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ABSTRACT 

A central question in embryonic development is the extent to which cellular decisions are 

internally controlled or mediated by the surrounding environment. Primordial germ cells (PGCs) 

in the mouse embryo are a unique model to address this question because they traverse numerous 

cell and tissue types during their multi-day migration from the primitive gut to the developing 

gonads. Despite the conservation of PGC migration across species, mechanisms governing the 

motility, maturation, survival, and proliferation of these cells in mammals remain largely 

unknown. In this work, I use genetic mutants, single cell quantitative imaging, and ex vivo cell 

culture to examine the intrinsic and extrinsic role of noncanonical Wnt signaling in regulating 

migratory PGC development. 

Analysis of in vivo PGCs revealed a role for the somatic cell microenvironment in 

regulating germ cell proliferation. I observed a steady rise in the number of cycling PGCs along 

the migratory route which correlated with their canonical Wnt activity. In the earliest somatic 

niche, the hindgut, I show that the noncanonical ligand Wnt5a, and its receptor Ror2, work to 

antagonize the canonical Wnt pathway and suppress the PGC proliferation. Additionally, Wnt5a 

primes PGCs to adopt a migratory morphology without providing directional cues. Conditional 

loss of Ror2 specifically in PGCs phenocopies the temporary burst in proliferation in the hindgut 

as well as the reported migration defects at the time of gonadal colonization. However, I find a 

sustained increase in total germ cell number, suggesting that mutant PGCs have improved survival 

in wild-type soma. Parallel experiments in Xenopus laevis corroborate our findings that Ror2 has 

divergent functions in PGCs compared to their surrounding microenvironment.  

These results suggest that PGCs integrate intrinsic and extrinsic Wnt5a-Ror2 signaling to 

successfully move, expand, and survive on their way to the gonads. The balance of motility and 
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proliferation by the microenvironment via the noncanonical Wnt pathway may function similarly 

in other migratory cell lineages, such as hematopoietic stem cells and neural crest cells. Further 

exploration of these cells and their microenvironments will enhance our understanding of the 

interplay between migration of precursor populations and other simultaneous cell processes critical 

to their development. 
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CHAPTER 1: Introduction 

CELL MIGRATION IN DEVELOPMENT 

Cell migration is vital for development and survival and has been observed in the 

simplest to most complex multicellular organisms. A number of events have been identified in 

the coordination of cell motility including asymmetric polarization, protrusion formation at the 

leading edge, cell adhesion, and translocation or retraction of the lagging edge (reviewed in 

Lauffenburger and Horwitz 1996; Coates et al. 1992; Izzard et al. 1980; Chen 1981; Chen et al. 

2003). There are many types of motile cells which each deploy unique and context-dependent 

signaling pathways to mediate these fundamental processes; however, nearly all forms of 

migration require reorganization of the actin cytoskeleton and integrin binding to the 

extracellular matrix (ECM). External cues such as extracellular substrate stiffness, combinations 

of secreted factors, and two versus three-dimensional surroundings are also important in 

regulating cell migration (Pelham and Wang 1997; Lo et al. 2000; Pathak and Kumar 2012; 

Lämmermann et al. 2008; reviewed in Hynes 2009; reviewed in Charras and Sahai 2014).  

The two major categories of cell movement are collective cell migration and single cell 

migration. The primary task of each mode of migration differs substantially – collective 

migration drives the assembly, form, and regeneration of complex tissues and organs and single 

cell migration allows cells move between locations to integrate into tissues or perform effector 

functions (reviewed in Friedl and Wolf 2009).  

Collective cell migration  

The most common form of cell movement during development is collective cell 

migration, a process defined by the coordination and cooperation of neighboring cells to move 

together as a group. Collective cell migration has been observed in epithelial tissues such as the 
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lateral line primordium in zebrafish or mammalian vasculature (Metcalfe 1985; Rousseau et al. 

1997) as well as mesenchymal cohorts like those of the neural crest in Xenopus and mouse 

(Collazo et al. 1993; Serbedzija et al. 1990). Despite the use of different molecular and genetic 

pathways depending on cell type and species, key underlying principles of collective cell 

migration are conserved. A defining feature of this form of cell movement is the maintenance of 

stable cell-cell contacts between neighboring motile cells (Hegerfeldt et al. 2002; Ulrich et al. 

2005; Llense and Martín-Blanco 2008). Through these interactions, cells of the collective are 

able to specialize leaders and followers, propagate directional cues, and maintain polarity at the 

leading edge and within the group (reviewed in Scarpa and Mayor 2016). Cells that move 

together have increased efficiency of migration as compared to cells that move individually, 

because they can collectively buffer heterogeneity in cell responsiveness to maintain direction 

and substantially remodel the extracellular environment to form a clear route for the follower 

population (Vitorino and Meyer 2008; Gjorevski et al. 2015). To more easily define and 

manipulate the mechanisms of collective cell migration, in vitro models of wound healing, 

matrix invasion, and planar cell polarity have been developed using fibroblasts, migratory cell 

lines, or primary cells (reviewed in Friedl and Gilmour 2009).  

Single cell migration 

While many classical studies of cell movement used models of collective cell migration, 

there are several examples of cells that migrate singly in development, homeostasis, and disease. 

In the embryo, hematopoietic stem cells, immature neurons, and primordial germ cells (PGCs), 

the embryonic precursors for egg and sperm cells, migrate as single cells from their point of 

specification to their final location (Johnson and Moore 1975; Berry and Rogers 1965; Forrester 

and Garriga 1997; Chiquoine 1954). In adult homeostasis, leukocytes survey the body for 
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wounding and infection by migrating through various tissues and the vasculature (reviewed in 

Weninger et al. 2014; de Bruyn 1946; Miller et al. 2003). In cancer, metastatic cells move out of 

the primary tumor by hijacking components of the migratory network to colonize new sites 

around the body (reviewed in Clark and Vignjevic 2015).  

The movement of single cells is similar in general principle to movement by groups of cells – 

they must polarize, sense chemotactic signals, and form adhesions with their extracellular 

surroundings; however, in contrast to collective cell migration, each individually migrating cell 

must be capable of all functions. This often results in higher cell velocities, presumably because 

there is no negotiation with neighboring migratory cells, but lower overall efficiency of directed 

migration, since single cells are more susceptible to subtle changes in extracellular signaling and 

thus more likely to wander or stall.  

In vitro culture assays are currently being used to dissect the molecular mechanisms by 

which individual cells interact with the extracellular compartment and simultaneously control the 

multitude of processes that allow for motility. These models are critical to understanding cell 

migration as it is currently challenging to rigorously track and manipulate the movement of cells 

in vivo. However, the development of new imaging techniques, such as two-photon microscopy 

(Denk et al. 1990), is beginning to allow live visualization of cell movement in previously 

inaccessible tissues and model systems (Qi et al. 2006; reviewed in Weigert et al. 2013).  
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PRIMORDIAL GERM CELL MIGRATION 

Conservation of primordial germ cell migration 

In many species, the PGCs are among the earliest cell lineages specified in the embryo, 

often set aside prior to gastrulation and far from their ultimate residence in the gonads (Ephrussi 

and Lehmann 1992; Yoon et al. 1997; Chiquoine 1954). Thus, PGCs must undergo a lengthy and 

active migration through the developing embryo to reach the somatic cells of the developing 

gonads (reviewed in Richardson and Lehmann 2010). Fertility in the adult relies upon the 

successful migration of the germline; failure to complete this process results in a loss of 

functional germ cells and increased risk for the development of germ cell tumors (Mintz and 

Russell 1957; McCoshen and McCallion 1975; Chaganti 1994). Through the study of multiple 

model organisms, it has been shown that the overall process of PGC migration – interaction with 

multiple tissue types, receptivity to and sensing of chemoattractant and repellant cues – is highly 

conserved (Fig. 1.1), and several key genes and signaling pathways have been identified 

(reviewed in Richardson and Lehmann 2010).  

In Drosophila melanogaster (fruit fly), the process of PGC migration is completed within 

four hours (Sonnenblick 1941; reviewed in Starz-Gaiano and Lehmann 2001). During 

gastrulation, the PGCs are passively carried into the midgut pocket of the developing embryo 

(Jaglarz and Howard 1995). Shortly thereafter, the PGCs begin to express Tre1, which polarizes 

the cells and initiates their individual dispersal through the epithelial layer midgut endoderm 

(Fig. 1.1; Kunwar et al. 2008). Once outside the midgut, Drosophila PGCs migrate dorsally then 

anteriorly along the midgut, incorporate into the posterior mesoderm, and bifurcate laterally to 

join somatic gonadal precursor cells (SGPCs) and form the gonads (Sonnenblick 1941; Warrior 

1994). This migratory route is defined by the precise expression of Wunens (Wun, Wun2) in the  
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Figure 1.1: Conservation of PGC migration between multiple species.  
Following gastrulation (dashed line), PGCs in Drosophila, Xenopus, and mouse undergo lengthy migrations through endodermal sheets 

(orange) and mesodermal tissues (blue) to reach the developing gonads (purple). Light beige background denotes the migratory period; 
darker beige background represents pre- and post-migratory periods. Time scales of the migratory period are noted for each species:  

hpf = hours post-fertilization, E = embryonic day. Annotations underneath the orange and blue bars represent the specific locations and 

timing of PGC movement within the more general tissue type.   
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neighboring somatic tissues, such as the midgut, which act as repellant signals to guide PGCs 

toward the SGPCs and restrict movement into ectopic locations (Zhang et al. 1997; Zhang et al. 

1996; Starz-Gaiano et al. 2001). Later-stage migration to the lateral mesoderm and eventual 

association with the SGPCs is directed by the expression of Hmgcr, an enzyme important in 

cholesterol and isoprenoid synthesis, and Mdr49, an export protein, in the soma; however, the 

identity of the chemoattractant produced and secreted by these proteins has yet to be determined 

(Van Doren et al. 1998; Ricardo and Lehmann 2009). Motility in Drosophila PGCs is mediated 

by the downregulation of DE-cadherin and formation of actin-rich leading and lagging edges to 

coordinate protrusion, adhesion, and retraction of the cells (Kunwar et al. 2008; Jaglarz and 

Howard 1995).  

Another well-studied model for PGC migration is Danio rerio (zebrafish). Over the 

course of 18 hours, zebrafish PGCs embark on a complex journey through a series of 

intermediate targets on their way to the final location of the gonad (Weidinger et al. 1999; 

Weidinger et al. 2002). Following their specification in four random locations throughout the 

embryo (Yoon et al. 1997; reviewed in Raz 2003), a feature unique to zebrafish development, the 

PGCs migrate to the dorsal side of the embryo, are excluded from the midline, align with the 

anterior and lateral mesoderm, and coalesce into two lateral clusters which are moved posteriorly 

to their final position at the site of gonad formation (Weidinger et al. 1999). Coordination of this 

movement is mediated primarily by the chemoattractant SDF1 (also known as CXCL12), which 

has a spatially and temporally dynamic expression that is tightly regulated in somatic tissues that 

comprise the migratory route (Knaut et al. 2003; Doitsidou et al. 2002). Additionally, the 

isoprenoid arm of the Hmgcr pathway is important in zebrafish PGC migration, although its 

exact mechanism of action has not been elucidated (Thorpe et al. 2004). Unlike germ cells in 
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other organisms which polymerize actin and modify the cytoskeleton to form protrusions at the 

leading edge, PGCs in the zebrafish embryo employ membrane blebbing and cytoplasmic flow 

as a core means of their motility (Blaser et al. 2006). The PGCs switch between periods of active 

and directional movement termed “running,” and “tumbling,” or pauses in movement 

characterized by environment-sensing via multiple membrane blebs and reorientation toward the 

chemotactic signal guiding their migration to the gonads (Reichman-Fried et al. 2004). This style 

of migration is considered to be a strategy for PGCs to move forward via cytoplasmic 

translocation when adhesions with the surrounding microenvironment are overly stable or cannot 

be altered quickly enough to permit more traditional movement (reviewed in Paluch and Raz 

2013).  

Other model organisms in which PGC migration has been described, but not yet 

rigorously studied, include Gallus gallus (chicken) and Xenopus laevis (frog). In the chicken, 

PGCs are moved passively by gastrulation to the germinal crescent, the region of extraembryonic 

tissue anterior to the head. From the germinal crescent they enter the vasculature and utilize the 

embryonic circulation to reach the developing gonadal soma in the intermediate mesoderm 

(Nakamura et al. 2007). This process occurs over approximately 1.5 days, from stages 9 to 17 of 

embryonic development. The presence of protrusions on chick PGCs in the mesoderm 

(Nakamura et al. 2007) and the similarities in movement with leukocytes during inflammation 

(reviewed in Weninger et al. 2014) suggest that migration through the endothelium and within 

the mesoderm is an active process. In situ hybridization revealed high levels of SDF1 expression 

in the mesodermal tissues of later chick PGC migration and concordant expression of CXCR4 on 

the germ cells (Stebler et al. 2004). Ectopic expression of SDF1 in the chick embryo re-routed 

many PGCs to new locations, suggesting that this chemokine guides exit of the germ cells from 
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the vasculature and subsequent interstitial tissue movement toward the gonads (Stebler et al. 

2004). Other guidance cues, mechanisms of motility, and signaling pathways important for PGC 

migration in the chicken embryo remain unknown. 

In the frog, PGC migration spans two days of development, from stages 24 to 46 

(Kamimura et al. 1976; Nishiumi et al. 2005). Following localization to the ventral endoderm 

during gastrulation, PGCs dissociate from their original cluster and begin actively migrating 

dorsally, laterally, and anteriorly through the endodermal mass (Fig. 1.1). Upon reaching the 

most dorsal region of the endoderm, they exit into the dorsal mesentery and reaggregate in the 

genital ridges. The chemotactic signals that direct the movement of frog PGCs have not yet been 

identified; however, recent work has begun to elucidate the role of adhesion, ECM molecules, 

and internal cytoskeletal dynamics in regulating the modes of PGC motility in the developing 

frog embryo (Nishiumi et al. 2005; Terayama et al. 2013; Dzementsei et al. 2013).  

PGC migration in the mouse 

Due to the lengthy gestational period and limiting number of PGCs in the early stages of 

development, less is known about the mechanisms that regulate germ cell migration in mammals 

as compared to fly or zebrafish. Because PGC migration in the human spans weeks 3-6 of 

gestation (Witschi 1948; Mamsen et al. 2012), an often inaccessible period for embryonic study, 

most research has used the mouse as a model system for mammalian PGC development. After 

specification in the epiblast, mouse PGCs begin their migration on embryonic day 7.5 (E7.5) by 

actively entering the primitive endoderm, which will differentiate into the hindgut (Chiquoine 

1954; Clark and Eddy 1975; Anderson et al. 2000). Over the course of several days, they 

integrate into and travel within the developing hindgut epithelium before crossing the basement 

membrane at E9.5 and invading into surrounding mesentery (Fig. 1.1). The PGCs then move 
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dorsally through the elongating dorsal mesentery of the midline before bifurcating laterally and 

ultimately colonizing the emerging gonads from E10.5-11.5 (Molyneaux et al. 2001; reviewed in 

Richardson and Lehmann 2010). Once in the gonad, mouse PGCs, like other species, lose their 

migratory potential and initiate sex differentiation pathways (Donovan et al. 1986). Similar to the 

migration in all model organisms that have been studied, mammalian PGCs interact with both 

epithelial and mesenchymal tissues and undergo periods of active and passive movement during 

the migratory period.  

Through the study of genetic mutants, several secreted factors and their corresponding 

receptors have been identified in the promotion of motility and directional guidance of migratory 

mouse PGCs. The best characterized ligand-receptor pair in PGC migration is KitL (also known 

as Steel factor or Stem cell factor) and cKit. Early studies of mice carrying mutations in the cKit 

locus (also known as W) or KitL locus (also known as Steel) noted a dramatic reduction in 

population size of the germline as well as a delay in the migration of PGCs that resulted in 

failure to efficiently colonize the gonadal ridges (Mintz and Russell 1957; McCoshen and 

McCallion 1975; Buehr et al. 1993; Runyan et al. 2006). Careful characterization of KitL, which 

has both membrane-bound and secreted forms (Flanagan et al. 1991; Huang et al. 1992; 

Miyazawa et al. 1995), revealed its expression by somatic cells of the embryonic mesoderm and 

gonadal ridges to be spatially and temporally dynamic along the migratory route, creating a wave 

of expression coined the “traveling niche” (Gu et al. 2009). While secreted KitL is present and 

capable of facilitating PGC movement, this wave is generated by the membrane-bound form of 

KitL in order to produce a localized high concentration of ligand needed to sustain and guide 

PGC motility (Gu et al. 2011). Exposure to a directional gradient of exogenous secreted KITL in 

ex vivo cell culture induces polarization and protrusion formation in migratory PGCs and 
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addition of KITL drives the movement of post-migratory PGCs in embryo slice culture (Farini et 

al. 2007; Laird et al. 2011; Gu et al. 2011).  

