Reprod Med Biol (2010) 9:9-16
DOI 10.1007/s12522-009-0032-y

REVIEW ARTICLE

Stem/progenitor cells and the regeneration potentials

in the human uterus

Tetsuo Maruyama

Received: 20 June 2009/ Accepted: 4 August 2009/ Published online: 26 August 2009

© Japan Society for Reproductive Medicine 2009

Abstract The human uterus is unique in that it possesses
the tremendous regenerative capacity required for cyclical
regeneration and remodeling throughout a woman’s
reproductive life. Not only must the uterus rapidly enlarge
to accommodate the developing fetus, the endometrium
must also regenerate with each menstrual cycle. This
plasticity of the reproductive system has recently been
highlighted. My research group and collaborators showed
that functional endometrial tissue could be regenerated
from only a small number of singly dispersed human
endometrial cells, transplanted beneath the kidney capsule
of severely immunodeficient mice. This artificially gener-
ated endometrium resembles the natural endometrium, and
contains human blood vessels that invade the mouse kidney
parenchyma. Additionally, it mimics normal hormone-
dependent changes including proliferation, differentiation,
and tissue breakdown (menstruation). The regenerative
capacity of endometrial cells makes them ideal candidates
for tissue reconstitution, angiogenesis, and human—-mouse
chimeric vessel formation. The smooth muscle cells of the
uterus (myometrium) share the plasticity of the endome-
trium. This is evidenced by their capacity for dramatic,
repeatable, pregnancy-induced enlargement. Regeneration
and remodeling in the female reproductive tract allude to
the existence of endometrial and myometrial stem cell
systems. We have recently isolated candidate populations
of adult stem cells from both the human endometrium and
myometrium. Characterization of these endometrial and
myometrial cells, along with the study of the mechanisms
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controlling their regeneration, will improve the under-
standing of the physiology and pathophysiology of the
female reproductive tract. Furthermore, myometrial and
endometrial stem-like cells might also represent a novel
source of biological material that could be used for the
reconstruction of not only the human uterus but other
organs as well.
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Introduction

Dramatic advances in stem cell biology and regenerative
medicine have promoted not only the establishment of a
research framework for the discovery of novel paradigms
in cell lineage commitment, but also the development of
therapeutics to be used in the treatment of diseases that
result from abnormal cellular function and the destruction
of tissue. The goal of the regenerative medicine-based
therapies is to repair damaged and diseased tissues by
providing replacement cells or factors that can restore tis-
sue function. To date, embryonic stem cells, induced plu-
ripotent cells, and adult stem cells have been considered as
the candidate replacement cells to be used for regenerative
medicine therapeutics [1, 2].

Adult stem cells, also known as somatic stem cells or
tissue-specific stem cells, are undifferentiated cells, found
throughout the body after embryonic development. They
can multiply by cell division or self-renew indefinitely, and
generate all the cell types of the organ from which they
originate, potentially regenerating the entire organ from a
few cells. Thus, the biological role of adult stem cells is
believed to replenish dying cells and regenerate damaged
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tissues, thereby leading to growth and maintenance of the
corresponding organs and tissues. Hierarchy of adult stem
cell differentiation is illustrated in Fig. 1.

The human uterus is unique in that it possesses the
tremendous regenerative capacity required for cyclical
regeneration and remodeling throughout a woman’s
reproductive life. Not only must the uterus rapidly enlarge
to accommodate the developing fetus, the endometrium
must also regenerate with each menstrual cycle. It is,
therefore, rational to hypothesize that the existence of adult
stem cell system(s) is deeply involved in the potential
regeneration and remodeling capacities of the female
reproductive tract.

Indeed, accumulating bodies of evidence have suggested
that the human and mouse female reproductive tract pos-
sesses adult stem cells like various non-reproductive organs
[3, 4].

This review briefly addresses what is currently under-
stood regarding stem/progenitor cells and the regeneration
of potentials in human uterus and presents our recently
developed experimental model for the study of the process.

