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KEYWORDS Abstract The endometrium is the inner mucosal lining of the uterus that undergoes extensive
CD146; cyclic growth, regeneration, differentiation, and shedding throughout the menstrual cycle in
LGR5; response to steroid hormones. It repeatedly undergoes approximately 450 cycles of degener-
OCT-4; ation and regeneration in a woman'’s lifetime. Endometrial abnormalities can be associated
Side population; with repeated embryo implantation failure, recurrent spontaneous abortion, and other phys-
SOX9; iological features responsible for female infertility. This significant regenerative capacity
SSEA-1; may occur as a result of tissue-resident stem cell populations within the endometrium. Indeed,
SUSD2; the existence of endometrial stem cells was only observed in humans and rodents through
Wnt/B-catenin several isolation and characterization methods in the last few years. Although endometrial

stem cells share various biological characteristics with other types of mesenchymal stem cells,
they also show some differences in phenotype, self-renewal, and multilineage differentiation
potential. Extensive studies over many years on endometrial stem cells will provide new in-
sights into the physiology and mechanisms underlying various gynaecological diseases related
to endometrial abnormalities such as female infertility, endometriosis, and endometrial can-
cer. Here we summarized recent studies about cellular origins and biological characteristics
of endometrial stem cells. We also reviewed various recent studies to improve our understand-
ing of their physiological roles. Many preclinical studies on their potential therapeutic applica-
tions to various endometrial diseases that could lead to reproductive dysfunction were also
reviewed.
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Introduction

The endometrium is a unique and dynamic tissue that un-
dergoes regeneration, differentiation, and shedding of the
functional layer under the control of ovarian hormones,
estrogen, and progesterone, during each menstrual
cycle.? The deeper endometrium basalis adjacent to the
myometrium is not shed during menstruation. The func-
tional endometrial layer is cyclically regenerated from this
basalis.> This remarkable regenerative capacity of endo-
metrium is crucial for endometrial receptivity and suc-
cessful embryo implantation. Endometrial abnormality can
increase the risk of repeated implantation failure, sponta-
neous miscarriage, and other pathologies known to cause
female infertility.*>

Tissue-specific resident stem cells have notably been
identified and isolated from various adult tissues such as
stomach, intestine, and liver. They are essential for tissue
regeneration and maintenance following injury.®” Although
mechanisms regulating this remarkable regenerative ca-
pacity remain largely unclear, pluripotent tissue-resident
endometrial stem cell populations in a dormant state are
likely to play an important role.®~'° Several studies have
shown that some patients who have undergone an endo-
metrial ablation could later fully recover the endometrial
functional layer, further supporting the presence of endo-
metrial stem cells."" Padykula et al have later provided the
possibility that tissue-resident stem cells exist within the
uterine endometrium, although their evidence is indi-
rect.'>"3 Since the first two studies revealing the existence
of pluripotent tissue-resident stem cell populations in
human endometrial tissues in 2004 by Chan et al,"*"> many
researchers have extensively investigated biological fea-
tures, characteristics, significant multilineage differentia-
tion potential, and therapeutic capacities of endometrial
stem cells for repairing endometrial injury.'® Currently,
endometrial stem cell abnormalities are thought to be
associated with the development of various uterine dis-
eases such as female infertility, endometriosis, and endo-
metrial cancers.'® Selectively identifying endometrial stem
cells is problematic due to the lack of clearly defined sur-
face markers for investigating their biological features.'” In
addition, standardized isolation procedures and culture
conditions for endometrial stem cells remain unclear.
Further studies are required to optimize their therapeutic
effects for clinical application.®

Currently, the exact origin of endometrial stem cells is
highly controversial. Interestingly, endometrial stem cells
are thought to be originated not only locally from the
deeper endometrium basalis, but also from circulating bone
marrow-derived stem cells.'® Elucidating the exact origin of
endometrial stem cells is a very important research topic
not only for identifying causes of various uterine-related
diseases, but also for using endometrial stem cells for
treating various degenerative diseases. Indeed, endome-
trial stem cells are promising autologous and allogeneic
sources of adult stem cells due to their relatively high dif-
ferentiation capacity (pluripotency), easy accessibility,
abundance (high yield), and ethical (regulatory) aspects. '’
In this context, endometrial stem cells can be applied for
the repair and regeneration of various tissues outside of the

the reproductive organs.?%?" In this review, we summarized
a number of recent studies to increase our knowledge and
understanding of biological features and characteristics of
endometrial stem cells. We also described available infor-
mation about some surface markers to specifically define
endometrial stem cells within uterine tissues and summa-
rized various cell-based therapeutic strategies and several
diseases associated with endometrial stem cells.

Dynamic characteristics of uterine
endometrium

During women’s reproductive lifespan, the uterine endo-
metrium (mucosal lining) repeatedly undergoes about
400—500 uterine menstrual cycles of extensive growth,
differentiation (decidualization), shedding, and regenera-
tion under the precise control of ovarian steroid hormones,
estrogen and progesterone.” Structurally, the endometrium
is a complex tissue consisting of simple columnar epithe-
lium and the endometrial stroma.'” The endometrial
epithelium, which extends tubular endometrial glands into
the stromal area, is composed of glandular epithelia (GE)
and lumina (LE).?? The endometrial stroma is a connective
tissue layer that significantly varies in thickness in response
to steroid hormonal influences. The endometrium can be
divided into two general layers, the functionalis (the upper
layer of the endometrium) and the basalis (adjacent to the
myometrium) known to experience a significant amount of
cell turnover during tissue homeostasis.?**** The functional
layer adjacent to the uterine cavity undergoes dynamic
cyclic changes of growth, decidualization, and shedding
during each menstrual cycle.”® This layer provides an
optimal environment to promote receptivity for implanta-
tion, growth, and development of an embryo. The basal
layer adjacent to the myometrium and below the func-
tional layer is not shed during the menstrual cycle due to its
strong proliferation and repair abilities.®> After the men-
strual phase, the functional layer grows from the remaining
thin basal layer with a thickness of about 0.5 mm to
approximately 8 mm in thickness during the mid-prolifera-
tive phase in response to estrogen.’® The proliferation of
endometrial epithelial cells is significantly increases
(approximately 9-fold) during an early estrous cycle in
mice.?” This remarkable regenerative capacity of endo-
metrium is likely mediated by tissue-resident stem cells
located in the basal layer, which is not shed during the
menstrual cycle’?® (Fig. 1).

