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ABSTRACT

A DUAL PROGENITOR FOR THE EPITHELIA AND STROMA IN THE HUMAN
ENDOMETRIUM AND THE LINK TO ENDOMETRIOSIS

By
Mary Catherine Soliva
Master of Science in Biology

The inner surface of the uterus is lined by a specialized layer called the
endometrium, composed primarily of epithelial glands surrounded by supportive stroma.
The human endometrium undergoes approximately 500 cycles of regeneration and
breakdown over the course of a woman’s reproductive life, suggesting that a pool of
endometrial progenitor cells must exist. However to date, little is known about the markers
or hierarchy of human endometrial progenitors.
In order to identify a potential progenitor in the endometrium, we isolated human
endometrial cells based on two cell surface markers, Trop1 and CD10, that are found on
endometrial epithelia and stroma respectively. My hypothesis was that cells positive for
both markers were the dual progenitor of epithelia and stroma in the human
endometrium. First we used IHC staining to demonstrate that these dual positive cells
exist and are located at the bases and junctions of epithelial glands. We then isolated
these cells and plated them as single cells in vitro. We found that dual positive cells could
differentiate into epithelia and stroma, but a different population of cells expressing the
epithelial marker alone could only produce epithelia, and a cell population expressing the
stromal marker alone could only give rise to stroma. We also developed an in vivo assay
for dissociated mouse uterine cells and adapted that for human cells. My in vivo results
were inconclusive, and repeated experiments could no regenerate a human epithelial
gland in vivo. However the in vitro results are promising and seem to show that these
dual positive cells can give rise to both epithelia and stroma in vitro. This suggests that
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these dual positive cells contain the dual progenitor for epithelia and stroma in the human
endometrium, a cell population that has not been previously identified.
This dual progenitor population may play a role in the origin and dissemination
of endometriosis, a common and painful gynecological disease where endometrial lining
implants and cycles on other organs. In order to explore the link between this cell
population and endometriosis, we analyzed the endometrial tissue and pelvic washing
cells from women with endometriosis. My initial results seem to show an increased
percentage of dual positive cells in endometrial tissue of women with endometriosis, and
that these cells were present in the abdominal cavity of women with and without
endometriosis. More work needs to be done, but it is possible that these dual positive
cells are the source the progenitors that play a role in the pathogenesis of the disease.
Identification and characterization of this population is part of a long term project
in my laboratory to understand the hierarchy of cells in the endometrium and how
dysregulation contributes to disease states. More work needs to be done to determine
whether these
dual positive cells can regenerate epithelia and stroma in vivo, whether there is a
difference between dual positive cells in patients with and without endometriosis, and if
so, what are the genetic pathways involved in the aberrant differentiation of cells that
cause disease.
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Section 1: Introduction
1.1 Embryonic and Adult Stem Cells
Stem cells are defined by their ability to self-renew, to maintain a population of
cells like themselves, and by their pluripotency, the ability to differentiate into many
different types of cells.
Broadly speaking, there are three main types of stem cells: embryonic stem cells,
induced pluripotent stem cells, and adult stem cells. Human embryonic stem cells
(hESCs) are derived from the inner cell mass of the blastocyst and are capable of
producing cells from all three germ layers (Thomson et al., 1998). Adult somatic cells
can be induced to pluripotency by the forced expression of four factors: Oct4, Sox2, cMyc, and Nanog, and these induced pluripotent stem cells (iPSCs) have the morphology
of hESCs and can differentiate into cells of all three germ layers (Takahashi and
Yamanaka, 2006).
Adult stem cells are different. These specialized cells can differentiate into cells
from their tissue of origin and reside in a stem cell “niche” in adult tissue. Adult stem
cells are thought to be more limited than hESCS and iPSCS and can only differentiate
into cells from their tissue of origin, for example hematopoietic stem cells only forming
blood cells. But certain adult stem cells have been shown to differentiate into different
lineages (Bethesda, 2012). The primary role of adult stem cells is to maintain and repair
adult tissue. Progenitor cells are early descendants of stem cells that have more limited
self-renewal and most often can give rise to only one type of cell (Seaberg and van der
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Kooy, 2003). These progenitor cells are the cells of interest for this thesis, specifically,
progenitor cells in the uterine lining.
1.2 The Regenerative Capacity of the Uterus
The uterus is the largest female reproductive tract organ and is responsible for
nurturing the embryo or fetus during gestation. It is divided into two regions: the inner
lining called the endometrium, and the muscular wall called the myometrium. The
endometrium is classically divided into two regions: the basalis layer closest to the
myometrium, and the functionalis layer closest to the lumen (Teixeira et al., 2008).
There are two main cell types in the endometrium, epithelia and stroma. Trop1 is
a common marker for endometrial epithelia (Janzen et al., 2013) and CD10 is a wellknown marker for endometrial stroma (Janzen et al., 2013; McCluggage et al., 2001).
Strom
a
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Figure 1. The uterus. A. Drawing of the human uterus showing the gross
morphology (Teixeira et al., 2008). B. The endometrium has two cell types: the
epithelium and the stroma. C. In the human endometrium, Trop1 is a marker for
epithelium and CD10 is a marker for stroma. HE: Hematoxylin and Eosin.
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The uterus is an incredibly plastic organ that undergoes two major “programs”
under the direction of estrogen and progesterone. The first major program is the cyclic
growth, differentiation, and shedding of the endometrium called the menstrual cycle in
primates and the estrous cycle in non-primates. At the beginning of the cycle, estrogen
levels rise to promote the proliferation of epithelial cells in the lumen and glands of the
endometrium. This is the proliferative phase. By the middle of the cycle, progesterone
levels rise to cause the secretory phase where proliferation is inhibited and differentiation
of the stroma is induced (Teixeira et al., 2008; Henriet et al., 2012; Jabbour et al., 2006).
If an embryo does not implant by the end of the secretory phase, the functionalis layer is
shed. This is menstruation, which is then followed by another round of proliferation,
differentiation, and regression.
The second major change that the uterus undergoes is during pregnancy. Maternal
stromal cells undergo a process called decidualization, where they differentiate into cells
that can support the implantation and maintenance of an embryo. This differentiation is
significant; the final wet weight of human uterus during pregnancy can weigh 10 times
more than its non-pregnant weight (Morrione and Seifter, 1962). These changes are
accomplished by cells increasing in size and number, hypertrophy and hyperplasia, then
followed by cell death after birth of the fetus.
The cyclic nature of the endometrium during the menstrual cycle and the
incredible changes that happen to the uterus during pregnancy suggest that uterine stem
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cells must play a primary role in maintaining the structure and function of the uterus
(Teixeira et al., 2008).
The incredible regenerative capacity of the uterus can also be seen in the
restoration of post-menopausal uterus to full function after treatment with hormones. The
uterus after menopause is known to shrink in size and for the uterine lining to thin. The
post-menopausal uterus is not capable of carrying a pregnancy to term, but one study was
able to show women 50 years or older carrying a pregnancy to term after an oocyte
donation and estrogen/progesterone treatment. 77 women underwent 121 embryo
transfers with 55 resulting in pregnancy (45.5%) and live birth in 37 (Paulson et al.,
2002). These statistics are similar to the pregnancy rates, multiple gestation rates, and
spontaneous abortions of pre-menopausal woman, providing evidence that the postmenopausal uterus in these women can be restored to full function after treatment with
estrogen and progesterone. It also implies that a pool of stem cells or progenitor cells
must be remain in the uterine lining even after menopause, ready to regenerate the lining
in response to hormonal signals.
1.3 Progenitors in the Endometrium
The stem cell/progenitor population in the endometrium has not been well studied
and here are several candidate populations depending on the approach used to define a
stem cell. One approach to test the presence of a stem/progenitor population is
clonogenicity, the ability of single cells to proliferate and produce colonies of progeny
when seeded at low density. Clonogenecity in the human endometrial cells was first
demonstrated by Chan et al. (Chan et al., 2004). They showed that 0.15% of endometrial
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epithelia and 1.3% of endometrial stroma were clonogenic. Clonogenic cells were found
in proliferative and secretory stages of the menstrual cycle, and in pre-menopausal and
post-menopausal women. (Schwab et al., 2005) Clonogenicity didn’t differ between
actively menstruating and inactively menstruating women. Another group found that
endometrial stromal cells that expressed CD146+/PDGF-Rβ+ were enriched for colony
forming activity and could be induced to differentiate into osteocytes, chrondrocytes,
myocytes, and adipocytes with specific differentiation media (Schwab and Gargett, 2007;
Schwab et al., 2008). Another stromal population positive for CD29+CD73+CD90+ had
15% stromal efficiency and could be induced to differentiate into adipogenic cells
(Padykula, 1991).
Another strategy for identifying stem/progenitor cells is on the basis of Hoechst
33342 dye exclusion through ATP-binding cassette transporters. Endometrial cells that
exclude the dye, whether stromal or epithelial, were called side population (SP) cells
during FACS analysis. Kato et al (2007) established that 0-5.1% cells in normal human
endometrium make up the SP fraction. They could be induced in vitro into both epithelial
and stromal-like cells. SP cells from stroma had a higher clonogenic efficiency than SP
cells from epithelia in vitro. (Cervello et al., 2010) Perhaps most intriguingly, a mixture
of stromal and epithelial SP could regenerate a gland in vivo. (Masuda et al., 2010). In
vivo regeneration is the highest standard used to determine a cell population’s capacity as
a stem cell.
A third strategy for identifying putative stem/progenitor cells is retention of a
DNA label such as BrdU or 5-bromo-2-deoxyuridine. Mice were given a pulse of BrdU
and allowed to go for several weeks to months with no treatment. Adult stem and
6