Work from other model systems has also informed mammalian studies, leading to the 

identification of additional and conserved chemotactic pathways in mouse PGC migration. The 

SDF1-CXCR4 pathway has been established as a mediator of PGC movement (Ara et al. 2003; 

Molyneaux et al. 2003). Akin to its role in zebrafish and chicken, SDF1 is thought to function 

primarily as a chemoattractant in the later stages of migration to the gonadal ridges, as initiation 

of PGC migration and entry into the hindgut is unaffected by genetic loss of the ligand or 

receptor. In another parallel to fly and fish, the Hmgcr pathway plays a role in mouse PGC 

migration; however, its function is more complex and utilizes both the cholesterol and isoprenoid 

arms of the pathway (Ding et al. 2008).  

Adhesion molecules and ECM proteins are also critical in ensuring efficient migration of 

PGCs to the gonads. Expression of several common ECM components has been found along the 

migratory route, notably collagen IV, fibronectin, and laminin in the mesentery and laminin in 

the basement membranes of the mouse hindgut and coelomic epithelia (De Felici and Dolci 

1989; ffrench-Constant et al. 1991; García-Castro et al. 1997). Cell culture experiments 

highlighted the ability of PGCs to bind each of these molecules to varying degrees depending on 

substrate and age of the germ cells. Loss of a major ECM binding protein, β1-integrin, results in 

a migratory delay in PGCs, with a majority of mutant germ cells remaining outside the gonads at 

E11.5 (Anderson et al. 1999). Several α-integrins are also known to be expressed by PGCs, but 

their removal does not impair migration, suggesting a redundancy in the ability to bind ECM 

which may correspond to the overlapping expression patterns of different ECM proteins. The one 

area of ECM interaction that has been understudied, and thus remains an open question, is the 
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identification of degradation molecules that allow for PGC invasion through the basement 

membrane of the hindgut as well as movement within the different tissues along the migratory 

route.  

In addition to the ECM, cell-cell interactions are likely important in the regulation of 

PGC migration. Similar to their counterparts in the fly, frog, and zebrafish (Kunwar et al. 2008; 

Baronsky, et al. 2016; Blaser et al. 2005), mouse PGCs express E-cadherin (Bendel-Stenzel et al. 

2000; Di Carlo and De Felici 2000), a classic mediator of cell-cell contact and stable adhesion, 

especially within epithelial tissues. However, distinct from these other organisms which 

downregulate E-cadherin prior to migration, PGCs in the mouse maintain and utilize its 

expression throughout their migration from the hindgut to the gonads (Bendel-Stenzel et al. 

2000; Di Carlo and De Felici 2000). The presence of E-cadherin on PGCs during this time is 

puzzling given its absence in the tissues beyond the hindgut with which the germ cells are 

interacting, such as the dorsal mesentery and gonadal ridges; thus, it has been proposed that E-

cadherin is used to form a network of migrating PGCs by maintaining cell-cell contact through 

very long and thin protrusions between germ cells (Gomperts et al. 1994). However, time lapse 

imaging of embryo slice cultures did not find evidence of sustained contact between PGCs as 

suggested by images from histological sections (Molyneaux et al. 2001), so the function of E-

cadherin during migration remains a mystery.  

Other key cellular processes during the migratory period in mouse PGC development 

Simultaneous with their migration, mammalian PGCs are also coordinating several other 

cell processes important for their development. Distinct from the model organisms studied to 

date (Su et al. 1998; reviewed in Richardson and Lehmann 2010), human and mouse PGCs are 

actively proliferating during their migration, increasing in population size from approximately 45 
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cells at E7.5 to ~200 at E9.5 (reviewed in McLaren 2003; Saitou et al. 2002; Seki et al. 2007), 

~2500 at E11.5 (Laird et al. 2011), and peaking around 25,000 at E13.5 (Tam and Snow 1981). 

The KitL-cKit pathway is one regulator of germ cell proliferation, with several genetic mutants 

for either ligand or receptor unable to expand their number of PGCs after specification, resulting 

in fertility defects (Mintz and Russell 1957; McCoshen and McCallion 1975; Buehr et al. 1993). 

Adding to its functions as a mitogen and chemoattractant, KitL has also been shown to play a 

role in PGC survival (Runyan et al. 2006).  

In vitro cultures of migratory PGCs have confirmed the proliferation and survival 

functions of KitL (Godin et al. 1991a; Dolci et al. 1991; Matsui et al. 1991) and identified a 

number of other factors important for these processes including LIF (Matsui et al. 1991), FGFs 

(Resnick et al. 1992; Kawase et al. 2004), SDF1 (Molyneaux et al. 2003), cAMP (De Felici et al. 

1993), retinoic acid (Koshimizu et al. 1995), and TGFβ1 (Godin and Wylie 1991b). Refinement 

of germ cell culture conditions has led to a reduction in the factors necessary to maintain the 

survival of PGCs, increasing the utility of this system in identifying and testing the function of 

new factors in all facets of germ cell development (Laird et al. 2011).  

In addition to proliferation, mouse PGCs are also undergoing epigenetic reprogramming 

via several different mechanisms during their migration to the gonadal ridges (Seki et al. 2005). 

This reprogramming is thought to be critical for PGC development and function, by preventing 

differentiation down somatic lineages, maintaining the expression of pluriopotency genes, and 

erasing imprinted marks to allow for their reset during the process of gametogenesis (Ancelin et 

al. 2006; Seisenberger et al. 2012; Hackett et al. 2013; reviewed in De Felici 2011). Shortly after 

specification, levels of DNA methylation and the types of histone marks found in PGCs are 

indistinguishable from their somatic neighbors (Seki et al. 2005; Seki et al. 2007). However, as 
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the PGCs proceed through migration, they begin to demethylate cytosines in CpG islands across 

their genome, resulting in distinctly different epigenetic patterning at E11.5 than that seen at 

E8.0 or in the somatic cells (Kafri et al. 1992; Seki et al. 2005; Seisenberger et al. 2012; Hackett 

et al. 2013). This process of demethylation is not indiscriminate, as several post-migratory PGC 

genes, including Vasa, GCNA, and Dazl, imprinted genes, and retrotransposons remain highly 

methylated until after gonadal colonization (Maatouk et al. 2006; Seisenberger et al. 2012; 

Hackett et al. 2012). Additionally, the histone modifications that occur during migration, 

including erasure of H3K9me2 and addition of H3K27me3 and H4/H2AR3me2, appear to move 

the genome toward greater transcriptional plasticity while preventing inappropriate 

differentiation (Seki et al. 2005; Ancelin et al. 2006). It remains unclear if this phase of 

epigenetic reprogramming is linked to PGC migration and movement through different somatic 

microenvironments or intrinsically regulated by developmental timing, and insufficient numbers 

of PGCs during this period have prevented the use of experimental techniques typical in this line 

of research. However, it may be possible to parse the question of intrinsic timing versus somatic 

control by examining the epigenetic status of PGCs in migration mutants in which germ cells are 

found in the wrong place at the wrong time.  
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NONCANONICAL WNT SIGNALING IN CELL MIGRATION 

Canonical versus noncanonical Wnt signaling 

Wnt signaling is one of the most commonly utilized and well-studied pathways in 

development. The Wnt family of genes was originally discovered in a screen for proto-

oncogenes in mammary cancer (Nusse and Varmus 1982). Characterization of this original Wnt, 

Wnt1 (formerly known as Int1), identified the transcription factor β-catenin as a key effector of 

its signaling pathway (McMahon and Moon 1989; McCrea et al. 1993; Young et al. 1998; 

Mizushima et al. 2002). The ensuing identification of more Wnt family members and their 

downstream pathways led to the classification of two distinct arms of the Wnt pathway: 

canonical, β-catenin-mediated signaling and noncanonical, non-β-catenin-mediated signaling 

(reviewed in Niehrs 2012). 

Canonical Wnt signaling is defined by its activity in the “on” or “off state.” In the “off 

state” of signaling, cytoplasmic β-catenin is bound by the Axin-GSK3β-APC-CK1ε complex, 

 

Figure 1.2: Overview of Wnt signaling pathways.  
Canonical Wnt signaling is turned “on” by the binding of Wnts with Frizzled and LRP receptors to activate β-catenin-mediated transcription. 
Noncanonical Wnt signaling is driven by the binding of Wnts to non-LRP receptors, such as Ror2, to activate a number of different 

downstream signaling pathways and functions. Schematic is modified from a review by Nishita et al. 2010. 
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phosphorylated, and degraded (Hart et al. 1998; reviewed in Logan and Nusse 2004). However, 

engagement of Frizzled and LRP receptors by Wnt ligands turns “on” the pathway, causing 

dissociation of the degradation complex (Fig. 1.2). This allows β-catenin to accumulate in the 

cytoplasm, translocate to the nucleus, bind transcription factors in the LEF/TCF family, and 

induce gene expression (Behrens et al. 1996; Molenaar et al. 1996; reviewed in Niehrs 2012). 

This arm of the pathway regulates cell specification and fate decisions, organogenesis, and 

proliferation (Korinek et al. 1998; Gat et al. 1998; reviewed in Wang et al. 2012). 

Noncanonical Wnt signaling is an all-encompassing term for Wnt pathways that do not 

work through β-catenin-mediated transcription, of which there are many. In these pathways, 

Wnts commonly engage Frizzled and non-LRP receptors, such as Ror or Ryk family members 

(Hikasa et al. 2002; Oishi et al. 2003; Wouda et al. 2008), and activate a variety of downstream 

signaling pathways (Fig. 1.2; reviewed in Nishita et al. 2010; reviewed in Niehrs et al. 2012).  

Regulation of planar cell polarity is the best-studied function of noncanonical Wnt signaling; 

however, these pathways can also regulate multiple mechanisms of cell migration and invasion 

as well as inhibit the canonical Wnt pathway (Nishita et al. 2006; Enomoto et al 2009; Mikels 

and Nusse 2006; Mikels et al. 2009).  

While early studies attempted to classify Wnts and their binding partners as canonical or 

noncanonical, recent work suggests that the context of receptors and ligands determines the 

predominant downstream signaling pathway in an individual cell (van Amerongen and Nusse 

2009; van Amerongen et al. 2012). This promiscuity of Wnts and the complexity of their 

downstream signaling can thus explain their broad expression throughout development and 

ability to regulate many cell types and processes at the same time.  
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Wnt signaling in germ cell development 

Several Wnt ligands have been implicated in PGC development in the mouse: Wnt3 and 

Wnt3a in specification (Aramaki et al. 2013; Bialecka et al. 2012; Ohinata et al. 2009; Tanaka et 

al. 2013), Wnt5a, and its receptor Ror2, in migration (Chawengsaksophak et al. 2012; Laird et al. 

2011), and Wnt4 in female sex-differentiation (Chassot et al. 2012; Vainio et al. 1999). Both the 

specification and sex-differentiation of PGCs utilize the β-catenin-dependent, canonical arm of 

the Wnt pathway (Aramaki et al. 2013; Chassot et al. 2011; Chassot et al. 2008), while migration 

is regulated by the noncanonical Wnt pathway (Chawengsaksophak et al. 2012; Laird et al. 

2011). Similar regulation of PGC migration by Wnts has been shown in Drosophila via WntD 

and is likely mediated through signaling independent of the canonical pathway (McElwain et al. 

2011). Overactivation of the canonical Wnt pathway in post-migratory mouse PGCs has been 

shown to slow the cell cycle rate and reduce the size of the germ cell pool (Kimura et al. 2006). 

Many of these studies have focused primarily on the Wnt ligand responsible for these functions, 

leaving the repertoire of receptors involved in mediating the signaling an open area of interest 

and investigation.   

The noncanonical Wnt receptor Ror2 

As previously mentioned, noncanonical Wnt signaling is defined by the binding of Wnt 

to Frizzled and non-LRP receptors (reviewed in Niehrs 2012). One such receptor is Ror2, a 

tyrosine kinase-like receptor that is highly conserved and plays a critical role in the development 

of many organs and tissues (reviewed in Minami et al. 2010). Ror family members are found in 

invertebrate and vertebrate species ranging from C. elegans to humans (Forrester and Garriga 

1997; Forrester et al. 1999; Hikasa et al. 2002; Takeuchi et al. 2000; DeChiara et al. 2000; 

Oldridge et al. 2000). The mammalian Ror2 protein consists of several domains including an 
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extracellular cysteine-rich domain that is similar to those found in Frizzled proteins, an 

extracellular Kringle domain with unknown function in Ror2, an intracellular tyrosine kinase 

domain whose phosphorylation is not always required for Ror2 signaling, and an intracellular 

proline-rich domain that binds cytoskeletal modifiers (Oishi et al. 2003; Patthy et al. 1984; Liu et 

al. 2008; Nishita et al. 2006). Loss of Ror2 in the mouse results in numerous developmental 

abnormalities including a shortened body axis, defects in limb and genital outgrowth, cleft 

palate, and respiratory and cardiac dysfunction that result in death shortly after birth (Takeuchi et 

al. 2000; DeChiara et al. 2000; Oishi et al. 2003). Similar defects are found in mouse mutants of 

Wnt5a, a classically described noncanonical Wnt and the most characterized ligand for Ror2 

(Yamaguchi et al. 1999). Mutations in the human Ror2 locus are associated with Robinow 

syndrome, a disorder characterized by dwarfism, craniofacial defects, and genital hypoplasia 

(Afzal et al. 2000; van Bokhoven et al. 2000), and brachydactyly type B, a disorder in the growth 

of distal phalanges and nails (Oldridge et al. 2000; Schwabe et al. 2004).  

Wnt5a and Ror2 have been shown to regulate many downstream signaling pathways. 

Work in cell lines identified a role for Wnt5a suppression of canonical Wnt signaling via Ror2 

(Mikels and Nusse 2006); this interaction between the Wnt pathways was confirmed in in vivo 

studies where loss of Ror2 leads to an increase in canonical Wnt activity (Mikels et al. 2009). 

Wnt5a-Ror2 have also been linked to the planar cell polarity (PCP) pathway through several in 

vivo studies. In the developing limb bud, Wnt5a is expressed in a gradient that corresponds with 

a gradient of phosphorylated Vangl2, a core protein involved in PCP (Gao et al. 2011). This 

phosphorylation is mediated by Ror2. In the developing cochlea, Wnt5a regulates the polarized 

distribution of Vangl2 and maintains the polarity and organization of hair cells (Qian et al. 2007). 

Both groups also showed that Wnt5a;Vangl2 or Ror2;Vangl2 double-mutant embryos failed to 
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close the neural tube, a defect common to mutants of key PCP genes, further implicating Wnt5a-

Ror2 in this pathway (Qian et al. 2007; Gao et al. 2011). 

Wnt5a-Ror2 in cell migration  

In addition to regulation of planar cell polarity and suppression of canonical Wnt 

signaling, a majority of noncanonical Wnt signaling pathways have been linked to various forms 

and mechanisms of collective and single cell migration (reviewed in Nishita et al. 2010). Work 

in numerous cell lines has identified Wnt5a-Ror2 as upstream regulators of cell migration 

through protrusion formation or calcium signaling and cell invasion via ECM degradation 

(Nishita et al. 2006; Slusarski et al 1997; Enomoto et al 2009). Downstream effectors of Wnt5a 

and Ror2 in these pathways include Dishevelled, JNK, c-Src, and Filamin A (Nishita et al. 2010; 

Nomachi et al. 2008; Akbarzadeh et al. 2008; Nishita et al. 2006; O’Connell et al. 2009).  

In vivo studies have identified a role for Ror2 in directing neuronal migration in C. 

elegans and Wnt5a-Ror2 in regulating convergent extension during gastrulation in X. laevis 

(Forrester and Garriga 1997; Forrester et al. 1999; Hikasa et al. 2002). Recent publications have 

further implicated Wnt5a-Ror2 in various processes of mammalian cell migration including 

mediation of chemotactic responses, convergent extension, and cell invasiveness in the palate, 

gut, and osteosarcoma lines, respectively (He et al. 2008; Yamada et al. 2010; Enomoto et al. 

2009). Upregulation of Ror2 is increasingly becoming a biomarker for different tumor types and 

the development of small molecule inhibitors or blocking antibodies to target and obstruct its 

function in metastatic cancers is an active area of research (Morioka et al. 2009; Wright et al. 

2009; reviewed in Debebe and Rathmell 2015).  

Wnt5a-Ror2 in PGC migration 

Our lab identified a recessive allele of Ror2 in a genome-wide ENU mutagenesis screen 
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for genes involved in germ cell development, establishing the first connection between Ror2 and 

PGCs (Laird et al. 2011). In Ror2Y324C/Y324C (Ror2Y324C) mutants, PGCs accumulated in ectopic 

and extra-gonadal locations and colonized the gonadal ridges with poor efficiency. Examination 

of cell shape (by elongation index, EI) and angle of cell axes in these Ror2-mutant PGCs ex vivo 

demonstrated an inability to elongate and orient appropriately in response to KitL, suggesting a 

role for polarity as a cellular mechanism for their migratory defect. Measurements of E9.5 

Ror2Y324C PGCs in vivo revealed elongation defects similar to those seen in vitro, with mutant 

PGCs adopting the rounded morphology of post-migratory WT PGCs that lost their motility after 

arrival in the gonads at E11.5. Together, these data show that Ror2-mutant PGCs are less 

competent to migrate during development, although the precise mechanism for this defect is 

unknown.  

