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Abstract

Uterus is one of the most regenerative organs of human body, and, is regulated by ovarian sex
hormones. Throughout the reproductive life it undergoes >400 cycles of degeneration and
regeneration during which endometrium, the inner lining of uterus, regrows completely to a
thickness of 4-10mm every month. Such a remarkable regeneration potential can only be
explained by the existence of adult stem cells in uterus. Adult stem cells have the potential to
contribute to the pool of cancer initiating cells (CICs). Thus, identifying these stem cells and
understanding their regulation will provide newer insights into endometrial physiology and
disease. However, owing to the lack of uterine stem cell specific markers, there is no definitive
evidence for the existence of uterine stem cells. Nearly 85% of endometrial cancers (EC) are
estrogen-driven. Once reproductive life is over, and menopause sets in, there is a marked
reduction in the circulating levels of ovarian hormones due to decline in the follicular reserves.
Interestingly, the risk of EC development increases with age, and is 10 times higher in women
aged 50 and above. Therefore, it remains unclear how aging causes EC development despite
having diminished ovarian follicular reserves and therefore, the reduced levels of estrogen.
Identifying uterine stem cells within their resident niches and the key regulatory pathways
involved, and establishing uterine cell lineage hierarchy is crucial to investigate how
dysregulation in these pathways lead to the development of EC. It might also provide newer
insights into the pathogenesis of endometriosis, particularly in cases where endometrial tissue

grows ectopically outside the peritoneal cavity.

In this thesis, we have identified uterine stem cells within their resident niches and also
define their specific markers. We used a suite of transgenic mouse models to label genetically
the uterine epithelial and mesenchymal lineages, and then traced the fate of these labelled cells
to identify adult stem cells. We showed that endometrial epithelium self-renews during
development, growth and regeneration throughout life. This self-renewal process is fueled by a
subset of glandular epithelial cells which are Wnt-responsive and express Axin2. These Axin2+
glandular epithelial cells act as long-lived bi-potent epithelial stem cells that give rise to the both
glandular and luminal epithelium. In response to tamoxifen administration, an estrogen agonist
and a known inducer of EC, the progenies of these Axin2* cells comprise the majority of the
resulting epithelial hyperplastic lesions, the precursor of EC. Thus Axin2* cells are likely the cells
of origin for the EC. Furthermore, we show that there is no flux of cells between epithelial and
mesenchymal lineages. In fact, all the uterine mesenchymal cells, including stromal fibroblasts
and myometrium arise from embryonic Ng2-expressing pericytes, which act as uterine
mesenchymal stem cells. These results show that Wnt signaling is responsible for the
maintenance of endometrial epithelial stem cells, and, is crucial for endometrial homeostasis and
cancer development. We further show that it is the hyperactive Wnt signaling in aged
endometrium that is responsible for the development of endometrial hyperplasia, despite the
reduction in estrogen levels. This upregulation in Wnt signaling is in turn mediated by age-related

changes in endometrial stroma, which results in its altered extracellular matrix (ECM) dynamics
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and increased stiffness. The transduction of altered ECM compliance by epithelial cells to result

in hyperactive Wnt signaling is mediated through integrin-focal adhesion kinase (FAK) signaling.

In conclusion, we have defined uterine cell lineage hierarchy and identified epithelial and
mesenchymal stem cell specific markers. Furthermore, we identified the role of Wnt signaling in
endometrial cancer development in aged women. By studying age-related endometrial stromal

changes, we also defined a prognostic stromal cell signature for EC patients
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l. Introduction

Uterus is an important organ from at least two perspectives. From the perspective of stem cell
biology, it is the only organ where there is massive physical shedding of its inner lining including
epithelium, stroma and the associated vasculature, following which 4-10 mm of new tissue
regrows within 4-10 days every 28 days in humans. This massive degeneration and, more
importantly, the scar less regeneration process, that too at such a massive scale, is akin to the
regeneration potential of invertebrate life forms. Yet, unfortunately so, not even a single study,
over the past decade, has been able to provide a clear understanding of the cellular hierarchy of
uterine cell lineages, and/or the existence of the stem cells. From the perspective of reproductive
biology, its massive regenerative potential is the key to the sustenance of mammalian life, and
most of the uterine disorders, including infertility, endometriosis, adenomyosis and EC, are
almost always the result of aberrant endometrial regeneration. Most of the literature on uterine
regeneration is based on mere in vitro/transplantation assays and/or histological marker
analyses. Due to the lack of uterine stem cell specific markers and therefore the suitable mouse
models, genetic lineage tracing, which is the robust technique to trace the fate of any labelled
cell under in vivo conditions, is not possible. We decided to label genetically all the uterine
epithelial and mesenchymal lineages to assess the flux of labelled cells between these
compartment, enabling us to map the putative stem cells to particular lineage compartments, and
subsequently use more specific promoters to identify the stem cells within their resident niches.
Therefore, we generated a suite of transgenic mouse models to perform the lineage tracing
experiments to identify uterine stem cells. We hypothesized that once identified, it will be possible
to study the key regulatory pathways involved and their dysregulation in EC development,
particularly in aged women.

