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Abstract

The endocrine function of the ovary is dependent upon the ovarian follicle, which on a cellular
basis consists of an oocyte surrounded by adjacent somatic cells responsible for generating sex
steroid hormones and maintenance of hormonal stasis with the hypothalamic-pituitary axis. As
females age, both fertility and the endocrine function of the ovary decline due to waning follicle
numbers as well as aging-related cellular dysfunction. Although there is currently no cure for
ovarian failure and endocrine disruption, recent advances in ovarian biology centered on ovarian
stem cell and progenitor cell populations have brought the prospects of cell- or tissue-based
therapeutic strategies closer to fruition. Herein, we review the relative contributions of ovarian
stem cells to ovarian function during the reproductive lifespan, and postulate steps toward the
development of ovarian stem cell-based approaches to advance fertility treatments, and also
importantly to provide a physiological long-term means of endocrine support.
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1. Introduction

In female mammals, fertility and endocrine function rely on a tightly regulated synchronicity
within the hypothalamic-pituitary-gonadal (HPG) axis, in which the ovary serves as both the
primary source of sex steroid hormones and germ cells (oocytes) required to maintain
hormonal stasis and fertility throughout the reproductive lifespan. Predominantly localized
to the outer cortex, the ovarian follicles serve as the functional units of the ovaries and
consist of an oocyte surrounded by granulosa cells or their precursors, enclosed within an
extracellular matrix (ECM)-rich basement membrane, composed of a species- and
developmental stage-specific combination of predominantly laminins and collagens
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(Berkholtz et al., 2006; Heeren et al., 2015; Hummitsch et al., 2013). In rodents it has been
demonstrated that the majority of the pregranulosa cells enclosed within primordial follicles
in the ovarian cortex are nonproliferative, however mitotically active pregranulosa cells are
found within follicles of the medulla, which are likely part of the primordial pool active
prior to sexual maturity (Hirshfield and DeSanti, 1995). Following a process of “follicle
activation’ of quiescent primordial follicles, the granulosa cells transition from squamous to
cuboidal and mitotically activate, and a theca cell layer is recruited to surround the basement
membrane (Skinner, 2005). In growing follicles, the ovarian granulosa and theca cells work
in concert to respond to circulating levels of follicle stimulating hormone (FSH) and
luteinizing hormone (LH) from the anterior pituitary to generate the sex steroids (/.e.
estradiol and progesterone), acting through the FSH receptor (FSHR) and LH receptor
(LHR), respectively.

In recent years both germline stem cells, termed ‘female germline stem cells’ (fGSC) or
‘oogonial stem cells’ (OSCs), and somatic ovarian stem cells or progenitors have been
reported, generating a renewed enthusiasm for the exploration of strategies to promote
ovarian regeneration and/or sustained ovarian function (reviewed in Woods and Tilly, 2015;
Grieve et al., 2015; Silvestris et al., 2015). However, despite the identification of ovarian
stem cell and progenitor populations along with evidence to support that adult ovaries are
amenable to follicle renewal during the reproductive lifespan, ovarian failure remains
inevitable due to pathological conditions such as polycystic ovarian syndrome (PCOS) or
depletion of follicles as a consequence of surgical ablation, exposure to environmental
toxicants or chemotherapeutic agents, or as a result of age. As a major outcome of ovarian
failure (in addition to infertility), steroid biosynthesis ceases and the ability of the ovary to
feedback to the hypothalamus via inhibin and estradiol is lost. Consequently, circulating
levels of FSH (followed by LH) rise sharply in women with menopause, and the
pathological conditions associated with ovarian failure ensue. Accordingly, strategies to
improve fertility, as well as delay or prevent the endocrine-related symptoms associated with
menopause will require a greater understanding of ovarian function and the properties that
govern the renewal and regeneration of multiple ovarian cell types. Herein we review
germline and somatic stem cell populations in the ovary, a role for pluripotent stem cell-
derived somatic cells, and the potential for these cells to maintain ovarian function during
the reproductive lifespan, and prospective utility for therapeutics as efforts to extend fertility
and prevent or delay menopause come closer to fruition.