Identification of endometrial stem cells

The existence of local pluripotent stem cells within the
endometrial tissue due to its amazing regenerative capacity
was first suggested by Prianishnikov in 1978.%° Since then,
many studies about endometrial stem cells have been re-
ported over the past decade. Clonogenic small human endo-
metrial stem cell populations were identified and
characterized for thefirst time by Chan et alin2004."*"° Using
purified single-cell populations of two endometrial cell types
obtained from women undergoing hysterectomy, they
observed that approximately 0.2% of epithelial cell
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Schematic diagram of the dynamic endometrial tissue and the location of endometrial stem cells. Endometrium

repeatedly undergoes approximately 450 cycles of degeneration and regeneration in ovarian hormones, estrogen and progesterone.
The functional endometrial layer is cyclically regenerated from the basalis, which is not shed during menstruation. This cyclic
regeneration of endometrium may is mediated by tissue-resident endometrial stem cells located in the basal layer.

subpopulations and about 1.2% of stromal cell subpopulations
generatedindividual colonies within 15 days after seeding for
liquid subculture.™ Their in vitro multilineage differentia-
tion capacities into different cell types have also been
assessed. Wolff et al have revealed the existence of pluripo-
tentstromal-like stem cell subpopulationin the endometrium
by inducing chondrogenic differentiation in vitro.*° Purifying
cell subpopulation with the side population (SP) phenotype is
another effective strategy used by many researchers to
identify stem-like cell subpopulation from the endometrial
tissue. These subsets of cells are characterized by elevated
multidrug resistance (MDR)-efflux capability for antimitotic
drugs with high levels of ATP-binding cassette transporter
protein.*! These human endometrial cell subpopulations with
side population phenotype exhibit long-lasting clonogenic
potential as well as multilineage differentiation capacity into
other endometrial cell types, such as stromal, epithelial, and
endothelial cells in vitro.3>*3 Currently, it is known that two
types of local stem cells exist in human endometrial tissues:
epithelial and stromal cell types. Any abnormalities of these
tissue-resident stem cells could be the cause of endometrial
dysfunction that subsequently leads toinfertility.>* However,
identifying and isolating epithelial types of human endome-
trial stem cells are very difficult and challenging due to the
lack of certain morphological features and specific surface
markers that can be used to definitively isolate and charac-
terize them.®> Endometrial epithelial stem cells are
extremely difficult to isolate and culture in vitro for a long
time period due to their limited proliferation and functional
capacityin traditional 2D culture conditions. Therefore, most
of current studies related to endometrial stem cells are
focused on stromal types of endometrial stemcells, whichare
relatively easy to obtain and culture in vitro with traditional
2D culture conditions. For these reasons, most of developed

experimental techniques to analyze various characteristics
and functions of human endometrial stem cells in vitro are
specialized for stromal types of stem cells. In fact, the first
endometrial stem cells isolated and characterized by Chan et
alin 2004 with specific markers for identification also had the
stromal type.'*

The origin of endometrial stem cells
Endogenous origin

The remarkable cyclic regenerative capacity of human
endometrium during each menstrual cycle supports the
hypothesis that endometrial stem cell niche might exist
within a specific area of the endometrial tissue that is
activated during each menstrual cycle in response to ste-
roid hormones without shedding.?®*¢ Like any other
dynamically regenerating tissues, the endometrium con-
tains a small stem cell population with high clonogenic
activity and multilineage differentiation capacity.
Recently, many investigators have made efforts to identify
tissue-resident stem cells in uterine tissues by analyzing
expression patterns of known various adult stem cell
markers such as Stro-1,>” €D90,%” CD133,%” CD146,*® and
SUSD2.% Stromal-type endometrial stem cells are found
around the luminal and glandular epithelia within both
functional and basal endometrial layers, suggesting that
although some stem cell subpopulations located in the
functional layer are shed during a menstrual period, certain
subpopulations located in the basal layer would
remain.*®*° Recently, many researchers have performed
experiments to identify and characterize stromal-like
endogenous stem cells within the endometrium using
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multiple genes such as ectonucleoside triphosphate
diphosphohydrolase-2 (NTPDase2),*' leucine-rich repeat
containing G-protein-coupled receptor 5 (LGR5),** platelet-
derived growth factor receptor beta (PDGFR-f3)/CD146,*
side population (SP),"** and sushi domain-containing-2
(SUSD2)** known to be involved in regulating various bio-
logical features and functions of stem cells in other tissues.
Although some studies have suggested that epithelial-like
endogenous stem cells might have derived from stromal-
like endometrial stem cells,**® they are known to exist
mainly at the base of glands or blood vessels located in the
basal endometrial layer.***® In addition, epithelial endo-
metrial stem cells have been isolated from epithelial SP
fractions generated under hypoxic conditions. They can
express undifferentiated cell markers (OCT-4, GDF3,
DNMT3B, NANOG, and GABR3) and generate vessel-like
tissue structures when transplanted beneath the renal
capsule in NOD-SCID mice.”*® Nguyen et al have also
observed subpopulations of immature N-cadherin*/SSEA-1~
epithelial endometrial stem cells with high clonogenic po-
tential and differentiation capacity at the basal area of
glands adjacent to the myometrium*® (Fig. 2). Schwab et al
have observed that clonogenic activities of human endo-
metrial epithelial and stromal cells are not different be-
tween proliferative and secretory stages of a menstrual
cycle.®® Currently, several growth factors required to
effectively increase colony formation of both endometrial
stem cell types in vitro have been reported. The combi-
nation of epidermal growth factor (EGF), platelet-derived
growth factor-BB (PDGF-BB), and transforming growth fac-
tor alpha (TGF-a) with fibroblast feeder layers strongly
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Figure 2

supports the clonogenicity of epithelial-type endometrial
stem cells in a serum-free condition,’*° suggesting the
significance of epithelial-stromal cell interactions in clo-
nogenic activities of endometrial stem cells. In addition,
EGF, PDGF-BB, and TGF-a with fibroblast growth factor 2
(FGF2)-containing serum-free culture condition is also
required to have an effective colony formation of stromal-
like endometrial stem cells in vitro.'**°

Exogenous origin

Interestingly, it has been suggested that circulating bone
marrow-derived stem cells, albeit a small number of cells,
can be colonized in various tissues.”’ In this context,
although the vast majority of endometrial stem cells are
thought to be endogenously derived from the endometrial
tissue itself, it is quite reasonable to assume that some
subpopulation might be exogenously derived from circu-
lating bone marrow-derived stem cells. Indeed, bone
marrow-derived stem cells have been identified in human
endometrial tissues in many studies. Taylor and colleagues
have detected donor-derived endometrial cells in human
endometrial tissue biopsy samples obtained from all bone
marrow stem cells recipients. These cells accounted for up
to approximate 52% of endometrial stromal cell populations
and 48% of epithelial cell populations, suggesting that bone
marrow-derived stem cells can be an exogenous origin of
endometrial cells.”® Consistently, several other studies
have also observed the existence of bone-marrow derived
cells in human endometrium obtained from patients who
have received an allogeneic bone marrow stem cell