progenitor cells usually divide infrequently and retain the BrdU label, while differentiated
cells divide more rapidly and the BrdU label eventually lost (Teixeira et al., 2008). The
location of these label retaining cells (LRCs) can be determined in situ through
histological screening and two labs have identified LRCs in murine endometrium.
(Cervello et al., 2007; Chan and Gargett, 2006) BrdU label was retained long term in 69% of stromal cells, most in the interface between the myometrium and stroma (Cervello
et al., 2007; Chan and Gargett, 2006). Epithelial LRCs were more rare and accounted for
only 3% of the population. (Chan and Gargett, 2006). In order to assess the functionality
of these LRCS, expression of estrogen receptor (ER) was studied. The study found that
all of epithelial LRCs and 16% of stromal LRCs could express ER. However, it was
interesting to note that while most LRCs were ER negative, those localized to the
myometrial: stromal interface could be stimulated to proliferate in response to estrogen
treatment. This finding suggests the indirect or intermediate involvement of committed
stromal cells that have ER and respond to estrogen treatment by releasing stem/progenitor
cell proliferating factors (Chan and Gargett, 2006).
Yet another approach has been to look for an extrauterine source of adult stem
cells that are recruited to the uterus and are responsible for repair following menstruation
or parturition. One proposed source is bone marrow derived stem cells. In one human
study (Taylor, 2004), uterine tissue was obtained from four women who had received a
bone marrow transplant. HLA antigens were different between donor and patient, so
donor derived cells in the endometrium could be identified by PCR and IHC. They found
that 2-52% of the recipients’ endometrial tissue were HLA mismatched or donor derived,
and these cells were found in the epithelial and stromal compartments of the
7