Regeneration of the human endometrium

The human endometrium undergoes cyclical changes
including proliferation, differentiation, tissue breakdown,
and shedding (menstruation) throughout a woman’s
reproductive life. The postovulatory rise in ovarian pro-
gesterone induces profound remodeling and differentiation
of the estradiol-primed endometrium. After tissue break-
down and shedding of the differentiated endometrium
(menstruation) that follows progesterone withdrawal, the
endometrium is programmed to regrow under the influence
of estrogen. The restructuring of the functional layer is
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Fig. 1 Hierarchy of adult stem cell differentiation. The adult stem
cell remains anchored within its niche and can undergo asymmetric
cell division to renew itself and produce an immediate daughter/
progenitor cell. This cell undergoes further division to produce cells
that comprise the transient amplifying (TA) population. The TA cells
rapidly proliferate to expand cell numbers and finally differentiate to
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critical to the development of a tissue ready for implanta-
tion or for menstruation [5].

The regeneration processes are comprised of endome-
trial epithelial regrowth, angiogenesis, and proliferation of
endometrial stromal cells. The remaining basal layer acts
as a germinal compartment from which the different cell
types grow and differentiate [6]. Regrowth is estrogen
dominated; and for epithelial cells EGF, TGF«, and EGF
receptor are all likely to be involved. Both TGFo and EGF
compete for the EGF receptor; and both, along with
platelet-derived growth factor (PDGF), are mitogens for
epithelial cells from the basal layer [7]. Regrowth of the
epithelium, beginning from the stumps of the glands, starts
on menstrual day 2. The surface epithelium grows out of
the cone-shaped gland edges, rapidly covering the luminal
surface, two-thirds of which is covered by day 4. By day 6,
epithelialization is complete [8]. Vessel growth is also
important in the endometrium of menstruating species
where the spiral arterioles are a characteristic feature.
Endometrial angiogenesis and vessel remodeling are driven
by a network of signaling molecules and receptors that
include members of the vascular endothelial growth factor
(VEGF) family, their splicing variants, fibroblast growth
factors, angiopoietins, angiogenin, and the ephrins and
their cognate receptors [9]. The specific roles of each of
these factors in the endometrial angiogenesis-vessel
remodeling cycle, however, remain to be elucidated.

Experimental model for endometrial
regeneration and angiogenesis

The research on endometrial regeneration and angiogenesis
is complicated by major species differences between the
menstrual cycle in humans and primates and the estrus
cycle in commonly studied rodent models. Although rodent
models provide invaluable information, caution is required
when translating information to the human menstrual cycle.
Furthermore, studies for the molecular and cellular mech-
anisms for this process are limited by technical difficulties
in reproducing menstrual tissue breakdown, shedding, and
subsequent tissue regeneration in vitro. Despite the diffi-
culties, the endometrium is an important model for study-
ing physiological angiogenesis in adults well as
angiogenesis in pathological conditions such as endome-
triosis [10, 11]. Endometriosis, one of the most common
gynecological diseases, is characterized by the presence of
functional endometrial-like tissue outside the uterine cav-
ity. It is an estrogen-dependent disorder associated with
substantial morbidity; however, the etiology and patho-
physiology are not well elucidated [12, 13].

To study the physiology of the human endometrium and
the pathogenesis of endometriosis, a variety of in vivo
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animal models have been developed by using the trans-
plantation of autologous or heterologous endometrial cells/
tissues or endometriotic tissues [14-24]. The current in
vivo models, however, do not completely satisfy the fol-
lowing requirements: (1) the transplanted human tissue
must be quantitatively and characteristically uniform in
each animal, (2) functional and morphological changes
characteristic of human eutopic and/or ectopic endome-
trium should be reproduced, and (3) the transplant needs to
be assessable for an extended period with noninvasive,
real-time, and quantitative measures.