Epithelial-like stem cells

—

OCT4, GDF3,DNMT3B
y NANOG, GABR3
N-cadherin, SSEA-1

Stromal-like stem cells

Stro-1, CD90, CD133
CD146, SUSD2

Schematic diagram of two hypotheses about the endogenous origin of human endometrial stem cells. Stromal-type

endometrial stem cells are found around the luminal and glandular epithelia within both functional and basal endometrial layers.
Stromal-like stem cells are known to express multiple markers such as CD90, CD133, CD146, LGR5, NTPDase2, Stro-1, and SUSD2.
Epithelial-like stem cells are known to exist mainly at the base of glands or blood vessels located in the basal endometrial layer and
express various specific genes such as DNMT3B, GDF3, GABR3, NANOG, N-cadherin, OCT-4, and SSEA-1.
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transplant,®?~>* although the number of cells found is quite
small. Similarly, Mints et al have found that an average 14%
of endometrial endothelial cells within the endometrial
vasculature in a bone marrow transplanted patient are
exogenously originated from donor-derived bone marrow
cells.”? They also detected 6% average of donor-derived
endothelial cells at 40 days after bone marrow cell trans-
plant in samples from female mice.’” However, whether
endometrial tissue regularly recruits bone marrow-derived
stem cells, which can differentiate into various endome-
trial cell types, under normal physiological conditions or
only unregularly occurs under certain disease conditions
such endometrial injury is currently unclear. Moreover, it is
not yet known whether a local endometrial tissue injury can
sufficiently recruit bone marrow-derived stem cells into the
damaged site during the menstrual cycle. Various steroid
hormones and growth factors have been reported to regu-
late the translocation of bone-marrow derived stem cells to
the endometrial tissue. Indeed, enhanced estrogen secre-
tion is known to stimulate the translocation of circulating
endothelial progenitor cells into endometrial blood vessels
during an early menstrual cycle.®® Various pathological
damage stimuli such as inflammation, ischemia, and
reperfusion injury can also stimulate this translocation.’®>’
Similarly, estrogen-induced secretions of CXCL12 and its
receptor CXCR4 from endometrial stromal cells have been
shown to be able to increase migratory capacity of bone
marrow-derived cells in vitro,”® while treatment with
CXCR4 antagonist, ADM3100, can significantly block bone-
marrow derived stem cell recruitment to the injured
endometrium in an Asherman rodent model,” indicating
that the CXCL12/CXCR4 signaling cascade plays a key role in
the chemotactic migration of bone-marrow derived stem
cells to the injured site of the endometrium (Fig. 3). Tal et
al have observed that circulating bone marrow-derived
cells recruited to the endometrium can subsequently
differentiate into stromal decidual cells, which are essen-
tial for embryo implantation. They contribute functionally
to successful pregnancy in a HOXA11-dependent manner.®°
Although multiple biomarkers have been identified to
distinguish bone-marrow derived stem cells, there are
currently no known genes or biological features that could
clearly characterize them from endogenous endometrial
stem cells. At least three different types of stem cells
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Figure 3

(hematopoietic stem cells, mesenchymal stem cells, and
endothelial progenitor cells) exist in adult bone marrow. All
of them are circulating. Although the hypothesis that the
function and shape may differ depending on whether the
cells are derived from bone marrow stem cells or cells that
are endometrium is convincing enough, but such a hy-
pothesis has not been proven so far. Currently, there are no
technical methodology or previous results to distinguish
functional and phenotypic characteristics of endometrial
stem/progenitor cells according to their origin. Although
we do not have enough information on this issue, the hy-
pothesis that the function and morphology of endometrial
stem cells may differ according to their origin is convincing
enough. In addition, when we analyze endometrial stem
cells using recently developed single cell RNA sequencing
technique that can differentially analyze the characteris-
tics of certain cell type according to their specific origin,
we maybe possibly answer these questions in the future.

Characteristics of endometrial stem cells

Endometrial stem cells have similar biological properties to
stromal-like mesenchymal stem cells due to their pheno-
types, self-renewing capacity, transdifferentiation poten-
tial, and expression patterns of various cell surface
antigens.®" Almost all currently available information about
characteristics of endometrial stem cells is predominantly
obtained from studies on stromal-like endometrial stem cell
subpopulations. Although intensive investigations into bio-
logical features of endometrial stem cells have been carried
out by a number of researchers, their specific surface bio-
markers have not yet been completely characterized.?’
Currently, studies on biomarkers of endometrial stem cells
have been focused on certain genes known to be associated
with some critical functions of other stem cell types, such as
self-renewal capacity, pluripotency, and multilineage dif-
ferentiation potential (summarized in Fig. 4). Although
endometrial stem cell specific cell surface marker may
exclusively distinguish them from other adult stem cells
obtained from other tissues such as adipose tissue, umbilical
cord blood, or bone marrow, endometrial stem cell specific
markers are currently not available. Unfortunately, none of
genes or signaling pathways described as endometrial stem

Blood circulation

Endometrium

Translocation

Schematic diagram of two hypotheses about the exogenous origin (bone marrow-derived stem cells) of human endo-

metrial stem cells. Enhanced estrogen secretion is known to stimulate the translocation of circulating endothelial progenitor cells
into endometrial blood vessels through CXCL12/CXCR4 signaling cascade.
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Schematic diagram of the characteristics of endometrial stem cells. Current studies on biomarkers of endometrial stem

cells have been focused on certain genes known to be associated with some critical functions of other stem cell types, such as self-
renewal capacity, pluripotency, and multilineage differentiation potential.

cell markers are exclusively specific to endometrial tissue
and there is significant overlap with other somatic stem cell
types and even with various types of cancer stem cells. In
addition, it is not clear how many of the cell surface markers
and/or signaling pathways associated with fully differenti-
ated endometrial cells are also present on their corre-
sponding stem cells. For this reason, there is need to find
more specific marker or combination of markers to better
isolate specific endometrial stem cells from various hetero-
geneous differentiated tissue constituting cells. We
reasoned that a clue to identify potential endometrial stem
cell-specific markers can be obtained by extensively inves-
tigating certain genes or signaling pathways that are signif-
icantly reduced or completely disappeared during their
differentiation or cellular aging using large-scale genetic
analysis.