Wnt5a is similarly important in PGC migration and development, with loss-of-function 

mutants showing a profound loss of germ cells colonizing the gonadal ridges and disruption of 

testicular development in the male (Chawengsaksophak et al. 2012). Broad expression of Wnt5a 

in somatic tissues along the migratory route suggests that this ligand does not provide guidance 

cues to PGCs (Laird et al. 2011). This was confirmed by ex vivo embryo culture experiments 

where WNT5a-coated beads implanted in the early embryo did not divert PGCs from their 

migratory route (Laird et al. 2011). Interestingly, WNT5a-coated beads implanted in the 

developing mouse palate induced attraction and directional migration of mesenchymal cells 

toward the beads (He et al. 2008); this Wnt5a-mediated migration was dependent on Ror2. 

Together, these studies raise the possibility that Wnt5a has chemotactic properties in some 

migratory contexts but not others. 
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OUTSTANDING QUESTIONS AND EXPERIMENTAL APPROACH 

The data from our initial study of Ror2 in PGC migration (Laird et al. 2011) left many 

questions unanswered, namely which aspects of cell migration are autonomous and which are 

regulated by the surrounding somatic environment. Ex vivo culture data suggested a PGC-

autonomous role for Ror2 in regulating migration, but broad expression of the receptor and its 

ligand in somatic tissues of the embryo (Yamada et al. 2010; Laird et al. 2011) raised the 

possibility that Ror2 function in cells of the migratory niche might influence PGC motility and 

development. Since the signaling mechanisms by which the Wnt5a-Ror2 pathway regulates 

migratory PGCs were not previously identified, questions remain about how Wnt5a regulates 

PGC migration without providing directional cues and whether the canonical Wnt pathway is 

relevant to this period of germ cell development. 

The goal of this thesis was to understand the role of intrinsic and extrinsic signaling in the 

regulation of PGC migration and determine how the noncanonical Wnt pathway mediates the 

balance between migration and other cellular processes important in germ cell development. 

Here, I have used developmental genetics, ex vivo cell culture, bioinformatics analyses, and 

single-cell quantitative imaging to characterize the dynamic PGC microenvironment during 

migration and provide insight into the signaling pathways and interactions between migratory 

cells and their surrounding soma that govern PGC development. 
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CHAPTER 2: Discrete somatic niches coordinate proliferation and migration 

of primordial germ cells via the integration of opposing Wnt pathways 

INTRODUCTION 

A central question in development is the extent to which cellular decisions are controlled 

by intrinsic or extrinsic cues. Primordial germ cells (PGCs), the precursors of eggs and sperm, 

are among the first embryonic lineages established (Laird, Andrian, and Wagers 2008). The 

subsequent migration of this small population through the early embryo to the nascent gonads is 

highly conserved among organisms (Nieuwkoop and Satasurya 1979; Nieuwkoop and Satasurya 

1981). Drosophila and zebrafish have provided powerful models for identifying genes and 

pathways involved in PGC migration (Kunwar et al. 2006), although much less is known in 

mammals. Following specification, mouse PGCs at embryonic day 7.5 (E7.5) migrate from the 

base of the allantois into the hindgut endoderm. They travel within the expanding hindgut 

epithelium and into the dorsal mesentery before colonizing the gonadal ridges by E11.5, after 

which sex-specific differentiation proceeds (Chiquoine 1954; McLaren 2003). This migration is 

asynchronous – those first to exit the hindgut are speculated to be ‘pioneer germ cells’ that arrive 

first in the gonads and guide additional PGCs to their location (Gomperts et al. 1994). 

Distinct from other models, mammalian PGC migration is concurrent with proliferation 

(Richardson and Lehmann 2010), raising the question of how cells divide while moving. In mice, 

the number of PGCs expands from approximately 45 at E7.5 to ~200 at E9.5 (McLaren 2003; 

Seki et al. 2007), ~2500 at E11.5 (Laird et al. 2011), and peaks around 25,000 at E13.5 (Tam and 

Snow 1981). Precise control of the cell cycle is suggested by differential rates of PGC 

proliferation during their migration (Seki et al. 2007); however, the underlying mechanisms 

remain unclear. Understanding this dynamic management of proliferation in PGCs could yield 
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insights into the origin of germ cell tumors as well as evolutionary mechanisms that shape the 

gamete pool. 

Several Wnt ligands have been implicated in PGC development: Wnt3 and Wnt3a in 

specification (Aramaki et al. 2013; Bialecka et al. 2012; Ohinata et al. 2009; Tanaka et al. 2013), 

Wnt5a, and its receptor Ror2, in migration (Chawengsaksophak et al. 2012; Laird et al. 2011), 

and Wnt4 in female sex-differentiation (Chassot et al. 2012; Vainio et al. 1999). Both 

establishment and sex-differentiation of PGCs utilize the β-catenin-dependent, canonical arm of 

the Wnt pathway (Aramaki et al. 2013; Chassot et al. 2011; Chassot et al. 2008), but its function 

in migratory PGCs is unknown. This well-studied pathway regulates cell fate decisions and 

proliferation, and recent work suggests that the context of receptors and ligands determines the 

predominant downstream signaling pathway in an individual cell (van Amerongen and Nusse 

2009; van Amerongen et al. 2012). In this way, Wnts can be broadly used throughout 

development to simultaneously regulate many cell types and processes.  

Here we find that proliferation of PGCs during development varies according to 

successive embryonic location rather than by cell-intrinsic mechanisms. We show that distinct 

niches along the migratory route modulate the cell cycle in PGCs and perturbation of the 

noncanonical Wnt5a-Ror2 pathway disrupts germ cell proliferation specifically in the hindgut. 

We identify Wnt5a as a key regulator of PGC proliferation through its ability to dampen 

canonical, β-catenin-mediated Wnt activity and observe that the in vivo Wnt response in PGCs 

correlates with their rate of division. Thus, we find a novel mechanism of niche-specific 

regulation of the cell cycle via the balance of antagonistic Wnt signaling pathways during germ 

cell development.  
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RESULTS 

PGC proliferation during migration is associated with location 

Examination of PGCs through development previously identified a progressive increase 

in total number spanning the period from specification through sex-differentiation (Tam and 

Snow 1981; Seki et al. 2007). Subsequent analysis found that the rate of proliferation varied by 

embryonic age, with a slowing of the cell cycle around E9.0 (Seki et al. 2007). Using EdU 

incorporation to quantify cell proliferation (Fig. S2.1A), we observed a similar relationship 

between the PGC cell cycle and embryonic age on a mixed genetic background (Fig. 2.1A). 

However, because germ cell migration is largely individual and asynchronous, we noted that 

PGC locations were heterogeneous within a given embryonic age (Fig. 2.1B). When indexed by 

location rather than age, the frequency of EdU+ PGCs increased in each successive migratory 

compartment, from hindgut epithelium to gonadal ridge mesenchyme (p<0.001 by Chi square, 

correlation coefficient=0.991; Fig. 2.1C). Importantly, this escalating rate of proliferation was 

observed within individual embryonic ages, particularly E9.5 and E10.5 where germ cell location 

is most diverse (Fig. S2.1B-D). Additionally, the rate of proliferation remained largely constant 

in each location, irrespective of age. This trend held in C57BL6/CD1 embryos despite differing 

absolute levels of PGC proliferation (Fig. S2.1E).  

To assess the cell cycle of PGCs under controlled conditions, we turned to our previously 

established ex vivo culture, in which PGCs can be maintained free of feeder cells or serum for 

~24 hours using defined medium and synthetic substrates (Laird et al. 2011). PGCs isolated at 

E9.5, E10.5, and E11.5 using the Oct4-ΔPE-GFP reporter (Anderson et al. 1999) were cultured 

in identical conditions. EdU analysis of these ex vivo cultures confirmed that PGC proliferation 

did not depend on age (Fig. 2.1D). PGCs at E9.5 and E10.5 had identical rates of EdU 
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Figure 2.1: Proliferation increases as PGCs move along their migratory route.   

A) The frequency of EdU incorporation in WT PGCs increases by age during the period of migration. n=708-1966 cells from 18 embryos; 
***p<0.0001 by Chi square and Fisher’s exact test, Chi square=103.03, correlation coefficient=0.998. B) Distribution of PGCs by location 

along the migratory route from E9.25-E11.5. C) The frequency of EdU incorporation in WT PGCs increases by location during migration. 

n=197-1817 cells from 18 embryos; †p=0.06 by Fisher’s exact test, ***p<0.001 by Chi square and Fisher’s exact test, Chi square=116.19, 
correlation coefficient=0.991. Anatomical cartoons show migratory PGCs as black dots. D) The frequency of EdU incorporation in WT PGCs 

cultured ex vivo is unaffected by age. n=537-1305 cells from 4-8 experimental replicates; *p=0.04, †p=0.05 by Student’s T-test. E) Survival 

of WT PGCs decreases by age when cultured ex vivo. n=1189-2986 cells from 6-13 experimental replicates; ***p<0.001 by Student’s T-test. 
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Supplementary Figure 2.1: Proliferation of migratory WT PGCs.  

A) Cells were labeled with EdU (red) from E9.5-E11.5 for proliferation analysis and PGCs were identified by Oct4-ΔPE-GFP in transverse 

histologic sections at the time points indicated. Inset at E11.5 shows bilateral gonadal ridges (arrowheads) at lower magnification. Scale bars 

are 50 μm. B) The frequency of EdU incorporation in WT PGCs at E9.5. p=0.05 by Chi square, Chi square=5.99; *p<0.05 by Fisher’s exact 
test. Numbers in parentheses denote n cells analyzed per location.  C) The frequency of EdU incorporation in WT PGCs at E10.5. p=0.0009 

by Chi square, Chi square=14.03; ***p<0.001, †p=0.06, ◊p=0.07 by Fisher’s exact test. D) The frequency of EdU incorporation in WT PGCs 

at E11.5. p=0.08 by Chi square, Chi square=2.97; ◊p=0.07 by Fisher’s exact test. E) The frequency of EdU incorporation in PGCs from CD1 
embryos at E9.5-E11.5. EdU was given 3h before dissection. n=80-1592 cells from 9 embryos; p<0.0001 by Chi square, Chi square=52.49; 

***p<0.001, *p<0.05 by Fisher’s exact test.  
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incorporation, while the slight decrease in E11.5 PGCs is likely due to the reduced cell survival 

in our culture conditions (Fig. 2.1E). Thus, a correlation between the cell cycle rate and 

embryonic compartment in vivo suggests that location rather than intrinsic timing determines 

PGC proliferation.  

 

Disruption of noncanonical Wnt signaling alters PGC proliferation in the hindgut 

Our hypothesis that proliferation of PGCs is environmentally regulated predicts that 

disrupting their localization should affect proliferation by age but not location. Genetic mutants 

of the noncanonical Wnt receptor Ror2 exhibit decreased efficiency of PGC colonization of the 

gonads (Laird et al. 2011). Although stragglers die in Ror2Y324C/Y324C (Ror2Y324C) embryos, the 

restoration of normal germ cell number on a Bax-/- background indicates that migration is the 

primary defect (Laird et al. 2011). Ror2 is broadly expressed in tissues critical for germ cell 

development including somatic cells of the hindgut epithelium and surrounding dorsal mesentery 

(Yamada et al. 2010), as well as on migratory and post-migratory PGCs (Laird et al. 2011, Arora 

et al. 2014). As predicted, despite mislocalization of many Ror2Y324C germ cells from E9.5-E11.5 

(Fig. S2.2A), the frequency of EdU incorporation was similar between wild-type (WT) and 

Ror2Y324C PGCs in the mesenchyme near the hindgut and subsequent mesentery and gonadal 

locations (Fig. 2.2A). However, in the Ror2Y324C hindgut, PGCs did not cycle according to their 

location, but instead showed an aberrant increase in EdU incorporation; concurrently, elevated 

numbers of PGCs per histological section at E9.5 (Fig. 2.2B) were indicative of an expansion in 

the overall number of PGCs at this age. EdU incorporation showed an increase in the hindgut of 

Ror2Y324C mutants compared to WT at E9.5 (Fig. 2.2C), but not at other locations or ages (Fig. 

S2.2B-C), and the distribution of EdU-labeled PGCs at E9.5 was skewed toward the hindgut in  
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Figure 2.2: Removal of Wnt5a or Ror2 disrupts PGC proliferation in distinct locations.  

A) The frequency of EdU incorporation is elevated in Ror2Y324C PGCs in the hindgut compared to WT or Ror2Y324C/+ controls. EdU was given 

4h before dissection. n=97-1056 cells from 9 WT/het embryos and 10 mutant embryos; *p=0.04 by Fisher’s exact test. B) Average number of 

PGCs counted in histologic sections at different ages. P-values by Student’s T-test for section counts. Estimates for total numbers of WT/het 
and Ror2Y324C PGCs per embryo were calculated using the multiplier of 100x for E9.5, 125x for E10.5, and 150x for E11.5 based on reported 

cell counts (Laird et al. 2011; Tam and Snow 1981). C) Frequency of EdU incorporation in E9.5 WT/Ror2Y324C/+ PGCs and Ror2Y324C PGCs in 

different locations. *p=0.03 by Fisher’s exact test. D) Distribution of EdU+ PGCs by location at E9.5 in WT/Ror2Y324C/+ PGCs and Ror2Y324C 
embryos. E) Frequency of EdU incorporation in WT or Wnt5a+/- PGCs and Wnt5a-/- PGCs in different locations throughout migration. n=70-

761 cells from 9 WT/het embryos and 10 mutant embryos. F) Average number of PGCs counted in histologic sections at different ages. P-

values by Student’s T-test for section counts. Estimates for total numbers of WT/het and Wnt5a-/- PGCs per embryo were calculated using the 
multiplier of 100x for E9.5, 125x for E10.5, and 150x for E11.5 based on reported cell counts. G) Frequency of EdU incorporation in E9.5 

WT/Wnt5a+/- PGCs and Wnt5a-/- PGCs in different locations throughout migration. *p=0.02 by Fisher’s exact test. H) Distribution of EdU+ 

PGCs by location at E9.5 in WT/Wnt5a+/- and Wnt5a-/- embryos.  
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Ror2Y324C rather than the mesentery as in WT (Fig. 2.2D). These data suggest that Ror2 signaling 

restricts PGC proliferation exclusively within the hindgut.  

Wnt5a is the primary ligand for Ror2 (Hikasa et al. 2002; Oishi et al. 2003) and its 

expression along the PGC migratory route in the hindgut (Fig. S2.2E), mesentery, and gonadal 

ridges (Laird et al. 2011, Fig. S2.3E) coincides with expression of the Ror2 receptor by PGCs 

(Laird et al. 2011). Wnt5a-/- embryos exhibit defects in the organization of the hindgut epithelium 

and reduced axial elongation (Cervantes et al. 2009; Yamaguchi et al. 1999). PGCs in these 

mutants migrate inefficiently (Fig. S2.2D) and are diminished after E10.5 through an uptick in 

apoptosis (Chawengsaksophak et al. 2012; Laird et al. 2011). Our analysis of Wnt5a-/- embryos 

found a similar, but less severe, phenotype than in Ror2Y324C; altered distribution of PGCs was 

associated with increased proliferation in the hindgut at E9.5 (Fig. 2.2E,G), whereas no 

differences at other locations or embryonic ages were found (Fig. S2.2F-G). This observed 

uptick in proliferation in the E9.5 hindgut most likely leads to increased number of PGCs per 

histologic section in Wnt5a-/- mutants at E9.5-E10.5 (Fig. 2.2F), corresponding to an overall 

increase in the PGC population at these ages. Strikingly, by E11.5 the number of PGCs per 

section was significantly decreased in both Wnt5a and Ror2 mutants, consistent with the 

previously described loss through mismigration and subsequent apoptosis. While our 

observations of Wnt5a-/- confirmed the migratory phenotype of PGCs and ultimate reduction in 

their overall numbers (Chawengsaksophak et al. 2012; Laird et al. 2011), the altered distribution 

of proliferating Wnt5a-/- PGCs in the hindgut and ectopic locations (Fig. 2.2H) suggests that 

WNT5a levels calibrate early PGC mitosis. Thus, we conclude that Wnt5a in the hindgut signals 

through Ror2 to limit PGC proliferation during migration. 
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Supplementary Figure 2.2: Migratory and proliferative behavior of Ror2Y324C and Wnt5a-/- PGCS.  