My research group and collaborators recently developed
a novel mouse model that meets all of these requirements
[25], which confirms the plasticity of endometrial cells. We
have shown that a small number of singly dispersed human
endometrial cells (SDECs), transplanted beneath the kid-
ney capsule of severely immunodeficient NOD/SCID/yc
null (NOG) mice, regenerates functional endometrial tissue
[25]. This artificially generated endometrium resembles the
natural endometrium and contains human blood vessels
that invade the mouse kidney parenchyma. Interestingly,
human-originated vasculature formed chimeric vessels
with the host endothelium and functioned as a circulation
system in the reconstructed endometrium. Additionally, it
mimics normal hormone dependent changes including
proliferation, differentiation (Fig. 2a), and tissue break-
down, i.e., menstruation (Fig. 2b).

Many angiogenic factors produced by endometrial
explants and/or the peritoneal cavity [10, 11, 26, 27] have
been shown to enhance angiogenesis, presumably through
recruitment of endothelial cells from the host tissue, lead-
ing to the acquisition of an adequate blood supply for the
establishment and survival of endometriotic explants [28].
Several experiments employing immunodeficient mice
implanted with human endometrial tissues have shown that
endometriotic lesions derive their blood supply from the
surrounding vascular network [21, 29, 30]. Furthermore, it
has been demonstrated that native human-originated graft
vessels disappear gradually, but instead host vessels invade
during revascularization of endometrial explants [21, 30-
32]. The predominance of human-derived vessels con-
nected with mouse vessels as presented here suggests that
endothelial cells or their progenitors derived from human
endometrium have a unique angiogenic potential to
migrate, invade, and form the vasculature in host tissue,
even when originating from a different species. Interest-
ingly, tumor endothelium has, at the molecular level,
characteristics distinct from normal endothelial cells that
may endow the tumor-derived endothelial cells with a
unique angiogenic potential [33]. In support of this claim,
Bussolati et al. [34] have reported that tumor-derived
endothelial cells, but not normal endothelial cells, possess a
unique neo-angiogenic ability to grow in immunodeficient

Fig. 2 Regeneration model of human endometrium. a Macroscopic
and microscopic findings of the transplant site (arrowhead) in NOG
mice 10 weeks after xenotransplantation. H&E staining was per-
formed on the transplanted lesion of NOG mice treated with estradiol
(E2) in combination with progesterone (E2+P4). Macroscopic
findings of the transplant site (arrows) of a NOG mouse treated with
cyclic E2+P4. The borders between the reconstituted tissue and the
mouse kidney (K) are indicated by the dotted lines. Bar 100 um. b
Macroscopic findings of the transplanted site (arrows) of a NOG
mouse treated with cyclic E24-P4. ¢ Bioluminescence images of the
endometrial reconstructs expressing luciferase in a ventrally posi-
tioned NOG mouse treated with E2 alone (upper) and its excised
kidneys (lower). (Reproduced with permission from Masuda et al.
(25D

mice and to form vascular structures linked with the mouse
circulation. It is therefore conceivable that, in addition to
the peritoneal environment [26], the angiogenic potential
of the endometrial endothelial cells per se may be one of
the critical determinants for the establishment and devel-
opment of the endometriotic lesion. Anti-angiogenic ther-
apy has been recently proposed as a potential alternative
treatment for endometriosis [31, 35, 36]. This therapeutic
strategy might be further strengthened by targeting endo-
metrium- or endometriosis-specific angiogenesis.

A discrepancy between the high incidence of retrograde
menstruation and the lower prevalence of endometriosis
clearly suggests that there must be other factors which
contribute to the pathogenesis of endometriosis [37]. There
is substantial evidence that alterations in cell-mediated and
humoral immunity, including impaired NK cell cytotoxic-
ity, result in the inadequate removal of ectopic endometrial
cells from the peritoneal cavity [37]. As NK cells play a
critical role in the IL-12-mediated inhibition of angiogen-
esis [38], the lack of human endometrial graft-originated
vessels in SCID and nude mice may be attributable to the
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presence of functioning NK cells [21, 29-32]. In contrast,
since NK cells are functionally incompetent in the NOG
mouse [39], the human-originated neo-vascularization is
allowed to take place. Taking these findings together, it is
tempting to speculate that the main target of NK cells is
endometrial endothelial cells or their progenitors, rather
than stromal or glandular cells. In this context, NK cells
may allow the attachment and ectopic implantation of
retrograde menstrual fragments at an early stage; however,
they may most often inhibit the subsequent angiogenesis,
thereby eliminating such endometrial explants.