2. Ovarian germ cells: primordial germ cells (PGCs) and oogonial stem

cells (OSCs) as distinct precursors to oocytes

It has traditionally been accepted that most female mammals, unlike males, or other
vertebrate or invertebrate females, are endowed at birth with a non-renewable pool of
oocytes, of which a species-specific number will be selected for ovulation throughout the
reproductive lifespan until the pool is exhausted (reviewed in Woods and Tilly, 2013c).
However, more recent data supports ovarian function and oocyte biology as having a greater
degree of plasticity than previously thought. While the oocytes present at birth are the direct
progeny of PGCs fetal in origin, an emerging body of work from multiple laboratories
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worldwide has demonstrated that the ovaries from adult female mammals contain a distinct
population of mitotically active germ cells that can generate oocytes during adulthood
(Johnson et al., 2004; Zou et al., 2009; Pacchiarotti et al., 2010; Zhang et al., 2011; Zou et
al., 2011; White et al., 2012; Imudia et al., 2013; Park et al., 2013; Woods et al., 2013b;
Zhou et al., 2014; Xie et al., 2014; Fakih et al., 2015; Grieve et al., 2015; Khosravi-Farsani
et al., 2015; Park and Tilly, 2015; Silvestris et al., 2015; Xiong et al., 2015; Ding et al.,
2016; Lu et al., 2016; Zhang et al., 2016). Among the defining properties of OSCs are a
stable karyotype and germline molecular profile following extended propagation, and,
importantly, the ability to spontaneously initiate a differentiation program into oocytes
following either culture /n vitro or transplantation into ovarian tissue (Zou et al., 2009;
Pacchiarotti et al., 2010; White et al., 2012; Ding et al., 2016). In mice, the oocytes formed
from transplanted OSCs complete maturation to the metaphase-I1 stage of development, and
can be fertilized yielding viable embryos and offspring (Zou et al., 2009; White et al., 2012;
Xiong et al., 2015; Zhang and Wu, 2016). While a number of laboratories have
independently successfully isolated OSCs using multiple methodologies, there remains some
controversy as to the existence or biological significance of OSCs. These counter-claims to
OSCs are largely centered on circumstantial negative findings, (Zhang et al., 2012; Lei and
Spradling, 2013), or technical difficulties arising from antibody purification strategies
(Zhang et al., 2012; 2015). For example, using a transgenic reporter mouse (Dadx4-
Cre:Rosa26r""'*) in which Ddx4 positive cells were presumed to fluoresce, putative Dax4-
positive cells were identified. However, following subculture, these cells failed to proliferate,
inconsistent with what has previously been reported for OSCs (Zhang et al., 2012).
Subsequently, the data generated using the Dax4-Cre mouse reporter line was
experimentally re-examined, and it was found that fluorescence was not restricted to the
germline as previously claimed, with demonstrated promoter ‘leakiness’ throughout the
ovary. Moreover, when ovarian dispersates from this mouse line were combined with
antibodies targeting DDX4 and subject to fluorescence activated cell sorting (FACS), a
distinct subpopulation of DDX4-tdTm- positive cells having properties consistent with
OSCs were isolated and propagated, refuting the earlier claims that DDX4-positive cells
from the ovary were not OSCs (Park and Tilly, 2015). The data in these studies and others
surrounding the controversy on the existence of OSCs has been extensively reviewed in
careful detail by us and others (Woods and Tilly, 2013a, 2015; Grieve et al., 2015; Woods
and Tilly, 2015). Although to what extent OSCs contribute under normal physiological
circumstances to ovarian function has yet to be demonstrated, the potential utility of OSCs
for ovarian therapies is broad (Woods and Tilly, 2013a, 2015; Hummitzsch et al., 2015;
Woods and Tilly, 2015). As just one illustration, we have developed a clinically validated
fertility treatment, termed actologous germline mitochondrial erergy fransfer
(AUGMENTSM), which utilizes the isolated mitochondria from a woman’s own OSCs
injected at the time of intracytoplasmic sperm injection (reviewed in Woods and Tilly, 2015).
To date, the findings reported from three clinical sites show a marked improvement in
embryo quality and I\VVF success rates (Casper et al., 2015; Fakih et al., 2015).

Although both PGCs and OSCs give rise to oocytes, differences between the two cell types
are clear. During embryonic development PGCs colonize the gonadal ridge and mitotically
divide as they populate what will eventually become either an ovary or a testis. In humans,
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there is a major void in our current understanding of the molecular mechanisms that govern
the processes of PGC specification, migration, proliferation, and entry into meiosis due to
limitations with sample availability (De Felici, 2013), though histological evidence has
shown that PGCs are identifiable during the third week of embryo development in the
endoderm of the yolk sac (Witschi, 1948), proliferate extensively between the 3rd and 4th
week (Witschi, 1948; Politzer, 1933) and colonize the developing ovary by the end of the 5th
or beginning of the 6th week (Makabe et al., 1991). While the earliest stages of embryonic
development differ dramatically between humans and mice, much of the contemporary
knowledge of mammalian PGC specification, proliferation, migration and colonization has
been generated using mice as a model, in which the process is well characterized and can be
studied with relative ease. It has been postulated that as /n vitro methodology and human
modeling using pluripotent stem cell cultures progress that many of the knowledge gaps
surrounding human ovarian development will be filled (De Felici et al., 2004). Additionally,
as advances in ‘omics’-based approaches move toward lesser input amounts, valuable
information can be garnered from samples limited by sources or size, which will
dramatically improve our understanding of the molecular events that drive developmental
milestones in human ovarian physiology (Truman et al., 2016).

The biological properties of murine PGCs have been extensively reviewed elsewhere (Saitou
et al., 2002; De Felici et al., 2004; Wear et al., 2016). In brief, primordial germ cells are
identifiable early as 7.25 days post coitum (dpc) as a small cluster of cells positive for
alkaline phosphatase; at the end of gastrulation, this small cluster proliferates to
approximately 50-80 cells (Chiquoine, 1954; Ginsburg et al., 1990). Mouse PGC migration
occurs in several stages, during which PGCs develop in the hindgut, emerge and invade the
body wall to move dorsally, and subsequently begin migration toward the genital ridge, and
colonize the indifferent gonad at approximately embryonic day e10.5 (Molyneaux et al.,
2001; Molyneaux and Wylie, 2004). Following colonization of the gonadal ridge, PGCs
rapidly proliferate, reaching approximately 20,000 in number, and become oogonia (Tam
and Snow, 1981; Speed, 1982). During colonization, PGCs form nests of closely associated
germ cells organized into long ovigerous cords, bordered by a basal lamina which provides a
physical separation between the germ cells and the surrounding pre-granulosa and
mesenchymal stroma cells (Konishi et al., 1986; Heeren et al., 2015). In mice, formation of
the nests begins at €12.5 and continues until meiotic arrest is complete at e16.5 (Hilscher et
al., 1974; Menke et al., 2003; Bullejos and Koopman, 2004) and in humans at approximately
nine weeks of development (Baker and Franchi, 1967; Motta and Makabe, 1986). Shortly
after birth, mouse germ cell nests break down during a process accompanied by significant
loss of oogonia as a result of apoptosis (Pepling and Spradling, 2001). However, unlike mice
in which the formation of primordial follicles occurs shortly after birth, during human
development individual oogonia entering meiosis are cordoned off by pre-granulosa cells to
form primordial follicles (beginning at approximately 17-20 weeks of gestation) and
maintain this configuration as primordial follicles until follicle activation at puberty (Kurilo,
1981; Konishi et al., 1986; Satoh, 1991; Motta et al., 1997; Pepling and Spradling, 2001)

(Fig. 1).