140b/CD146 co-expression

140b is a common surface antigen for pericytes and peri-
cyte-like cell subpopulations®? and CD146 is an endothelial
and perivascular cell marker originally used to identify and
isolate mesenchymal stem cells in bone marrow and dental
pulp.®® Crisan et al have used the combination of these
surface antigens to identify multipotent stem/progenitor
cells in various human tissues.*” This combination can
specifically identify the perivascular location of tissue-
resident stem cells exhibiting multilineage differentiation
capacity in multiple organs.>®“° Schwab et al have found
that a small population of MSC-like cells co-expressing
these two perivascular cell markers are located perivasc-
ularly in human endometrium with stromal cell like phe-
notypes and that these cells exhibit multilineage

differentiation capacities into adipocytes, osteoblasts,
and chondrocytes.*® In addition, double positive cell
populations of these phenotypic surface markers located
near blood vessels exhibit significantly more increased
colony-forming capabilities than double negative cell
populations.>3®

N-cadherin

To identify endometrial stem/progenitor cell-specific
markers, Nguyen et al compared large scale gene profiling
of isolated human endometrial cells from pre-menopausal
endometrial tissues and post-menopausal tissues. N-cad-
herin is a member of the transmembrane-spanning adhesion
molecule family which extracellularly mediate calcium-
dependent cell—cell adhesion.®* Of the various cell surface
molecules changed in post-menopausal endometrial cells,
they observed that cell adhesion molecule N-cadherin
expression was the most consistently increased.*® Indeed,
N-cadherin-positive endometrial cell subpopulations were
more clonogenic than the corresponding negative sub-
populations, showed greater proliferative capacity and
more population doubling levels (PDLs) by serial in vitro
passaging.‘® Before, N-cadherin expression is known to be
significantly correlated with metastasis and progression of
endometrioid adenocarcinoma.®® In addition, Poncelet et al
also revealed that infertile females with hydrosalpinx
showed markedly reduced N-cadherin expression levels in
their endometrial tissues compared with healthy control
samples.®® Similarly, Liu et al also observed that enhanced
expressions of N-cadherin may stimulate the trans-
differentiation capacity of endometrial stem cells into
glial-like neural cells.®’
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Musashi-1

The RNA-binding protein Musashi-1 is highly expressed in
neural stem/progenitor cells and regulates their various
pluripotency-associated functions.®® The number of Musa-
shi-1-positive cells was significantly increased (four-fold) in
proliferative endometrium compared to secretory endo-
metrium.®® In addition, Musashi-1 positive cells were mainly
located in the stroma region of normal endometrium and
the number of Musashi-1 positive cells decreased signifi-
cantly with increasing gestational age in fetal endome-
trium.”® Chen et al found that the expression levels of
Musashi-1 were significantly higher in endometrial epithe-
lial cells during proliferative phase than the secretory
phase of menstrual cycle.”" Consistently, Straup et al
observed that Musashi-1/2-double-knockdown significantly
increased apoptotic cell death and necrosis as well as
markedly reduced expressions of various pluripotency-
associated genes, self-renewal capacity, and sphere form-
ing ability in both immortalized and primary endometriotic
stroma cells.”?

LGR5

Leucine-rich repeat containing G-protein-coupled receptor-
5 (LGR5, also known as Gpr49) belongs to a family of glyco-
protein hormone receptors. It is highly expressed and plays
an essential role in multiple types of stem cells, such as hair
follicles, small intestine, and stomach by regulating Wnt/ -
catenin signaling pathways.”> ’® Lineage tracing experi-
ments have revealed that Lgr5 positive subpopulations
mainly consist multipotent stem cells that can differentiate
into all cell types in intestinal and colonic epithelia.”® In
addition, LGR5 is highly expressed in the female reproductive
tract during development. LGR5 positive subpopulations
within rodent ovary and the oviduct display long-term stem
cell properties ex vivo and in vivo.””>’® LGRS is also highly
expressed in the endometrial epithelium of immature (pre-
pubertal) mouse and in adult endometrial tissues when ste-
roid hormones are deprived.*> However, its expression in
endometrium is significantly enhanced in response to ovari-
ectomy but reduced by exogenous administration of steroid
hormones estrogen and progesterone.“? Seishima et al have
also observed that LGR5 is widely expressed in the miillerian
duct duringembryonic development and that its expression is
enriched in postnatal endometrial glands.”” They also
showed that Lgr5 positive endometrial cells were Wnt/B-
catenin signaling dependent stem cells that could differen-
tiate into various cell types of endometrial glandular
epithelium.”? Xu et al have observed that LGRS is highly
expressed in the perivascular area of the endometrial stro-
mal region where CD140b/CD146 double positive cells are
present.® They also found that both mRNA and protein levels
of LGR5 were higher in endometrial stem cells than in
unfractionated stromal cells.®’

OCT-4
OCT-4 (also known as Oct-3), an undifferentiated pheno-

type associated antigen, is a homeodomain transcription
factor of the Pit-Oct-Unc (POU) family involved in early

embryonic development and various cell differentiation.®’
Previous studies have revealed that Oct-4 can regulate the
self-renewal ability and pluripotency of pluripotent stem
cells®? and that it is extensively expressed in embryos at
early developmental stages (germ cells®* and embryonic
stem cells®) and germ cell tumors.®> At maturity, it is
almost exclusively expressed in pluripotent stem cells.
Reduced expression of OCT-4 is clearly associated with loss
of multilineage differentiation potential of these cells as a
master switch during differentiation.®® OCT-4 double-
knockout can cause early embryonic lethality in mice due
to absence of an inner cell mass of blastocyst.®? Their
decreased expression can lead to growth arrest of embry-
onic stem cells by inhibiting cell-cycle progression in GO/G1
stage.®” Matthai et al have immunohistochemically detec-
ted OCT-4 expression mainly in the human endometrial
stromal cells from 42% of healthy women and 44% of fibroids
uterine or endometriosis patients, although its expression
levels are different among samples.®® Salama et al could
not find any correlation between the degree of endome-
triosis and the expression level of OCT-4 in endometrial
stem cells.®? Contrary, Shariati et al have observed that
mRNA levels of OCT-4 are significantly increased in ectopic
endometrial lesions than in normal endometrial tissues.*
Although many investigations have been conducted, the
correlation between OCT-4 and endometrial stem cells has
not been fully established yet.

Side population (SP)

Side population analysis has been widely used to distinguish
undifferentiated stem cell subpopulations from more
differentiated cells based on DNA-binding fluorescent dyes
(such as Hoechst 33342) efflux properties.®’*"> Goodell et al
have discovered an SP positive fraction with phenotypic
markers of multipotential HSCs having a long-term recon-
stitution capacity in recipient mice.”>°* These sub-
populations can also effectively protect mice from lethal
irradiation at low cell doses. They can be categorized into
two distinct lineages: myeloid and lymphoid. Kato et al
have found SP positive fraction among normal human
endometrial cells for the first time. The SP endometrial cell
proportion varies widely (0.00—5.11%).3? Most SP cells
exhibiting stem cell-like phenotypes show long-term repo-
pulating properties. They could differentiate into gland
(CD9™) and stroma (CD13%)-like cells.?? Similarly, SP posi-
tive endometrial cell fractions, but not non-SP, exhibit
adipogenic and osteogenic differentiation capacities in
vitro with reconstruction potential of human endometrial-
like tissue in vivo.'