Bioluminescence imaging (BLI) recently has emerged
as a useful tool for tumor, hematopoietic, and neural cell
tracking studies in living animals [40, 41]. We assessed the
dynamic state of the endometrial reconstructs derived from
the genetically engineered SDECs by in vivo BLI. For this
purpose, SDECs were infected with a lentivirus expressing
a variant luciferase reporter gene prior to transplantation
beneath the kidney capsule, on the dorsal side, in ovari-
ectomized NOG mice. In vivo BLI revealed that the growth
pattern of the reconstructed tissue derived from lentiviral-
engineered cells could be assessed noninvasively, quanti-
tatively, and sequentially, as determined by the magnitude
of photon counts generated by the luciferase reaction [25]
(Fig. 2¢). Thus, combining the unique potential of SDECs
together with NOG mice and lentivirus-mediated cell
engineering, we present a novel animal model suitable for
the study of endometrial physiology/pathophysiology and
drug testing and gene target validation not only in endo-
metrium-derived disorders, but also in various other types
of neoplastic disease.

Stem/progenitor cells in human endometrium

The concept that endometrial regeneration is mediated by
endometrial stem/progenitor cells has been proposed for
many years [6, 42, 43]. Indirect evidence has accumulated
from proliferation studies, clinical observations, and the
demonstration of gland monoclonality [3, 44]. Shedding of
the endometrial functionalis layer at menstruation and its
subsequent regeneration from the endometrial basalis
suggests that the proliferation kinetics differ between the
two layers [45], and that putative endometrial stem cells
reside in the basalis. Since the endometrium is comprised
of glands, surface epithelium and supportive stroma, it is
plausible that there may exist both epithelial and stromal
stem/progenitor cells responsible for the regenerative
capacity of the endometrium [3, 7].

The first published evidence for the existence of endo-
metrial stem/progenitor cells comes from a recent study
that identified clonogenic human endometrial epithelial and
stromal cells [7]. Clonogenicity, the ability of a single cell
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to initiate a colony of cells when cultured at extremely low
seeding densities, is a classic in vitro stem/progenitor cell
property. Clonogenicity has been demonstrated for many
adult stem cell types [3, 46]. Human endometrial stromal
cells are significantly more clonogenic than endometrial
epithelial cells, although both cell types form large and
small colonies [7]. Endometrial stromal cells demonstrate a
trend for higher clonogenicity in the proliferative stage,
whereas for epithelial cells, this occurs in the secretory
stage [47]. Self-renewal or the ability to produce identical
daughter stem cells is required to maintain the stem cell
pool in tissues (Fig. 1). Asymmetric cell division is one
mechanism for producing an identical daughter cell and
more differentiated daughter. However, stem cells also
undergo symmetric divisions either producing daughter
stem cells or transit amplifying (TA) progenitors (Fig. 1).
In summary, these studies identifying clonogenic epithelial
and stromal cells suggest that two types of stem/progenitor
cell exist in the human endometrium. They are present in
different proportions, have differing growth factor
requirements, and are likely to have specific niches in the
endometrium. Current studies examining stem cell attri-
butes of the rare epithelial and stromal cells have demon-
strated their high proliferative potential as they undergo
30-32 population doublings before senescence or trans-
formation [3]. Human endometrial clonogenic cells exhibit
multilineage differentiation and similar to bone marrow
and adipose tissue MSC differentiating into mesenchymal
lineages; adipocytes, smooth muscle cells, chondrocytes
and osteoblasts, in vitro [48]. This suggests that the rare
endometrial clonogenic cells have characteristic properties
of endometrial stem cells which are probably responsible
for the remarkable, cyclical and regenerative capacity of
human endometrium.