A) Distribution of Ror2Y324C PGCs by location along the migratory route from E9.5-E11.5. B) Frequency of EdU incorporation in E10.5 
WT/Ror2Y324C/+ PGCs and Ror2Y324C PGCs in different locations. **p=0.002 by Fisher’s exact test. C) Frequency of EdU incorporation in E11.5 

WT/Ror2Y324C/+ PGCs and Ror2Y324C PGCs in different locations. D) Distribution of Wnt5a-/- PGCs by location along the migratory route from 

E9.5-E11.5. E) WNT5a (red) immunofluorescence confirms expression in E9.5 hindgut, surrounding mesenchyme, and PGCs (green).               
F) Frequency of EdU incorporation in E10.5 WT/Wnt5a+/- PGCs and Wnt5a-/- PGCs in different locations throughout migration. G) Frequency 

of EdU incorporation in E11.5 WT/Wnt5a+/- PGCs and Wnt5a-/- PGCs in different locations throughout migration. ◊p=0.08 by Fisher’s exact 

test. 
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Wnt5a-Ror2 regulate the PGC cell cycle via suppression of the canonical Wnt pathway 

To identify the molecular mechanism connecting Wnt5a-Ror2 signaling to the cell cycle 

in this lineage, we interrogated transcriptional changes in Ror2Y324C PGCs from embryos at E9.5, 

when half or more are retained in the hindgut or nearby mesentery (Fig. 2.3A). Microarray 

analysis of PGCs from single embryos showed significant misregulation of genes associated with 

the cell cycle and proliferation in the mutants (Fig. 2.3B-C, Ingenuity Pathway Analysis). Gene 

Set Enrichment Analysis (GSEA; Subramanian et al. 2005; Mootha et al. 2003) of this 

expression dataset with a curated list of cell cycle genes (Cell Cycle PCR Array, Qiagen) 

confirmed that regulators of the cell cycle were overrepresented in genes associated with 

Ror2Y324C PGCs (Fig. 2.3D).  

Examining specific changes in gene expression revealed no difference in levels of Ror2 

between the WT and mutant groups, corroborating previous findings that the Ror2Y324C mutation 

is expressed but non-functional (Laird et al. 2011). Importantly, Ror family member Ror1 was 

found to have very low (1/10th levels of Ror2) and unchanging expression in PGCs across 

groups, eliminating the possibility of compensation for loss of Ror2 reported in other systems 

(Ho et al. 2012). Among >1.2-fold upregulated transcripts in Ror2Y324C PGCs was Axin2, an 

established target of the canonical Wnt pathway (Niehrs 2012). Ror2 has been linked to the 

suppression of canonical Wnt signaling using reporters of LEF/TCF transcriptional activity 

(Mikels and Nusse 2006; Mikels, Minami, and Nusse 2009). To test this relationship, we 

generated compound mutants between Ror2Y324C and a null allele of β-catenin (Brault et al. 

2001). Although homozygous β-catenin deletion causes lethality at gastrulation (Haegel et al. 

1995; Huelsken et al. 2000), PGCs from Ror2Y324C/Y324C; β-catenin+/- embryos exhibited normal 

BrdU incorporation in ex vivo culture; this suggests that  reduced dosage of β-catenin rescues the 

proliferation increase in Ror2Y324C PGCs (Fig. S2.3A). Together these expression and genetic 
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Figure 2.3: Ror2Y324C downstream targets overlap with cell cycle associated genes.  

A) Schematic of experimental design. Single embryos were collected at E9.5 and Oct4-ΔPE-GFP+ PGCs were isolated by FACS. RNA was 

extracted from WT (Ror2+/+) and Ror2Y324C PGCs, converted to cDNA, amplified, and hybridized to the GeneChip Mouse Gene 1.0 ST Array 

(Affymetrix). Age and number of PGCs collected per embryo are shown in the table. B) Microarray data from Ror2Y324C PGCs compared to 
WT shown as log fold change versus log p-values for all annotated microarray probes (dChip). Each dot represents a single probe. Purple dots 

show genes with a p-value <0.05 and a fold-change >1.2 (not log scale). Green dots show significant genes that overlap with β-catenin 

chromatin immunoprecipitation (ChIP) in mouse intestinal crypts (Schuijers et al. 2015). C) Functional analysis of >1.2-fold microarray hits 
by Ingenuity IPA find cell cycle associated genes to be significantly misregulated. Number of genes associated with each GO category is 

shown on the right. Examplary genes of interest for cell cycle and cell growth and proliferation categories are listed. D) GSEA comparison of 

the Ror2Y324C microarray data with a curated list of cell cycle genes from the Qiagen Cell Cycle PCR Array suggests an enrichment for Ror2Y324C 
associated genes. P-value, enrichment score (ES), and normalized enrichment score (NES) are specified. Heat map shows normalized 

microarray intensity values for the 15 most and 15 least enriched cell cycle-associated genes in Ror2Y324C PGCs as identified by the GSEA. For 

each gene, dark blue color indicates the lowest probe intensity value (0th percentile), dark red indicates the highest probe intensity value (100th 

percentile), and white indicates the middle 50th percentile of intensity values. 
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studies suggest that that Ror2 opposes the β-catenin-dependent pathway in the regulation of PGC 

proliferation. 

To explore the hypothesis that β-catenin acts downstream of Ror2 signaling to regulate 

the cell cycle in migratory PGCs, we compared our microarray data from Ror2Y324C PGCs to 

published data from β-catenin and TCF1 chromatin immunoprecipitation (ChIP) sequencing. 

Due to a dearth of ChIP-sequencing data in PGCs, the most relevant and comprehensive dataset 

available was from the mouse intestinal crypt (Schuijers et al. 2015). Despite known 

discrepancies between cell lineages, we found that 13% of 1.2-fold changed genes from our 

microarray analysis (dChip (Li and Wong 2001) or Ingenuity Pathway Analysis, Qiagen) were 

also bound by β-catenin (Fig. S2.3B). GSEA comparison of β-catenin ChIP peaks from mouse 

intestine showed a significant enrichment in genes associated with the Ror2Y324C disruption in 

PGCs including the targets Axin2 and Bmp7, among others (Fig. S2.3C). These data suggest a 

link between Wnt5a-Ror2, the canonical Wnt pathway, and the PGC cell cycle.  

 

WNT5a from somatic cells suppresses canonical Wnt/β-catenin activity in PGCs 

The observed changes in proliferation highlight the influence of the somatic cell 

microenvironment on PGCs, while the Ror2Y324C mutants implicate the canonical Wnt pathway 

in regulating their compartment-specific behaviors. To measure canonical Wnt responses in 

PGCs under controlled conditions, we returned to our ex vivo culture system using PGCs isolated 

from E9.5, when they reside largely in the hindgut and adjacent mesentery (Fig. 2.1B). In the 

off-state of signaling, cytoplasmic β-catenin is degraded by the Axin-GSK3β-APC-CK1ε 

complex (Logan and Nusse 2004). However, engagement of Frizzled receptors by Wnt ligands 

causes dissociation of this complex and permits the accumulation and translocation of β-catenin 
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Supplementary Figure 2.3: Interactions between Wnt5a-Ror2 and β-catenin/Wnt signaling regulate the cell cycle in PGCs.  

A) Rate of 1h BrdU incorporation in ex vivo cultured WT, Ror2Y324C, or Ror2Y324C;β-catenin+/- PGCs cultured ex vivo for 24h with somatic 

cells. n≥3 embryos per group; *p=0.02, **p=0.004 by Student’s T-test. B) Number of genes that overlap between Ror2Y324C microarray hits 
(dChip, Ingenuity, or combined softwares) and β-catenin ChIP in mouse intestinal crypt (Schuijers et al. 2015). C) GSEA comparison of 

microarray data with the list of β-catenin ChIP peak-associated genes from mouse intestinal crypts suggests a significant enrichment for 

Ror2Y324C associated genes. P-value, enrichment score (ES), and normalized enrichment score (NES) are specified. Heat map shows normalized 
microarray intensity values for the 20 most and 20 least enriched genes for Ror2Y324C PGCs that are bound by β-catenin in the ChIP dataset. 

For each gene, dark blue color indicates the lowest probe intensity value (0th percentile), dark red indicates the highest probe intensity value 

(100th percentile), and white indicates the middle 50th percentile of intensity values. D) Isolation strategy for somatic cells at different locations. 
Hindgut somatic cells at E9.5 were stained for E-cadherin (red, scale bar is 50 μm) and isolated from Oct4-ΔPE-GFP+ PGCs and other somatic 

cells (pink box in left FACS plot). Gonadal soma at E11.5 were isolated by microdissection of the gonad (dashed blue line) followed by 

depletion of GFP+ PGCs (somatic cells in grey box in right FACS plot; PGCs outlined in blue). E) qRT-PCR shows different levels of Wnt 
regulators in somatic cell populations from C. Results are normalized to Gapdh and Rpl7. ***p<0.001, **p<0.01, *p<0.05. F) Quantification 

of n-βcat in Ror2Y324C PGCs cultured for 20h in isolation or with exogenous WNT5a. n=2 experiments, 106-136 cells each, **p=0.006. 

 



34 

 

to the nucleus, where it binds transcription factors in the LEF/TCF family and induces gene 

expression (Niehrs 2012). Therefore, levels of β-catenin protein in the nucleus reflect canonical 

Wnt pathway activation irrespective of ligands, receptors, or target genes (Behrens et al. 1996).  

To model the embryonic hindgut and mesentery microenvironment, we compared levels 

of nuclear β-catenin (n-βcat) in E9.5 PGCs cultured with E9.5 tail somatic cells or in isolation 

(ISO; Fig. 2.4A). After 20 hours, we observed significantly diminished n-βcat in PGCs co-

cultured with soma (Fig. 2.4B). Further, we saw that protein levels of Axin2 (Yan et al. 2011; 

Lustig et al. 2002; Jho et al. 2002) and E-cadherin, another Wnt target gene (Jamora et al. 2003), 

were also decreased in PGCs cultured with somatic cells (Fig. 2.4C-D). Whereas ISO PGCs 

exhibited relatively uniform levels of n-βcat, co-culture with somatic cells produced a greater 

distribution in Wnt activity, suggesting a diversity of localized signaling environments within the 

culture dish (Fig. 2.4E). The low density of cells in our culture suggested that secreted factors 

rather than cell contact dampens Wnt response in PGCs; accordingly, we found that conditioned 

media (CM) from E9.5 tail soma decreased n-βcat in ex vivo cultured PGCs (Fig. 2.4F). These 

results support the hypothesis that the hindgut and mesentery microenvironments suppress Wnt 

responses in PGCs.  

To identify candidate ligands in relevant niches, we collected E-cad+; Oct4-ΔPE-GFP- 

hindgut cells and double negative mesentery cells from E9.5 tails (Bendel-Stenzel et al. 2000) as 

well as Oct4-ΔPE-GFP- soma from isolated gonadal ridges (Fig. S2.3D). Somatic cells in the 

hindgut (E9.5 Ecad+) expressed Wnt antagonists Wnt5a and Dkk1 whereas the gonadal ridge 

soma expressed Wnt5a and high levels of Sfrp1 (Fig. S2.3E). Abundance of Dkk1 and Sfrp1 in 

the E9.5 Ecad- population was intermediate, suggesting that the mesenchyme surrounding the 

hindgut is a transitional zone during PGC migration. 
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Figure 2.4: Somatic cells suppress Wnt/β-catenin activity in PGCs. 

A) Nuclear β-catenin (n-βcat, red), Axin2 (blue), and E-cadherin (magenta) immunofluorescence in E9.5 PGCs (green) cultured for 20h in 

isolation (ISO) or with E9.5 tail somatic cells (+Soma) from tail somatic cells. Images are representative of mean values. Scale bars are 10 µm. 
B) Quantification of n-βcat in cultured PGCs from A. n-βcat intensity for each PGC is normalized to the mean value of PGCs cultured in 

isolation in the same experiment. Each dot represents a single PGC, bars indicate the mean and boxes denote the middle 50% of data points. 

N=3 experiments, 186-203 cells per condition; ***p<0.001 by Student’s T-test. C) Quantification of Axin2 in cultured PGCs from A. AXIN2 
intensity for each PGC is normalized to the mean value of PGCs cultured in isolation in the same experiment. N=4 experiments, 293-309 cells 

per condition; ***p<0.001 by Student’s T-test. D) Quantification of E-cadherin in cultured PGCs from A. E-CADHERIN intensity for each 

PGC is normalized to the mean value of PGCs cultured in isolation. N=2 experiments, 102-114 cells per condition; ***p<0.001 by Student’s 
T-test. E) Percentile rank of individual cell n-βcat from B. F) n-βcat (red) immunofluorescence in E9.5 PGCs (green) cultured for 20h in 

isolation (ISO) or with conditioned media (+CM) from E9.5 tail somatic cells. Scale bar is 10 µm. Graph shows quantification of n-βcat in 

PGCs in these conditions. N=4 experiments, 84-112 cells per condition; ***p<0.001 by Student’s T-test. 
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Based on the genetic evidence that Wnt5a suppresses proliferation within the hindgut and 

molecular association between Ror2 and β-catenin targets, we pursued Wnt5a as a candidate 

secreted regulator of canonical Wnt signaling in PGCs. Exogenous WNT5a reduced levels of n-

βcat in WT, E9.5 PGCs similarly to our tail somatic cells (Fig. 2.5A), but the relatively uniform 

response suggested increased consistency throughout the culture environment. In contrast to WT, 

Ror2Y324C PGCs cultured with exogenous WNT5a did not dampen the Wnt response and instead 

activated the canonical pathway (Fig. S2.3F). This suggests that Wnt5a acts primarily through 

the Ror2 receptor to inhibit β-catenin-dependent signaling, but when Ror2 is non-functional, 

Wnt5a signals through other receptors on PGCs.  

To verify that altered levels of n-βcat correspond to transcriptional changes in our system, 

we interrogated expression of putative canonical Wnt target genes in ex vivo cultured PGCs. 

Following PGC culture in the presence of WNT5a, qRT-PCR revealed a decrease of several Wnt 

target transcripts established in other cell types including Axin2, Cdh1, Fn1, and Lef1 (Fig. 

2.5B); importantly, levels of the germ cell gene Dppa3 (Stella) remained unaffected. 

Accordingly, we found that E-cadherin (Cdh1) protein was reduced in PGCs treated with 

WNT5a (Fig. 2.5C). These results confirm that changes in Wnt target gene transcription 

accompany changes in nβ-cat observed in PGCs.  

Although the aforementioned experiments show that WNT5a suppresses canonical Wnt 

activity in PGCs, they do not validate its relevance as a mediator of this suppression by somatic 

cell populations. Due to the expression of Wnt inhibitor Dkk1 in the hindgut and tail mesentery, 

we performed loss-of-function studies with mouse embryonic fibroblasts (MEFs) which express 

Wnt5a (Fig. S2.3E) and produce a similar reduction in n-βcat of PGCs (Fig. 2.5D) but have 

undetectable levels of Dkk1. Co-culture of E9.5 PGCs with Wnt5a-/- MEFs alleviated the 
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Figure 2.5: Wnt5a secreted by somatic cells suppresses canonical Wnt signaling in PGCs.  

A) n-βcat (red) in E9.5 PGCs cultured for 20h in isolation (ISO) or with exogenous WNT5a (250 ng/mL). Scale bar is 10 µm. Quantification 
shows reduced nβ-cat in individual PGCs in presence of WNT5a. Bars indicate the mean and boxes denote middle 50% of data points. n=3 

experiments, 244-254 cells per condition; ***p<0.001 by Student’s T-test. B) Expression of candidate Wnt targets by qRT-PCR in ex vivo 

cultured E9.5 PGCs from A decreases in the presence of WNT5a. Results are normalized to the average of Gapdh/Rpl7 and presented relative 
to ISO control. ***p<0.001, **p<0.01, *p<0.05, +p=0.052 by Student’s T- test. C) E-cadherin (Cdh1, magenta) immunofluorescence in E9.5 

PGCs cultured for 20h. Images are representative of mean values. Scale bar is 10 µm. Quantification confirms reduced expression of E-

CADHERIN in the presence of WNT5a. n=3 experiments, 212-231 cells per condition; ***p<0.001 by Student’s T-test. D) n-βcat (red) in 
E9.5 PGCs (green) cultured 20h in isolation, with WT MEFs, Wnt5a-/- MEFs, or Wnt5a-/- MEFs plus exogenous WNT5a. Scale bar is 10 µm. 

Quantification of n-βcat in individual PGCs shows absence of suppression by Wnt5a-/- MEFs that is restored with exogenous WNT5a. n=3 

experiments, 86-104 cells each; ***p<0.001 by ANOVA.  
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suppression of n-βcat observed with WT MEFs, and led to increased Wnt response over that of 

isolated PGCs (Fig. 2.5D). Moreover, the addition of exogenous WNT5a to the Wnt5a-/- MEF 

co-cultures restored this suppression and reduced n-βcat in the PGCs. Thus, we conclude that 

Wnt5a secreted from somatic cells in the hindgut and surrounding mesenchyme serves to 

suppress canonical Wnt activity in migratory PGCs.  

 

Specific somatic compartments modulate the canonical Wnt response in migratory PGCs 

To assess canonical Wnt response at a single cell level in vivo, we developed a protocol 

to quantitatively image and measure n-βcat in histological sections. Following enzymatic 

treatment to render the nucleus accessible (Fig. S2.4A), we measured the mean n-βcat 

immunofluorescence signal intensity within PGCs as compared to the mean intensity across all 

nuclei in an image (Fig. 2.6A). This normalization enabled comparison of n-βcat intensity 

between histologic sections and between slides.  

On applying this method to sections from Ror2Y324C embryos at E9.5, we found that 

overall levels of n-βcat in PGCs were higher than in WT (Fig. 2.6B). This was also true when the 

data were separated by location (Fig. 2.6C), consistent with elevated Wnt target genes in 

Ror2Y324C microarray data. By E10.5, this increase in overall accumulation of n-βcat in Ror2Y324C 

PGCs returned to WT levels (data not shown), suggesting that overactive Wnt signaling is not 

sustained throughout the migratory period and supporting the decrease in overall proliferation at 

this age (Fig. S2.2B).  