endometrium. In a mouse study, female mice had male bone marrow transplanted. Y
chromosome fluorescence in situ hybridization was used to detect male bone marrow
derived cells in 0.03% stroma and 0.02% epithelia of these female mice. No clonal
expansion occurred as expected if the bone marrow contributed cells with stem cell
qualities to the uterus (Du and Taylor, 2007). There are additional questions about these
bone marrow derived endometrial cells: Are they functional? Do these cells possess stem
cell qualities? Does the endometrium recruit bone marrow under normal conditions?
(Teixeira et al., 2008) More needs to be done to show how the endometrium is
maintained and which cell populations are responsible for it.
1.4 Progenitor Cells in Other Systems
It is helpful to study progenitor cells in other systems while searching for the
progenitor cell population in the uterus in order to identify behaviors and markers that
may be common to all of them. Literature on progenitor cells in the prostate, the hair
follicle, intestinal crypts, mammary cells, pancreatic islets, and renal tubules were studied
for this project.
Barclay et al was the first study to report a reproducible system to assess
progenitor/stem cells in the prostate. They demonstrated that prostate cells had the ability
to differentiate into multiple lineages by generating prostatic ductal tubes in vivo with
luminal and basal layers when grafted under the kidney capsule of mice. Self-renewal
was shown by serial transplantation and undifferentiated cells in vitro expressed markers
associated with prostate stem cells including Sca1 and CD49f (Barclay et al., 2008).
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Cotsarelis et al suggested that follicular stem cells reside in the bulge region of the
hair follicle instead of the lower bulb (Cotsarelis et al., 1990). A review on epidermal
stem cells also found them in the bulge of the hair follicle bulge (Gola et al., 2012).
Loeffler et al had a model for how cells in intestinal crypts regenerate (Loeffler et
al., 1993). Piscaglia (2014) has a review on intestinal stem cells, their niche, and potential
role in development and treatment of disease. Of note is that the intestine has a high
cellular turnover rate, similar to the endometrium, and the location of progenitor cells in
the intestinal crypts is similar to the cells of interest in this study.
For mammary cells, Shackleton et al (2006) showed that a single cells could
reconstitute a complete mammary gland in vivo. Transplanted cells contributed to
luminal and myoepithelial lineages and generated functional units during pregnancy.
Self-renewal was demonstrated by serial transplantation. These cells were shown to be
multipotent and self-renewing, defining them as mammary stem cells. (Shackleton et al.,
2006)
Studies on pancreatic islets and renal tubules show a different maintenance
strategy. Instead of regenerating from a stem/progenitor population, these cells are
maintained by self-replication of differentiated post-mitotic cells (Brennand et al., 2007;
Humphreys et al., 2008). For pancreatic B cells, it is thought that tissue homeostasis in
adults is maintained by highly proliferative differentiated cells or by committed cells that
dedifferentiate in response to cues from surrounding cells followed by subsequent cell
replication (Brennand et al., 2007).