Side population (SP) cells are a small fraction of cells
within tissues with characteristic dye-effluxing properties,
due to the unique ability to efflux the DNA-binding dye
Hoechst 33342 via the ATP-binding cassette transporter G2
(ABCG?2) [49, 50]. They are detected by dual wavelength
flow cytometric analysis after incubation with Hoechst
33342. SP cells have been isolated from various adult tis-
sues, demonstrating that this phenotype may represent a
common feature of adult stem cells [50]. The potential of
SDEC:s for in vivo self-tissue regeneration [25] prompted
us to hypothesize that SDECs may contain putative endo-
metrial stem/progenitor cells. Taking advantage of the SP
cell-based isolation method, my group and collaborators
successfully and stably isolated endometrial SP (ESP) cells
from SDECs (manuscript submitted). Several groups thus
far have identified several endometrial cell subpopulations
including clonogenic endometrial cells [7], ESP cells [51],
CD146+PDGF-Rb+ stromal cells [48] and CD29+
CD734+CD90+ stromal cells [52] as candidates for
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endometrial stem/progenitor cells, whose phenotypic and
functional stem-like properties, however, have been char-
acterized only in vitro. To address whether the stem cells
were indeed responsible for the cyclical regeneration of the
endometrium, we tested whether ESP reconstituted the
endometrial tissue with stromal and glandular structures
when xenotransplanted into NOG mice. We found that ESP
cells reconstituted various endometrial tissue components
or the entire endometrium with well-delineated glandular
structures when transplanted under the kidney capsule of
NOG mice (manuscript submitted).

One of the retrospective approaches for the study of
adult stem/progenitor cell activity in the endometrium
involves the analysis of methylation patterns in endome-
trial glands [53]. Epigenetic changes to DNA sequences,
arising during cell division, encode a cellular history in
individual glands. This history reflects the methylation
patterns arising in resident stem/progenitor cells, since the
changes are inherited in subsequent cell divisions and
retained. In contrast, changes arising in more mature
progeny are lost when these cells are shed. Mathematical
models describing the methylation patterns observed in
individual glands from cycling and atrophic human endo-
metrium support the concept that an individual gland
contains a stem cell niche. Within each niche is an
unknown number of long-lived stem cells rather than a
single stem cell [53]. Finally, gland diversity is maintained
in the aging endometrium, which indicates that a reservoir
of stem cells remains even when the endometrium is
atrophic. This observation supports the data from the clo-
nogenicity studies [47].

It has been suggested that the bone marrow is the
potential source of human endometrial epithelial and
stromal stem/progenitor cells [54]. Significant chimerism,
ranging from 0.2 to 52%, is detectable in the endometrial
glands and stroma of women who have received single-
antigen, HLA mismatched, bone marrow transplants. This
suggests that bone marrow stem cells contribute to
endometrial regeneration in the setting of cellular turn-
over and inflammatory stimuli [54]. Most gland profiles
are exclusively of the donor or host type, although there
is some chimerism within individual glands. This suggests
that not all are monoclonal, consistent with the methyla-
tion pattern data of individual glands [53]. In the case of
women who received transplants as children, stem cells
from their mothers may persist, as bidirectional cell
trafficking occurs during pregnancy. Thus the ultimate
source of endometrial stem/progenitor cells is currently
uncertain. Neither is it known whether bone marrow-
derived or fetal-derived cells regularly engraft the endo-
metrium under normal physiological conditions or if they
incorporate into endometrial tissue in the basalis, func-
tionalis, or both regions.