To assess Wnt signaling in PGCs across embryonic ages, we studied WT embryos, in 

which we observed a wide range in levels of n-βcat, the highest being at E11.5 (Fig. S2.4B). 

Mean n-βcat in PGCs in the E12.5 testis was comparatively low, reflecting the established 
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Figure 2.6: Nuclear β-catenin levels in Ror2Y324C and WT PGCs during their migratory progression. 

A) Nuclear β-catenin (n-βcat, red) immunofluorescence in transverse histological sections of an E9.75 WT embryo treated with Ficin enzyme 

to disrupt E-cadherin/β-catenin membrane staining. The hindgut (hg), neural tube (nt), and mesonephric duct (mes) are indicated. Scale bar is 

30 µm. i) PGCs are identified by expression of Oct4-ΔPE-GFP (green; white arrows in A). Scale bar is 30 µm. ii) Pseudocoloring (rainbow) 
indicates individually selected Oct4-ΔPE-GFP+ PGCs for quantitative measurement of n-βcat. iii) Pseudocoloring (rainbow) indicates DAPI-

selected nuclei of all cells in the field (>600 counted) used to obtain the average intensity of n-βcat. iv) Inset from box in A and i to exemplify 

differences in n-βcat levels in PGCs (dashed white lines) relative to the average n-βcat levels in all nuclei in the field. Fold differences in 
staining intensity are indicated. Scale bar is 10 µm. B) Quantification of n-βcat in all E9.5 Ror2Y324C PGCs relative to WT/het littermates shows 

an increase in accumulation of n-βcat. Each dot represents a single PGC, bars indicate the mean, and boxes denote the middle 50% of data 

points. n=100-134 cells from 2 embryos per group; **p<0.01 by Student’s T-test. C) Quantification of n-βcat in E9.5 PGCs from B by location. 
*p=0.045, †p=0.074 by Student’s T-test. D) Quantification of n-βcat in migratory PGCs at various anatomical locations in E9.5-E11.5 embryos. 

n-βcat in PGCs is normalized to average n-βcat in surrounding nuclei as described in A and shown relative to the hindgut. Each dot represents 

a single PGC and bars indicate the mean ± SD. The dotted line indicates a trend of increasing n-βcat with migratory location. n=25-203 cells 

per location from 10 mixed CD1 embryos. R2= 0.97, p=0.002 by Regression analysis; p=0.009 by ANOVA; **p=0.009 by Student’s T-test. 
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Supplementary Figure 2.4: Quantification of nuclear β-catenin in migratory PGCs by age and location.  
A) Immunofluorescence for β-catenin (red) requires enzymatic treatment with Ficin to disrupt membrane staining and reveal nuclear 

localization. PGCs are stained for SSEA1 (green) in E10.25 transverse sections. Scale bar is 50 μm. B) Quantification of n-βcat in PGCs by 
age does not show a clear trend from E9.5-E11.5. Each dot represents a single PGC. Values are set relative to E9.5. n=25-203 cells per location 

from 10 mixed CD1 embryos. R2=0.0007, p=0.96 (R2=0.054, p=0.71 excluding E12.5 male data) by Regression analysis. C) Quantification of 

n-βcat in migratory PGCs at multiple anatomical locations in E9.5-9.75 embryos. Values are set relative to the hindgut. **p<0.01, *p<0.05 by 
Student’s T-test. D) Quantification of n-βcat in migratory PGCs at multiple anatomical locations in E10.25-10.75 embryos. Values are set 

relative to the hindgut. ***p<0.001, *p<0.05 by Student’s T-test.  
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repression during male sex differentiation (Chassot et al. 2011). Despite fluctuation of n-βcat in 

PGCs by age, the higher population mean in post-migratory PGCs at E11.5 compared to E9.5 

(Fig. S2.4B) again prompted our examination by location. From E9.5-E11.5, we observed a 

progressive increase in n-βcat at each successive migratory location from the hindgut to the 

gonadal ridge (R2= 0.97, p=0.002 by Regression analysis; Fig. 2.6D). This pattern was retained 

at single ages, with lower levels of n-βcat in PGCs in the hindgut and adjacent mesenchyme 

compared to PGCs in mesentery or gonadal tissues (Fig. S2.4C-D). PGC n-βcat did not vary with 

rostral-caudal position in the embryo (data not shown), suggesting that a consistent environment 

within each compartment regulates the Wnt response in PGCs. In a striking parallel to our initial 

proliferation studies, this result corroborates the idea that the local environment, rather than 

intrinsic timing, determines canonical Wnt responses in PGCs. 

 

Genetic manipulation of β-catenin levels in PGCs alters proliferation 

The parallel trajectories of proliferation and n-βcat together with the Wnt5a and Ror2-

mutant defects suggest that suppression of canonical Wnt signaling slows proliferation during 

early PGC migration. To test this hypothesis, we bypassed the antagonistic effects of the hindgut 

and mesentery by over-activating β-catenin in migratory PGCs. We crossed mice carrying a 

gain-of-function (GOF) allele (Harada et al. 1999), β-cateninfloxE3/floxE3, to mice with a drug-

inducible Cre recombinase inserted into the Oct4 locus (Greder et al. 2012), Pou5f1Cre-ER/+. 

Tamoxifen administration at E7.75 or E8.25 of pregnancy induced excision of β-catenin exon 3, 

preventing degradation of the protein in PGCs (Fig. 2.7A). Due to widespread expression of 

Oct4 through E7.5 (Downs 2008), we tested this tamoxifen schedule in RosamTmG reporter mice 

(Muzumdar et al. 2007) crossed to Pou5f1Cre-ER/+ and observed overall specificity for excision in 
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Figure 2.7: Overactivation of β-catenin in PGCs leads to an increase in proliferation and misregulation of genes in common with Ror2Y324C. 

A) Schematic of breeding and tamoxifen exposure to generate control (Cnt, β-cateninGOF/+; Pou5f1+/+) and βcatGOF (β-cateninGOF/+; Pou5f1CreER/+) 

embryos in vivo and cells ex vivo. B) Average number of PGCs counted in histologic sections of Cnt and βcatGOF embryos at different ages. n=13 

Cnt embryos and 15 βcatGOF embryos. P-values by Student’s T-test for section counts. Estimates for total numbers of Cnt and βcatGOF PGCs per 
embryo were calculated using the multiplier of 100x for E9.5, 125x for E10.5, and 150x for E11.5 based on cell counts reported in the literature. 

C) Oct4-ΔPE-GFP+ PGCs (grey) in E9.5 littermates. Scale bar is 100 µm. D) Rate of in vitro EdU incorporation in Cnt and βcatGOF PGCs cultured 

for 10-22h with 4-OHT. n=4 litters, 794-818 cells; *p< 0.05 by Student’s T-test. E) Microarray data from βcatGOF PGCs compared to WT shown 
as log fold change versus log p-values for all annotated microarray probes (Gladstone Bioinformatics Core, GBC). Each dot represents a single 

probe. Blue dots show genes with a p-value <0.05 and a fold-change >1.2 (not log scale). Orange dots show significant genes that overlap with 

Ror2Y324C misregulated genes. F) Functional analysis of >1.2-fold microarray hits by Ingenuity IPA find cell cycle associated genes to be 
significantly misregulated. Number of genes associated with each GO category is shown on the right. Example genes of interest for cell cycle 

and cell growth and proliferation categories are listed.  G) Number of genes that overlap between Ror2Y324C microarray hits (dChip) and βcatGOF 

microarray hits (GBC).H) GSEA comparison of the Ror2Y324C microarray dataset with βcatGOF misregulated genes suggests an enrichment for 
genes associated with both mutations. P-value, enrichment score (ES), and normalized enrichment score (NES) are specified. Heat map shows 

normalized microarray intensity values for the 20 most and 20 least enriched genes in Ror2Y324C PGCs that are misregulated in the β-cateninGOF 
microarray dataset. For each gene, dark blue color indicates the lowest probe intensity value (0th percentile), dark red indicates the highest probe 

intensity value (100th percentile), and white indicates the middle 50th percentile of intensity values. 
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PGCs compared to their surrounding somatic tissues (Fig. S2.5A). Following activation of the 

Pou5f1Cre-ER allele, the resulting β-cateninGOF embryos exhibited an increase in the number of 

PGCs per section at E9.5 when compared to Cre-negative littermates (Fig. 2.7B-C). No 

difference was observed in the frequency of apoptotic PGCs in mutants (data not shown).  

Examination of proliferation by EdU incorporation in vivo did not reveal differences in 

labeled PGCs in β-cateninGOF mutants (Fig. S2.5C). Curiously, EdU-labeling was aberrantly 

high in the control PGCs (Cnt) relative to PGCs in mice of mixed genetic background (Fig. 

2.1C), suggesting that cell cycle is altered by exposure to tamoxifen or differs in the C57BL6 

background as compared to mixed background controls. To circumvent this issue and improve 

temporal control over the timing of excision, we cultured E9.5 PGCs from single Pou5f1Cre-ER/+; 

Oct4-ΔPE-GFPtg/+; β-cateninfloxE3/+ embryos with their corresponding WT tail soma to simulate 

the Wnt-suppressive in vivo environment. Following the addition of 4OH-Tamoxifen (Fig. 

2.7A), we observed a similar frequency of EdU incorporation after 10 hours in culture. However, 

by 17 hours, PGCs from Cre+ (GOF) embryos exhibited an increased proliferation rate over 

PGCs from controls (Fig. 2.7D), suggesting that intrinsic overactivation of the canonical Wnt 

pathway allows PGCs to bypass the suppression by neighboring somatic cells. This result 

corroborates the uptick in overall numbers of PGCs counted at E9.5-E10.5 in vivo (Fig. 2.7B). 

Thus, ectopic activation of the canonical Wnt pathway in migratory PGCs is sufficient to alter 

their proliferation in environments associated with early stages of migration. Interestingly, our 

cumulative data show a mislocalization of PGCs along the migratory route of GOF mutants, 

indicative of a migration defect (Fig. S2.5B); this concomitant perturbation of migration and 

proliferation is consistent with PGC phenotypes in Wnt5a and Ror2 mutants and the antagonism 

between β-catenin and Wnt5a-Ror2 pathways. 
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Supplementary Figure 2.5: Migratory and proliferative behavior of βcatGOF PGCs. 
A) Images of RosamTmG;Pou5f1+/+ (Cre-) and RosamTmG;Pou5f1CreER/+ (Cre+) embryos at E10.5 after exposure to tamoxifen at E8.25. Cells 
expressing Cre are marked by GFP (green). Tissues along the PGC migratory route are marked by the dashed, white box. Scale bar is 50 µm 

for images at 20x (top row) and 30 µm for images at 40x. B) Distribution of tamoxifen treated WT (Cnt) and βcatGOF PGCs by location along 

the migratory route from E9.5-E11.5. C) The frequency of EdU incorporation in Cnt and βcatGOF PGCs in different locations throughout 

migration. EdU was given 4h before dissection. n=40-947 cells from 8 Cnt embryos and 9 βcatGOF embryos. 
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To further interrogate this relationship, we conducted genome-wide transcriptional 

analysis on E9.5 β-cateninGOF PGCs from single embryos. Similar to our microarray results in 

Ror2Y324C PGCs, misregulated genes in β-cateninGOF PGCs comprised Axin2 as well as gene sets 

associated with several cell cycle related functions including DNA replication and repair, 

proliferation, cell growth, and cell death and survival (Fig. 2.7E-F). This parallel between 

datasets was strengthened by the identification of 35% overlap in the specific genes that are 

misregulated by each mutation (Fig. 2.7G). Further, GSEA comparison of β-cateninGOF gene 

targets in PGCs with our Ror2Y324C expression dataset revealed an enrichment of genes 

associated with both mutations (Fig. 2.7H). Together with in vivo phenotypic similarities, these 

bioinformatic correlations identify antagonistic functions for Ror2 and β-catenin-mediated 

signaling in the regulation of PGC proliferation and migration. 
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DISCUSSION 

Here we examined the proliferation of PGCs during migration and showed that their 

expansion is regulated by the somatic compartments through which they move. We identified 

canonical Wnt signaling as a mechanism which controls this proliferation and the Wnt5a-Ror2 

axis as a key suppressor of Wnt activity during transit through the hindgut and surrounding 

mesenchyme (Fig. 2.8). We observed a steady rise in the PGC Wnt response along the migratory 

route, concomitant with increased cycling, and demonstrated that excessive proliferation during 

early PGC migration can be induced by autonomously over-activating β-catenin. Together, these 

results identify a yin and yang of Wnts in proliferation and migration: canonical Wnt drives the 

expansion of migratory PGCs, counterbalanced in specific niches by Wnt5a-Ror2, which 

promotes their movement. 

 

 

Previous examination of the Wnt5a-/- and Ror2Y324C mutants identified defects in the 

migration and survival of PGCs (Chawengsaksophak et al. 2012; Laird et al. 2011). Our current 

Figure 2.8: Model of results. 
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studies have uncovered an additional role for these genes in regulating PGC proliferation during 

the early and most active stages of their migration. Historically, Wnt5a is considered a 

noncanonical Wnt ligand (Wong et al. 1994; Moon et al. 1993); however, recent work in vivo has 

demonstrated its capacity to activate or antagonize the canonical Wnt pathway in a tissue-

specific context (van Amerongen et al. 2012). Proposed mechanisms for Wnt5a-induced 

attenuation of the canonical Wnt pathway include competition for binding Frizzled receptors, 

simultaneous engagement of different receptors, and blocking transcription downstream of β-

catenin (Mikels and Nusse 2006; Sato et al. 2010; Yamamoto et al. 2008). This final mechanism 

is ruled out in PGCs by our observation that decreased n-βcat levels accompany diminished Wnt 

target transcripts following WNT5a treatment.  

Our studies confirm that Ror2 is the relevant receptor for mediating Wnt5a-induced 

attenuation of β-catenin-dependent signaling in migratory PGCs, consistent with previous 

biochemical studies (Mikels and Nusse 2006). The permissive role of Wnt5a in PGC migration 

(Laird et al. 2011) together with its repression of proliferation lead to the model that Wnt5a acts 

through Ror2 to balance the promotion of PGC movement while limiting mitosis. This balance 

may be particularly important for known periods of active migration, such as egress from the 

hindgut, which is when we observe the strongest effect. Considering the potential conflicts posed 

to migration by cell division – loss of adhesion and orientation, spatial constraints in tightly 

packed tissue – negotiation of both by Wnt5a-Ror2 offers a single solution. The identification of 

Wnt5a and Ror2 as prognostic biomarkers for tumor invasiveness (Weeraratna et al. 2002; Lu et 

al. 2012; Edris et al. 2012) raises the possibility that cancer cells exploit the same mechanism to 

regulate metastasis and growth.  

Our study identifies the Wnt pathway as a mechanism for extrinsic regulation of 
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proliferation in migratory PGCs. Previous work demonstrated a mitogenic role for KitL-cKit in 

PGCs, and dynamic expression of KitL in somatic compartments of the migratory route provides 

temporal specificity of signaling in each niche (Runyan et al. 2006; Gu et al. 2009). Prior studies 

also identify the chemokine SDF1 as a potential mitogen for PGCs primarily in the gonad (Ara et 

al. 2003; Molyneaux et al. 2003). Both pathways may function redundantly with Wnt signaling 

to regulate PGC proliferation during migration. Redundancy in the control of PGC division may 

have arisen as an advantage in the face of consequences for reproduction: sterility from 

insufficient PGCs or germ cell tumors from their unchecked proliferation. ‘Agreement’ between 

multiple mechanisms of cell cycle control in PGCs may have evolved to prevent tumor formation 

and safeguard against overrepresentation of germline variants with elevated proliferation (Burt 

and Trivers 2006). However, our data suggest that in a wild-type context, the balance between 

migration and proliferation could serve as a selective mechanism to reward early and efficient 

migrators — ‘pioneer’ germ cells (Gomperts et al. 1994) — with clonal dominance in the 

ensuing germ cell pool, while penalizing stragglers with reduced time for expansion.  

PGCs interact with a diversity of tissues as they move from the developing endoderm to 

the gonadal ridges, yet are able to retain their germ cell characteristics. Migration through these 

microenvironments supports their survival, regulates their proliferation, and maintains their 

unique pluripotency program. Wylie and colleagues proposed that PGCs thus migrate along a 

‘traveling niche’ which provides a spatio-temporal environment analogous to a stem cell niche 

that maintains germ cell properties despite spanning diverse regions of the embryo (Gu et al. 

2009). The departure from this niche by mismigration leads to either cellular demise or loss of 

PGC identity through transformation to pluripotent embryonic carcinoma cells (Matsui, Zsebo, 

and Hogan 1992; Resnick et al. 1992). Our data suggest that WNT5a is a component of this 



49 

 

dynamic niche, maintaining the migratory capability of PGCs while balancing their proliferation; 

however, it is likely that additional factors modulate the β-catenin-dependent response in PGCs. 