A number of /n vitro experiments utilizing the ability of mouse ovarian dispersates to reform
follicles have demonstrated the importance of temporal synchronicity between the
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developing embryonic ovarian soma and germline. Studies designed to test whether intact
fetal ovarian germ and somatic cell cords are requisite for later stages of follicle formation
and oocyte development demonstrated that germ cells from e12.5 and e13.5 fail to
reorganize into follicles /n vitro, and do not further develop following disruption of the
gonad, whereas re-agreggated ovarian dispersates prepared from later stages (e.g. €16.5,
e17.5) showed robust follicle formation and oocyte survival (Lei et al., 2006; Nicholas et al.,
2010). Moreover, combining developmentally mismatched germ cells (e12.5) and somatic
cells (e17.5) resulted in developmental incompetency, and inclusion of e12.5 further
inhibited the ability of e17.5 ovarian germ- and somatic cells to form follicles (Lei et al.,
2006). Taken together, these data strongly support the notion that synchronous, or
temporally matched, ovarian germ cells and pre-granulosa somatic cells are critical for
normal folliculogenesis during ovarian development.

Additionally, the demonstration that fully functional oocytes can be derived from mouse
embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), also relied on
ovarian germ cell-somatic cell synchronicity (Hayashi et al., 2012). The /n vitro
specification of primordial germ cell (PGC)-like cells (PGCLCs) from differentiating mouse
ESCs or iPSCs follows a precise time-frame, in which PGCLCs follow a developmental
pattern that essentially parallels that of endogenous PGCs (Hubner et al., 2003; Nicholas et
al., 2009; Hayashi et al., 2011, 2012, Woods et al., 2013b). Significantly, molecular profiling
of PGCLCs formed between 3 and 6 days following directed differentiation /n vitro indicates
a strong similarity to endogenous PGCs present at e12.5, and PGCLCs at day 6 express the
meiotic markers stimulated by retinoic acid 8 (Stra8) and structural maintenance of
chromosomes protein 1B (Smcl1b) and are capable of reaching the zygotene state of meiotic
prophase, analogous to endogenous PGCs at €13.5 — e16.5 (Hayashi et al., 2012). The stem
cell-derived PGCLCs were aggregated with dispersed e12.5 ovarian tissue and then
transplanted under the ovarian bursa of adult female mice, which presumably provided the
necessary environment to support follicle formation, growth and maturation, as previous
attempts using similar techniques but transplanted under the kidney capsule were
unsuccessful (Nicholas et al., 2009). The stem cell-derived PGCLCs subsequently developed
into germinal vesicle stage oocytes that, following retrieval and /n vitro maturation (IVM),
were fertilized and transferred, with a small percentage (3.9%) surviving gestation and
delivered as seemingly healthy pups (Hayashi et al., 2011, 2012), although information on
the health or longevity of the offspring during adulthood has not been reported.

Unlike PGCs or pluripotent stem cell-derived PGCLCs, OSCs represent a native population
of resident oocyte precursor cells within the post-natal ovary. Having a molecular profile that
is distinct from PGCs, but similar to spermatogonial stem cells (SSCs) of the testis (Imudia
etal., 2013; Xie et al., 2014), it is unlikely that OSCs are, as some have speculated, resident
holdover PGCs that failed to incorporate into follicles during development (Hummitsch et
al., 2013; Tingen et al., 2009). Moreover, it should also be noted that, as in fetal
development, synchronicity plays an important role in the ability of PGCs to mature into
developmentally competent oocytes, as attempts at maturing PGCs /in vitro (De Felici,
2000), or transplantation of PGCs into adult ovarian tissue (Zhang et al., 2012), have not
resulted in follicle formation, indicating additional significant differences between fetal
(PGC) and adult (OSC) oocyte precursors and the specific interactions of each cell type with
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its respective microenvironment. Comparatively, OSCs have been demonstrated to
orchestrate follicle formation both /n vitroand in vivo when placed into a reproductive aged-
synchronized ovarian microenvironment (e.g. adult ovarian tissue or granulosa cells obtained
from adult ovarian tissue), lending additional credence to the hypothesis that OSCs represent
a population of germ cells distinct from PGCs.

Importantly, in addition to the demonstrated ability of OSCs to initiate a differentiation
program resulting in oogenesis, the capacity to coordinate with granulosa precursor cells to
generate follicles following transplantation into adult ovarian tissue establishes that adult
mammalian ovaries are amenable to follicle renewal. Initial confirmation of the follicle-
forming capability of OSC-derived oocytes was performed in mice, in which OSCs
expressing green fluorescent protein (GFP) were directly transplanted into the ovaries of
chemosterilized recipients. Subsequent analysis of the transplanted ovarian tissue revealed
GFP-expressing oocytes contained within follicles. Additionally, the OSC-derived oocytes
matured and produced transgenic GFP-expressing offspring (Zou et al., 2009). In a later
study, the ability of OSC-derived oocytes to form follicle-like structures when combined
with ovarian granulosa cells /n vitro was utilized as an indicator of oocyte identity
(Pacchiarotti et al., 2010). Although transplantation and fate-mapping studies are not
feasible in humans, a system was devised in which human OSCs expressing GFP were
aggregated with dissociated human ovarian cortex and cultured (White et al., 2012), or
injected into small pieces of adult human ovarian cortical tissue and then either grafted
subcutaneously into immunocompromised mouse hosts (White et al., 2012; Ding et al.,
2016) or cultured ex vivo (Woods and Tilly, 2013b) and allowed to further develop. Under
each condition, GFP-expressing human OSCs generated GFP-positive immature oocytes.
Immunohistological analysis of injected cortical strips revealed GFP-positive oocytes
enclosed within defined granulosa cell layers as follicles, separated by the surrounding
ovarian environment by a clearly discernable basal lamina (White et al., 2012; Ding et al.,
2016). Significantly, these findings demonstrate that human OSCs can directly support new
oocyte formation and, crucially, that adult human ovarian tissue from reproductive-aged
women remains amenable to de novo follicle formation. However, despite the inherent
capacity for renewal in the reproductive-aged ovary, ultimately the follicle pool wanes, and
both fertility and the endocrine function of the ovary cease. Since OSCs are present in post-
menopausal ovaries (Woods and Tilly, 2015b), this begs the question as to what is the
primary driver for ovarian failure, and can intervening strategies be devised to improve
fertility and/or prevent or delay menopause?

