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Abstract

The ovary functions to chaperone the most precious cargo for female individuals, the oocyte, to
allow the passage of genetic material to subsequent generations. Within the ovary, single oocytes
are surrounded by a legion of granulosa cells inside each follicle. These two cell types depend
upon one another to support follicle formation and oocyte survival. The infrastructure and events
that work together to ultimately form these functional follicles within the ovary are unprecedented,
given that the oocyte is fated like all other neighboring cells within the embryo prior to
gastrulation. This review discusses the journey of the germ cell in the context of the developing
female mouse embryo, with a focus on specific signaling events and cell-cell interactions that
escort the primordial germ cell as it is specified into the germ-cell fate, migrates through the
hindgut into the gonad, differentiates into an oocyte, and culminates upon formation of the
primordial and then primary follicle.
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Introduction

Beginning at their inception and continuing throughout their lifespan, cells destined for a
germ-cell fate are intimately dependent on neighboring cells. While several elegant reviews
have been published that focus on distinct stages encompassing the life of the nascent germ
cell, this review will focus on cell-cell interactions that define the path of germ cells within
the female mouse from inception until just after birth. In both male and female mice,
interactions between progenitor germ cells and distinct somatic-cell partners begin when
primordial germ cell (PGC) fate is determined, and these interactions continue to facilitate
the successful journey of PGCs through the hindgut to colonize the gonads. From then on,
germ cells begin their sexually dimorphic pathways based on essential, neighborhood-
specific interactions that mediate spermatogonia or oogonia maturation. At birth, the ovary
presents a defined population of oocytes that reside in a specialized cocoon made up of
supporting somatic cells called granulosa cells, which together comprise the functional unit
of the ovary, the follicle. The oocyte continues to depend on neighboring granulosa cells
along with other local and distant partners to grow and develop competency to be ovulated
and ultimately fertilized by mature sperm so that the whole process can begin anew within
the next generation.
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Germ Cell-Somatic Cell Events Prior To Gonad Colonization
PGC Differentiation
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Putative PGC Differentiation Markers—The founder of the gamete, the PGC, was first
discovered as a cluster of cells positive for alkaline phosphatase (AP) within the posterior
part of the mouse embryo around embryonic day 8.5 (E8.5) (Chiquoine, 1954). Other studies
identified AP+ cells earlier, at E7-7.25, just posterior to the primitive streak, and like the
original study, subsequently found them along the wall of the invaginating hind gut and
ultimately in the genital ridges (Chiquoine, 1954; Ginsburg et al., 1990). The link between
AP+ cells and PGC identity was strengthened upon phenotype characterization of mouse
mutants Dominant white spotting (W) (Mintz and Russell, 1957) and Steel (SI) (McCoshen
and McCallion, 1975), each of which exhibited AP+ cells within the posterior primitive
streak that failed to increase in number during migration and resulted in gonads devoid of
germ cells as early as E12. More recently, other factors in addition to a special isoform of
AP, tissue-nonspecific AP (TNAP) (Hahnel et al., 1990; MacGregor et al., 1995), have been
associated with progenitor PGCs at earlier stages, within the proximal epiblast, and include
BLIMP1 (Prdm1) (Ohinata et al., 2005), STELLA (Dppa3, Pgc7) (Saitou et al., 2002; Sato
et al., 2002), fragilis (Ifitm) (Saitou et al., 2002), and OCT3/4 (Pou5f1) (Okamura et al.,
2008). Progenitor PGCs are not intrinsically different from other cells within the epiblast.
Indeed, this region, including the posterior primitive streak and extending into the base of
the allantois, has been identified as the allantoic core domain, which houses a unique pool of
precursor cells (Downs et al., 2009) (Figure 1). The allantoic core domain includes cells that
co-express TNAP, OCT3/4, fragilis, STELLA, and BLIMP1. Combinatorial localization of
these markers along with BLIMP1-mediated downregulation of regional homeobox genes
have been used to delineate the putative PGC population (Downs and Harmann, 1997;
Downs et al., 2009; MacGregor et al., 1995; Mikedis and Downs, 2012, 2013; Nichols et al.,
1998; Ohinata et al., 2005; Saitou et al., 2002; Yeom et al., 1996). It is important to note,
however, that these marked cells give rise to putative PGCs in addition to cells within
extraembryonic lineages and all three embryonic layers of the posterior mouse embryo, thus
bringing into question the timing and definition of the true PGC identity (Mikedis and
Downs, 2012; 2013). If we assume that PGCs eventually emerge from this population of
cells, it stands to reason that certain epiblast cells eventually acquire competence to
differentiate towards the germ-cell lineage by signals emanating from neighboring cells.

Defining The Neighborhood That Determines Putative PGC Fate—
Transplantation experiments showed that epiblast cells were not predetermined to become
PGCs. Epiblast cells from any portion of the region could be induced into the PGC lineage,
as long as they were injected into and juxtaposed to extraembryonic ectoderm at the
appropriate time, suggesting that extracellular signals and/or cell-cell communication
promoted PGC fate (Tam and Zhou, 1996; Yoshimizu et al., 2001). Additional
transplantation and lineage tracing studies established that PGC ancestors were localized to
proximal epiblast cells immediately adjacent to the extraembryonic ectoderm (Gardner and
Rossant, 1979; Lawson and Hage, 1994). As it became clear that cell-cell interactions were
critical, the search was on for candidate mediators whose signals originated from
extraembryonic cells juxtaposed to the proximal epiblast (Table 1).

Because putative PGCs were identified as a cluster, it was hypothesized that direct cell-cell
contact contributed to their specification. Hence, the first of two roles for E-cadherin
(CDHL1) in PGC fate and maturation was discovered. E-cadherin expression was restricted to
cells within the extraembryonic mesoderm that were also eventually positive for OCT4 and
STELLA; however, this progression was disrupted in the presence of an antibody that
blocked E-cadherin activity (ECCD1) (Okamura et al., 2003). While these studies
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implicated E-cadherin-mediated signals in determination of germ-cell fate, specific
pathways remain to be identified. Other studies focused on local morphogens, and showed
that prior to and at the beginning of gastrulation, transforming growth factor  (TGFf)
family members bone morphogenic protein 4 (BMP4), BMP8b, and BMP2 molecules
emanated from the extraembryonic ectoderm (BMP4, BMP8b) and visceral endoderm
(BMP2), and ultimately converged on proximal epiblast cells to promote PGC specification
(Lawson et al., 1999; Ying et al., 2000; Ying and Zhao, 2001). In support of these findings,
downstream mediators of BMP signaling, Smadl and Smad5, were localized to proximal
epiblast cells, among others, while deletion of either factor resulted in defective PGC
differentiation (Chang et al., 1999; Chang and Matzuk, 2001; Tremblay et al., 2001).
Finally, recent studies implicated a tripartite transcription factor network that includes the
products of two genes stimulated by BMP4, BLIMP1 and PRDM14, along with AP2y, in
differentiating PGCs from neighboring somatic cells and resetting their epigenetic profile
towards a basal state (Magnusdottir et al., 2013; Weber et al., 2010; Yamaji et al., 2008).