Il. Aims

The studies presented in this thesis aim to:

1. Understand the mechanisms underlying endometrial homeostasis and regeneration.
2. Identify and characterize endometrial epithelial stem cells, their role in epithelial
regeneration and the pathways regulating these stem cells.

3. Role of Wnt signaling in age-associated EC development.

lll. Organization of the thesis

The “Thesis overview” provides an introduction to the thesis and summarizes the chapters
presented in the thesis. The preface to each chapter briefly explains the results found and the

rationale behind each study. Each preface is followed by the study in detail.
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Chapter 1, entitted “Endometrial stem/progenitor cells in endometrial regeneration,
carcinogenesis and aging” provides a review of the existing literature. It serves as a
background to this thesis and provides information on the existence of the putative endometrial

stem cells, and their role in endometrial regeneration and age-associated EC development.

Chapter 2, entitled “Mechanisms of endometrial regeneration” addresses the first aim of the
thesis, that is, to understand the mechanisms underlying endometrial homeostasis and
regeneration. Here we used various mouse models to show that endometrial epithelium is highly
plastic, and self-renews during development, growth and regeneration. We also show that this
self-renewal is fueled by a subset of epithelial cells residing in endometrial glands and luminal
epithelial crypts. Importantly, there is no contribution of stromal-epithelial transition, bone marrow
derived stem cells (BMDSCs) or native mesenchymal stem cells towards the epithelial self-
renewal neither during homeostasis nor during regeneration. It is important to note that due to
the lack of robust in vivo lineage tracing methods, over the past decade, a number of in vitro and
transplantation assays-based studies have implicated the contribution of these processes
towards endometrial regeneration. Furthermore, we identified embryonic Ng2-expressing
pericytes as mesenchymal stem cells that give rise to all the uterine mesenchymal cell lineages

including the stromal fibroblasts and myometrium.

Chapter 3, entitled “Role of Wnt signaling in endometrial regeneration” addresses the
second aim of the thesis. After establishing that endometrial epithelium displays heterogeneity in
the proliferation potential, and that a subset of epithelial cells residing in glands or luminal crypts
fuel epithelial self-renewal, we focused on endometrial glands to identify the epithelial stem cell.
We were able to show that a sub-population of glandular epithelial cells that are Wnt responsive
and express Axin2 are the long-lived bipotent epithelial stem cells of the endometrium. These
Axin2* cells self-renew and give rise to glandular epithelial cells, as well as the luminal epithelial
cells over long term. Importantly, a singly labeled Axin2* cell responds to tamoxifen
administration, an estrogen agonist and a known inducer of EC, and results in epithelial
hyperplasia, a precursor for EC. Thus, these Wnt-responsive Axin2* cells are likely the cells of
origin for EC. In addition, these cells act as ovariectomy-resistant endometrial stem cells and are
analogous to castration-resistant prostate stem cells. Thus, Wnt signaling is necessary for the
maintenance of endometrial epithelial stem cells and plays a critical role in endometrial

regeneration.

Chapter 4, entitled “Aging, Wnt, and endometrial cancer” addresses the final aim of the thesis,
that is, the role of Wnt-signaling in age-associated EC development. Here we show that age-
related changes in endometrial stroma result in aberrant composition and deposition of ECM
resulting in increased stromal stiffness. These changes in turn result in the upregulation of Wnt
signaling pathway mediated through integrin-focal adhesion kinase (FAK) signaling, which
ultimately results in endometrial hyperplasia, a precursor for EC. Therefore, we propose

hyperactive Wnt signaling, resulting in possible dysregulation of endometrial epithelial stem cells,
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as a mechanism underlying the EC development in aged women. By studying the stromal
changes in aged endometrium and EC tissues, we further defined a stromal signature that can

predict the long-term survival of EC patients.

Finally, the thesis discussion summarizes the findings of chapters 2, 3 and 4. Briefly, the studies
presented in this thesis have functionally identified and characterized for the first time
endometrial epithelial and mesenchymal stem cells and defined the hierarchy of uterine cell
lineages. Wnt signaling is important for the maintenance of epithelial stem cells. With age, the
changes in the compliance of endometrial stroma due to altered ECM composition results in the
hyperactive Wnt signaling in endometrial epithelium leading to the development of endometrial

hyperplasia, a precursor for EC.
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