9

It is clear that different tissues use different mechanisms for tissue repair and
maintenance, so whether endometrial cells are maintained by a stem/progenitor
population or by committed cells can be stimulated to dedifferentiate and proliferate
remains to be established.
1.5 Clinical Relevance: Endometriosis
It is has been hypothesized that stem/progenitor cells in the endometrium are the
cells of origin for ectopic cells in endometriosis (Sasson and Taylor, 2008).
Endometriosis is a benign, chronic, gynecological disease affecting 6-10% of all
reproductive age women, an estimated five million women in the US and 176 million
woman worldwide. It is characterized by the growth of endometrial glands and stroma
outside the uterus (Giudice, 2010; Houston, 1984).
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Figure 2. Endometriosis is the growth of endometrial glands and stroma
outside of the uterus. A. An example of an endometriosis lesion. B. Endometriotic
implants have the same epithelia and stroma as in C. eutopic endometrium. HE:
hematoxylin and eosin.
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It is an estrogen dependent chronic inflammatory condition that affects women in
their reproductive period with a peak between 25 and 37 years of age (Parazzini, 2012;
Vigano et al., 2004). There is a reported 0.1% annual incidence of endometriosis among
women age 15-49 (Gylfason et al., 2010) and endometriosis is more frequent in
adolescent women with pelvic pain (Janssen et al., 2013). The most common symptom is
extreme pain, most commonly dysmenorrhea and dyspareunia. Other symptoms include
infertility and increased risk of ovarian cancer (Vercellini et al., 2013).However, it is
unclear what the exact prevalence or incidence is because diagnosis relies on surgical
visualization, and there is no agreement on whether ectopic endometrium found outside
the uterus always constitutes a pathological condition (reviewed in Vercellini, 2013).
One study found that women with endometriosis lost an average of 10 hours per
week due to reduced effectiveness while working (Nnoaham et al., 2011). This cost to
productivity is estimated associated with endometriosis is estimated to be $1023 per
patient, and the annual healthcare cost per patient is estimated at $2801 per patient.
Assuming a 10% prevalence rate in the US populations, that’s an annual cost of $22
billion in 2002 (Simoens et al., 2007).
The cause of endometriosis is unknown, but there are at least three hypotheses.
The most widely accepted theory for the pathogenesis of the disease is retrograde
menstruation, the backward flow of endometrial cells through the fallopian tubes and out
onto the ovaries and abdominal cavity (Sampson, 1927). This theory has the most clinical
support, although laparoscopy on menstruating women show that retrograde menstruation
occurs in 70-90% of women with patent fallopian tubes, and not all patients get
endometriosis (Halme et al., 1984; Liu and Hitchcock, 1986). There must be some other
12

factors besides retrograde menstruation, yet it seems clear that it is cells from the
endometrium that cause endometriosis. In a study of women with mullerian
abnormalities, women without an endometrium did not have endometriosis. (Olive and
Henderson, 1987) Obstruction of menstrual flow may also play a role. In that same study,
women who had a functioning endometrium, patent fallopian tubes, and outflow
obstruction were more likely to have endometriosis than woman with no obstruction
(77% to 37%) (Olive and Henderson, 1987). Half of all women with congenital atresia of
the uterine cervix, a rare Mullerian anomaly in which a portion or all of the vagina is
missing, were associated with pelvic endometriosis (Nunley and Kitchin, 1980)
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Figure 3. Retrograde Menstruation is the leading hypothesis on the
pathogenesis of endometriosis. A. Normally, the endometrial lining detaches from the
uterus and flows through the cervix and outside of the body. B. But menstrual flow can
go backwards, through the fallopian tube and out into the peritoneal cavity. C. Floating
dual progenitors can then implant onto the ovary, the peritoneum, and other structures to
form lesions and cause disease.

14

Another theory for the pathogenesis of endometriosis is the coelomic metaplasia
theory which proposes that endometriosis develops from metaplasia of cells lining the
visceral and abdominal peritoneum (Gruenwald, 1942a, b; Sasson and Taylor, 2008)
Some unknown stimulus is believed to induce metaplasia in the peritoneal lining and
producing endometrial implants. Evidence for this theory springs from the common cell
lineage of the thoracic abdominal, pelvic peritoneum, and Mullerian ducts; all are derived
from the coelomic wall of the developing embryo. (Sasson and Taylor, 2008)This
hypothesis can explain the rare occasions where endometriosis is found in men
undergoing estrogen therapy (Martin and Hauck, 1985; Oliker and Harris, 1971; Schrodt
et al., 1980). This theory might also explain how endometriosis can develop in distant
ectopic sites such as the thoracic cavity (Huang et al., 2013).
A third theory is that cells of mullerian origin in the peritoneal cavity could be
induced to form endometrial tissue with the right stimuli. (Batt and Mitwally, 2003; Batt
and Smith, 1989; Russell, 1899). This could account for presence of endometriosis in
rectovaginal septum and along migration pathway of embryonic mullerian system
(Sasson and Taylor, 2008). This could also explain development of endometriosis in men
because the male embryo initially develops female-specific embryological structures and,
because according to this theory a functional endometrium is not required to cause
endometriosis, this could also explain the disease in adolescents (Reese et al., 1996).
There is no effective treatment to eradicate the disease, so pain medication and
radical surgery to remove the uterus are common (Vercellini et al., 2013). Hormonal
therapy can treat the symptoms of the disease, but not does not eradicate the lesions. It is
clear that in order to effectively treat the disease, we must find the cells of origin.
15