WNT signaling was also notable for its contributions during gastrulation, suggesting another
potential role in PGC specification (Liu et al., 1999). Indeed, studies indicated that WNT3
signals originating from the posterior visceral endoderm and epiblast conferred a receptive
environment for proximal epiblast cells to interpret BMP4 activity (Ohinata et al., 2009).
Yet, BMP signals alone could not explain why only a subset of proximal epiblast cells was
induced to a germ-cell fate. Thus, it was hypothesized that both positive and negative signals
directed PGC fate. Subsequently, an interesting model emerged, based on a sophisticated
combination of in vivo and in vitro experiments, that portrayed an intricate collaboration
between yet-unidentified inhibitory signals originating from the anterior visceral endoderm
and positive influences from BMP4, BMP8b, and WNT?3 factors on epiblast cells to ensure
only a small population of cells proceeded into the PGC fate (Ohinata et al., 2009; Pfister et
al., 2007; Tam and Loebel, 2009). Altogether, these data highlight the importance of the
immediate neighborhood, local signals, and cell-cell interactions on determining and
maintaining PGC fate.

PGC Migration

Although it is not clear exactly when PGC specification is complete, epiblast cells, including
those destined to become PGCs, take up temporary residence within the allantoic core
domain before being incorporated into the hind gut and continuing on towards the
developing gonad (Chiquoine, 1954; Ginsburg et al., 1990; Lawson and Hage, 1994;
Mikedis and Downs, 2012). Interactions with new somatic-cell partners during this journey
are likely necessary for definitive PGC differentiation (Fujiwara et al., 2001; Mikedis and
Downs, 2012). While several cell types migrate during development, the length and varied
terrain that PGCs traverse is unrivaled. Even so, reported literature to date suggests that
basic principles of migratory cells hold true for PGCs during migration. This includes their
dependence on receptor tyrosine kinases for inherent motility and a combination of
chemokine signaling via G protein coupled receptors and cell-cell/cell-extracellular matrix
adhesion interactions for directionality (Table 2) (Richardson and Lehmann, 2010).

The road to the genital ridges has been segregated into six stages, depending on PGC
activity (Figure 2) (Molyneaux and Wylie, 2004). Once putative PGCs have been specified,
they actively invade the primitive streak to take residence within the allantois/posterior
embryo (Step 1). Next, the PGCs are incorporated into the hindgut by either an active or
passive process (Step 2). Shortly thereafter, the hindgut elongates and forms a tubular
structure; at this time, the PGCs migrate within the gut epithelium, but in no particular
direction (Step 3). Next, chemokine signals promote their directional migration within
hindgut epithelium, through the dorsal body wall (Step 4), and finally into the gonadal
ridges (Step 5). Those putative PGCs left behind may undergo apoptotic death or may not be
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PGCs at all, instead representing cells of different lineages that mature into other somatic
cell types and become incorporated into other tissues (Step 6) (Molyneaux and Wylie, 2004;
Molyneaux et al., 2001; Stallock et al., 2003; Mikedis and Downs, 2012; 2013).

Initiation of PGC Migration—The initiation of PGC migration occurs between E7.5-8.5,
and may be incorporated as part of the specification process or may be a byproduct of
gastrulation. Time-lapse photography documented that OCT4-GFP/TNAP+ cells extended
leading edges and actively migrated into the allantois/posterior embryo (Anderson et al.,
2000). Before putative PGCs begin the first leg of their journey, however, expression of
factors associated with adhesion were localized to these cells, implicating that their role in
determining PGC fate includes restricting their movement while they receive critical signals
from neighboring cells. Such factors include Interferon-inducing transmembrane protein
(IFITM, from fragilis) family members, Ifitm1, -2 and -3; E-cadherin (Cdh1); and Brachyury
(Lange et al., 2003; Okamura et al., 2003; Saitou et al., 2002; Tanaka et al., 2005). IFITM
family members are known to coordinate homotypic cell-cell adhesion, suggesting a role in
migration (Evans et al., 1993; Evans et al., 1990). Immatile proximal epiblast cells
corresponding to putative PGCs were found to express Ifitm genes, and ectopic expression
studies showed that Ifitm2 and -3 worked together to properly home these cells into mouse
endoderm (Lange et al., 2003; Tanaka et al., 2005). Other molecules must contribute to this
activity, however, because deletion of all Ifitm family members had no consequence on PGC
lineage specification or migration (Lange et al., 2008). Cadherins are responsible for cell
adhesion through calcium-dependent, homotypic interactions, and contribute to many
different cell functions, including both non-motile and motile phenotypes. It was mentioned
above that blockage of E-cadherin-mediated adhesions disrupted PGC specification
(Okamura et al., 2003). It is interesting to contemplate if blocking E-cadherin activity affects
PGC specification because adhesion blockage would allow precursor cells to move away
from each other, and disruption of this cluster of cells could impair their reception of other
critical signals. Finally, Brachyury (T), a T-box transcription factor, was found in nascent
PGCs and neighboring somatic cells, where it may regulate cell rearrangements during
gastrulation (Kwan and Kirschner, 2003; Saitou et al., 2002; Viebahn et al., 2002). In sum,
much remains to be learned regarding the initiation of putative PGC migration and their
uptake into the endoderm.

PGC Migration Within the Hindgut—Shortly after PGCs arrive within the hindgut, they
receive signals that first promote random motility by E9.0, followed by new signals that
promote directional migration toward the developing genital ridge between E9.0-9.5. E-
cadherin expression wanes within PGCs that have colonized the hindgut, whereas hindgut
epithelium expresses high levels (Bendel-Stenzel et al., 2000). Together with decreased E-
cadherin expression and consequential reduction in adhesion, receptor tyrosine kinase
activity via KIT/KITL interactions promotes PGC motility. This receptor/ligand pair has
long been appreciated for their role in PGC migration, proliferation, and survival (Buehr et
al., 1993; Mahakali Zama et al., 2005; McCoshen and McCallion, 1975; Runyan et al.,
2006). Recent studies showed that PGCs harboring KIT tyrosine kinase receptors were
continuously surrounded by somatic cells expressing KITL throughout their migratory
journey in the hindgut, which provided a niche friendly towards migratory activity, but not
directionality (Gu et al., 2009). In collaboration with KIT/KITL activity, another receptor
tyrosine kinase receptor/ligand pair, ROR2/WNT5A, was found to promote polarization and
elongation of migrating PGCs; disruption of either component caused PGCs to round up and
cease migration (Chawengsaksophak et al., 2012; Laird et al., 2011). The source of
directional activity, however, has been associated with the chemokine signal, stromal cell-
derived factor 1 (SDF1), which emanates from neighboring mesenchyme and the developing
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genital ridge to interact with PGCs via its G-protein coupled receptor, CXCR4 (Ara et al.,
2003; Molyneaux et al., 2003).

