesoepithelial nature of the developing Miillerian duct
cells as indicated by positive staining for both pan-cytoker-
atin and vimentin [23]. Interestingly, as the Miillerian ducts
develop from E12.5 to E13.5, vimentin expression decreases,

FIG. 5. Pan-cytokeratin expression in the regenerating mouse endometrium over time using the menses-like model. In the
adult nulliparous uterus, pan-cytokeratin expression was exclusively localized to LE and GE (A). Likewise, at 0 h postovex
before the initiation of regeneration, pan-cytokeratin expression was restricted to the GE located in the anti-mesometrial pole
(B) of the uterus and to any residual LE located within the decidual plug (DP, data not shown). However, pan-cytokeratin
was not expressed in the undecidualized stroma (US) of the endometrium or the myometrium (M) in the mesometrial (C) or
anti-mesometrial (B) poles. At 24h postovex, pan-cytokeratin began to be expressed (H, ~21%) in the regenerating endo-
metrium, specifically in the US at the stromal-myometrial border (dotted line between US and M) in the mesometrial pole (D).
As time progressed, stromal pan-cytokeratin expression in the mesometrial zone of regeneration peaked at 36 h postovex (H,
~34%) and continued to be expressed at comparable levels at 48h postovex (H, ~30%). The location of pan-cytokeratin
expressing cells moved from the stromal-myometrial border (dotted line between US and M) at 24 h postovex (D), in toward
the presumptive luminal space (dotted line between DP and US) at 36 h (E) and 48 h (F) postovex where the LE will re-form.
Dotted line between DP and US delineates the regenerating endometrium from the degenerating DP. Dotted line between
US and M indicates the stromal-myometrial border. (G) Representative uterine cross-section at 24 h postovex with primary
antibody omitted from immunofluorescence protocol. (H) Pan-cytokeratin (Krt) expression as a percentage of total cells
counted on either side of the presumptive lumen in the mesometrial pole at the indicated times postovex. Different letters
indicate significance at P <0.05. Color images available online at www .liebertpub.com/scd
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FIG. 6. Co-localization of vimentin and pan-cytokeratin in the stroma of regenerating endometrium using the menses-like
model. (A-]) pan-cytokeratin (green; epithelial cell marker) and vimentin (red; stromal cell marker) expression in the re-
generating endometrium at Oh (A-C) and 48h (D-J) postovex. (A-C) Presumptive mesometrial regeneration zone at Oh
postovex (before removal of progesterone stimulus) showed no expression of pan-cytokeratin and subsequently, no co-
localization of pan-cytokeratin and vimentin (L, 0%). At 48 h postovex, low magnification (D-F) showed that the majority of
pan-cytokeratin expressing cells as well as pan-cytokeratin and vimentin co-localized “stromal” cells were located in the
mesometrial pole in the regeneration zone, adjacent to the degenerating DP. At high magnification (G-J), individual cells
located in the regenerating stroma at the border of the presumptive lumen and the degenerating DP (dotted line) were seen
to co-localize for vimentin and pan-cytokeratin (arrowheads, representative co-localized cells) (A, D, G) pan-cytokeratin
expression, (B, E, H) vimentin expression, (C, F, I, J) merged images with DAPI counterstain (blue). (J) Digital magnification
of area inside the dotted square in (I) showing co-localization of pan-cytokeratin and vimentin (arrowheads). Dotted line
demarcates the DP (inside) from the regenerating endometrium (outside). M; myometrium (K) Representative uterine cross-
section at 48 h postovex with primary antibody omitted from immunofluorescence protocol. (L) Percentage of cells counted in
the mesometrial regeneration zone that co-localized for vimentin and pan-cytokeratin at the designated time points. Different
letters indicate significance at P <0.05. Color images available online at www liebertpub.com/scd
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FIG. 7. Working model of
MET during endometrial re-
generation. (A) Pretrauma en-
dometrium. (B) Endometrium
after normal physiological
trauma (i.e., decidualization/ A
parturition) and regeneration.
During regeneration, stromal
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pan-cytokeratin expression is maintained, and E-cadherin,
another epithelial cell marker, begins to be expressed [23].
The change in expression of mesenchymal to epithelial cell
markers is likely indicative of cellular transformation (i.e.,
MET) during Miillerian duct development.