SOX9

Transcription factor SOX9 is known as a marker of stem/
progenitor activity in other tissues and a primary down-
stream target of Wnt/B-catenin signaling pathway. It is best
known for its ability to regulate chondrocyte lineage
commitment’” and in development of neural crest,”® male
gonads,’® and spinal cord.®” Saegusa et al have found that
SOX9 expression significantly increased in a stepwise trend
according to the grade of endometrial carcinomas.’® They
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also observed that its expression in normal endometrial
tissue was remarkably higher in the proliferative phase than
in the secretory phase during a menstrual cycle.®® SOX9 has
been detected in the basal endometrial layer, with women
having endometriosis showing an increased number of
SOX9/SSEA-1 double positive cells in the functional endo-
metrial layer during the secretory stage of the menstrual
cycle.” After purification, these double positive cells can
differentiate into large endometriotic lesion-like tissues,
suggesting they contribute to ectopic endometriotic lesion
formation.”’

SSEA-1

SSEA-1 (stage specific embryonic antigen 1), a cell surface
antigen defined as Lewis X carbohydrate structure, is highly
expressed during early development,'® embryonic stem
cells,’®" and teratocarcinoma stem cells.'® This antigen is
a useful marker for identifying undifferentiated embryonic
stem cells as its expression is gradually decreased during
stem cell differentiation.'® Valentijn et al have isolated
SSEA-1 positive endometrial epithelial cell subpopulations
from the basal endometrial layer.*” SSEA-1 positive endo-
metrial cells exhibit significantly enhanced telomerase ac-
tivity, longer telomere lengths, and a less-differentiated
phenotype.?”’ These cells also generate a significantly
greater number of gland-like spheres in 3D culture than
SSEA-1 negative epithelial cells, which predominate in the
endometrial functional layer.*” More recent work has
described that some SSEA1/LGR5 double positive endome-
trial cells are also present in the luminal epithelium.'®
Thus, the location of SSEA1 positive cells is not strictly
limited to the endometrial basal layer.

SUsSD2

Masuda et al have found that Sushi Domain-containing 2
(SUSD2, also known as W5C5) is a novel biomarker to identify
endometrial stem cells. SUSD2 positive subpopulations
comprise approximately 4% of total endometrial stromal
cells. They are mainly localized in perivascular regions in
both functional and basal endometrial layers.>’ The self-
renewal capacity of SUSD2 positive populations is signifi-
cantly higher than that of SUSD2 negative cells. SUSD2 posi-
tive cells also have multilineage differentiation potential
into other cell types such as adipocytes, chondrocytes,
endothelial cells, myocytes, and osteocytes.?>’ They have
also revealed that transplanted SUSD2 positive endometrial
cells can reconstitute endometrial stromal tissue in vivo.*’
Murakami et al have isolated SUSD2 positive and SUSD2
negative subpopulations from mid-luteal endometrial bi-
opsies and then investigated the abundance and clonogenic
efficiency of these two cell populations in relation to Body
Mass Index. They observed that the clonogenic efficiency of
SUSD2 positive populations was significantly lower in obese
subjects than in subjects with normal Body Mass Index."”

Notch signaling

The family of Notch proteins are ligand-dependent single-
pass transmembrane receptors that play a key roles in many

diverse stem cell functions and their fate decisions.'%'%

Ables et al observed that significantly fewer neural stem cells
and resulted in generation of fewer granule neurons in
Notch1 knockdown mice, suggesting the importance roles of
Notch1 in maintaining a reservoir of undifferentiated neural
stem and progenitor cells.'”” Aberrant activation of Notch1
signaling in the endometrium results in complete infertility
as a consequence of various endometrium associated
developmental and physiological abnormalities, such as the
significantly reduced endometrial glands and dysregulation
of steroid hormone signaling.'®® Notch signaling activities
were significantly reduced in endometrial stromal cells iso-
lated from the patients with endometriosis, which was
closely related to the impaired decidualization.’® The
expression levels of Notchiwere significantly higher in
endometrial tissues during proliferative phase than the
secretory phase of menstrual cycle.''%""" Spitzer et al found
that Notch signaling activities were significantly increased in
endometrial stem cells compared with differentiated stro-
mal fibroblasts."'? Zhang et al also observed that hypoxic
microenvironment during endometrial breakdown and early
regeneration activated Notch signaling in endometrial stem
cells, leading to markedly increased their self-renewal ca-
pacities."’® Notch-1 expression levels in the luminal epithe-
lium was significantly higher in eutopic endometrium of
endometriosis patients,’' suggesting the endometrial stem
cell hypothesis of endometriosis development.

Wnt/B-catenin signaling

Wnt/B-catenin signaling pathways are widely known to be
associated with the regulation of self-renewal capacity and
multilineage differentiation potential in multiple types of
stem cells."”™""® Indeed, exogenous Wnt ligand Wnt3a
exposure significantly increased the self-renewal ability and
suppressed apoptotic cell death, but inhibited osteogenic
differentiation of mesenchymalstemcells.""”” Wnt/p-catenin
signaling associated genes (Wnt genesand Fzd receptors) play
key roles in endometrial development in response to ovarian
steroid hormones. They are also involved in endometrial
decidualization and subsequent embryo implantation.''®
Kiewisz et al have found that WNT4 is expressed in the basal
lamina and glandular/luminal epithelium of porcine endo-
metrial tissues.'® WNT5A is only expressed in the luminal
epithelium. WNT7A and B-catenin are also expressed in the
glandular and luminal epithelium in response to steroid hor-
mones during the periimplantation period.""® Nguyen et al
have observed differential expression patterns of Wnt/pB-
catenin-associated genes (axin-related protein 2 and B-cat-
enin) between pre- and postmenopausal endometrial cells in
both basal and functional layers, '?° suggesting that putative
endometrial stem cells may reside in the basal layer of pre-
menopausal endometrium and that this signaling pathway is
involved in the regulation of these stem cells. Bukowska et al
have found that activation of the Wnt/B-catenin signaling is
significantly reduced by GSK-3 inhibitor, whereas inhibition of
the signaling with XAV939 can enhance levels of various stem
cell markers such as CD29, CD73, CD90, and CD105 in endo-
metrial stromalcells.'?' They also revealed that Wnt pathway
activator BIO could significantly elevate the clonogenicity of
endometrial stromal cells. "'
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Endometrial stem cell associated diseases

Since various aspects of gynaecological pathology are
closely associated with abnormal growth of endometrial
cells, it is fairly reasonable to postulate that tissue-resident
endometrial stem cells may play a regulatory role in the
development of gynaecological diseases such as infertility,
endometriosis, and endometrial cancer.'?%123