The expression of multiple and varied Wnt regulators by the somatic environment is suggested 

by the elevated Wnt response in WT gonadal PGCs (Fig. 2.6D), increased n-βcat in PGCs co-

cultured with Wnt5a-/- MEFs (Fig. 2.5D), and differences in cell cycle response by location 

despite similar overactivation of Wnt signaling in E9.5 Ror2Y324C PGCs (Fig. 2.6C). Other Wnt 

ligands with known expression in the embryonic posterior or in tissues of the PGC migratory 

route include Wnt3a (Takada et al. 1994), Wnt4 (Vainio et al. 1999), and Wnt11 (Kispert et al. 

1996). Interactions between alternative Wnt modulatory factors may also be important. For 

example, WNT5a in the gonad could be neutralized by high levels of SFRP1 (Fig. S2.3E) to 

enable robust canonical Wnt activity in PGCs. We speculate that the expansion of migratory 

PGCs is achieved by calibration of their canonical Wnt activity in each somatic compartment by 

a distinct composition of activators and inhibitors. Our investigation into the dynamic 

microenvironment of migratory PGCs using ex vivo, co-culture approaches paves the way for 

further characterization of each embryonic compartment and the cellular interactions between 

PGCs different somatic cell populations. 

The balancing regulation of motility and proliferation by the microenvironment through 

noncanonical and canonical Wnt pathways may function similarly in other itinerant cell lineages 

in development, such as hematopoietic stem cells and neural crest. Further exploration of these 

microenvironments – at both the cellular and mechanistic level – will enhance understanding of 

the interplay between migration of precursor populations and other simultaneous cell processes 

critical to their development. 
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MATERIALS AND METHODS 

Animals 

WT embryos were generated by mating CD1 females with homozygous Oct4-ΔPE-GFP 

males (MGI: 3057158, multiple copy transgene insertion) (Anderson et al. 1999). Other mouse 

strains were maintained on a mixed or C57BL6 background including: Ror2Y324C (MGI:5305088, 

ENU-induced point mutation) (Laird et al. 2011), Wnt5a (MGI:1857617, targeted deletion) 

(Yamaguchi et al. 1999), Pou5f1Cre-ER/+ (MGI:5049897, targeted knock-in) (Greder et al. 2012), 

RosamTmG (MGI:3716464, targeted knock-in) (Muzumdar et al. 2007), and β-cateninfloxE3 

(MGI:1858008, targeted floxed allele) (Harada et al. 1999). β-catenin+/- mice were created by 

crossing β-cateninfloxE2-6 mice (MGI:2148567, targeted floxed allele; gift from Kat Hadjatonakis) 

(Brault et al. 2001) to Zp3cre/+ (MGI:2176187, transgene insertion) (de Vries et al. 2000) for 

germline deletion.  

Embryos were dissected from timed matings and staged by the following anatomic 

landmarks: 20-25 somite pairs was designated E9.5, 26-28 as E9.75, 30-33 as E10.25, 34-37 as 

E10.5, 38-41 as e10.75, and 45-48 somite pairs and defined limb morphology as E11.5 

(Kaufman 1992). Genotypes were determined by polymerase chain reaction (PCR). All mouse 

work was carried out under UCSF Institutional Animal Care and Use Committee guidelines, in 

an AAALAC-approved facility. 

Tamoxifen and EdU injections 

To generate β-catenin gain-of-function PGCs, β-cateninfloxE3/floxE3 females were mated 

with Pou5f1Cre-ER/+; Oct4-ΔPE-GFPtg/tg males. Tamoxifen (Sigma #T5648) was suspended at 20 

mg/mL in sunflower seed oil (Sigma #S5007) and administered via intraperitoneal injection on 

day E7.75 at 5 mg/30g mouse weight. 4-Hydroxytamoxifen (Sigma #H7904) was added at 1 μM 
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to cells in culture at 0-3 h after seeding.  

EdU (Click-It Imaging Kit, Life Technologies #C10338) was suspended at 2.5 mg/mL in 

PBS and administered at 25 μg/g mouse weigh via IP injection 3-4 h before embryo dissection. 

In ex vivo culture, EdU was added to cells at 10 μM 0-3 h after seeding.  

Flow cytometry and qRT-PCR 

Embryos were dissected at E9.5-11.5 in cold PBS and the posterior fragment or gonads 

dissociated in 0.25% trypsin/EDTA for 3 minutes at 37°C followed by 1 mg/mL DNaseI to 

dissolve any lingering clumps of tissue. Dead cells were excluded on the basis of Sytox Blue 

(Invitrogen) signal. PGCs were delineated as Oct4-ΔPE-GFP+. Hindgut cells were live-stained 

for E-cadherin (Invitrogen #13–1900, 1:200) and sorted away from E-cad+;GFP+ PGCs. Gonadal 

soma was microdissected away from the mesonephros and depleted of GFP+ PGCs. Each cell 

type was sorted directly into lysis buffer and extracted with the appropriate RNeasy Kit 

(Qiagen), DNAse I treated, and reverse-transcribed with qScript (Quanta Biosciences) or 

Superscript III (Invitrogen). PCR primers were designed with Primer Express software (Applied 

Biosystems) or Primer-BLAST (NCBI). Amplification was carried out with 50 or 100 cell 

equivalents of cDNA on a Mastercycler EP (Eppendorf) using the following primer sets for 

established Wnt target genes from the Wnt Homepage 

(http://web.stanford.edu/group/nusselab/cgi-bin/wnt):  

Wnt5a: F— CCAGTTCCGGCATCGGAGATGGA, R— CACCGCGTACGTGAAGGCCG;  

Wnt3a: F— GCACCACCGTCAGCAACAGCC, R— AGCGGAGGCGATGGCATGGACA;  

Dkk1: F— GCTTGCCGAAAGCGCAGGAAGC,  

          R— AGGAAAATGGCTGTGGTCAGAGGGC;  

Sfrp1: F— ATGTGACAAGTTCCCCGAGGGCG, R— TTGTCGCATGGAGGACACACGGT;  

http://web.stanford.edu/group/nusselab/cgi-bin/wnt
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Axin2: F— TCGGGCCACCGCGAGTGTGA, R— TGGCTGGTGCAAAGACATAGCCGGA;  

Ccnd1: F— CTGAACCTGGGCAGCCCCAACA, R— TTCCTGGCAGGCACGGAGGCA;  

Cdh1: F— CCCTCATGAGCGTGCCCCAGT, R— GGGTCGCTGTCGGCTGCCTT;  

Fn1: F— CCCGCCACTGATTGGCCAGCAA, R— GCGCACAGAGACGGCAGGGG;  

Lef1: F— TCCGGGATCCCACCCGTCACAC, R— TCCAACGCCGCCCGGAGACA;  

Dppa3: F— AAAAAGGCTCGAAGGAAATGA, R— AATTCTTCCCGATTTTCGCA;  

Gapdh: F— GACTTCAACAGCAACTCCCAC, R— AGGAAGGCTGGAAAAGAGCC;  

L7: F— AGCGGATTGCCTTGACAGAT, R— AACTTGAAGGGCCACAGGAA. 

PGC ex vivo culture 

Oct4-ΔPE-GFP+ PGCs sorted from E9.5 embryos were seeded in chambered slides (Lab-

Tek II) coated with 1 mg/ml Matrigel (BD #354234) then incubated at 37°C in 5% CO2 with 

DMEM/15% Knockout Serum Replacement (Invitrogen), 1000 U/mL LIF (Millipore), 5 μM 

Forskolin (Sigma #F3917), and 50 ng/ml SCF (Invitrogen #PMC2115). WNT5a was added to 

media at 250 ng/mL (RnD #645-WN/CF). PGC numbers were counted at 3 h in culture and 

before time of fixation (18-24 h). Following culture, cells were fixed for 10-15 min in 4% 

paraformaldehyde and immunostained. 

Somatic cells from E9.5 WT tails were digested using 0.25% trypsin/EDTA and cultured 

directly with endogenous PGCs. MEFs were generated from the posterior region of E13.5 WT 

and Wnt5a-/- embryos. Embryonic tissue was trypsinized for 30-45 minutes at 37° and triturated 

in DMEM/10% fetal calf serum. Cells were grown to confluency for 3-4 days, passaged to 

expand the population, and frozen in liquid nitrogen until use (Hogan et al. 1994). Conditioned 

media from E9.5 tail somatic cells was collected 16-20 h after dissociated posteriors were seeded 

in culture.  
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 For BrdU experiments, hindguts and dorsal mesentery from E9.5-10.5 embryos were 

dissociated in 0.25% Trypsin with 1 mg/mL DNAse I at 37°C for 5 min.  Digestion was stopped 

with fetal calf serum (FCS) and suspensions were seeded onto Mitomycin C-treated STO 

fibroblast monolayers in chambered slides (Lab-Tek II) then incubated for 24 h at 37°C in 5% 

CO2 with DMEM/10% FCS. Following 1 h treatment with 10 ng/mL BrdU, cells were fixed for 

10 min in 4% paraformaldehyde and immunostained. 

Immunostaining 

Embryos fixed in 4% paraformaldehyde were embedded in OCT and cryosectioned at a 

thickness of 10 μm. Slides were blocked 1 h in 10% calf serum + 0.1% Triton X-100 in PBS and 

stained overnight at 4°C in the blocking buffer followed by 3x 15 minute washes in PBS. 

Primary antibodies used included β-catenin (rabbit, Cell Signaling #9582s, 1:25), Axin2 (goat, 

Conductin M-20, Santa Cruz #sc-8570, 1:100), GFP (chicken, Aves GFP-1020, 1:200), SSEA1 

(mouse IgM, MC-480, Developmental Studies Hybridoma Bank, 1:200), Vasa (rabbit, Abcam 

#ab13840-100, 1:400), cleaved PARP (rabbit, Cell Signaling #9544s, 1:50), E-cadherin (rat, 

Invitrogen #13–1900, 1:200), Wnt5a (goat, R&D Systems #AF645; 1:20), and Stella (rabbit, 

Abcam #ab19878; 1:100). Histologic staining for β-catenin was preceded by 10 min additional 

fixation in 4% PFA and 3 min treatment in undiluted Ficin (Invitrogen) at room temperature 

followed by a quick PBS wash. This treatment was not necessary for β-catenin staining on 

cultured cells. EdU was labeled per kit protocol (Life Technologies #C10338 or C10340). 

Secondary antibodies were purchased from Invitrogen and incubated for 1 hour in blocking 

buffer at room temperature at 1:200. Nuclei were labeled with DAPI or Hoechst (Roche or 

Sigma, 1:1000). Sections were mounted in Vectashield (Vector Labs).  
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Image collection and analysis 

Brightfield imaging was performed on an Olympus MVX10 stereomicroscope and 

Olympus acquisition software. Confocal imaging was carried out at room temperature with a 20x 

0.7 dry objective or 40x 0.95 oil immersion objective on a Leica SP5 TCS microscope equipped 

with 405, 488, 543, 594, and 633 nm lasers. Use of the 20x objective typically required the 

addition of a 2x digital zoom for optimal visualization of PGCs for quantification. Files of 

1024x1024 pixel images with 1-5 μm z-stacks were captured by a scanner with maximal frame 

resolution and Leica acquisition software. 

In vivo, average nuclear β-catenin intensity was measured by comparing the signal within 

individual PGC nuclei to the average signal of all nuclei in the image (>700). We devised a 

protocol in Volocity image processing software (PerkinElmer) to accurately obtain β-catenin 

signal intensity in each cell. PGCs were identified in the GFP or SSEA1 channel using the 

following series of commands: ‘‘Find Objects” using the software’s automatic threshold or 

manual Standard Deviation (SD) Intensity; “Fill Holes in Objects;” “Separate Touching Objects” 

using a size guide of ~400 μm3; and “Exclude Objects by Size” for objects smaller than ~150 

μm3. Selected objects were visually inspected and changes were manually made to ensure 

appropriate selection of PGCs per image. Cell nuclei were identified in the DAPI/Hoechst 

channel using the same task commands described for PGCs, but with smaller size cutoffs. PGC 

nuclei were identified by overlapping PGC objects with nuclei objects via the “Intersect” 

command. All intensity measurements from PGC and total nuclei were exported to Excel 

(Microsoft) for calculations. 

Ex vivo, average nuclear β-catenin, AXIN2, and E-CADHERIN intensity in cultured 

PGCs was measured by comparing the signal within individual PGCs to the average signal of all 



55 

 

PGCs in the control well (ISO). We used the same identification protocol for the PGCs and 

nuclei as described for in vivo measurements to collect signal intensity in individual PGCs. 

Objects were visually inspected and changes were made manually to ensure appropriate selection 

of PGCs and nuclei; somatic cell nuclei were not collected. Measurements were exported to 

Excel for calculations.  

To account for variability in staining between sections and between slides, we normalized 

nuclear β-catenin in vivo as follows: individual PGC nβ-cat/average nβ-cat of image. 

Normalization in ex vivo cultured PGCs was calculated as follows: individual PGC nβ-

cat/average nβ-cat of control well (ISO).  

Microarray analysis 

Targeted gene expression of E9.5 PGCs was analyzed using a GeneChip Mouse Gene 1.0 

ST Array (Affymetrix). Oct4-ΔPE-GFP+ PGCs from single embryos were sorted into lysis 

buffer, extracted with RNeasy Micro Kit (Qiagen 74004), and sent to the UCSF Gladstone 

Genomics Core Facility for small sample amplification, microarray processing, and probe 

intensity normalization into a logarithm base 2 value. Intensity values for select Wnt target genes 

were normalized to housekeeping probe Gapdh. The raw data files can be downloaded from 

GEO: GSE60179.  

Bioinformatics 

Microarray data was analyzed by AVC with dChip (Li and Wong 2001) and Ingenuity 

Pathway Analysis (Qiagen) to identify misregulated genes and associated functional categories. 

Additional analysis was carried out by the Bioinformatics Core at the Gladstone Institutes, 

UCSF. Microarrays were normalized for array-specific effects using Affymetrix's "Robust Multi-

Array" (RMA) normalization. This was performed using the Affymetrix tool "apt-probeset-
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summarize", which is part of the "Affymetrix Power Tools" package, available at 

http://www.affymetrix.com/estore/partners_programs/programs/developer/tools/powertools.affx. 

Normalized arrays values were reported on a log2 scale. (Average normalized expression is 

typically ~7.0.). For statistical analyses, we removed all array probesets where no experimental 

groups had an average log2 intensity greater than 3.0. This is a standard cutoff, below which 

expression is indistinguishable from background noise. Linear models were fitted for each gene 

using the Bioconductor "limma" package in R (Gentleman et al. 2004; Smyth 2004). Moderated 

t-statistics, fold-change and the associated P-values were calculated for each gene. To account 

for the fact that thousands of genes were tested, we reported false discovery rate (FDR)-adjusted 

values, calculated using the Benjamini-Hochberg method (Benjamini and Hochberg 1995). FDR 

values indicate the expected fraction of falsely-declared differentially-expressed ("DE") genes 

among the total set of declared DE genes (i.e., FDR = 0.15 would indicate that ~15% of the 

declared DE genes were expected to be due to experimental noise instead of actual differential 

expression). Batch effects between the Ror2Y324C and β-cateninGOF microarray datasets were 

adjusted using “removeBatchEffect” in “limma” package in R. Comparisons were conducted on 

a n=4 WT, n=4 Ror2Y324C embryos for the Ror2Y324C dataset and n=5 WT, n=2 β-cateninGOF 

embryos for the β-cateninGOF dataset. 

GSEA of the Ror2Y324C microarray dataset were compared to lists of cell cycle genes 

(Qiagen Cell Cycle PCR Array), β-catenin ChIP peaks called from mouse intestinal crypts 

(Schuijers et al. 2015), and misregulated genes identified in the β-cateninGOF microarray dataset. 

Analyses were conducted using GSEA software downloaded from the Broad Institute at 

http://software.broadinstitute.org/gsea/index.jsp (Subramanian et al. 2005; Mootha et al. 2003). 

Files input comprised of Ror2Y324C expression data (expression dataset, .txt file), gene lists of 

http://www.affymetrix.com/estore/partners_programs/programs/developer/tools/powertools.affx
http://software.broadinstitute.org/gsea/index.jsp
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interest (gene sets database .gmx file), labels for the expression data (phenotype labels .cls file), 

and annotation of Affymetrix MoGene 1.0 ST microarray chips provided by the Broad Institue 

(Chip platform .chip file). Details for the creation of each file type can be found in the GSEA 

User Guide. Each analysis was performed as a Ror2Y324C vs WT comparison and ran 1000 

permutations where the dataset was not collapsed to gene symbols (marked “false”), 

“phenotype” was selected as the permutation type, and min/max sizes were 20/5000.  

Statistics 

Statistical tests including the Student’s T-test, Fisher’s exact test, Chi-square test, 

Correlation coefficient, Regression analysis, and ANOVA were carried out in Excel (Microsoft), 

Prism (GraphPad), and VassarStats (http://vassarstats.net). 