Stem/progenitor cells in human myometrium

The human uterus, which is mainly composed of myometrial
cells, displays considerable pregnancy-induced expansion
multiple times. This process may be repeated over 20 times,
throughout a woman’s reproductive life. Both myometrial
hyperplasia (an increase in cell number) and hypertrophy (an
increase in cell size) are thought to contribute to the dramatic
growth of the pregnant uterus in humans and rodents [55]. In
the human, uterine growth during pregnancy is predomi-
nantly accomplished by stretch-induced myometrial hyper-
trophy. In the first weeks of pregnancy, however, significant
myometrial hyperplasia also occurs, and is a more signifi-
cant contributor to growth than hypertrophy [55, 56]. The
pregnant rat uterus is similar. Myometrial hyperplasia is
high during early gestation and decreases dramatically later,
while myometrial hypertrophy is low at the beginning of
pregnancy but increases considerably with gestational age
[56]. T hypothesize that the myometrium harbors a popula-
tion of stem cells with the potential to contribute to the
enlargement of the pregnant uterus.

To prove my hypothesis, my group and collaborators
isolated a side population of cells (myoSP), characterized
by a distinct Hoechst dye efflux pattern, from non-pregnant
human myometrium [57]. In brief, non-pregnant myome-
tria were collected from consenting patients undergoing
hysterectomy and mechanically and enzymatically diges-
ted. Dissociated myometrial cells were stained with Hoe-
chst dye and subjected to flow cytometry sorting to isolate
myometrial SP cells (myoSP) as well as the ESP. Flow
cytometric analysis revealed that the stained cells con-
tained a small fraction of SP cells. RT-PCR analysis
showed that myoSP cells prominently and exclusively
expressed ABCG2 mRNA, another characteristic of the SP
phenotype. They differentiated into multilineage cell types
in the differentiation-inducing media, and, when trans-
planted in the NOG mice, regenerated myometrium-like
tissues (Fig. 3). These findings, as with the ESP, were not
observed in the non side population cells (non-myoSP). We
have demonstrated that myoSP cells exist in the human
myometrium and that purified myoSP, but not the non-
myoSP, meet the following adult stem cell criteria: quies-
cent cell cycle status and the potential for in vitro multi-
differentiation and in vivo reconstitution of the original
tissue [57]. Thus, we for the first time, isolated, cultured,
and identified the myoSP as putative human myometrial
stem cells.

Arango et al. reported that Miillerian duct mesenchyme-
specific disruption of f-catenin resulted in a progressive
turnover of the uterine myometrium to adipose tissue [58].
This supports the possibility that putative myometrial stem
cells, with the potential for differentiation into adipocytes
in the absence of f-catenin, may exist in the myometrium.
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Fig. 3 In vivo reconstitution of myometrium from myoSP in the E2-
treated uteri of NOG mice. NOG mice were ovariectomized and
xenotransplanted with myoSP or myoMP into their uteri, s.c.
implanted with an E2 pellet, and hysterectomized 10 weeks after
transplantation. The excised uteri were subjected to immunofluores-
cence staining using antibodies against «-smooth muscle actin

These cells may give rise to lipoleiomyomas. Indeed, the
same group has recently isolated a myometrial SP from the
mouse uterus and provided evidence that this SP contains
putative myometrial stem/progenitor cells derived from the
Miillerian duct mesenchyme [59]. This finding supports our
results on the enrichment of stem cells in myoSP in humans
[57].

Concluding remarks

There are currently increasing bodies of evidence to con-
clude that rare populations of adult stem cells exist in the
human myometrium and endometrium. The study of stem
cells in the female reproductive tract, however, is still in its
beginnings. Identification of definitive markers for both
myometrial and endometrial stem cells is one of the most
pressing needs. A thorough characterization of uterine stem
cells is a prerequisite for understanding the complex
mechanisms underlying the morphogenesis and physio-
logical regeneration of the female reproductive tract and
gynecological diseases including uterine cancer, hyper-
plasia, endometriosis, leiomyomas, and adenomyosis.
Furthermore, these stem cells might also represent a novel
source of biological material that could be used for the
reconstruction of not only the human uterus but other
organs as well.
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(«SMA; smooth muscle cell marker) and human vimentin (Vm),
followed by DAPI staining. Note that mature human myometrial cells
doubly positive for tSMA and Vm were found in 10 of the 16 uteri
transplanted with myoSP but in none of the 16 myoMP-transplanted
uteri. Bar 50 pm. (Reproduced with permission from Ono et al. [57])
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