Infertility

Recurrent implantation failure (RIF) is defined by preg-
nancy failure after repeated embryo transfers. Approxi-
mately 10% of women undergoing in vitro fertilization (IVF)
treatment often experience RIF due to poor endometrial
receptivity.'?* Although a number of causes for RIF have
been suggested, the precise reason has not been clearly
elucidated for most patients.'” Various uterine factors
associated with endometrial maturation or receptivity
might be causes of RIF. Although adequate thickness of the
endometrium for a successful pregnancy remains contro-
versial, thin endometrium is one of important causing fac-
tors associated with uterine receptivity and subsequent
poor reproductive outcome following assisted reproductive
technology cycles in which the endometrial functional layer
cannot proliferate to be more than 5 mm in thickness.'%¢
Homeobox gene Hoxa 11 homozygous female mutants
showing endometrial stem cell dysfunction'?” are infertile
due to a defective uterine environment. They have an
abnormal decidualization of stromal cells. In addition, they
lack uterine glandular epithelium, leading to subsequent
embryo implantation failure.'”® Tewary et al have also
observed that reduced number of clonogenic endometrial
cell populations at baseline can be associated with the
relative severity of RIF."” Recurrent pregnancy loss (RPL),
also referred to as recurrent miscarriage, occurs in up to 3%
of reproductive-aged women. It is typically defined as at
least two or more consecutive pregnancy losses (mis-
carriages) before 22 weeks of gestational age.’*° RPL is an
important reproductive health issue because it affects
approximately 1%—2% of couples, although the reproduc-
tive health issue of almost half of patients remains unex-
plained.”® Lucas et al have reported that human
endometrial stromal cells derived from RPL patients exhibit
reduced levels of CpH (H = A/C/T) methylation which is a
hallmark of cellular multipotency and one of key features
of pluripotent stem cells, such as induced pluripotent stem
cells and embryonic stem cells and'*' and decreased clo-
nogenic capacity of endometrial stem cells,’*? suggesting
that RPL might be closely related to deficiency in clono-
genic endometrial cell populations. Similarly, Murakami et
al have reported significantly reduced W5C5" endometrial
stem cell subpopulation in patients with obesity who are
known to have a high risk for reproductive outcomes,'>?
indicating that RPL can be caused by endometrial stem cell
dysfunction or deficiency.

Endometriosis

Endometriosis is a common inflammatory disease affecting
women of reproductive age. It is characterized by the

presence of normal uterine endometrial tissue outside the
uterine cavity.’** It is commonly associated with inter-
menstrual bleeding, painful periods, and infertility.'’
Endometriosis affects roughly 10%—15% of all women of
reproductive age.’*® It can affect as high as 35%—50% of
patients with pelvic pain or infertility.’** Although the
definitive cause for endometriosis remains unknown,
currently several hypotheses to explain its cause have been
proposed and tested. The retrograde menstruation theory,
one of widely accepted mechanisms describing how endo-
metriosis develops, suggests that menstrual endometrial
fragments are sloughed via patent fallopian tubes into the
peritoneal cavity during a normal menstrual cycle.'*
Nisolle et al have revealed that stromal and glandular cells
derived from human menstrual endometrial samples have
two distinct functions in the development of endometriosis.
Stromal cells are mainly involved in the attachment of
endometrial fragments. Glandular epithelial cells are
mainly involved in their proliferation in the peritoneal
cavity.”” Leyendecker et al have also suggested that
endometriotic lesions are likely to be derived from shed-
ding endometrial cells or tissue fragments with stem cell
properties. Thus, they could reconstitute tissues within the
peritoneal cavity in response to steroid hormones.'®
Interestingly, growing evidence have shown that menstrual
endometrial fragments-derived stem/progenitor cells are
involved in the development of endometriosis.®%% 3% 140
Kao et al have demonstrated the presence of endometrial
stem cells, which can form new blood vessels and invade
surrounding tissue, including eutopic and ectopic endome-
trial tissues. They also compared their characteristics.'*
Similarly, Gotte has observed an increased expression of
adult stem cell marker Musashi-1 controlling maintenance
and fate of stem cells in endometriotic tissues with an
enhanced expression in proliferative endometrium.®’
Schiiring et al have found that expression levels of stem cell
markers Notch-1 and Numb are significantly increased in
endometrial tissues derived from endometriosis patients
than in corresponding tissues of healthy women.""* These
results suggest a possible direct involvement of endome-
trial stem cells in endometriosis lesion formation in the
peritoneal cavity. However, reflux of endometrial tissue
through the fallopian tubes during the menstrual cycle is a
common phenomenon. Currently, certain factors or genetic
defects that can trigger endometrial stem cells to develop
endometriotic lesion within the pelvis have not been fully
elucidated yet.

Endometrial cancer

Since stem-like cell subpopulations were first identified in
leukemia by Lapidot and colleague in 1994,'*" a number of
investigators have proposed the existence of cancer stem
cells (CSCs) in multiple types of solid tumors, such as
stomach,'#? breast,'** brain,'** and colon'* cancers. CSCs
are functionally defined as a small subset of cancer cells
with self-renewal ability, tumor-initiating potential, and
ability to give rise to more differentiated cancer cells
within the bulk tumor.’®" It has been reported that
levels of ABC multidrug resistance transporters are
remarkably enhanced in many different types of CSCs.
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Thus, they can efficiently pump out intracellular chemo-
therapeutic drugs or their metabolites. In addition, CSCs,
like normal stem cells, reside in a largely dormant state
regarding cell-cycle activity, allowing them become resis-
tant to cytotoxic radiation and chemotherapy that target
rapidly proliferating cells.'*® Several studies have reported
the existence of CSCs in endometrial cancers. Gorai et al
have reported that precursor (stem) colony-initiating cells
can give rise both to mesenchymal and epithelial compo-
nents during the development of endometrial carcinosar-
coma.’*’ Friel et al have revealed that the proliferation of
side population (SP) fraction cells isolated from two human
endometrial cancers is significantly slower than the non-SP
fraction with enhanced resistance to chemotherapeutic
agent paclitaxel.”™® Cell cycle analysis showed that the
ratio of GO/G1 phase of the cell cycle in these SP cells was
higher than that in the non-SP fraction.*® Similarly, Hub-
bard et al have observed a small population of clonogenic
cells derived from 25 endometrial carcinoma samples with
high self-renewing ability, differentiation potential, and
tumorigenicity, suggesting the existence of endometrial
CSC populations.'' Rutella et al have purified CD133 posi-
tive subpopulations, ranging from 1.3% to 62.6%, from pri-
mary endometrial adenocarcinomas with high resistance to
chemotherapeutic agents paclitaxel and cisplatin. These
CD133-expressing cells also exhibit stem cell features such
as self-renewing capacity and differentiation potential. The
can properly recapitulate bulk tumors when they are
transplanted into immunodeficient (NOD/SCID) mice.">?
Aldehyde dehydrogenase 1 (ALDH1)-expressing cells from
endometrioid adenocarcinoma are more tumorigenic,
resistant to cytotoxic chemotherapeutic drugs, and more
invasive than ALDH1-negative cells, suggesting that ALDH1
can serve as a potential marker for endometrial cancer-
initiating cells (CIC)."?