PGC Migration Into The Gonad—The final leg of the journey occurs between
E10.5-11.5, and requires PGCs to migrate from the hindgut through the dorsal body wall to
the genital ridge. SDF/CXCR4 interactions provide the homing mechanism (Ara et al., 2003;
Molyneaux et al., 2003), but cell-cell and cell-extracellular matrix interactions are critical. It
was hypothesized that PGC-extracellular matrix interactions were required to maintain
PGCs on the narrow path towards the gonad in the context of diffuse SDF signals.
Interactions between PGCs and extracellular matrix glycoproteins integrin $1, laminin,
fibronectin, and collagen IV were found, but were dependent on the stage of PGC migration
(Anderson et al., 1999; Garcia-Castro et al., 1997). Specific to PGC homing, integrin f1-
deficient PGCs failed to colonize the gonads (Anderson et al., 1999). After PGCs emigrated
from the hindgut, they were also found to extend long cellular processes that interacted with
each other and their surroundings while finding their way to the gonad (Gomperts et al.,
1994). Subsequent analysis revealed that E-cadherin expression was re-established once
PGCs left the hindgut, and was concentrated with 3-catenin at sites of PGC-PGC
interactions (Bendel-Stenzel et al., 2000). In this case, treatment with E-cadherin blocking
antibodies prevented PGCs from directional migration in both in vitro and in vivo
experiments, suggesting its role in mediating cell-cell interactions and promoting migration
to the gonad (Bendel-Stenzel et al., 2000; Di Carlo and De Felici, 2000). Finally, E-cadherin
was also found to play an important role as PGCs settle within the gonad, stop migration,
and take up a rounded appearance (Bendel-Stenzel et al., 2000; Di Carlo and De Felici,
2000). Once PGCs arrive at their final destination, new somatic-cell partners take over to
initiate the next stage of their journey: sex-specific gamete development.

Germ Cell-Somatic Cell Maturation During Ovary Development

PGC Invasion Into the Gonad And Ovigerous Cord Formation

Prior to PGC arrival, the bipotential gonad forms as a result of active proliferation of
somatic cells from the gonad-mesonephros border, mesenchyme, and coelomic epithelium
(Merchant, 1975). At this nascent stage, distinct boundaries marked by basal lamina separate
surface epithelial cells from proliferating mesonephric cells. Once PGCs invade, the basal
lamina disintegrates and the tissue begins to reorganize as cord-like structures that gradually
emerge as clusters of PGCs surrounded by somatic cells (Figure 3) (Merchant, 1975); these
cords emerge in the gonads of both sexes, albeit the newly delineated structures are more
subtle in ovaries. This cord-like structure provides the basic and critical infrastructure
needed to support homotypic and heterotypic communication between germ and somatic
cells (Table 3). The importance of this cord structure was revealed after it was discovered
that follicle formation failed and oocytes died after ovaries containing premeiotic germ cells
were disrupted, re-aggregated, and transplanted (Nicholas et al., 2010).

Germ Cell Interactions

Communication between germ cells is clearly evident as PGCs take up residence in gonads.
There is something about their arrival into the gonad neighborhood that fosters new PGC
activity, whereby PGC locomotor activity ceases while E-cadherin interactions promote
movement within the gonad and facilitate aggregation and continued division (Di Carlo and
De Felici, 2000; Donovan et al., 1986). Germ-line clusters form nests or germ-line cysts
made up of a collection of aggregated, individual PGCs that undergo synchronous divisions
(Figure 3) (Mork et al., 2012b; Pepling and Spradling, 1998). Recently, cell-lineage tracking
experiments were used to monitor the progeny of single PGCs and showed evidence that
growing cysts fragmented into smaller cysts, which then associated with other, unrelated
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mini-cysts to form a germ-line nest (Lei and Spradling, 2013). A characteristic feature of
incomplete division is the presence of intercellular bridges between synchronously dividing
PGCs (De Felici et al., 1989; Pepling and Spradling, 1998). Although significant cellular
machinery, including mitochondria and microtubules, have been visualized within these
intercellular bridges, their presence, as evidenced by elimination of the integral TEX14
protein, is not required for ovary and follicle formation or for female fertility (Gondos,
1987; Gondos and Conner, 1973; Greenbaum et al., 2009; Pepling and Spradling, 1998;
Ruby et al., 1969). Besides intercellular bridges, what may facilitate intercellular
communication to promote cord formation and facilitate synchronous oogonia maturation?
Germ cells do not express gap junctions (De Felici et al., 1989; Merchant, 1975); however,
there is colocalization of E-cadherin and f catenin on germ-cell membranes (Fleming et al.,
2012; Liu et al., 2009; Naillat et al., 2010). The importance of adherens junction complex
activity will be considered in more detail below.

Somatic Cell Interactions

In conjunction with invading PGCs, ovigerous cords require somatic cells to surround and
isolate the developing germ-line cyst structure. In contrast to PGCs, somatic cells that
surround germ-line cysts do communicate with each other via gap junctions along with N-
cadherin/Bcatenin adherens junction activity (Fleming et al., 2012; Liu et al., 2009;
Merchant, 1975; Mitchell and Burghardt, 1986). These presumptive pre-granulosa cells
could arise from several founding populations of somatic cells in the bipotential gonad: the
gonad-mesonephros border (presumptive rete-ovarii), mesenchyme, and coelomic or surface
epithelial cells (Albrecht and Eicher, 2001; McLaren, 1992; Merchant, 1975; Mitchell and
Burghardt, 1986). One model implicates the same population of cells within the bipotential
gonad as precursors for support cells of germ cells of both sexes in developing gonads,
namely Sertoli and granulosa cells in the testis and ovary, respectively. This model is based
on evidence that granulosa and Sertoli cells can each transdifferentiate into the
complementary cell type in certain situations (Behringer et al., 1990; Britt et al., 2002;
Couse et al., 1999; Dupont et al., 2000; Matson et al., 2011; McLaren, 1991; Ottolenghi et
al., 2007; Uhlenhaut et al., 2009), and transgenic mice expressing EGFP under control of a
partial Sry promoter (Sry-EGFP) express EGFP within both Sertoli and pre-granulosa cells
in developing gonads (Albrecht and Eicher, 2001). Recent studies, however, identified
FOXL2 expression as a pre-granulosa cell marker, and discovered what appears to be two
waves of granulosa cell differentiation that contribute to two discrete populations of follicles
(Mork et al., 2012a). The source of both populations of granulosa cells arises from the
ovarian surface epithelium and upregulate FOXL2 as they exit the cell cycle and surround
germ cells. The first wave of differentiation follows the model that supports bipotential
somatic cell differentiation; these pre-granulosa cells surround germ-line cysts and
eventually form the earliest follicles that develop within the medulla, which subsequently
undergo rapid maturation and die. The second wave of differentiation occurs at the ovarian
cortex, where follicles are formed and arrest until puberty and beyond (Mork et al., 2012a).