1.6 Focus of our Study: A Dual Progenitor for the Endometrium
It is hypothesized that stem/progenitor cell population in the endometrium is the
cell of origin for endometriosis, and the focus of this study is a subset of human
endometrial cells that could be a dual progenitor for epithelia and stroma and serve as the
cell of origin for endometriosis. These rare endometrial cells co-express markers for
epithelia and stroma, Trop1 and CD10, and are also found in the eutopic endometrium
and pelvic cavity of women with and without endometriosis. I show that these cells
produce epithelia and stroma when plated as 10,000 cells and as single cells in vitro. My
hypothesis is that these Trop1+/CD10+ cells are the dual progenitor for the epithelium
and stroma in the endometrium. Our ongoing work is to show that these cells can
regenerate glands in vivo and to see if we can find a difference between cells that cause
endometriosis and cells that do not.
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Section 2: Materials and Methods
2.1 Animals
NSG mice were obtained from Jackson Laboratories. Mice were maintained in
accordance with UCLA, Division of Laboratory Animal Medicine guidelines. All animal
experiments were approved by the UCLA Animal Research Committee.
2.2 Preparation of Dissociated Human Endometrial Cells
Human endometrial tissue was obtained as described in (Janzen et al., 2013).
Endometrial specimens were obtained from patients undergoing hysterectomies for
endometriosis and benign conditions such as fibroids. They were obtained with protocols
approved by the UCLA institutional review board. Within one to three hours of uterine
extraction, a piece of endometrium on top of a thin layer of myometrium was obtained
from TPCL and transported to lab in DMEM/10% FBS and fungicide.The endometrial
lining was scraped off the underlying myometrium, minced, and digested with 1.0 mg/ml
collagenase/dispase in DMEM/10% FBS with 5µg/ml insulin and 0.5 mg/mL DNase for
45 minutes at 37°C. Digested tissue was incubated in 3-5 mL of 1x red blood cell (RBC)
lysis buffer for 5 minutes and washed with phosphate buffered saline (PBS). Then tissue
was incubated for 5 minutes in prewarmed 0.05% trypsin-EDTA and passed through an
18-gauge and 20-gauge needle. Trypsin was stopped with DMEM/10% FBS and cells
were passed through a 40 µm cell strainer.
2.3 Fluorescence-Activated Cell Sorting
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Cells were suspended in DMEM/10% FBS and stained with antibody for 15
minutes at 4°C. FACS cell sorting was performed using the BD FACS Aria II.
Antibodies used for fluorescence-activated cell sorting (FACS) are as follows.
Table 1: Antibodies used for FACS
Antibodies

Vendor

CD31-FITC

eBioscience 11-0319-42

CD45-FITC

eBioscience 11-0459-42

CD235a-FITC

eBioscience 11-9987-82

Epcam (Trop1) Alexa 660 eBioscience 50-9326-42
CD10-PE.CY7

eBioscience 13-0108-82

2.4 In vitro Culture
Human endometrial cells were cultured in a three-dimensional assay as described
in Janzen et al. (2013). FACS isolated endometrial cells were suspended in equal
volumes of PrEGM media (Lonza, Allendale, NJ, www.lonza.com) and Matrigel (BD
Biosciences). Suspensions were plated around the rim of a 12-well tissue culture plate,
allowed to solidify, and then overlaid with warm PrEGM. Large hollow spheres were
counted after 14 days. Human endometrial cells were cultured in a two-dimensional assay
by suspending FACS isolated endometrial cells in BFS medium (DMEM/ 5% FBS/ 5%
NuSerum/ 5 µg/mL Insulin) in a 12-well tissue culture plate. Colonies were counted after
18

14 days. For single cell assays, endometrial cells were isolated by FACS and suspended
as a single cell in an equal volume of PrEGM and BFS medium (DMEM/ 5% FBS/ 5%
NuSerum/ 5 µg/mL Insulin) in a 96-well tissue culture plate. Single cells per well were
confirmed under the microscope, and cells were counted after 14 days.
2.5 Endometrial Regeneration
Endometrial regeneration was performed as previously described (Memarzadeh et
al., 2010). FACS isolated endometrial cells were resuspended in collagen and dispensed
into grafts. They were overlaid with BFS media and cultured overnight. The next day,
endometrial grafts were implanted under the kidney capsule of oophorectomized NSG
mice and regenerated for 7-10 weeks with an estrogen pellet (0.72 mg β-estradiol per
pellet.)
2.6 Immunohistochemistry
Human tissue was frozen or formalin-fixed and paraffin-embedded. Primary
antibodies for IHC are listed below. To quantify expression of antigens, five high power
fields of view were counted and averaged.
Table 2: Antibodies used for Immunostaining
Antibodies

Vendor

Dilution

Anti-cytokeratin, pan

Sigma C-1801

1:750

CD10

VP-CD328a

1:100
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EpCAM (Trop1)

Abcam ab32392

1:500

CD10 biotin, clone SN5C

eBioscience 13-0108-80

1:100

CD49f - APC

eBioscience 17-0495-80

1:250

Streptavidin- FITC

eBioscience 11-4317-87

1:1000

Alexa 594 goat anti-rabbit

Invitrogen, A111012

1:1000

SA-Horseradish peroxidase

Jackson IR, 016-030-084

1:1000

Biotinylated anti-mouse

Vector, BMK-2202

1:1000

2.7 Immunocytochemistry

Cells from the single cell assay were co-stained with Trop1 and CD10 to confirm
stromal, epithelial, or double positive progeny. The cells in the 96-well culture plates
were fixed with 10% formalin and washed with PBS. Primary antibodies for EpCAM
(Trop1) and biotinylated CD10 were applied for an hour, followed by a wash and
application of the secondary antibodies SA-FITC and Alexa 594. Cells were washed and
Trop1/CD10 expression identified by fluorescence microscopy.