We have likewise shown that during endometrial regener-
ation in the adult, a unique population of pan-cytokeratin ex-
pressing cells exists within the stroma, exclusively localized to
the regeneration zone. These cells appear only during endo-
metrial regeneration. As regeneration progresses from 24 to
48 h postovex, the pan-cytokeratin-positive cells move from the
stromal-myometrial border to the presumptive luminal inter-
face where the LE will re-form. In addition, the pan-cytokeratin
expressing cells present in the stroma do not appear to origi-
nate from GE as evidenced by their lack of physical connection
to glands at any time point during regeneration, and because
the majority of the cells are located in the mesometrial pole that
is devoid of glands in the mouse. On further investigation of
these unique cells, we were able to show that 18.5% of the cells
in the mesometrial regeneration zone at 48h postovex co-
express pan-cytokeratin and vimentin. Co-localization of vi-
mentin and pan-cytokeratin suggests that these cells are in a
mesenchymal-epithelial transitional state and may have origi-
nated by MET. However, it is unknown whether the pan-
cytokeratin and vimentin expressing “stromal” cells derive from
a mesenchymal stem cell pool or whether dedifferentiation-
redifferentiation of mature stromal cells occurs. Due to the
location of the co-localized cells at 24h postovex at the
stromal-myometrial border, we speculate that they origi-
nate from mesenchymal stem cells which are purported to
reside in the same vicinity [25-27]. However, further inves-
tigation is needed to clearly determine the origin of these
cells. Furthermore, additional experiments are needed to de-
termine the contribution of EMT (the counterpart of MET) as
a source of pan-cytokeratin and vimentin co-localized cells.

It is interesting to note that mechanisms coordinating for-
mation of the kidney, which shares developmental origins in
the urogenital ridge with the Miillerian duct, involve MET.
The uteric bud, which branches from the Wolffian duct, con-
tacts the intermediate mesoderm-derived metanephros,
inducing condensation of the mesenchymal cells, which then
undergo MET, ultimately resulting in the formation of an
S-shaped epithelial tube [28]. EMT is known to be causally
related to kidney fibrosis, and the process of MET helps repair
fibrotic kidney in the adult [29,30]. Since developmental pro-
gramming remains intact in the adult kidney to facilitate re-

pair, it is reasoned here that the processes of MET and EMT
also serve as mechanisms of endometrial regeneration after
normal physiological damage that occurs after parturition.
Similar mechanisms may occur after parturition in women, as
well as after menses where cyclical tissue remodeling is more
extensive than in estrous cycling animals such as rodents.

EMT and MET are exploited during the progression of dis-
eases such as cancer [reviewed by: 31,32-34]. Approximately
80% of all cancers are epithelial in origin, and it is thought that
the ability of the tumor to metastasize is accomplished by the
transition of sessile epithelial cells into migratory mesenchymal
cells. Once the tumor reaches the secondary site, the cells un-
dergo MET, allowing the tumor to set up residence in the new
location. MET and EMT could also play a role in endometriosis,
where ectopic endometrial tissue (stroma and epithelium) im-
plants within the peritoneal cavity [35]. A definitive cause of
endometriosis is not known; however, the strongest theory of
pathogenesis is retrograde menstruation (i.e., menstruation
into the abdominal cavity). Based on our data, and due to the
apparent plasticity of uterine mesenchymal cells, we speculate
that MET may be a mechanism of endometriotic lesion for-
mation and maintenance through retrograde menstruation of
endometrial mesenchymal tissue.