A somewhat different interpretation of somatic cell differentiation was presented based on
studies using bovine ovaries. Close examination of bovine ovaries at different stages of
development uncovered a distinct population of cells named GREL (Gonadal Ridge
Epithelial-Like) cells that originated from the surface epithelium of the mesonephros
(Hummitzsch et al., 2013). Following breakdown of mesonephric basal lamina, proliferating
GREL cells, along with invading PGCs and mesonephros-derived stromal cells, facilitated
growth of the developing gonad. It was not until ovigerous cords were formed that some
GREL cells differentiated into either pre-granulosa (FOXL2-expressing) cells within cords
or ovarian surface epithelia. Pre-granulosa cells differentiated from the GREL cell
population as follicles formed, commencing with the first population of follicles in the
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medulla, which were the earliest cells to be exposed to invading stroma (Hummitzsch et al.,
2013). Nuances in delineating progenitor granulosa cells may be explained by differences in
ovarian development among mammalian species (Fridmacher et al., 1992; Gondos, 1975;
Motta and Makabe, 1982; Sawyer et al., 2002; Wilhelm et al., 2007). Together, these studies
resonate a common theme regarding active proliferation of surface epithelial cells that
eventually express FOXL2 upon cessation of proliferation and contact with germ cells
(Hummitzsch et al., 2013; Mork et al., 2012a).

Germ Cell-Somatic Cell Interactions

Molecular machinery within somatic cells, but not germ cells, determines gonad sex
(Albrecht and Eicher, 2001; Burgoyne et al., 1988; Maatouk et al., 2012; Merchant, 1975;
Merchant-Larios and Centeno, 1981). That said, however, germ cell presence is critical for
follicle formation and maturation (Eppig, 1991, 2001). Even as PGC:s first invade and
ovarian cords assemble, there are intimate contacts between germ cells and the selected
somatic cells that outline germ-line cysts. Long cytoplasmic processes of pre-granulosa cells
extend between germ cells within the same cyst, often making direct contact with
intercellular bridges (Lechowska et al., 2011; Pepling and Spradling, 1998). Hetero-cellular
gap junctions are formed between pre-granulosa and germ cells, composed of at least Gap
junction 1 protein (GJAL, Connexin 43) (De Felici et al., 1989; Mitchell and Burghardt,
1986; Perez-Armendariz et al., 2003). Although the physical presence of somatic cell-germ
cell communication is clear, the molecular components and mechanisms by which germ and
somatic cells communicate during the transformation from oogonia to oocyte within germ-
line cysts, and then from germ-line cysts into follicles remain undetermined.

Several studies proposed two criteria for successful transformation from germ-line cysts to
follicles within developing ovaries: the age of germ cells and somatic cells must be
synchronized throughout germ-line cyst and cord formation, and oogonia must commit to an
oocyte fate (Byskov et al., 1997; Lei et al., 2006; Nicholas et al., 2010; Qing et al., 2008).
Studies showed that culture of germ cells and somatic cells from ovaries at the same stage
successfully formed follicles, but co-culture of early-stage germ cells with late-stage somatic
cells, or vice versa, failed to support follicle formation (Lei et al., 2006; Qing et al., 2008).
Notch signaling has emerged as an important mediator of primordial follicle development
with the Notch ligand, Jagged 1 (Jagl), and receptor, Notch2, respectively expressed in the
oocyte and somatic cell (Hahn et al., 2005; Johnson et al., 2001; Trombly et al., 2009b; Xu
and Gridley, 2013). The Notch receptor modulator, Lunatic fringe (Lfng), and downstream
mediator of Notch signaling, Hes1, are also expressed in somatic cells beginning at E15.5
(Hahn et al., 2005; Manosalva et al., 2013). Disruption of Notch signaling by
pharmacological inhibition, global deletion of Notch2 or Hes1, or conditional knockout of
Lfng or Hesl in somatic cells each resulted in abnormal oocyte maturation and multi-oocyte
follicles (Hahn et al., 2005; Manosalva et al., 2013; Trombly et al., 2009b; Xu and Gridley,
2013). Together, these data suggest that Notch signaling between juxtaposition of germ cells
and somatic cells initiates after oocyte transition, around E15.5, heralding a new stage of
signaling between the two cell types that facilitates maturation of both cell types,
culminating in single oocyte-containing primordial follicles.

Germ cell growth and differentiation and the onset of meiosis are considered the
fundamental events that must occur to achieve the oogonia-to-oocyte transition, or
oogenesis. The extent to which somatic cells promote oogenesis is unclear. Disaggregation
and reaggregation of ovaries at stages ranging from E11.5-13.5 demonstrated that intact
germ-line cysts were not necessary for the onset of meiosis or oocyte growth, and that
somatic cells derived from the lung were sufficient to support oocyte differentiation
(McLaren and Southee, 1997; Nicholas et al., 2010; Ohkubo et al., 1996). Prolonged culture

Mol Reprod Dev. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jorgensen

Page 8

of re-aggregated ovaries in vitro or within a kidney capsule transplant, however, failed to
support follicle formation, suggesting a role for intact cord structure to facilitate signals
mediating somatic cell organization around single oocytes (McLaren and Southee, 1997;
Nicholas et al., 2010). Recently, discovery of meiosis-incompetent germ cells enabled the
evaluation of a meiotic division requirement for follicle formation. Retinoic acid stimulates
expression of Stra8 (stimulated by retinoic acid 8), which promotes replication of germ cell
chromatin and the transition of oogonia into meiotic division (Koubova et al.,
2006(Anderson et al., 2008; Bowles et al., 2006; Bowles and Koopman, 2007; Griswold et
al., 2012; Koubova et al., 2006). Although Stra8~/~ oogonia failed to initiate meiosis, they
grew and differentiated into oocyte-like cells (Dokshin et al., 2013). Importantly, most
Stra8~/~ oocyte-like cells died; however, those that survived organized surrounding somatic
cells into follicles, and were successfully ovulated and fertilized (Dokshin et al., 2013).
Together, these studies suggest that meiotic germ cells are not required for follicle
formation, but that the immediate surroundings of germ cells within the ovary promote an
oocyte-like fate and support follicle formation.