2.8 Statistics

20

All results are shown as mean ± standard deviation. A Student’s t test was used to
analyze statistical significance.
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Section 3: Results

3.1 Rare Endometrial Cells Express Markers for Epithelia and Stroma
In order to study endometrial cells, I used protocols my lab established for
isolating human endometrial cells from human endometrium (Janzen et al., 2013). The
endometrial layers from pre-menopausal and post-menopausal women were minced and
digested with collagenase and dispase and dissociated to single cells by trypsinization.
Cells were stained with Trop1 (epithelial marker), CD10 (stromal marker) and depleted
for lineage markers CD31 (endothelial), CD45 (hematopoietic), and CD235a (red blood
cells). Flow cytometry analysis showed four distinct subpopulations based on Trop1 and
CD10 expression in pre-menopausal and post-menopausal endometrium (Figure 3A and
3B).
Trop1+/CD10- cells were epithelia and Trop1-/CD10+ cells were stroma. Trop1/CD10- cells were thought to be myometrial cells. Trop1+/CD10+ cells were a rare cell
type that had not been previously characterized and was present in both pre-menopausal
and post-menopausal endometrium. The average percentage of Trop1+CD10+ cells in
pre-menopausal endometrium (n=9) was 4.3% and the average percentage in postmenopausal endometrium (n=2) was 3.6% with no statistical difference between
populations (Figure 3C). Further analysis of three more post-menopausal endometrial
samples also showed no difference in percentage of Trop1+/CD10+ cells (data not
shown).
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3.2 Rare Dual Positive Endometrial Cells Confirmed by Immunohistochemistry
To confirm the existence of these Trop1+CD10 cells in the human endometrium,
we took frozen slices of human endometrium from pre-menopausal women in
proliferative and secretory stages of the menstrual cycle. We chose to focus on premenopausal endometrium for the duration of the study because our disease of interest,
endometriosis, primarily afflicts pre-menopausal women, and the endometrium of postmenopausal women is thin and atrophic. Tissue was stained with Trop1 and CD10
antibodies. Trop1+/CD10- was confirmed to be epithelia and Trop1-/CD10+ cells were
confirmed to be stroma. A subset of cells was found to be Trop1+/CD10+ in both
proliferative and secretory stages of the menstrual cycle. These rare cells were often
found in the subglandular space at the bases and tips of glands (Figure 4A and 4B).
In order to further characterize these dual positive cells, we stained human
endometrium with the basement membrane marker CD49f along with Trop1 and CD10.
My lab has found that the endometrial epithelial progenitors in mice are closely
associated with CD49f (Janzen et al., 2013). CD49f is also a marker for mammary
stem/progenitor cells (Joshi and Khokha, 2012) and for murine prostate stem cells
(Lawson et al., 2007). We found that almost all Trop1+/CD10+ endometrial cells in both
proliferative and secretory stages were also positive for CD49f (Figure 4C and
quantification not shown).
Based on this data, we can confirm the existence of a subset of rare endometrial
cells that express markers for both epithelia and stroma Trop1+/CD10+. These cells can
be found in the proliferative and secretory stage endometrium of pre-menopausal
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women and in the atrophic, non-cycling endometrium of post-menopausal women.
3.3 Are Dual Positive Cells More Common in Endometriosis Tissue?
Lesions from endometriosis have endometrial glands and stroma similar to
eutopic endometrium. In order to see whether these Trop1+/CD10+ cells could be found
in endometriotic tissue, I took ectopic lesions from three pre-menopausal women who
had endometriosis. The extracted frozen tissue was stained for Trop1 and CD10. Clear
endometrial glands with epithelia and stroma could be seen in all three lesions (Figure 5).
Each lesion came from a different patient and had a distinct appearance and location.
Lesion 1 was from endometriotic tissue in the abdominal wall. The sample appeared to be
tough connective tissue interspersed with red and black endometrial tissue. Lesion 2
came from an endometrial mass on the outside of the uterus. The sample for lesion 2 was
dark red and very soft, dissociating easily. Lesion 3 came from a white endometrial mass
on the outside of the uterus.
Interestingly, lesions 1 and 2 had a much higher percentage of Trop1+/CD10+
cells than what we observed in eutopic endometrium. Lesion 1 had only one gland, but
out of 54 epithelial cells counted, 50 were dual positive (92.6%) (Fig 5A). Lesion 2 had
many glands and 13 were counted; out of 1300 epithelial cells, 911 were dual positive
(70.1%) (Figure 5B). While Lesion 3 had clear glands and stroma, out of 16 glands and
1301 epithelial cells counted, only 12 were dual positive (0.92%) (Figure 5C).
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With two lesions showing a clear increase in the percentage of Trop1+/CD10+
cells, but one lesion showing no difference from eutopic endometrium, it is clear that we
need to analyze more endometriotic lesions before concluding anything about the
percentage of Trop1+/CD10+ cells in endometriosis tissue. It would be interesting if
there was an increase in the percentage of dual positive cells in endometriosis tissue
because that could suggest a block of differentiation, but we need more data before
making a conclusion. What we have shown however is that Trop1+/CD10+ cells can be
found in ectopic endometrium from endometriosis as well as eutopic endometrium.
3.4 Dual Positive Cells Capable of Multilineage Differentiation in Vitro
After identifying these cells, I asked whether these Trop1+/CD10+ could be the