Although there is clearly a physiological cessation to female fertility, published data argue
against an OSC-intrinsic program that results in gradual loss of OSC function coincident
with the declining number of follicles. In addition to the finding that OSCs can be readily
obtained from post-menopausal ovarian cortex with similar efficiency to that of reproductive
aged women, OSCs obtained from aged ovarian cortex proliferate and spontaneously
differentiate into oocytes (Woods and Tilly, 2015b). Moreover, the ability of aged mouse
OSCs to participate in de novofollicle formation was demonstrated using a heterochronic
transplantation model, in which aged mouse ovarian tissue devoid of any discernable
follicles obtained from a transgenic mouse line expressing GFP in the germline [0G2, also
called TgOG2 or Tg(Pou5f1-EGFP)2Mnn] was grafted onto the ovaries of young wild-type
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recipients. Interestingly, GFP-expressing oocytes, derived from the aged donors, were found
contained within primordial follicles of the young recipients, near the site of engraftment
(Niikura et al., 2009). Together, these data provide strong evidence that OSCs from aged
ovaries are intrinsically capable of oocyte generation and de novo follicle formation.
Whether or not extragonadal influence may play a role in the impaired ability of OSCs to
contribute new oocytes in advanced age has also been examined. Upon exposure of young
adult mouse ovaries transplanted under kidney capsules to a systemic environment well past
the reproductive lifespan (e.g. recipient 24 months of age), a rapid reduction of follicle
numbers (approximately 50%) as compared to young adult mouse ovaries implanted in a
middle-aged recipient (e.g. recipient 12 months of age) occurred (Niikura et al., 2009). This
is suggestive of the possibility that systemic factors generated from an aged environment
could impair OSC function, although more work in this area to define a time-frame is
needed for further clarity, and it is unknown whether the actions of the systemic environment
target specifically OSCs, or rather the ovarian microenvironment.

To this end, we postulate that the inability of OSCs to solely sustain ovarian function into
advanced age may be due, at least in part, to age-related changes in the ovarian
microenvironment. It has been established that proper oocyte function depends upon
bidirectional communication with surrounding follicular somatic cells (Eppig et al., 2002),
most notably, granulosa cells and their precursors. Although mechanisms involved in the
formation of follicles in adult ovaries have yet to be determined, Ding et al. recently
confirmed our finding that human OSCs participate in de novo follicle formation with
granulosa cells when transplanted into human ovarian cortical strips (Ding et al., 2016), and
further demonstrated that granulosa cells increase the rate of oogenesis /n vitro, as evident
by morphological features, an increase in diameter and elevated levels of newborn ovary
homeobox protein (NOBOX), lim homeobox gene 8 (LHX8), growth and differentiation
factor 9 (GDF9), factor in the germline alpha (FIGLA), zona pellucida protein- (ZP) 1, and
ZP3. The increase in oogenesis in the presence of granulosa cells may be due, at least in
part, to a physical interaction mediated by gap junction communication between the two cell
types, as OSCs projected actin-rich tentacle-like structures expressing connexin-37 (CX37)
which made contact with granulosa cells and resulted in transfer of calcein-AM (a gap-
junction-permeable fluorescent dye) from granulosa cells to OSCs (Ding et al., 2016). These
data provide further evidence that granulosa cells play a critical role in neo-oogenesis, and it
stands to reason, as with PGCs, that an appropriately queued somatic microenvironment is
essential for OSC function. With age, OSCs persist, yet with follicle loss granulosa cells and
their precursors diminish. Although granulosa cell precursors and progenitors have been
recently identified in the developing ovary (discussed in detail below), no endogenous
granulosa stem cell has yet been discovered in the adult ovary, and the source of the
granulosa precursor cells that surround newly formed primordial follicles has not been
defined. Furthermore, recent data have demonstrated that oocytes themselves play a critical
role in formation of the follicular basal lamina through synthesis of glycoproteins even in the
presence of granulosa cells and their precursors (Christensen et al., 2015). Accordingly, a
loss of granulosa cells and/or their precursors as occurs with advancing maternal age may be
the rate-limiting factor for sustained follicle formation, either from a lack of physical
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support and interaction for de novo follicle assembly, or as a supply of important secreted
regulatory factors, such as estradiol and growth factors.