Ovarian Differentiation Factors And Their Roles In Cell-Cell Communication

Two independent pathways derived from somatic cells are generally accepted as the major
drivers of ovarian development: canonical B catenin signaling and FOXL2 activity. 5 catenin
has two distinct modes of activity, distinguished by location and molecular partners: cell-cell
communication via adherens junction complexes at the cell membrane and co-activation of
gene transcription within the nucleus (Heuberger and Birchmeier, 2010; Nelson and Nusse,
2004). Most ovarian events have been associated with nuclear [ catenin activity, either
through Rspondin (RSPO1)-mediated pathways or by canonical WNT (WNT4) signaling
(Chassot et al., 2008; Maatouk et al., 2008; Manuylov et al., 2008). Loss of  catenin
activity in XX gonads or stabilization of 3 catenin in XY gonads led to at least partial sex
reversal, whereas loss of 3 catenin in XY gonads had no apparent effect (Chang et al., 2008;
Liu et al., 2009; Maatouk et al., 2008; Manuylov et al., 2008). Membrane-associated 3
catenin activity cannot be ruled out as WNT signaling has been shown to stabilize  catenin
and to promote activity at both the cell membrane and the nucleus (Heuberger and
Birchmeier, 2010; Hinck et al., 1994; Nelson and Nusse, 2004). Careful evaluation of §
catenin and its associated cadherins at cell membranes in both somatic and germ cells have
highlighted the importance of adherens junctions in defining cords and patterning of
developing gonads in both sexes (Fleming et al., 2012). Further, loss of WNT4 signals
altered B catenin, cadherin, and GJAL expression, and caused physical disruption of ovarian
structure with loss of germ cell-germ cell and germ cell-somatic cell membrane contacts
(Fleming et al., 2012; Naillat et al., 2010). One critical phenotype corresponding to the loss
of somatic cell-derived j catenin is massive germ cell death by E16.5, illustrating the
importance of somatic cell-derived factors in germ cell survival (Chassot et al., 2008; Liu et
al., 2009; Liu et al., 2010b; Manuylov et al., 2008; Tomizuka et al., 2008). Further studies
implicated elevated expression of somatic cell-derived Inhbb in germ cell death within
Wnt4~/~ ovaries, which was rescued upon further removal of Inhbb (Liu et al., 2010b).
Ultimately, ovaries from Rspo1~/~, Wnt4~/~, and somatic cell-specific loss of 4 catenin
(SF1Cre; CtnnbF/F) mice all share a similar masculinized phenotype, supporting a role for
somatic cell-germ cell interactions in maintaining the female phenotype (Chang et al., 2008;
Chassot et al., 2008; Liu et al., 2009; Manuylov et al., 2008; Tomizuka et al., 2008; Vainio
etal., 1999).

FOXL2 is a winged helix/forkhead domain transcription factor that exhibits sexually
dimorphic expression within somatic cells of the XX gonad as early as E12.5 (Schmidt et
al., 2004). While a naturally occurring FoxI2 mutation within goats results in a phenotype of
complete sex reversal (Pailhoux et al., 2001), targeted deletion within mice results in a
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milder ovarian phenotype that more closely resembles ovarian defects in humans with
FOXL2 mutations(Crisponi et al., 2001; De Baere et al., 2001; Schmidt et al., 2004; Uda et
al., 2004). Ovaries form within Foxl2~/~ mice, but signals emanating from abnormal pre-
granulosa cells allowed oocytes to undergo premature activation within primordial follicles
that failed to progress, which eventually lead to the demise of both oocyte and granulosa
cells (Schmidt et al., 2004; Uda et al., 2004). Additional studies highlighted the somatic-cell
role of FOXL2 in maintaining the granulosa-cell phenotype, as the loss of FOXL2 facilitated
transdifferentiation into a Sertoli-cell phenotype (Ottolenghi et al., 2007; Uhlenhaut et al.,
2009). Altogether, the phenotype of Foxl2~/~ ovaries included pervasive disruption of all
compartments, including stromal, somatic, and germ cells, supporting the long-held view
that the communicative networks established within the early ovary are critical for formation
of functional follicles (Byskov, 1986; Byskov et al., 1997; Eppig, 1991; Peters, 1969; Rajah
etal., 1992; Uda et al., 2004). Thus, while Rspol/Wnt4/f catenin activity worked to
maintain female identity of the early ovary, FOXL2 on its own proved more critical later, in
folliculogenesis, and both depended on somatic cell-oocyte communication. Their roles as
gatekeepers to the ovarian phenotype and FOXL2 activity in the early ovary were cemented
upon the discovery that disruption of Wnt4 and FoxI2 together or Rspol and FoxI2 together
resulted in sex reversal, even in the absence of Sry (Auguste et al., 2011; Ottolenghi et al.,
2007).

Germ Cell-Somatic Cell Events During Folliculogenesis

Germ-line cysts begin to breakdown right around the time of birth in the mouse, culminating
in the formation of primordial follicles that consist of a single oocyte surrounded by
squamous granulosa cells (Figure 3) (Hirshfield, 1991; Pepling and Spradling, 2001). Events
leading to germ-line cyst breakdown and primordial follicle formation include the invasion
of somatic cell processes between connected germ cells and massive germ cell death by
apoptosis and other means (Pepling and Spradling, 2001) (Wartenberg et al., 2001). The
intimate somatic cell-germ cell interactions that existed in germ-line cysts prior to
breakdown reform within new primordial follicles, and include classical interactions such as
desmosomes, zona adherens, and gap junctions (De Felici et al., 1989; Lechowska et al.,
2011; Mitchell and Burghardt, 1986; Motta et al., 1994; Pepling and Spradling, 1998; Perez-
Armendariz et al., 2003).

As follicles transition from primordial to primary stages, squamous, flattened granulosa cells
morph into polyhedral and then cuboidal shapes while surrounding a growing oocyte.
During this transition, scanning electron microscopy imaging of human follicles illuminated
the presence of cytoplasmic projections originating from both the oocyte and granulosa
cells. Oocytes projected mostly short microvilli, but follicular cells launched long,
penetrating extensions through deep folds within the ooplasma; these included tortuous
microvilli that were often closely associated with several organelles on their way to almost
touching the nucleus. The deep microvilli mostly disappeared as follicles matured (Motta et
al., 1994). What do these oocyte-somatic cell contacts mean for ovarian and follicle
development? Is the function of these contacts the same within germ-line cysts and nascent
follicles? If so, it is essential to identify the molecular networks that are present at both
stages of ovarian development and understand their roles in follicle formation and survival.

Factors that Define the Neighborhood Infrastructure

While there are elegant reviews of germ-line cyst breakdown, primordial follicle formation,
the onset of follicle activation, and cell-cell communication during antral follicle
development (for example, see Albertini et al., 2001; Binelli and Murphy, 2010; Edson et
al., 2009; Jagarlamudi and Rajkovic, 2012; Liu et al., 2010a; Pepling, 2006, 2012; Sanchez

Mol Reprod Dev. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jorgensen

Page 10

and Smitz, 2012; Su et al., 2009; Trombly et al., 2009a), the remainder of this review will
focus on a specific cadre of factors that have the unique properties of being present
throughout the duration of germ-line cyst formation to establishment of primordial follicles,
in addition to clearly playing a role in survival of early stage follicles. Their known activities
support the hypothesis that the foundation of folliculogenesis begins at the onset of ovarian
cord formation, coinciding with transition to the oocyte fate, and requires cooperation
between both germ cells and somatic cells (Byskov et al., 1997; Eppig, 1991, Lei et al.,
2006; Nicholas et al., 2010; Qing et al., 2008). Further, their presence during both stages of
ovarian development could help to frame the molecular events leading to follicle formation
and survival. Their known and potential roles in cell-cell interactions during ovarian and
follicle development will be discussed (Table 3).