Although EMT and MET are known to occur during em-
bryogenesis and are implicated in cancer pathogenesis, our
study provides evidence that these processes occur under
normal physiological circumstances in the adult. However, as
in other tissues, there seems to be multiple mechanisms that
facilitate endometrial regeneration. Our data show mosaic
EYFP epithelial expression after parturition. Theoretically, if
MET were the sole mechanism of re-epithelialization, we
would expect to see complete epithelial expression of EYFP in
our fate mapping studies. However, it should be noted that an
alternate explanation for the mosaic EYFP expression is the
transformation of EYFP-negative stromal cells (i.e., stromal
cells without Amhr2 promoter activity) into epithelial cells,
resulting in EYFP-negative epithelial cells. Furthermore, it is
unclear at this time whether the stromal-derived epithelial
cells are functionally capable of contributing to the establish-
ment of subsequent pregnancies. In other tissues, such as skin,
rapidly formed epithelial tissue has been shown to serve only
a transient role in the repair process, and these cells are
eventually replaced by epithelial cells derived from the bulge
region [36]. Huang et al. suggest that MET-derived epithelial
cells are retained for at least 2 months after endometrial repair
[20]. However, although retained long term, further studies
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are needed to confirm whether the stromal-derived epithelial
cells are capable of contributing to embryo implantation and
proper stromal-epithelial crosstalk.

Several lines of investigation have already established the
differentiation potential of the endometrium. By example,
Wolff et al., recently reported the transdifferentiation of hu-
man endometrial-derived stem-like cells into dopamine
producing neurons [37]. Transplanted dopamine producing
cells were shown to survive in the transplant location as well
as migrate to sites of damage and spontaneously differenti-
ate in vivo [37]. Likewise, endometrial stem cells can be
pushed down a pathway toward insulin production in cul-
ture and transplantation experiments using the modified
insulin producing cells continued to produce insulin in vivo
and regulated blood glucose levels in diabetic mice [38]. In
similar studies, Li et al. [39] and Hida et al. [40] reported
transdifferentiation of human endometrial mesenchymal
stem-like cells into insulin-producing cells and human
menstrual blood-derived mesenchymal cells into cardiac
precursor-like cells, respectively, which, when xeno-
transplanted into diseased mouse models, helped restore
tissue function. These results along with our own demon-
strate the plasticity of endometrial mesenchymal cells, as
well as their potential use in regenerative medicine.

Uterine regeneration, including re-epithelialization, is a
highly dynamic process in which the mechanisms directing
this event are not well understood. Several hypothesized
mechanisms of regeneration have been proposed, and these
include (1) re-epithelialization of the luminal epithelium by
proliferation of residual glandular stumps [2541,42]; (2)
uterine mesenchymal and epithelial stem cells within the en-
dometrium that give rise to lineage differentiating cells; and
(3) endothelial, stromal, and epithelial cells that undergo cel-
lular transdifferentiation to repopulate the endometrium [41].
More recent efforts indicate the existence of highly clonogenic
epithelial and stromal cells obtained from human endome-
trium [43,44] as well as the presence of human endometrial
side population cells that are characteristic of somatic stem
cells [45]. Furthermore, label-retaining techniques have been
used to identify slow-cycling, quiescent epithelial, and stromal
cells in the female reproductive tract as potential stem cells
[26,27,46]. Pericytes in both murine [47] and human [48] en-
dometrium are proposed as a source of mesenchymal stem/
progenitor cells. Several of the aforementioned studies indi-
cate the likelihood that stem/progenitor cells exist at the
stromal-myometrial border. Our data take this theory a step
further by suggesting that stem cells at the stromal-
myometrial border may be the source of mesenchymal-
epithelial transitional cells which help facilitate endometrial
regeneration. These data in combination with our own dem-
onstrate the complexity of uterine regeneration and the like-
lihood that multiple mechanisms play a pertinent role in this
process. Delineating the normal mechanisms of endometrial
regeneration could lead to a better understanding of how
these processes, when gone awry, contribute to hyper- and
hypo-proliferative diseases of the reproductive tract, such as
cancer, endometriosis, and Asherman’s syndrome.
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