3. Granulosa cells: origin and plasticity

Granulosa cells, which are direct descendants of the quiescent pre-granulosa cells within
primordial follicles, participate in bidirectional communication with oocytes throughout
follicular maturation (reviewed extensively in Kidder and Mhawi, 2002), and, as the source
of ovarian derived estrogen in women, are critical components of endocrine function.
Although the properties of steroid biosynthesis and HPG feedback have been intensely
studied and are well characterized (Maggi et al., 2016; Miller and Auchus, 2011; Simpson et
al., 2005), only recently has research shed light on the origin of granulosa cells
(Hummitzsch et al., 2013; Mork et al., 2012). The source of granulosa cells was once
assumed to be of two potential origins: the mesonephros, from which ovarian somatic tissues
arise during development, or the ovarian surface epithelium (OSE) (Byskov, 1986;
Maheshwari and Fowler, 2008; Motta and Makabe, 1982; Wilhelm et al., 2007) with the
most recent evidence derived from multiple animal models favoring an epithelial origin.
During ovine ovarian development, electron micrographs depicting morphological changes
within the ovary during follicle formation suggest that granulosa cells derive from
mesothelial cells originating from the ovarian surface epithelium. The pre-granulosa cells of
primordial follicles emerge from within the ovigerous cords, which, until at least 90 days of
gestation in the ovine ovary, are open to the ovarian surface epithelium (Juengel et al., 2002;
Sawyer et al., 2002). In mice, a lineage tracing approach has demonstrated that granulosa
cells are specified in two waves: one prenatally and another postnatally (Mork et al., 2012).
These two distinct populations of progenitors commit granulosa cells to two populations of
follicles: the first being the medullary follicles which obtain granulosa cells from bipotential
forkhead box L2 (FOXL2) expressing cells and are destined to atresia prior to puberty, and
the second wave generating the cortical follicles which arise postnatally. Although the
origins are distinct, both follicular waves populate with granulosa precursor cells from the
surface epithelium (Mork et al., 2012). Together, mounting evidence corroborates that pre-
granulosa cells appear to derive from cycling progenitor cells in the surface epithelium of
the ovary, at least throughout the initial waves of follicle formation. It is also possible that
the originating source or mechanism of derivation of granulosa cells differs between species,
as ovarian model organisms often range from rodents to ruminants and primates, with a
paucity of information gleaned from mostly histological and molecular characterization
studies from human tissue (Anderson et al., 2002; Bayne et al., 2016; Duffin et al., 2009).
For example, an alternative mechanism for the origin of granulosa cells has been proposed in
the bovine, in which both OSE and granulosa cells derive from a common precursor, termed
‘gonadal ridge epithelial-like’ (GREL) cells (Hummitzsch et al., 2013).

Nonetheless, while there remains some discordance between the specific hypotheses
surrounding the origins of granulosa cells during development, it should be noted that there
is relatively little information at all regarding the source of granulosa cells or their
precursors during the reproductive lifespan (e.g. granulosa precursors that participate in de
novo follicle formation with OSCs). However, barring the future discovery of a potential
granulosa stem cell present in adult ovaries, it should be noted that granulosa cells
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themselves have a high degree of plasticity. Thus, it is plausible that granulosa cells or
pregranulosa cells contained within existing follicles are the source of new material for
freshly formed follicles. While granulosa cells may not indeed be ‘stem cells’ based on
characteristics such as asymmetric division or indefinite self-renewal, granulosa cells
obtained from human follicular aspirates and cumulus cells, or from porcine antral follicles
have been described as having a multi-potent molecular signature, and have been reported to
express genes associated with pluripotency such as POU domain, class 5, transcription factor
1 (Pou5f1), Nanog Homeobox (Nanog), SRY (sex determining region y)-box 2 (Sox2), and
telomerase reverse transcriptase (TERT), although there is some inconsistency in gene
expression patterns reported which may be due to methodological differences in sample
collection and/or species (Kossowska-Tomaszczuk et al., 2009; Mattioli et al., 2012; Varras
et al., 2012; discussed in Dzafic et al., 2013). Additionally, following prolonged culture
under defined conditions similar to those used to maintain other adult stem cell types, human
granulosa-luteal cells spontaneously de-differentiate, and progressively lose the
steroidogeneic capacity associated with their terminally differentiated phenotype while
acquiring the mesenchymal stem cell markers CD29, CD44, CD90, CD105, CD117, and
CD166 (Kossowska-Tomaszczuk et al., 2009). Moreover, the plasticity of granulosa cells has
also been demonstrated specifically by the ability of granulosa cells to undergo the
physiologically rare process of cellular transdifferentiation into neuronal, osteogenic, and
chondrogenic lineages (Kossowska-Tomaszczuk et al., 2009; Oki et al., 2012; Mattioli et al.,
2012). Transdifferentiation into a sertoli-like phenotype has also been demonstrated.
Conditional ablation of the transcriptional regulator Fox/2in granulosa cells from adult
mouse ovaries leads to upregulation of the testis-specific genes Sryand Sry box 9 (Sox9),
with these karyotypic XX animals capable of maintaining testosterone levels comparable to
their XY littermates (Uhlenhaut et al., 2009). While an interesting phenomenon, the
biological purpose underlying granulosa cell plasticity is not yet known, and although
existing granulosa cell populations residing within the ovary may be a putative source of
granulosa cells for de novo oogenesis, experimental evidence to support this is currently
lacking. Other somatic stem cell types, such as those found in the stroma (Gong et al., 2010)
may also potentially serve as a source. Finally, while it has been speculated that OSE in
adult ovaries is a source of granulosa cells (Bukovsky et al., 2005), we find this hypothesis
unlikely as new follicles readily form in human cortical strips in which the OSE has been
carefully removed prior to cryopreservation (White et al., 2012).