Mechanisms by which germ cell-somatic cell interactions facilitate the progression of
oocytes from germ-line cyst to primordial follicle cannot be discussed without first
recognizing the seminal discoveries of two oocyte-derived factors, Growth Differentiation
Factor 9 (GDF9) and BMP15, both TGFf3 superfamily members that are secreted from
oocytes to communicate with surrounding granulosa cells, and thereby promote
folliculogenesis beyond the primary follicle stage (Dong et al., 1996; Yan et al., 2001).
Although these factors are expressed by oocytes of primary follicles, a time beyond the
scope of this review, characterization of their activities provided the springboard for
subsequent studies that exposed each of the factors that will be highlighted here. An obvious
example of a factor whose expression profile spans germ-line cyst to primordial follicle
stage is somatic cell-derived FOXL2. Although FoxI2 is expressed at high levels just after
sex determination and the onset of cord formation (E12.5), no clear deficit is observed in
FoxI2~/~ mice until well after birth, when follicles fall apart. Other factors, both somatic
cell- and oocyte-derived, share FoxI2 characteristics, namely the onset of sexually dimorphic
expression that coincides with oocyte specification and whose disruption causes no obvious
deficiency during ovary development, but instead derails later formative events, including
folliculogenesis or follicle maturation. Besides FoxI2, examples include germ cell-derived
factors Sohlh1 and -2 (spermatogenesis and oogenesis helix-loop-helix 1 and 2), Lhx8 (LIM
homeobox 8), Figla (Factor in germ line alpha), and Nobox (hewborn ovary homeobox),
and other somatic cell-derived factors such as Irx3 and -5 (Iroquois homeobox transcription
factors 3 and 5). It is intriguing that ovary development initially appears to proceed
uneventfully in mice with null mutations of these factors; however, it is important to
consider that none of them work in isolation, with each contributing to the somatic cell-germ
cell neighborhood that builds critical networks that persist through folliculogenesis.

Ovaries in mouse lines lacking germ cell-derived Figla, a basic helix-loop-helix
transcription factor, failed to form primordial follicles and exhibited massive germ-cell
death (Soyal et al., 2000). Figla is expressed at low levels starting at E12.5, and increases
until it peaks at post-natal day 2 (P2) with protein first detected by E19 (Lei et al., 2006;
Millar et al., 1993; Soyal et al., 2000). Normal numbers of oocytes were observed at E18.5,
but were depleted by P2 after failed primordial follicle formation. This devastating
phenotype was attributed to FIGLA’s role in regulating zona pellucida genes (Zp1, Zp2, and
Zp3), which produce the glycoprotein coating of the oocyte, and its suppression of male-
specific genes (Hu et al., 2010; Joshi et al., 2007; Liang et al., 1997; Soyal et al., 2000).
Additional studies highlighted the importance of coordinated expression of Figla along with
Zp1-3, Bax, and Gjal in synchronizing somatic cell-germ cell interactions during the
oogonia-to-oocyte transition, oocyte differentiation, and primordial follicle formation (Lei et
al., 2006).

FIGLA is an important node within a regulatory pathway that includes other germ cell-
derived transcription factors, whose disruption allows primordial follicle formation, but
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failure of follicle maturation. SOHLH1 stimulates expression of Lhx8, which in turn directly
regulates Nobox and contributes to the presence of FIGLA and the zona pellucida proteins,
among others (Ballow et al., 2006a; Choi et al., 2008a; Choi et al., 2008b; Pangas et al.,
2006). Sohlh1-2 and Lhx8 are expressed beginning E12.5-13.5 and Nobox is first detected by
E15.5. Disruption of each caused a similar ovarian phenotype that included failure in
primordial to primary follicle transition and concomitant oocyte loss (Ballow et al., 2006b;
Choi et al., 2008a; Choi et al., 2008b; Pangas et al., 2006; Rajkovic et al., 2004). Additional
analysis of Nobox ™/~ ovaries illuminated severe defects in somatic cell-oocyte interactions
that originated from faulty oocyte communication early within the germ-line cyst. Somatic
cells must be able to send long projections between germ cells to facilitate germ-line cyst
breakdown. Nobox ™/~ somatic cells, however, have very few short projections that fail to
project between oocytes (Lechowska et al., 2011). Furthermore, while adherens junctions
normally exist between somatic cells and between somatic cells and germ cells, they have
never been noted between germ cells, except in the case of the Nobox ™/~ ovary (Bogard et
al., 2007; Cerda et al., 1999; De Felici et al., 1989; Lechowska et al., 2011; Merchant,
1975). These results strengthen the hypothesis that germ cell-derived factors are important
contributors in developing intercellular networks within germ-line cysts that also affect
follicle formation and maturation.

It is unclear whether or not different somatic cells have unique roles in ovarian development,
although distinct populations have been identified (Chen et al., 2012). In contrast to distinct
somatic cell-specific FOXL2 expression patterns, IRX3 and IRX5 are detected in somatic
cells throughout the developing ovary (Jorgensen and Gao, 2005; Kim et al., 2011b; Nef et
al., 2005). The onset of somatic cell-specific IRX3 and -5 (herein referred to as IRX3/5)
expression coincided with establishment of the germ-line cyst, and evidence suggested they
were upregulated by WNT4 signals (Kim et al., 2011b) (Coveney et al., 2007; Manuylov et
al., 2008; Naillat et al., 2010). Later, upon germ-line cyst breakdown, a burst of IRX3/5
expression was also detected within oocytes while somatic cell expression remained only in
cells at the ovarian surface, surrounding germ-line cysts, and encapsulating new primordial
follicles (Li et al., 2011; Jorgensen, unpublished data). Once primordial follicles were
formed, expression in somatic cells diminished, and as they progressed to primary follicles,
IRX3/5 expression was gone. Based on these data, it is hypothesized that IRX3/5 re-
establish somatic cell-germ cell communication after germ-line cyst breakdown within
nascent primordial follicles; once the follicle is established, IRX3/5 relinquish control to
other yet-unknown factors as their expression diminishes (Jorgensen, unpublished data).