Application of endometrial stem cells

Cardiac tissue regeneration

The regenerative capacity of endometrial stem cells for
cardiac muscle regeneration was first applied to an animal
model of Duchenne muscular dystrophy (DMD), the most
common lethal genetic disorder in children, whereby
menstrual blood—derived endometrial stem cells that were
transplanted into immunodeficient DMD mice and subse-
quently contributed to muscle repair process by restoring
sarcolemmal expression of dystrophin.’>* Endometrial stem
cells from human menstrual blood also can be used as an
easily accessible cellular source to repair damaged heart
tissue. Hida et al have engrafted three-dimensional endo-
metrial stem cell sheet manipulation into the region of
heart infarct.”™” Transplanted endometrial cells differen-
tiated into troponin and a«-actinin expressing cardiac mus-
cle cells and significantly decreased the myocardial
infarction (MI) area and subsequently restored impaired
cardiac function.”™ Human endometrium stem cells,
compared to human bone marrow MSCs, can significantly
restore cardiac functions, decrease infarct size, and in-
crease survival rates after myocardial ischemic injury by
stimulating angiogenesis and cardiomyocyte metabolic

activity.’®® Jiang et al have shown that endometrial stem
cell transplantation into the peri-infarct zone of myocardial
infarction animals can significantly stimulate endogenous
regeneration within the area of ischaemia and improve
myocardial function by secreting various cytokines known
to activate survival pathways and recruit endogenous c-
kit * progenitor cells.”®” All these studies suggest that
endometrial stem cells with multilineage differentiation
potential and angiogenic capacity are excellent cell sources
for the regeneration of damaged cardiac muscles.

Endometrial regeneration

Since endometrial stem cells are derived from a dramati-
cally regenerating uterine tissue in response to steroid
hormones during each menstrual cycle,’®"> they have
remarkable multilineage differentiation capacity. Thus,
they are considered as excellent candidates for tissue
repair regeneration. Currently, endometrial stem cells have
been used in many pre-clinical and small animal studies
within a short period of time. Yin et al have isolated
SM220."-derived CD34"/KLF4" endometrial stem cells from
mice uterine tissues and subsequently activated their
regeneration capacities by deleting SENP1 expression. '’
When these cells were transplanted into the injured
endometrial epithelium, they subsequently accelerated
endometrial repair with increased cell proliferation and
reduced apoptosis by enhancing SENP1-mediated ERa
transcriptional activity.'®® Injured endometrial epithelium
can be significantly regenerated by transplanting bipotent
uterine epithelial stem cells that reside in the intersection
region between glandular and luminal epithelium.?” Zhang
et al have observed that transplantation of menstrual
blood-derived endometrial stem cells can remarkably
accelerate regeneration of injured endometrial tissue by
increasing angiogenesis and endometrial functional layer
thickness through AKT and ERK signaling pathways.'®
Moreover, reduced pregnancy rates of mice with injured
endometrial tissue can be restored by endometrial stem
cell transplantation with a higher conception rate.'®
Endometrial stem cells can be used for tissue engineering
with various natural polymers to repair damaged tissues.
Indeed, Park et al have recently developed a 3D stem cell-
laden artificial endometrial tissue by incorporating various
endometrial cell types including endometrial stem cells and
several biodegradable natural polymers (collagen and hy-
aluronic acid).'®' Severe tissue injuries of endometrial
ablation mice have been remarkably relieved by trans-
planting this 3D artificial endometrial tissue.'®’

Injured skin regeneration

Recent evidence suggests that endometrial stem cells with
high tissue regeneration potential might also be applicable
to skin wound repair. Eremichev et al have found that
endometrial stromal cells undergo transdifferentiation into
myofibroblasts'®? known to be primary extracellular matrix
(ECM)-secreting cells, thus providing mechanical support
during wound healing.'®® Tavakoli et al firstly revealed ev-
idence about differentiation potential of endometrial stem
cells showing high clonogenic ability into keratinocyte and
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epidermal lineage by evaluating specific markers such as
K14, p63, and involucrin.'®* Compared to normal keratino-
cytes from skin tissue samples, differentiated keratinocytes
from endometrial stem cells exhibited typical polygonal
shape and expressed various keratinocyte specific genes. '
Similarly, Fard et al have successfully differentiated men-
strual blood-derived endometrial stem cells into keratino-
cytes expressing various keratinocytes specific markers in
the presence of human foreskin on bilayer amniotic mem-
brane/nano-fibrous fibroin scaffold.'® These studies raised
the possibility of endometrial stem cell application for
treating skin defects. Indeed, Cuenca et al have observed
that endometrial stem cells exhibiting immunomodulatory
properties express various wound repair-associated genes
such as ANGPT1, ELN MMP3/10, PDGFA, and PDGFB.'®®
Locally applied cells also show remarkably enhanced wound
repair efficiency as well as increased neovascularization
activity in a wound splinting animal model.'®® Recently,
Domnina et al have revealed that transplantation of endo-
metrial stem cell spheroids produced in serum-free media
significantly can enhance wound repair efficiency in a rat
wound model by secreting various angiogenic and anti-in-
flammatory factors compared to monolayer -cultured
endometrial stem cells."®”

Liver tissue regeneration

Khademi et al have differentiated endometrial stem cells
into functional hepatocyte-like cells in vitro'®® and then
integrated these cells on an electrospun polyethersulfone
(PES) nanofibrous scaffold.’®® Yang et al have also devel-
oped a multiple-step differentiation protocol of human
endometrial stem cells into functional hepatic-like cells in
vitro by combining various growth factors such as hepato-
cyte growth factor, fibroblast growth factor-4, oncostatin
M, and trichostatin A."”° These studies raised the possibility
of endometrial stem cell application for treating liver dis-
orders. Indeed, transplanted endometrial stem cells
remarkably attenuated CCls-induced liver damage, inhib-
iting neutrophil infiltration in the liver and reducing pro-
inflammatory cytokines (IL-1B, IL-6, and TNF-a) levels."”
They also significantly suppressed CCls-induced enhance-
ment of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) activities in the serum.'”" In addi-
tion, the percentage of CD4"CD25"FOXP3™ regulatory T
cells in spleen was significantly increased by endometrial
stem cells transplantation."”" Kazerooni et al have also
differentiated endometrial stem cells into hepatocyte-like
cells and then administrated them to CCls-induced acute
liver failure animal models. Several biochemical markers of
liver injury (AST, ALT, total bilirubin), pathological changes,
and subsequent survival rates were significantly relieved by
endometrial stem cell transplantation.'’? Human menstrual
blood-derived stem cells can also ameliorate liver fibrosis
by inhibiting collagen deposition and hepatic stellate cells
activity."”> These protective effects might be due to the
secretion of various antifibrotic cytokines such as growth-
related oncogene, hepatocyte growth factor, interleukin-6,
interleukin-8, monocyte chemoattractant protein-1, and
osteoprotegerin.’”?