With age, the endocrine function of the ovary declines as follicle numbers decrease. In
addition to an overall reduction in quantity (Gougeon et al., 1994), granulosa cells
demonstrate aging-related morphological and functional changes. For instance, analysis of
mitochondrial ultrastructure in granulosa cells from older (premenopausal) and younger
women revealed a greater degree of vacuolization and cristae malformation in the older
granulosa cell cohort, which correlated with a reduction in both superoxide dismutases
(SOD1,-2) and catalase activity (Tatone et al., 2006). Increases in mitochondrial DNA
(mtDNA) deletion mutations have also been documented in women >38 years of age as
compared to women <34 (Seifer et al., 2002), and upregulation of the mitochondrial gene
Glutathione S-transferase theta 1 (GSTTI) in granulosa cells with age has been shown (Ito et
al., 2008). More recently, global alterations in gene transcription and methylation with age
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have also been revealed (Yu et al., 2015). Although the mechanisms underlying poor oocyte
quality with age have yet to be fully elucidated, evidence suggests that aging granulosa cells
may fail to properly support oocyte function. For example, in a comparison between young
(7 week old) and aged (34-35) week old mice the rate of oocyte apoptosis was significantly
reduced in the aged oocyte cohort when denuded of cumulus cells (Perez and Tilly, 1997). It
has also been recently shown in women that granulosa cells from aged IVF patients have
characteristic properties consistent with premature luteinization, and that, although
preliminary and with the consideration that retrieval protocols and hormone stimulation may
impact final interpretation, I\VVF outcomes in older women (43-47 years of age) can be
improved following an “early retrieval’ protocol (Wu et al., 2015). Thus, quantity as well as
quality of granulosa cells may play a much greater role in maintaining fertility and ovarian
function than previously thought.

3.1. In vitro derivation of granulosa cells from pluripotent stem cells

As there does not appear to be an endogenous granulosa stem cell, research has turned
toward pluripotent stem cells as a potential source. Under the proper directive, pluripotent
stem cells such as ESCs and iPSCs can conceivably revolutionize the way we approach and
treat endocrine disruption in females by providing an, as of now, untapped source of
steroidogenic cells. In an early study, Crawford et al. reported the generation of
steroidogenic cells from ESCs and mesenchymal stem cells by inducing expression of
nuclear receptor steroidogenic factor 1 (SF-1). The resulting cells generated small amounts
of progesterone but were unresponsive to human chorionic gonadotropin (hCG; Crawford et
al.,1997). In later studies, mouse ESCs harboring SF-1 under an inducible promoter also
differentiated into steroidogenic cells resembling adrenocortical cells (Yazawa et al., 2009,
2010). Additionally, in a number of reports aimed at generating oocyte-like cells from
differentiating ESCs, the somatic cells contained within in vitro-derived follicle-like
structures functionally and morphologically resemble granulosa cells (Hubner et al., 2003;
Novak et al., 2006; Psathaki et al., 2011). Interestingly, in addition to estradiol and
progesterone biosynthesis, ultrastructural analysis revealed that these granulosa-like cells
physically connect to their enclosed germ cells via intercellular bridges (Psathaki et al.,
2011), which highlights the ability of ‘synthetic’ granulosa cells to potentially serve the
critical role of oocyte support cells, which are required for normal follicle development.
Furthermore, work from our laboratory was the first to isolate and transplant ESC-derived
granulosa cells, demonstrating that these cells could participate in follicle formation within a
native ovarian environment (Woods et al., 2013a). Employing a dual-fluorescence strategy,
in which mouse ESCs were transformed to express both a reporter for germ cell specific
Poubf1-driven green fluorescent reporter and Fox/2-driven Discosomasp. red (DsRed),
ESC-derived germ cells and granulosa cells could be tracked simultaneously. Isolated Fox/2-
DsRed positive cells expressed a gene expression profile consistent with early stage
granulosa cells, including Fox/2, follistatin (Fst), anti-Mullerian hormone (AMH) and
follicle-stimulating hormone recepter (FSHR). Additionally, these cells synthesized
progesterone and estradiol /n vitro, and incorporated into follicles following transplantation
into neonatal mouse ovaries subsequently placed under a recipient kidney capsule (Woods et
al., 2013a). Recently, it has been shown that transplanted granulosa-like cells derived from
iPSCs can increase estrogen production and maintain ovarian weight in a mouse model for
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premature ovarian failure (POF; induced by cyclophosphamide) (Liu et al., 2016). However,
there is no indication that fertility is restored or sustained, or that hormone levels approach
those in an untreated mouse.

A current limitation to the utility of pluripotent cell-derived granulosa cells is the relatively
low rate of specification (Woods et al., 2013a). Improvements in directed differentiation are
requisite to any future therapeutic application, and hypotheses aimed at developing a
targeted approach can be guided by our increasing knowledge of mammalian ovarian
development. Such an approach would likely entail inducing the correct signaling pathways
following specification of mesoderm. As more information is gleaned from developmental
studies /n vivo, and as evidence emerges for the molecular mechanisms that govern ovarian
lineage specification in humans, it is likely that specific protocols for the directed
differentiation of granulosa cells from pluripotent stem cells will be developed. Should
methodology to reliably generate granulosa cells materialize, it is critical to ensure the
proper steroidogenic stage is reached and not surpassed (/.e. that pregranulosa cells or
estrogen producing granulosa cells do not further spontaneously differentiate to luteal cells),
potentially through the utilization of co-cultures or formation of follicles with germ cells.
Additionally, epigenetic memory in iPSCs can impact cell-fate specification outcomes. It has
been demonstrated that mouse and human iPSCs derived from granulosa cells have a greater
capacity for steroidogenesis (e.g. estrogen and progesterone) than ESCs or fibroblast-derived
iPSCs (Anchan et al., 2015). Although not therapeutically relevant, utilization of this model
may provide for more effective and efficient characterization of the specific molecular events
that lead to the specification of granulosa cells from pluripotent stem cells, in vitro.