 

http://vassarstats.net/
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CHAPTER 3: Divergent roles of noncanonical Wnt signaling in PGCs and 

their somatic microenvironment 

INTRODUCTION 

Coordinated cell movement is a conserved process that is central to the morphogenesis of 

embryos during development. Cells migrate through the primitive streak during gastrulation to 

form the different germ layers, undergo active rearrangement during convergent extension, and 

in some cases travel vast distances to reach their eventual home, as is the case for neural crest 

cells, neurons, and the primordial germ cells (PGCs) (Collazo et al. 1993; Serbedzija et al. 1990; 

Berry and Rogers 1965; Forrester and Garriga 1997; Chiquoine 1954). The migration of a small 

population of germ cells from their point of specification to the developing gonads is highly 

conserved among organisms, although the scale of time and distance, as well as genetic 

mechanisms can vary widely (Sonnenblick 1941; Weidinger et al. 1999; Nakamura et al. 2007; 

Kamimura et al. 1976; Chiquoine 1954). PGC migration spans approximately 4 hours in 

Drosophila melanogaster, 2 days in Xenopus laevis, and 4-5 days in Mus musculus embryos, 

with the cells interacting with many different tissue types along their respective routes (Fig. 1.1). 

In the mouse, PGC migration begins on embryonic day (E) 7.5, with germ cells actively 

integrating into the primitive endoderm at the base of the allantois (Chiquoine 1954; Clark and 

Eddy 1975; Anderson et al. 2000). For the next several days, the PGCs reside in and disperse 

throughout this epithelial tissue as it begins developing into the hindgut. Starting on E9.5, 

individual PGCs exit the hindgut by crossing the basement membrane and invading the 

surrounding mesenchyme (Molyneaux et al. 2001). They then move dorsally, then laterally 

through the mesentery of the growing embryo to colonize the gonadal ridges from E10.5-11.5 

(Molyneaux et al. 2001; Godin et al. 1990).  
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In mouse, the migratory period is also marked by simultaneous expansion of the germ 

cell population and initiation of epigenetic reprogramming (reviewed in Ewan and Koopman 

2010), raising questions about how such diverse and complex processes are mediated 

concurrently. We previously identified a role for the somatic cells of the migratory route in 

regulating the cell cycle status of PGCs (Cantú et al. 2016), whereas PGC motility appears to be 

autonomously driven (Laird et al. 2011).  

Chemotactic cues have been identified in guiding the migration of PGCs in several 

species. Some of these, such as the ligand SDF1, have conserved function in multiple organisms 

(Knaut et al. 2003; Doitsidou et al. 2002; Stebler et al. 2004; Ara et al. 2003; Molyneaux et al. 

2003). Others, such as KitL in the mouse, have multiple functions in PGC migration including 

promoting motility, providing directional guidance cues, and maintaining the survival of the 

germline (McCoshen and McCallion 1975; Runyan et al. 2006; Gu et al. 2009). The 

noncanonical Wnt receptor Ror2 and its primary ligand Wnt5a have been shown to mediate early 

convergent extension and axis elongation activity in frog and mouse, with mutations leading to 

shortened body length in embryos of both species (Hikasa et al. 2002; Takeuchi et al. 2000; 

Yamaguchi et al. 1999). In mice, additional defects have been found in the outgrowth of skeletal, 

facial and genital tissues, cell polarity in the inner ear, and development of the heart, lungs, and 

palate (Takeuchi et al. 2000; DeChiara et al. 2000; Yamaguchi et al. 1999). These phenotypes 

are analogous to Robinow Syndrome, which is associated with human mutations in Ror2 or 

Wnt5a; the autosomal recessive form of this disorder is characterized by dwarfism, 

brachydactyly, craniofacial abnormalities, and defects in development of external genitalia, 

although the fertility of patients is not known (Afzal et al. 2000; van Bokhoven et al. 2000). 

 In the mouse germline, Wnt5a and Ror2 have been identified as key regulators of cell 
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migration and proliferation (Chawengsaksophak et al. 2012; Laird et al. 2011; Cantú et al. 2016). 

Disruptions of this signaling axis, including the Ror2Y324C loss-of function and Wnt5a-/- alleles 

(Laird et al. 2011; Chawengsaksophak et al. 2012), lead to a loss of migratory potential in PGCs, 

with significant numbers unable to colonize the gonadal ridges that undergo apoptosis in 

extragonadal locations. Despite hyperproliferation in the hindgut, there is an ultimate halving of 

the total PGC number in these mutants by the end of migration, presumably due to inefficient 

colonization of the gonads and elimination by growth factor withdrawal (Laird 2011, Cantú et al. 

2016). Studies of the developing mouse limb suggest that Wnt5a acts as a mitogen and promotes 

cell polarity (Kuss et al. 2014), directional migration (He et al. 2008), and oriented cell division 

(Gros et al. 2010).  Based on the described pleiotropy of defects and known expression in PGCs 

and somatic cells of the migratory route, we sought to study the distinct function of the Wnt5a-

Ror2 pathway in each cell type involved in PGC migration and across species.  

Here, we find Wnt5a acts directly on PGCs to induce morphological changes and prime 

their movement but, unlike in the limb, does not provide directional guidance cues or change the 

extracellular matrix of the migratory route. When Ror2 is specifically deleted in PGCs prior to 

migration, we find their movement is impaired and proliferation altered, similar to that in full 

loss-of-functions mutants (Cantú et al. 2016), yet the overall population is increased rather than 

diminished by the conclusion of migration. Together, these data suggest an autonomous role for 

Wnt5a-Ror2 in promoting PGC motility while restraining proliferation; however, the discrepancy 

between the PGC conditional deletion and ubiquitous loss of Ror2 reveal an additional function 

in the somatic cell niche to promote the survival of migratory PGCs. Parallel studies in Xenopus 

corroborate a conserved and divergent roles for Ror2 in both the PGCs and neighboring somatic 

cells, and a search for the relevant downstream effectors is currently underway.  
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RESULTS 

Wnt5a regulates PGC morphology, but not polarity, independent of adhesion substrate 

It has been shown that PGCs migrate poorly in Wnt5a-/- and Ror2-mutant embryos, 

accumulating in midline and mesentery tissues rather than completing colonization of the 

gonadal ridges (Chawengsaksophak et al. 2012; Laird et al. 2011). Culture of isolated Ror2Y324C 

PGCs ex vivo revealed autonomous defects in elongation and polarization in response to a known 

chemotactic ligand, KitL (Laird et al. 2011). How Ror2 controls these fundamental processes of 

cell migration in PGCs is unknown. Multiple studies in cell lines identified Wnt5a as the ligand 

upstream of Ror2 necessary to direct protrusion formation, polarization, and cell migration or 

invasion (reviewed in Nishita et al. 2010). During PGC migration, Wnt5a is highly expressed in 

the hindgut and gonads (Laird et al. 2011), raising the possibility for a role in chemotaxis as well 

as motility. Thus, we hypothesized that Wnt5a provides important signaling to mediate migration 

in PGCs. 

To assess the role of Wnt5a in PGC migration, we utilized our established ex vivo culture 

system (Laird et al. 2011) in which PGCs expressing the Oct4-ΔPE-GFP reporter (Anderson et 

al. 1999) are isolated from E9.5 embryos and cultured in defined conditions to assay 

morphological changes including cell size, shape, and polarity (Fig. 3.1A). In addition to the 

secreted and membranous signaling factors along the migratory route, PGCs encounter a number 

of adhesion molecules as they move through different tissues, including E-cadherin in the 

hindgut, fibronectin in the mesentery, and laminin in the mesentery and basement membrane of 

the hindgut (Bendel-Stenzel et al. 2000; García-Castro et al. 1997; schematic in Fig. 3.1B). 

Examination of the interaction between PGCs and several of these substrates found adhesion to 

be dependent on germ cell age and type of matrix molecule (De Felici and Dolci 1989; ffrench-

Constant et al. 1991; García-Castro et al. 1997). We sought to further these data by examining 
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Figure 3.1: WNT5a regulates PGC morphology but not polarity. 

A) Experimental design of the ex vivo PGC culture system. Oct4-ΔPE-GFP reporter PGCs are isolated from E9.5 embryos via FACS, cultured 
in defined substrate and media conditions for 20h, and measured for morphological changes. Maximum cell area was quantified by selecting 

PGCs based on SSEA1 staining (blue). B) Expression pattern of common adhesion molecules along the PGC migratory route including E-

cadherin (purple) in the hindgut and on PGCs (green), fibronectin (orange) in the mesentery, and laminin (red) in the mesentery and hindgut 
basement membrane. C) E9.5 WT PGCs were cultured ex vivo on defined and purified adhesion molecules and maximum cell area was 

measured. PGCs had the most spreading and largest cell area on E-cadherin compared to fibronectin and laminin. When WNT5a was added 

to the cultures, PGCs on all substrates increased their cell area. Each dot represents a single cell, black bars represent the mean. n = 21-224 
cells from 1-5 experiments; ***p<0.001 by Student’s T-test. i-iii) Representative images of the unique morphological responses by PGCs on 

each substrate. Scale bar is 10 μm. D) Expression of fibronectin in vivo was not changed in the absence of Wnt5a. Scale bar is 100 μm. E) WT 

PGCs were cultured in gradients of PBS, KITL, and WNT5a for 20h, and polarity was determined by Golgi localization (GM130, yellow) in 
relation to the point source. Wind rose plots show that the Golgi complex in PGCs cultured in a gradient of KITL (black) orient toward the 

point source (Golgi bias for Q1 and Q3), whereas PGCs cultured in a gradient of WNT5a (green) had randomized Golgi distributions similar 

to the PBS gradient (gray) control. n= 2 experiments. 
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the morphology of PGCs in response to contact with these adhesion molecules.  

We found that the ability of PGCs to spread and increase their maximal cell area was 

influenced by the culture substrate. E-cadherin induced the largest increase in 2-dimensional 

PGC area compared to fibronectin and laminin (Fig. 3.1C) with many cells forming multiple 

protrusions (Fig. 3.1Ci). PGCs cultured on fibronectin and laminin had similar maximal areas 

(Fig. 3.1C), but fibronectin produced an elongated cell morphology (Fig. 3.1Cii) whereas PGCs 

on laminin were rounded (Fig. 3.1Ciii). When exogenous WNT5a was added to the cultures, 

PGC area increased in all conditions, independent of their adhesion substrate (Fig. 3.1C), 

suggesting a role for this ligand in inducing a migratory morphology in PGCs.  

It has been suggested by previous studies that Wnt signaling is intertwined with the 

expression of ECM proteins. In multiple cell types, including Xenopus fibroblasts and mouse 

embryonic lung, the suppression of canonical Wnt signaling has led to the loss of fibronectin 

expression (Gradl et al. 1999; De Langhe et al. 2005). Recently published work has shown that 

the addition of exogenous WNT5a to PGCs in culture leads to a reduction in fibronectin 

transcript (Cantú et al. 2016). Additionally, a correlation between loss of Wnt5a in vivo and the 

upregulation of fibronectin along the PGC migratory route was reported in Msx1-/-;Msx2-/- double 

mutants (Sun et al. 2016). Thus we decided to examine fibronectin in Wnt5a-/- embryos to see if 

its expression was increased and overlapped with migratory defects in the PGCs. Using 

immunofluorescence, we did not detect the dramatic changes in levels or distribution of 

fibronectin predicted by the Msx1-/-;Msx2-/- mutants in Wnt5a-/- embryos (Fig. 3.1D). One 

explanation is that Wnt5a does not regulate fibronectin production in the migratory soma, and the 

effects seen in the Msx1-/-;Msx2-/- mutants are mediated by other misregulated factors, such as 

Bmp4 (Sun et al. 2016). Alternatively, there may be subtle changes in fibronectin expression in 
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Wnt5a-/- embryos that require more careful examination of than has been done thus far. Thus, we 

have not yet ruled out a role for Wnt5a in regulation of the ECM. 

Along with cytoskeletal and morphological changes, successful migration requires cells 

to polarize receptors, downstream signaling proteins, and organelles to ensure directed 

movement (Coates et al. 1992; Sullivan et al. 1984; Lawson and Maxfield 1995; Nemere et al. 

1985). Expression along the migratory route, with high levels in the gonads, suggested a role for 

Wnt5a in guiding PGCs movement (Laird et al. 2011). To assess the role of Wnt5a on the 

directed migration of PGCs, we assayed the polarity of germ cells in short-term, ex vivo culture. 

In this system, we created gradients of signaling factors and measured the subcellular 

localization of the Golgi body, an organelle known to polarize during cell migration (Nemere et 

al. 1985; Magdalena et al. 2003; Pouthas et al. 2008). In control conditions lacking a gradient 

(PBS), the Golgi body was randomly distributed within the PGCs (Fig. 3.1E). In contrast, when 

PGCs were cultured in a gradient of the known chemotactic factor KITL, we identified a bias in 

localization of the Golgi to regions of the cell nearest to or furthest from the point source 

(quadrant (Q) 1 and Q3, respectively), suggesting an alignment with the gradient. When PGCs 

were cultured in a gradient of WNT5a, the Golgi in PGCs was randomly oriented similar to the 

PBS condition, suggesting that Wnt5a does not provide directional cues to migratory germ cells. 

This result is not surprising given the widespread expression of Wnt5a in tissues of the PGC 

migratory route (Laird et al. 2011). Thus, we conclude that Wnt5a primes PGCs to be motile 

without directly guiding their movement.  
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Ror2 is expressed in tissues along the PGC migratory route 

We previously characterized the localization of Ror2 expression during the sex 

differentiation stage of fetal germ cell development, showing its presence on both the PGCs and 

somatic cell populations of the developing gonads (Arora et al. 2014). In the migratory period, it 

was shown that Ror2 is expressed on PGCs from E9.5-11.5 (Laird et al. 2011) as well as the 

hindgut epithelium and surrounding mesentery at E10.5 (Yamada et al. 2010). We further 

characterized the expression of Ror2 in the somatic cells that comprise the germ cell migratory 

route (Fig. 3.2A), and found that the overall highest level of expression was in the hindgut, 

whereas expression was moderate in the dorsal mesentery, and low in the gonadal ridges. This 

ubiquitous presence of Ror2 in both PGCs and the cells of their microenvironment raised 

questions about the role of this noncanonical Wnt receptor in each cell population. We 

hypothesized that Ror2 in the surrounding somatic cells would impact the development of 

migratory PGCs. 

To address this question, we designed a genetic experiment to delete Ror2 specifically in 

the PGCs during their migration to the gonads, leaving its expression and function intact in the 

soma. We crossed female mice with floxed alleles of Ror2 (Ho, et al. 2012; Ror2flox/flox) to 

Ror2flox/- males carrying the allele for a germ cell-specific, drug-inducible Cre recombinase 

inserted into the Oct4 locus (Greder et al. 2012), Pou5f1Cre-ER/+ (Fig. 3.2B). Due to the 

inefficiency of excision at this locus found by our lab and others (H. Ho, personal 

communication and data not shown), we tested several dosing schedules for tamoxifen to 

identify the strongest phenotype (Fig. S3.1A-B). Ultimately, we settled on a regimen in which 

tamoxifen was administered in two doses at E7.75 and E8.25, to maximize the deletion of Ror2 

after restriction of Pou5f1Cre-ER expression to the germline (Downs 2008) but prior to the start of  
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Figure 3.2: Expression of Ror2 in the somatic cells of the migratory route and generation of a Ror2 conditional knock-out in PGCs.  

A) Ror2 (red) is expressed in tissues of the PGC (Oct4-ΔPE-GFP; green) migratory route from E9.5-11.5. PGCs are labeled with Oct4-ΔPE-

GFP (green) to show movement along the migratory route from the hindgut (hg) through the dorsal mesentery (dm), and to the gonadal ridges 

(gr). E-cadherin (magenta) marks the hindgut (E9.5, E10.5) and mesonephric ducts (md; E10.5) for reference. Scale bars are 60, 63, and 60 
μm, respectively. B) Experimental design of conditional deletion of Ror2 in PGCs. Ror2flox/flox females were mated with Ror2flox/-;Pou51cre-ER/+; 

Oct4-ΔPE-GFPTg/+ males to generate cohorts of Cre- (WT) and Cre+ (Ror2cKO) littermates. Two doses of tamoxifen (arrowheads) were 

administered at E7.75 and E8.25 to excise Ror2 prior to the start of PGC migration at E9.5. Embryos were collected on E9.5, E10.5, and E11.5 

(circles) after 4h exposure to EdU. 



67 

 

 

  

Supplementary Figure 3.1: Summary of tamoxifen doses tested for generating Ror2cKO mutants.  

A) Experimental design of all tamoxifen dosing schedules tested in the generation of a PGC-specific conditional knock-out of Ror2 prior to 

germ cell migration. Arrowheads represent injections of tamoxifen; circles represent date of embryo collection. B) Summary table of the dosing 

schedules from A) and the preliminary phenotypes observed for each. C) Images of the PGC phenotype from embryos that were exposed to 
tamoxifen at E6.75 and E7.75. Whole AGM comparison of WT (Cre-) to Ror2cKO (Cre+) embryos revealed an increase in mismigrated PGCs 

(GFP; green) in the midline and total numbers of PGCs in the mutants. Ror2cKO embryos from this tamoxifen schedule also had many PGCs 

(GFP, SSEA1; green) on the skin and at the base of the limb bud. 
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migration out of the hindgut (Fig. 3.2B). The efficiency of deletion in our experimental system 

has yet to be assessed; however, Cre specificity to the germline has been shown for these 

injection time points (Cantú et al. 2016).  