dual progenitor for endometrial epithelia and stroma. In order to assess the ability of
these cells to produce epithelia and stroma in vitro, a two-dimensional assay and a threedimensional assay was used. Endometrium from pre-menopausal women was dissociated
to single cells as described previously, depleted with CD31 (endothelial), CD45
(hematopoietic), and CD235a (red blood cells) and stained with Trop1 and CD10.
Fluorescence activated cell sorting (FACS was used to isolate the cells into four
populations and each was plated as 10,000 cells/well in triplicate for each assay. We
allowed them to grow for 14 days and then counted the cells (Figure 6A).
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As expected, the Trop1+/CD10-Lin- cells gave rise to spheroid epithelial cells,
Trop1-/CD10+Lin- cells gave rise to stromal cells, and only Trop1+/CD10+Lin- cells
produced both spheroid epithelial and stromal cells (Figure 6B). Trop1+/CD10-/Lin- cells
produced an average of 250 spheres/10,000 cells plated. Trop1-/CD10+/Lin- cells
produced an average 200 stromal colonies/10,000 cells plated. Trop1+/CD10+/Linproduced an average 140 spheres and 70 stromal colonies/10,000 cells plated (Figure
6C).
Only Trop1+/CD10+Lin- cells gave rise to significant numbers of epithelia and
stroma in a 2D and 3D assay, supporting my hypothesis that these dual positive cells are
a dual progenitor for endometrial epithelia and stroma.
3.5 Single Dual Positive Cells Differentiate and Self-renew In Vitro
A more stringent test for a stem/progenitor population is whether a single cell can
give rise to different cell types. In order to test this we used a single cell assay, taking
FACS isolated Trop1+/CD10+ endometrial cells and plating them as a single cell per
well in a 96 well plate with a mixed media for epithelia and stromal growth. I allowed
them to grow for 14 days and then counted the surviving cells (Figure 7A).
Immunocytochemistry was used to stain the cells with Trop1 and CD10 in order to
confirm their identity as epithelial, stromal, or dual positive
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cells (Figure 7B). We found that approximately 50% of the Trop1+/CD10+ cells survived
and differentiated into epithelial (43%), stromal (49%), and a mixture of epithelia and
stroma (3%). A small percentage of surviving dual positive cells were able to produce
more dual positive cells (3%) and dual positive cells mixed with differentiated cells (2%)
(Figure C). Single cells from the Trop1+/CD10-Lin-, Trop1-/CD10+Lin-, and Trop1/CD10-Lin- populations were also plated, and none could produce all three types of cells:
epithelial, stromal, and dual positive.
The classic definition of a stem cell is one that has the capacity to self-renew and
give rise to differentiated cells. (Ramalho-Santos and Willenbring, 2007) By giving rise
to epithelia and stroma, and producing more dual positives, I have shown that
Trop1+CD10+Lin- cells can differentiate and self-renew, providing further support that
these cells are the dual progenitor for the endometrium.
3.6 Inconclusive Regeneration From Dual Positive Cells In Vivo
The “gold standard” assay for a stem/progenitor cells is multilineage
differentiation and self-renewal potential in vivo (Bandyopadhyay et al., 2012). Of the
potential endometrial progenitor populations being studied, only the side population (SP)
cells from epithelia and stroma have been shown to produce a gland in vivo. (Masuda et
al., 2010) But no group has been able to show definitive markers for a population of
endometrial cells capable of regenerating in vivo.
To assay whether these Trop1+/CD10+ cells are capable of regenerating endometrial
epithelia and stroma, we used an in vivo regeneration model with dissociated human
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endometrial cells. This assay was adapted from a model previously used by our group
where adult murine epithelia was mixed with neonatal murine stroma and implanted
under the kidney capsule of immunodeficient mice (Memarzadeh et al., 2010). Here,
human endometrial cells were dissociated to single cells, sorted into four populations,
suspended into collagen grafts and inserted under the kidney capsule of oophorectomized
immunodeficient mice. Mice were supplemented with an estrogen pellet and were
harvested after 8 weeks (Figure 8A).
Endometrial cells were taken from eutopic endometrium of women without
endometriosis (n = 5) and with endometriosis (n=1). Cells from Trop1+/CD10-Lin-,
Trop1-/CD10+/Lin-, and Trop1-/CD10-/Lin- populations did not regenerate epithelia or
stroma. Of the dual positive grafts, three regenerated what appeared to be epithelial cells
or glands. Graft 1 regenerated a layer of epithelial like cells and what could be the edge
of a gland (Figure 8B a). Graft 2 regenerated a possible small gland (Figure 8B b). But
Grafts 3,4,5 did not appear to regenerate epithelia or stroma (Figure 8B c-e). Graft 6 with
cells from endometriosis regenerated a possible small gland (Figure 8B f).
Evidence from the in vivo assay was inconclusive. We saw that dual positive cells
regenerated what could be small glands, but staining with pan-keratin for epithelial cells
showed a negative result for Grafts 2 and 3 (not shown) and the line of epithelial-like
cells in Graft 1 did stain for pan-keratin, but it does not form a complete gland. Our
difficulty in regenerating human endometrial cells matches the low efficiency seen in the
Side Population cell regeneration model where endometrial-like tissue was observed in
only 2 out of 24 transplanted mice (Masuda et al., 2010). Clearly, more work needs to be
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done to repeat the experiment, but this data does suggest that Trop1+/CD10+ cells can
regenerate epithelia and stroma, but the other three populations cannot.