4. Origin of theca cells

Following follicle activation and subsequent granulosa cell proliferation, theca cells are
recruited and organized around the growing follicle where they provide structural support,
contain the blood supply, and eventually generate the requisite androgens for conversion to
estrogen in the granulosa cells in response to LH (reviewed by Young and McNeilly, 2010).
Theca cells are thought to be actively recruited to the growing follicle by granulosa cells,
and in turn, granulosa cells likely release factors that induce theca cells to obtain LH
responsiveness (Orisaka et al., 2009). Once established within the follicle, theca cells
participate in bi-directional cellular interactions with granulosa cells by serving as the rate-
limiting step in steroidogenesis in response to insulin-like growth factor-1 (IGF1) and kit
ligand (KL) synthesized by granulosa cells (Huang et al., 2001; Orisaka et al., 2006). Theca
cells also interact with the oocyte, most notably via growth differentiation factor-9 (GDF9),
which is released by the oocyte and implicated in theca cell differentiation and androgen
production (Elvin et al., 1999; Solovyeva et al., 2000; Spicer et al., 2008). As with granulosa
cells, there is much speculation and only limited evidence for the origin of theca cells in the
ovary. Initially, it was thought that theca cells derived from the ovarian stroma in response to
specifically timed cues from granulosa cells, including IGF1 and KL (Huang et al., 2001). In
the only study to date claiming the identification of a source of theca stem cells, it was
revealed that cells isolated from neonatal mouse ovary were capable of /n vitro propagation
in an undifferentiated state and, with step wise induction, expressed markers of theca cell
precursors (Honda et al., 2007). Defined culture conditions, including supplementation with
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LH, IGF1, and stem cell factor (SCF) resulted in a morphological transition to theca-like
cells, and resulted in an 8-fold increase in androstenedione. Further treatment of these
intermediate cells with granulosa cell-conditioned medium or co-culture with granulosa cells
resulted in an additional elevation in androstenedione production, as well as increase in gene
expression of the mature theca cell marker, patched 2 (Ptch2). Following transplantation into
nontransgenic C57BL/6 recipient mouse ovaries, GFP expressing putative thecal stem cells
(derived from the reporter strain C57BL/6-Tg(CAG-EGFP)C14-Y01-FM1310sb) actively
proliferated and were found associated with or incorporated into the inner and outer thecal
layers of follicles of undefined size (Honda et al., 2007). Alternatively, recent lineage-tracing
analysis in mice has shed light on putative sources of theca progenitor cells, identifying two
independent sources of theca cells (Liu et al., 2015). Relying on GLI-Kruppel family
member GLI1 (Glil; an effector of hedgehog signaling) as a marker of the theca cell lineage,
Glil-CreER™?: Rosa-L SL-td Tomato mice were injected with tamoxifen during pregnancy,
and tdTomato-positive cells were identified in the ovaries of embryos immediately prior to
parturition, indicating that the G//Z-positive cells identified in the mesonephros become at
least a small portion of the theca cells in the ovary. Additionally, early somatic cell
progenitors in the ovary express Wilms’ tumour 1 (W), and employing a similar lineage
tracing strategy, Wt1-CreERZ: Rosa-L SL-tdTomato reporter mice were utilized to trace
Wii-positive lineages from the gonadal primordium into the ovarian interstitium. W¢Z-
positive cells surrounded primary follicles postnatally and acquired G/iZ expression,
indicative of theca cells. The vast majority of theca cells identified in this study were ovarian
in origin, as indicated by the onset of G/ expression subsequent to appearance in the ovary,
while G/i1 positive progenitors from the mesonephros supply only a limited quantity of
theca cells, restricted to a small number of follicles (Liu et al., 2015). Although not yet
evaluated, should W¢Z and G/i1 be conserved as markers of theca progenitors across species,
including humans, these may eventually be used for guiding directed differentiation
strategies to develop theca cell models from pluripotent stem cells.

5. Ovarian replacement as a putative therapeutic for loss of endocrine

function in ovaries

Ovarian aging occurs relatively early in the chronological lifespan of women and has been
the subject of scientific inquiry for decades. To this end, researchers have employed the use
of ‘heterochronic’ transplantations to evaluate ovarian aging in a systemic context. Early
work demonstrated that placement of a “young’ mouse ovary into an ovariectomized ‘old’
mouse restored estrus, although it failed to restore fertility completely (Krohn, 1962). Later
work expanded this experimental design and refined this observation with modern
techniques in a study in which 11 month old ovariectomized mice received an ovary
transplant from 2-month-old sexually mature females (Cargill et al., 2003). Remarkably, the
recipient females demonstrated an increase in lifespan by 60% compared to ovariectomized
controls (Cargill et al., 2003). It has also been demonstrated that the age of the ovary at
‘donation’ directly impacts the effect on longevity, as prepubertal donor ovaries do not
increase lifespan, while mice ovariectomized at 11 months of age receiving a donor ovary
from a 60-day-old mouse exhibited the greatest increase in lifespan of all mice studied
(Mason et al., 2009). The positive impact of prolonged ovarian function on health has also
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been documented. In a study utilizing a strain of mice deficient for the proapoptotic Bax
gene, Bax knockout (KO) mice exhibited prolonged fertility in addition to improvements in
other aging-related issues, including minimized bone and muscle loss, less fat deposition,
decreased frequency of alopecia, cataracts, and deafness, as well as decreased anxiety and
attention deficit (Perez et al., 2007). While the KO mice did not exhibit an increase in
lifespan, overall condition of the mice indicates that sustained ovarian function is correlated
with improvements to overall health. Collectively, these studies lend strong support the
notion that ovarian function and female health are tightly linked, and provide strong impetus
to pursue strategies to prevent or delay ovarian failure.