Fused toes (Ft) mutant mice that harbor a 1.5-Mbp deletion within chromosome 8 were used
to demonstrate an essential role of 1rx3/5 in follicle maturation. Ft mutants lack six genes,
including the entire IrxB locus (Irx3, -5, and -6), and die by E13.5 (Peters et al., 2002). To
bypass early lethality, ovaries from wild-type and mutant embryos were harvested at E12.5
and transplanted under the kidney capsule of nude-mouse hosts (Kim et al., 2011a). Wild-
type ovaries developed primary, secondary, and pre-antral follicles 2 and 3 weeks after
transplantation. In contrast, maturation of the ovarian follicles derived from Ft-mutant
embryos was stunted at the primary stage. Asymmetrical follicles contained oocytes that
failed to grow, incomplete layers of granulosa cells, and a disrupted basement membrane
(Kim et al., 2011a). Focusing solely on Irx factors, Irx3~/~ and Irx5%/C single-knockout
mice were viable and fertile, suggesting that each factor compensated for the other (Kim et
al., 2011b; Zhang et al., 2011). Like Ft mice, however, Irx3~/~;Irx5%/C double-knockout
embryos die early (E13.5), and histology of kidney capsule-transplanted ovaries was similar
after 2-3 weeks:.compared to transplanted wild-type ovaries, Irx3~/~;1rx5/C ovaries
exhibited disjointed connections between granulosa cells and the oocyte, incomplete layers
of granulosa cells, and gaps between the two cell types. Several misshapen follicles
containing zona pellucida remnants were also detected, suggesting that the defective
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granulosa cell-oocyte interactions culminated in follicle death (Figure 4). Transmission
electron microscopy images from wild-type ovaries after 2 weeks kidney capsule
transplantation illustrated plentiful cell-cell contacts between oocytes and granulosa cells
and between granulosa cells. In contrast, images from Irx3~/~;1rx5¢/C follicles
demonstrated significant gaps between oocytes and abnormal granulosa cells (Figure 4).
Adherens junctions and microvilli projections were fewer in number, and were clustered in
the few areas where granulosa cells were in close proximity to the oocyte. Preliminary
studies suggest that defective cell-cell signaling is caused, at least in part, by decreased Gjal
expression within 1rx3~/~;1rx56/C ovaries (Jorgensen, unpublished data). These findings are
supported by molecular analyses that showed that IRX3 regulated transcription of both
GJAL and GJA5 in cardiac ventricular cells (Zhang et al., 2011). While roles for 1rx3/5 in
somatic and germ cells are currently under investigation, these data suggest clear somatic
cell-germ cell interactions that are initiated within the germ-line cyst and are maintained
through early folliculogenesis.

This review followed somatic cell-germ cell interactions from the onset of germ cell
differentiation until the earliest stages of folliculogenesis within the mouse ovary. Ovarian
development clearly depends on factors that determine and maintain the ovarian fate. Here,
the focus is on the road towards formation of the functional follicle. Studies suggest that a
distinct cohort of factors contribute to the integral relationship between somatic and germ
cells that begin at the onset of germ-line cyst formation, encompassing the oogonia-to-
oocyte transition, and is maintained and required for successful primordial and primary
follicle development. Undoubtedly, more factors and their relationships will and must be
discovered. Without the foundation laid by these somatic and germ cell-derived factors,
follicles may form, but none will be structurally sound enough to proceed through follicle
maturation and ultimately release a viable oocyte that can contribute to the next generation.
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Adapted from Downs et al. 2009

Figure 1. The allantoic core domain houses putative precursor PGCs

Schematic sagittal view of the embryo’s posterior region illustrating that precursor PGCs
(red circles) are specified within the allantoic core domain (ACD; royal blue), which
incorporates the primitive streak/epiblast. The inset shows an illustration of an entire embryo
(~E7.25) to give context to the location of the mesodermal bulge that houses the ACD; the
boxed area corresponds to magnified view. al, allantois; am, amnion; Epi, epiblast; EXE,
extraembryonic endoderm; VE, visceral endoderm; D, dorsal; V, ventral; A, anterior; P,
posterior.
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mes

Figure 2. Path for PGC migration into developing gonads

PGCs travel from the epiblast, through the hindgut epithelium, to invade the developing
gonadal ridge. (A) Steps 1-2 (E7.5-8.5): PGCs from the allantoic core domain are
incorporated into the hindgut. (B) Step 3 (E9.0): upon entering the hindgut, PGCs begin
moving in response to KIT/KITL signals, but in no particular direction. (C) Step 4
(E9.0-9.5): Signals, including ROR2/WNT5 and CXCR4/SDF1, work with KIT/KITL to
promote directional migration through the hindgut. (D) Steps 4-5 (E10.0-10.5): CXCR4/
SDF1 signals attract PGCs to the gonadal ridge. (E) Steps 5-6 (E10.5-11.5): PGCs also use
extracellular matrix and cell-cell interactions to invade gonadal ridges via the dorsal body
wall. dbw, dorsal body wall; hg, hindgut; mes, mesentery.
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Figure 3. Germ cell differentiation and maturation within the developing ovary

Germ cells undergo synchronous divisions and may aggregate with other dividing germ cells
to form germ-line cysts. Thereafter, they differentiate into oocytes by initiating the first
meiotic division. Around the time of birth, germ-line cysts break down, some oocytes die,
and primordial follicles containing single oocytes form. (A) PGC arrival and organization
into ovigerous cords (germ-line cysts) (E11.5-13.5): the basal lamina (brown lines) break
down and then reform around proliferating somatic cells (blue cells) to surround invading
PGCs (red cells) that aggregate and initiate synchronous divisions to form germ-line cysts.
Synchronous division results in germ cell-germ cell syncytia with intercellular bridges. (B)
Germ-line cysts coordinate oocyte specification (E13.5-17.5): each germ-line cyst includes
clusters of germ cells that are completely surrounded by pre-granulosa cells (blue), a new
basal lamina (brown line), and extracellular matrix (X). Several germ-line cysts grow within
the developing ovary. Germ cells within the cyst begin to differentiate by initiating meiotic
division (germ cell color changes from red to light coral) in response to retinoic acid
signaling. Somatic cells remain intimately associated with oocytes and send projections deep
into the syncytia. (C) Germ-line cyst breakdown initiates shortly before birth (E17.5-P2):
Somatic cells begin to send long, invasive projections between oocytes, the basal lamina
break down, and many oocytes die (wrinkled coral/blue germ cells) as germ-line cysts break
down and follicles begin to form. The earliest follicles begin to form in the medulla as early
as E17.5; the last follicles form at the cortex (P0-P2). (D) Primordial follicle formation and
maturation to primary follicle (P0-P4): Interactions between the extracellular matrix (X),
basal lamina (brown lines), somatic cells (blue), and oocytes (coral) facilitate organization
into primordial follicles. Primordial follicles are characterized by squamous somatic cells
(granulosa cells), which transition to a cuboidal shape upon maturation to primary follicles.
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Irx3--:1rx5C/G 3