Lung tissue regeneration

Once injected, endometrial stem cells can be successfully
incorporated into damaged regions of lungs. These cells can
subsequently ameliorate inflammation (IL-1B and IL-10) in
bronchoalveolar lavage fluid and lipopolysaccharide (LPS)-
induced acute lung injury.”* Menstrual blood-derived
endometrial stem cells can also effectively ameliorate LPS-
induced acute lung injury model by secreting anti-inflam-
matory cytokines (interleukin-10 and keratinocyte growth
factor).'”®> Zhao et al have also observed that menstrual
blood-derived endometrial stem cells can significantly
attenuate various pulmonary fibrosis symptoms such as
collagen deposition, fibrous tissue changes, inflammatory
response (IL-1B, TNF-a, TGF-$, and IL-10), and extracellular
matrix remodeling by suppressing pro-apoptotic protein
Bax, while increasing anti-fibrosis genes HGF and MMP-9
and anti-apoptotic protein Bcl-2."7° In addition, exosomal
miRNAs, particularly Let-7, from menstrual blood-derived
endometrial stem cells can significantly alleviate alveolar
epithelial cell damage by reducing cellular reactive oxygen
species (ROS) and mitochondrial DNA damage in bleomycin-
(BLM-) induced animal model of pulmonary fibrosis.'””
These results suggest that endometrial stem cells might be
a promising alternative for treating acute lung injuries.

Neuroprotective potential

Mobarakeh et al have revealed that endometrial stem cells
have neural differentiation capacity in vitro in response to
various signaling molecules such as bFGF, PDGF, and EGF.
Their neural differentiation is characterized by neuron-like
morphology and expression patterns of multiple neural
lineage specific genes (Nestin, GABA, NF-L, B3-tub, and
MAP2)."78 Borlongan et al have also observed expression of
neuronal differentiation markers (Nestin and MAP2) of
endometrial stem cells under appropriate conditioned
media."””® They successfully ameliorated neurotoxicant-
induced cytotoxicity in primary rat neurons by secreting
various neuroprotective factors such as VEGF, BDNF, and
NT-3."7° Mohamadi et al have demonstrated that endome-
trial stem cells seeded in an electrospun poly/collagen/
NBG conduits fabricated by electrospinning have thera-
peutic effects by improving nerve regeneration after a
nerve transaction with growth of new blood vessels in a
nerve transaction animal model.'® Conditioned medium of
human menstrual blood-derived endometrial stem cells can
alleviate neurotoxicant-induced inflammatory genes
involved in Parkinson’s disease such as COX-2, IL-1B, IL-6,
iNOS, and TNF-a. in vitro."®" This conditioned medium can
also promote neuronal survival by reducing cell apoptosis
and ROS generation.'®' Liu et al have observed that men-
strual blood-derived endometrial stem cells can highly ex-
press neurotrophic-associated genes such as BDNF, NGF,
NT3, and NT4 with differentiation capacity into glial cells
under conventional differentiation conditions.®” Intracere-
bral transplantation of endometrial stem cells can signifi-
cantly enhance spatial learning and memory of Alzheimer’s
disease animals by increasing the expression of several AB
degrading enzymes expression and reducing proin-
flammatory cytokines. '8
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Restoration of ovarian function

Lai et al have found that transplantation of human endo-
metrial mesenchymal stem cells from menstrual blood can
restore ovarian function by reducing depletion of the
germline stem cell pool and cyclicity of chemotherapy-
induced infertile mice with premature ovarian failure.'®
They also observed that administrated endometrial stem
cells could properly infiltrate into chemically-injured
ovarian tissue and subsequently differentiate into steroid
hormone secreting granulosa cells.'®® In addition, admin-
istration of green fluorescent protein (GFP)-labeled endo-
metrial stem cells could significantly increase numbers of
primordial follicles and ovulated oocytes and serum levels
of anti-Miillerian hormone.'® They also observed increases
of pregnancy rate and number of delivered pups in mice
treated with endometrial stem cells (38.5%) compared to
PBS-treated mice (7.7%).'®* However, none of these mice
delivered pups or oocytes showing incorporated GFP-
labeled cells, indicating that there was no infiltration of
endometrial stem cells to the germline stem cell pool.
Similarly, transplantation of endometrial stem cells can
significantly restore ovarian functions (number of follicles,
serum sex hormone levels) with premature ovarian failure
by secreting FGF2 and decreasing ovarian granulosa cell
apoptosis.'®> That study also revealed that GFP-labeled
endometrial stem cells were located in the ovarian inter-
stitium but not in follicles to repair damaged ovarian tissue
rather than directly incorporating into germline cells.'®’ In
addition, Manshadi et al have observed that human men-
strual blood-derived endometrial stem cells can improve
hormone secretion and differentiate into ovarian-like cells,
particularly ovarian granulosa cells, and subsequently
improve follicle formation and ovulation in a premature
ovarian failure animal model.'®® A recent clinical trial has
revealed that intraovarian administration of autologous
menstrual blood derived-endometrial stem cells to poor
ovarian responder women can significantly enhance clinical
pregnancy and live birth rates.'® Interestingly, Bu et al
have found that endometrial stem cells exert anti-tumor
activities by inducing GO/G1 cell cycle arrest and increasing
apoptotic cell death through AKT and FoxO3a-mediated
signaling pathways. These cells can also disturb mitochon-
dria membrane potential and pro-angiogenic activity of
epithelial ovarian cancer cells both in vitro and in vivo.'®®

Conclusions

Stem cell-based therapy is a rapidly growing field. It has
become a promising therapeutic strategy to alleviate
numerous degenerative diseases such as autoimmune dis-
order, fibrosis, Alzheimer’s disease, and tissue injury. It is
commonly accepted that tissue-resident stem/progenitor
cells are present in the basal layer of uterine endometrium.
Improved understanding of the biology and unique charac-
teristics of endometrial stem cells provides new insights
into the outstanding regenerative capacity of human
endometrial tissue during each menstrual cycle. It also
provides new insight into endometrial stem cells associated
diseases such as infertility, endometriosis, and endometrial
cancer, offering new therapeutic strategies targeting

endometrial stem cells. In addition, endometrial stem cells
can provide unprecedented opportunities for developing
powerful treatment options for various degenerative dis-
eases. However, culture protocols for maintaining an un-
differentiated state of endometrial stem cells during in
vitro expansion and subsequently enhancing their thera-
peutic effects have not yet been established. In addition,
standardized isolation protocols for specific endometrial
stem cells within tissues are lacking. Specific markers for
identifying endometrial stem cells allow their successful
isolation and future therapies of various diseases caused by
an inadequate regulation of endometrial stem cells. More-
over, whether endometrial stem cells have full mesen-
chymal stem cell activity in vivo regarding their
multilineage differentiation potential is currently unclear.
To overcome current limitations, future studies should also
focus on their biological characteristics and underlying
molecular action mechanisms in various endometrial stem
cell-associated diseases.
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