While extreme, ovarian transplantation has implications for restoration of endocrine function
and, as a result, healthier aging without the myriad of health concerns associated with
menopause. Although whole ovary transplantation is not generally feasible in human
females, the concept of rejuvenating the ovarian environment to provide hormonal support is
applicable, and the aforementioned studies in mice support the potential health benefits of
sustained ovarian function. There are clinical case reports citing restoration of fertility in
humans via ovarian tissue transplantation in which patients elected to have tissue removed
and cryopreserved for grafting at a later date, or transplanted directly into a heterotrophic
site (Oktay, 2001; Oktay et al., 2004). Multiple clinics have now reported restoration of
ovarian function following ovarian tissue grafting, including a rise in serum estradiol
concentrations and reduction in circulating FSH levels, occurring on average between 3.5
and 6.5 months post transplantation (Donnez et al., 2004, 2010, 2011; Macklon et al., 2014;
Suzuki et al., 2015; Rodriguez-Wallberg et al., 2015; Oktay et al., 2016). Notably, in many
instances the ovarian tissue grafts continue to function for several years following
engraftment (Anderson et al., 2012). In a highly publicized example, a successful human
ovarian transplant occurred between monozygotic twins, one of whom experienced POF and
was unable to conceive. She received a portion of her twins’ ovarian cortex, and later
reestablished menstruation and conceived a child naturally (Silber et al., 2005). Currently,
ovarian cryopreservation and tissue vitrification are at the forefront of ovarian repair
strategies after an expected premature ovarian failure (Silber, 2012; Suzuki et al., 2015;
Oktay et al., 2016) but are not employed to extend ovarian endocrine function in women.

6. Conclusion

Although the use of elective ovarian cryopreservation and transplantation for the purpose of
sustaining fertility has been subject to ethical debate, utilization as a therapeutic intervention
for menopause to improve quality of life and healthy aging remains an intriguing possibility.
However, clinical data for reversal of age-associated menopause from ovarian transplants
have not been published and the availability of viable patient autologous tissue would be a
likely limiting factor, as tissue would have to be removed at a young age and stored for a
decade or more until transplantation. Accordingly, stem cell-based strategies that would
eliminate the need for donor tissue or tissue banking are an attractive possible alternative.
Achieving this goal would likely include combining stem cell-derived ovarian cells with one
or more of the many strategies currently under development for the maturation of follicles
from endogenous sources (Shea et al., 2014; Telfer and McLaughlin, 2011). For example,
using a 3-dimensional (3D) /n vitro maturation (IVM) culture system, it has been
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demonstrated that combining the follicular subtypes (e.g. granulosa and oocytes, with or
without theca cells) creates an “artificial” ovarian environment which supports human oocyte
maturation (Krotz et al., 2010). Similar approaches have been reported using cells and
tissues from mice, rats, non-human primates and humans (Xu et al., 2006; Laronda et al.,
2014; Hornick et al., 2012; Xu et al., 2009; Luyckx et al 2013, 2014; Diaz-Garcia and
Herraiz, 2014, Liu et al., 2013, 2014; Kniazeva et al., 2015), albeit with the goal of follicle
maturation rather than endocrine function. The potential utility in restoration of endocrine
function has only recently been explored. Utilizing a previously described alginate
encapsulated 3D follicle culture system, (Vanacker et al., 2012), data demonstrated that
encapsulated multilayered co-cultures of theca and granulosa cells from rat ovaries could be
sustained en vivo for up to a month. During this timeframe, the encapsulated co-cultures
functioned in a similar capacity to that of native follicles demonstrated by the synthesis of
estradiol and progesterone following gonadotropin stimulation (Liu et al., 2013, 2014).
Eventually, combining bioengineering approaches, such as alginate hydrogels and collagen
support matrices with OSCs and ‘synthetic’ stem cell-derived granulosa and theca cells
could culminate into a fully functional ‘prosthetic ovary’ having dramatic implications not
only for fertility preservation, but also for the restoration of estrogen synthesis and
maintenance or reparation of the HPG-axis (Fig. 2).

Although currently ovarian failure is inevitable, advances in reproductive sciences are
moving toward the development of strategies that will eventually thwart menopause and
endocrine disruption. As we translate the information gained from basic scientific studies on
ovarian organogenesis to the development of /in vitro strategies to derive stem-cell based
ovarian somatic cells, bioengineer new matrices to support sustained ovarian function, and
discover new ways to drive oogenesis, we progress closer to this goal. Data from mice and
also evidence in women have highlighted the efficacy of ovarian transplants to rescue
fertility and hormone production; a critical next step in this process will be the elimination
of the requirement for healthy donor tissue as a source of somatic components.
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Human ovarian development

56 days 137 days

Fig. 1.
Immunofluorescent micrographs of human ovarian tissue during development (56 days, 137

days) and from reproductive-age ovarian tissue reveals break down of the germ cell nests
and formation of primordial follicles. At 56 days of development, PGCs/oogonia cluster in
cords, segregated from somatic cells. Subsequently, germ cell nests begin to breakdown
(shown here at 137 days of development) to create primordial follicles (white arrows in
center image) consisting of an oocyte surrounded by several squamous pregranulosa cells. In
the adult human ovary, primordial follicles persist as an oocyte surrounded by a single layer
of pre-granulosa cells. Scale bar = 20 microns. Immunofluorescence staining for beta-
catenin (pink) and counterstained with Hoechst to stain nuclei (blue). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Schematic summary of ovarian cell types and putative cell sources required for the
production of an “artificial” ovary with the dual purpose of the generation of fertilization
competent oocytes, as well as the capability of functional communication with the
hypothalamic-pituitary axis. Pluripotent stem cell derived ovarian somatic cells (granulosa
and/or theca) can be combined with OSCs or PGCLCs within a biomatrix to create the
“prosthetic” ovary. Abbreviations: MSC - mesenchymal stem cells, SF-1 — steroidogenic
factor 1, ESC — embryonic stem cell, OSC - oogonial stem cell, PGC — primordial germ
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cell, GnRH — gonadotropin releasing hormone, LH — luteinizing hormone, FSH - follicle
stimulating hormone, HPG — hypothalamic-pituitary-gonadal.
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