Figure 4. Irx3~~;1rx58/G ovaries contain follicles with disrupted granulosa cell-oocyte contacts
Ovaries were harvested at E12.5 from wild-type and Irx3~/~;Irx5%/C embryos 2 or 3 weeks
after kidney capsule transplantation (KCT). (A, B) Hematoxylin and eosin staining of
ovaries 3 weeks after transplantation. (A) Primary and secondary follicles within a wild-type
ovary. (B) Follicles within an 1Irx3~/~;1rx56/C ovary. Severe disruption of contact between
oocyte and granulosa cells was detected (arrow), forewarning oocyte death (arrowheads,
zona pellucida remnants). (C, D) Transmission electron microscopy of ovaries harvested 2
weeks after transplantation. Scale bar, 1 pm. (C) Wild-type granulosa cells (g) and an oocyte
(o) are in close proximity with the zona pellucida matrix (z) evident between them.
Granulosa cell trans-zonal processes (arrowheads) and oocyte-derived microvilli (arrows)
are plentiful, exemplifying substantial cell-cell communication. (D) A follicle from an
Irx3~/=;1rx5%/G ovary displays a considerable gap between the granulosa cells (g) and
oocyte (0) (asterisk). Microvilli originating from the oocyte are fewer, but present (arrow);
however, trans-zonal projections from granulosa cells are completely absent.
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Table 1
PGC Fate Initiation, E6.25-7.5
Cell-cell contact
Factor Site Onset of Expression References
CDH1 ExM, ACD E6.25 Okamura et al. 2003
Local Signals
Factor Site Onset of Expression References
Bmp4 EXE, EXM E6.25,7.0 Lawson et al. 1999
Bmp8b EXE E6.0 Ying et al. 2000
Bmp2 VE E6.0 Ying et al. 2001
Wnt3 Epi E5.5 Kemp et al. 2005; Ohinata et al. 2009
Unknown Inhibitory Signals VE E6.0 Pfister et.al. 2005; Ohinata et al. 2009; Tam et al. 2009
Transcription Factors
Factor Site Onset of Expression References
SMAD1 VE, (Epi) E6.5 Tremblay et al. 2001
SMAD5 Epi E6.5 Chang et al. 1999, 2001
HOX genes decreased Epi E6.0 Saitou et al. 2002
Decreased
BLIMP1 VE, Epi E5.5, E6.25 Ohinata et al. 2005, 2009; Magnusdodttir et al. 2013
PRDM14 Epi E6.25 Yamaji et al. 2008; Magnusdottir et al. 2013
AP2y Epi E7.25 Weber et al. 2010; MagnUsdoéttir et al. 2013

ACD, allantoic core domain; EXE, extraembryonic endoderm; ExM, extracellular matrix; Epi, epiblast; VE, visceral endoderm.
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Table 2
PGC Migration, E7.5-11.5
Cell-cell contact
Factor Site Expression Function References
IFITM Epi E5.5,7.5 Repulsive/guiding actions during initiation of PGC ~ Lange et al. 2003; Tanaka et al. 2005
migration
CDH1 Hindgut E8.5 Expression transitions from PGC in epiblast to Bendel-Stenzel et al. 2000
hindgut epithelium to facilitate cell-cell Interactions
CDH1 PGC E9.5 Expression transitions back to PGC upon exit from Bendel-Stenzel et al. 2000; DiCarlo
hindgut; promotes aggregation in gonad et al. 2000
Integrin 1 PGC, somatic cell E10.5 Extracellular matrix interactions, PGC homing to Anderson et al. 1999
gonad
Local Signals
Factor Site Expression Function References
KIT/KITL PGC/hindgut somatic cells E6.25,7.0 PGC survival; McCoshen et al. 1975; Buehr et al. 1993;

proliferation; migratory
function without

Mahakali Zama et al. 2005; Runyan et al.

2006; Gu et al. 2009

directionality
ROR2/WNT5A  PGC/hindgut, gonad soma, PGC E10.5 Migratory function: PGC Laird et al. 2011; Chawengsaksophak et al.
polarization, elongation 2012
CXCR4/SDF1  PGC/dorsal mesenchyme, gonad E9.5-10.5 PGC survival; Avra et al. 2003; Molyneaux et al. 2003
directional migration
Transcription Factors
Factor Site Expression Function References
Brachyury (T) PGC/somatic cells E7.0 Regulates cell rearrangements Saitou et al. 2002; Viebahn et al. 2002; Kwan et al.
Epi, epiblast
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Table 3
Germ Cell Differentiation & Maturation In Developing Ovary, E11.5-P4

Cell-cell contact

Factor Site Expression Function References
CDH1 Germ cell E115 Movement within gonad; germ cell DiCarlo et al. 2000; Donovan et al. 1986
aggregation and proliferation
CDH1/Bcat Germ cell E11.5 Adherens junctions Fleming et al. 2012; Liu et al. 2009; Naillat et al.
2010
CDH2/Bcat Somatic cell E115 Adherens junctions Fleming et al. 2012; Liu et al. 2009; Merchant et

al. 1975; Mitchell et al. 1986

Gjal Germ/Somatic cell E12.5 Heterocellular gap junctions DeFelici et al. 1989; Mitchell et al. 1986; Perez-
Armenderiz et al. 2003

Local Signals
Factor Site Expression Function References
Whnt4/Rspol/Bcat Somatic cells XX specific E12.5  Germ cell survival; inhibit ~ Chang et al. 2008; Chassot et al. 2008;
male vasculature and Liu et al. 2009; Manuylov et al. 2009;
ductal system; prevent Tomizuka et al. 2008; Vainio et al.
steroidogenic cell 1999
differentiation
Jagl/Notch2/Lfng  Germ/Somatic/Somatic cell E15.5 Oocyte health; primordial Hahn et al. 2005; Manosalva et al.
follicle formation 2013; Trombly et al. 2009; Xu et al.
2013
Transcription Factors
Factor Site Expression Function References
FOXL2 Somatic cell E12.5 Maintenance of female somatic cell Schmidt et al. 2004; Uda et al. 2004; Ottolenghi
phenotype etal. 2007; Uhlenhaut et al. 2009
IRX3, 5 Somatic cell; E12.5; PO Maintenance of germ cell-somatic cell Jorgensen et al. 2005; Kim et al. 2011; Herein
Germ cell late communication
FIGLA Germ cell E12.5 Germ cell survival; primordial follicle Hu et al. 2010; Joshi et al. 2007; Lei et al. 2006;
formation suppression of male genes; Liang et al. 1997; Soyal et al. 2000

synchronize germ-somatic cells

LHX8 Germ cell E13.5 Oocyte health; primordial-primary Choi et al. 2008; Pangas et al. 2006
follicle transition

NOBOX Germ cell E15.5 Oocyte health; primordial-primary Lechowska et al. 2012; Rajkovic et al. 2004
follicle transition; germ-somatic cell
interactions

SOHLH1, 2 Germ cell E12.5 Oocyte health; primordial-primary Ballow et al. 2006a; Ballow et al. 2006b; Choi et
follicle transition al. 2008; Pangas et al. 2008
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