3.7 Dual Positive Cells Are Found in the Pelvic Cavity of Reproductive Age Women
We asked whether Trop1+/CD10+ cells could be found outside of the uterus.
Retrograde menstruation is the backward flow of shed endometrial lining through the
fallopian tube and into the abdominal cavity, and studies have shown that this happens in
a majority of women. (Halme et al., 1984; Sampson, 1927). It follows then that these
Trop1+CD10+ endometrial cells could be found in the abdominal cavity of premenopausal women. In order to assess this, we took samples of pelvic washings from
pre-menopausal women with and without endometriosis. Cells were isolated from the
pelvic wash, depleted of endothelial, hematopoietic, and red blood cells, and sorted
according to expression of Trop1 and CD10 (Figure 9A).
We found that all four endometrial cell populations could be found in the
abdominal cavity of women with and without the disease, but distribution of cells was
different than in eutopic endometrium. For example, as few as 1% of cells in the pelvic
wash were Trop1+/CD10-Lin- (epithelial), but in eutopic endometrium the average
percentage of these cells was 22% ( n=9 +13%)
We asked whether Trop1+/CD10+ endometrial cells in the abdominal cavity
could differentiate into epithelia and stroma and give rise to more dual positives. In order
to assess the growth capacity of these cells, Trop1+/CD10+ cells were sorted from the
pelvic wash and plated in a single cell assay like the one used for eutopic endometrial
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cells. We found that these cells could differentiate into epithelia and stroma and produce
more dual positives, as confirmed by ICC (Figure 9B). But there was a marked
difference in the ability of cells to survive in the single cell assay when they came from
the pelvic wash compared to the eutopic endometrium. Single Trop1+/CD10+ cells from
normal eutopic endometrium had a survival rate of 48% in the single cell assay (Figure
7B). The survival rate for Trop1+/CD10+ cells from normal pelvic washings had a
survival rate of 8.1% (Figure 9C). Interestingly, the two pelvic wash samples from
women with endometriosis appeared to have higher survivability with a survival rate of
30% (Figure 9C). More samples of pelvic washes from endometriosis need to be studied
before I can conclude that there is a difference between pelvic wash cells of women with
and without endometriosis.
Given these data it is clear that endometrial cells in the abdominal cavity of premenopausal women with and without endometriosis, and cells from the abdominal cavity
have a lower survival rate than cells from eutopic endometrium. There may also be a
difference between pelvic washing cells from endometriosis compared to pelvic washings
from women without endometriosis, but more samples need to be studied before we can
conclude that there is a difference.
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Section 4: Discussion
Since 1927 when retrograde menstruation was first proposed as the pathogenesis
of endometriosis, we as a scientific community seem to be no closer to solving the
mystery that is this disease despite years of study and mountains of data. What are the
cells of origin? Why do these cells cause disease, and other cells do not?
The search for a progenitor population in the endometrium has turned up several
candidate populations. Murine epithelial cells that could self-renew, differentiate, and
proliferate in vivo have been identified (Janzen et al., 2013). Human stromal cells that
express CD146+PDGFRβ+ have been shown to differentiate into multiple lineages and
have stem-like ability in vitro (Schwab and Gargett, 2007) (Gargett et al., 2009; Schwab
et al., 2008) Side population cells (SP) from a mixture of human epithelia and stroma
could regenerate epithelia and stroma in vivo, but these cells are characterized only by
their ability to pump out DNA binding dye Hoechst 33342 via the ATP-binding cassette
transporter G2, and there is no one marker to isolate these SP cells (Cervello et al., 2010;
Masuda et al., 2010). Populations of cells capable of regenerating either epithelia or
stroma in the endometrium have been identified, but a cell population capable of
regenerating both epithelia and stroma has not previously been characterized.
Here, my group characterizes a novel dual progenitor population for the human
endometrium. It is marked by Trop1+CD10+PTCRC-PECAM1-CD235a-, expresses
markers specific to endometrial epithelia (Trop1+) and endometrial stroma (CD10+),
and is capable of regenerating epithelia and stroma when plated as single cells in vitro.
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They also show evidence of self-renewal capability by producing Trop1+CD10+ cells in
a single cell assay.
Evidence suggests that a stem cell population in the endometrium is the cell of
origin for endometriosis (Sasson and Taylor, 2008). We have shown that these
Trop1+CD10+ cells can be found in the eutopic endometrium and pelvic washings of
women with and without endometriosis. More samples need to be studied, but it appears
that cells from endometriosis have enhanced survival and self-renewal capability
compared to cells from normal patients. It is also intriguing that the Trop1+CD10+
population is much higher in ectopic lesions from endometriosis, but this is only seen in 2
out of 3 samples. Clearly more work needs to be done to show a link between these cells
and endometriosis.
Further work in the lab will include RNA sequencing of eutopic endometrium
from women with and without endometriosis to try and find a genetic mutation, such as
block in differentiation or gain of function mutation that gives these cells a survival
advantage outside of the uterus.
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