 

Germ cell-specific loss of Ror2 leads to autonomous migratory and proliferative defects 

To evaluate the consequences of Ror2 deletion in PGCs, we first examined the location 

of PGCs in Cre+, Ror2 conditional knock-out (Ror2cKO) embryos for a migratory defect similar to 

that described in Ror2Y324C embryos, since previous work has shown migration to be 

autonomously regulated by Ror2 (Laird et al. 2011). At E11.5, we observed a moderate lag in 

migration of the Ror2cKO PGCs, with significantly fewer PGCs reaching the gonads and more 

remaining in the preceding mesentery locations as compared to WT controls (Fig. 3.3A). While 

this localization defect was not as severe as the Ror2Y324C phenotype (Cantú et al. 2016), relative 

to their WT counterparts, twice as many Ror2cKO PGCs were counted in the medial mesentery, 

the furthest location from the gonad where PGCs were found at this time point.  

Notably, we did not detect an increase in the proportion of grossly ectopic PGCs (on the 

skin, near the neural tube, or remaining in the ventral hindgut) in the Ror2cKO mutants as 

observed in Ror2Y324C mutants (Laird et al. 2011); given the schedule of tamoxifen-induced 

excision in the conditional knockout, this failure to phenocopy the full loss of function allele 

suggests that Ror2 also functions in the initial movement of PGCs into the primitive endoderm at 

E7.75-8.0. Conversely, in Ror2cKO embryos that received earlier doses of tamoxifen at E6.75 and 

E7.75 (Fig. S3.1A), we observed a striking increase in PGCs on the skin of the tail and torso as 

well as at the base of the limb buds (Fig. S3.1C). Later stage migration with this tamoxifen 

schedule was also altered, with more Ror2cKO PGCs remaining in the midline at E11.5 (Fig.  
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Figure 3.3: Migration, proliferation, and survival of PGCs are altered in Ror2cKO mutants.  

A) Analysis of PGC location at E11.5 revealed a moderate lag in the migration of Ror2cKO (Cre+) PGCs compared to WT (Cre-) littermates;  
p < 0.001 by Fisher’s exact test. While the mismigration was not as severe as that observed in Ror2Y324C mutants, Ror2cKO PGCs were twice as 

likely to be found in the medial mesentery than WT PGCs; p < 0.01 by Fisher’s exact test. B) The frequency of EdU incorporation is elevated 

in Ror2cKO PGCs in the hindgut and gonad compared with WT controls. EdU was given 4h before dissection. n = 22-1763 cells per location 
from 7 WT embryos and 11 Ror2cKO embryos; *p < 0.05, †p = 0.08, ‡p = 0.09 by Fisher’s exact test. C) Mean number of PGCs counted in 

histological sections at different ages. P-values by Student’s T-test. D) Representative images of E9.5 Ror2cKO embryos show the increase in 

total PGC number phenotype. The dashed, yellow box indicates the region of magnification. Scale bar is 33 μm. 
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S3.2C).  Together these results suggest that the two known periods of active PGC migration, into 

the primitive endoderm at E7.75 and out of the developing hindgut at E9.5, proceed 

independently of each other and that Ror2 is an important regulator of both. We next examined 

the cell cycle in Ror2cKO PGCs along the migratory route. Similar to our observations in 

Ror2Y324C mutant embryos (Cantú et al. 2016), PGCs in Ror2cKO embryos trended toward an 

increased frequency of EdU-incorporation in the hindgut relative to WT, but no difference was 

seen in the neighboring dorsal mesentery regions (Fig. 3.3B; Fig. S3.2A). However, unlike the 

Ror2Y324C, PGCs in the Ror2cKO were also cycling more than WT PGCs overall and specifically 

in the gonads (Fig. 3.3B); both of these phenotypes resulted from increased EdU-incorporation in 

E10.5 PGCs (Fig. S3.2A). No differences were observed specifically at E11.5. The previous 

finding of increased proliferation in the hindgut of Ror2Y324C mutants was unable to distinguish 

whether the phenotype was a result of Ror2 deletion in the PGCs or the somatic cells (Cantú et 

al. 2016). The germline specificity of Ror2 loss in our conditional knock-out model and 

overlapping phenotypes between the two Ror2 mutants does not indicate a role for somatic Ror2 

in regulating PGC proliferation. Rather, we conclude that PGC proliferation in the hindgut is 

regulated autonomously by PGC-expressed Ror2. Therefore, the recently described control of the 

germ cell cycle by the microenvironment (Cantú et al. 2016) must be driven by other pathways 

or mechanisms that have yet to be identified. 

 

WT Ror2 in the somatic cells improves PGC survival and increases their population size 

Due to the increase in early proliferation in the hindgut, we hypothesized that there would 

be an expansion of the Ror2cKO PGC population at E9.5, similar to that seen in the Ror2Y324C 

mutants. As predicted, examination of E9.5 embryos revealed a nearly 2-fold increase in the  
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Supplementary Figure 3.2: Comparison of Ror2cKO phenotypes to Ror2Y324C.  

A) Frequency of EdU incorporation of WT (Cre-) and Ror2cKO PGCs by age and location from E9.5-11.5. n = 99-2194 cells per age from 7 

WT embryos and 11 Ror2cKO embryos; *p < 0.05, ***p < 0.001, †p = 0.056, ‡p = 0.064 by Fisher’s exact test. B) Table summarizing the 

proliferation and population size changes of PGCs when Ror2 is mutated in all cells (Ror2Y324C; Cantu, et al. 2016) or lost specifically in the 
germline (Ror2cKO).  
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number of PGCs per Ror2cKO histological section when compared to WT sections. However, in 

stark contrast to the ultimate halving of the PGC population described in Ror2Y324C embryos by 

the end of migration (Laird et al. 2011; Cantú et al. 2016; Fig. S3.2B), this doubling of Ror2cKO 

PGCs was sustained through E11.5 (Fig 3.3C-D). Thus, despite similar migratory and 

proliferative defects in both Ror2 mutants, the difference in final PGC population size upon 

reaching the gonads suggests that Ror2 in the somatic cells plays a critical role in managing PGC 

survival during their migratory period.  

 

Loss of Ror2 in Xenopus laevis alters PGC number and migratory ability 

Similar to its role in embryonic development in the mouse, Wnt5a and Ror2 have also 

been identified as key regulators of convergent extension and axis elongation in Xenopus laevis 

embryos (Moon et al. 1993; Hikasa et al. 2002). The detection of xRor2 transcript in early frog 

PGCs raised the possibility that it may also be important for germline development (A. Butler 

and M.L. King, personal communication).  The migratory period in frog PGCs is also a multi-

day process that begins at embryo stage 24 in the primitive endodermal tissue and proceeds 

through the dorsal mesentery to reach the developing gonads by stage 46 (Fig. 3.4A; Kamimura 

et al. 1976; Nishiumi et al. 2005). The amenability of frog to genetic manipulation in all cells of 

the embryo as well as specifically in PGCs provided the opportunity to examine the function of 

Ror2 during PGC migration.  

To assess the role of Ror2 in Xenopus PGC development, we designed a morpholino to 

knock-down xRor2 expression (Ror2-MO; Fig. 3.4B) and used a Flag-tagged hROR2 (human) 

mRNA construct was used to overexpress the protein (hRor2-FL). Injection of these constructs at 

the 1-cell stage of embryogenesis led to alterations in Ror2 expression throughout all cells of the  
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Figure 3.4: Changes in xRor2 expression in Xenopus laevis disrupt PGC population size and migration. 

A) Schematic of PGC development and migration in X. laevis (adapted from Nishiumi et al. 2005 and Terayama et al. 2013). Green asterisks 

indicate ages of embryos analyzed. B) Western Blot confirms morpholino knock-down of xRor2. C) Representative images of stage 25/26 

embryos in whole embryo knock-down of xRor2. D) Number of PGCs per embryo in control and whole embryo xRor2 mutants at stages 26 
and 33/34. Changes in PGC population size were only observed at the onset of migration (stage 26). n = 14-41 embryos per group; *p < 0.05, 

**p < 0.01 by Student’s T-test. E) Location of PGCs in embryos from D at stage 33/34 reveals migratory defects in whole embryo xRor2 

mutants. Normally localized PGCs fall between somites 5 and 11, marked by solid lines in F. Dashed circle and arrow in F shows PGCs 
lagging in the posterior of the embryo. F) Representative images of stage 33/34 embryos in PGC-specific knock-down of xRor2. G) Number 

of PGCs per embryo in control and PGC-specific xRor2 mutants at stages 26 and 33/34. Changes in PGC population size were only observed 

in each mutant at the different phases of migration. n = 22-42 embryos per group; *p < 0.05, **p < 0.01 by Student’s T-test.  H) Location of 

PGCs in embryos from G at stage 33/34 reveals migratory defects in PGC-specific xRor2 mutants.  
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embryo. Both morpholino-mediated inhibition of xRor2, and over-expression of hROR2 resulted 

in embryos with truncated bodies and a slight developmental delay (data not shown), confirming 

the role of Ror2 in convergent extension (Hikasa et al. 2002). Total number of PGCs per mutant 

embryo was counted at the onset of migration (stage 26, early tailbud; Fig. 3.4A) as well as 

midway to the gonads (stage 33/34, mid-late tailbud) and compared to uninjected controls (H2O). 

Inhibition of xRor2 significantly increased PGC number at St. 26, yet this expansion over the 

controls was not sustained through St. 33/34 (Fig. 3.4C-D). These results were strikingly similar 

to the phenotypes observed in the mouse, where greater numbers of PGCs were observed at the 

start of migration in E9.5 Ror2Y324C embryos, but dropped to WT counts by E10.5 (Cantú et al, 

2016). In other parallels to the mouse, PGCs in morpholino-injected embryos showed a trend in 

migratory delay; more Ror2-MO embryos were observed with germ cells in the posterior third of 

the embryo than controls (Fig. 3.4E). Conversely, over-expression of xRor2 significantly reduced 

the number of PGCs at St. 26., but again, no significant difference in PGC number was observed 

by St. 33/34 (Fig. 3.4D). Migration of the PGCs also seemed to be effected in hROR2-

overexpression mutants, but in contrast to the knock-down, PGCs appeared to overmigrate into 

the anterior portion of the embryo (Fig. 3.4E). Together, these data identify a role for Ror2 in 

migratory Xenopus PGCs. 

To distinguish between xRor2 function in the PGCs from its activity in the soma, we 

specifically targeted its expression in the germline, leaving the endogenous levels of xRor2 intact 

in the somatic cells. This experimental system is comparable to the conditional knock-out model 

we designed in the mouse (Fig. 3.2B). Specificity in knock-down or over-expression was 

targeted to PGCs by injecting the constructs only in the germ-plasm bearing blastomeres of 

developing embryos (Whitington and Dixon 1975). PGC-targeted inhibition of xRor2 had no 
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effect on the PGC population size at St. 26; however, by St. 33/34, the number of PGCs was 

significantly reduced in these mutants (Fig. 3.4F-G). In contrast, PGC-targeted over-expression 

of hROR2 significantly increased the number of PGCs at St. 26, but this alteration was not 

sustained to St. 33/34 (Fig. 3.4G). Again, there was a trend in migratory delay in morpholino-

injected PGCs, similar to that seen in the whole embryo knock-down (Fig. 3.4H), suggesting that 

xRor2 regulation is autonomous to the germline. The conflicting phenotypes observed in mutants 

where expression of xRor2 was altered in the entire embryo versus just the PGCs suggest that 

xRor2 plays distinct roles in germ cells and their niche during Xenopus development. 

 

Loss of Ror2 in the soma alters the expression of known PGC survival factors 

It is known that in addition to providing chemotactic cues to guide PGC migration, the 

soma also regulates germ cell survival during their journey to the gonads (Runyan et al. 2006; 

Ara et al. 2003; Molyneaux et al. 2003). Due to the changes in PGC population size in both M. 

musculus and X. laevis after Ror2 loss in the specifically in the germline, we profiled the 

expression of known survival factors in the somatic cells, namely KitL and SDF1 (Runyan et al. 

2006; Ara et al. 2003; Molyneaux et al. 2003). In preliminary analyses, we found increased 

mRNA expression of both KitL and SDF1 in E9.5 Ror2Y324C soma (Fig. 3.5A). However, by 

immunofluorescence at E10.5, we observed a reduction in levels of both factors in Ror2-/- 

embryos (Fig. 3.5B). These preliminary data suggest that Ror2 in the soma does regulate the 

expression of survival factors; however, more analysis of needs to be conducted over the course 

of PGC migration at both the mRNA and protein levels to generate a comprehensive 

understanding of germ cell survival in our mutants.   
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Figure 3.5: Somatic cells in Ror2 loss-of-function mutants have altered expression of PGC survival factors.  

A) Quantification of survival factors (KitL and SDF1) expressed by E9.5 somatic cells in WT or Ror2Y324C embryos. Somatic cells were 
dissected from the region boxed off by the red square, separated from PGCs using FACS, and mRNA was quantified by qPCR normalized to 

Ubc. B) Immunofluorescence staining of KitL (blue) and SDF1 (red) in E10.5 control and Ror2-/- embryos. PGCs and all nuclei are marked by 

Oct4-ΔPE-GFP (green) and Hoechst (gray), respectively. 
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DISCUSSION 

Given the broad expression of Ror2 receptor in PGCs as well as neighboring somatic 

cells, here we studied its function in each. Using immunofluorescence, we established that Ror2 

is expressed along the migratory route, at distinct levels in the different locations. Conditional 

deletion of Ror2 in early PGCs recapitulated the defects in migration and proliferation observed 

in full Ror2 loss-of-function mutants, and revealed a novel role for somatic Ror2 in regulating 

the survival of migratory PGCs (Fig. 3.6). In parallel studies in Xenopus laevis, xRor2 

knockdown by morpholino caused a significant increase in PGC number at the start of migration, 

whereas xRor2 knockdown directed to PGCs reduced their population size later on; germ cell 

movement through the embryo was disrupted in both mutants. Based on the disparate phenotypes 

in the full versus conditional mutants, we hypothesize that Ror2-mutant soma has altered 

expression of survival factors. Thus far, we have found established PGC survival signals to be 

misregulated in Ror2 mutant somatic cells, although these data remain preliminary.  

 

  
Figure 3.6: Summary of PGC phenotypes in Ror2-mutants at the end of migration. 
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Ror-family proteins, including mammalian Ror2, are highly conserved receptor tyrosine 

kinases (RTKs) that have expression throughout the animal kingdom ranging from invertebrate 

species such as Caenorhabditis elegans, and Drosophila melanogaster to vertebrate species 

Danio rerio, Xenopus laevis, Gallus gallus, Mus musculus, and Homo sapiens (Masiakowski and 

Carroll 1992; Wilson et al. 1993; Forrester et al. 1999; Oishi et al. 1999; Hikasa et al. 2002; 

Rodriguez-Niedenfuhr et al. 2004). In addition to the homology found within protein domains of 

the receptor, Ror2 and its orthologs share common functions in mediating cell polarity and 

migration during developmental morphogenesis. In C. elegans, loss of the Ror-family RTK 

CAM-1 leads to defects in the directional migration of neurons along the anterior-posterior axis 

and polarity of asymmetric cell division (Forrester and Garriga 1997; Forrester et al. 1999). 

xRor2 in X. laevis works with xWnt5a to control cell movement and polarity necessary for 

appropriate convergent extension during gastrulation (Hikasa et al. 2002; Schambony and 

Wedlich 2007). In mammals, Wnt5a-Ror2 has known functions in planar cell polarity, 

convergent extension, directed migration of several cell types during development, such as PGCs 

and neurons, and cell invasion during disease, as seen in several types of cancer (Qian et al. 

2007; Gao et al. 2011; Yamaguchi et al. 1999; Takeuchi et al. 2000; DeChiara et al. 2000; Laird 

et al. 2011; Weeraratna et al. 2002; Enomoto et al. 2009). In this work, we identified further 

agreement in Ror2 function between mouse and frog development of the germline that echos the 

conservation seen in other cell types and periods of development.  

While it is known that PGC-expressed Ror2 is important for migration and proliferation 

(Laird et al. 2011; Cantú et al. 2016), this study has broadened the role of Ror2 in regulating 

migratory germ cell development through its action in the surrounding somatic cells. Previous 

work has described roles for the soma in guiding PGC movement to the developing gonads as 
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well as maintaining their survival. In the mouse, KitL expression progresses in a wave from the 

hindgut to the gonads to direct the movement of PGCs (Gu et al. 2009). Another ligand, SDF1, is 

expressed highly in the gonadal ridges and provides chemotactic cues for gonadal colonization 

(Ara et al. 2003; Molyneaux et al. 2003). In addition to their roles as guidance cues, PGCs may 

also utilize these soma-derived chemoattractants as survival factors during migration. It has been 

shown that the localization of germ cells within the KitL+ soma maintains their survival, whereas 

escapers or lagging migrators die from a lack of support signaling (Runyan et al. 2006). Here, we 

expand upon the described function of the soma in maintaining PGC survival by identifying a 

role for somatic Ror2 in preserving the germ cell population despite defects in migration. In 

contrast to the precise fine-tuning required to regulate the rate of PGC proliferation in each 

specific microenvironment (Cantú, et al. 2016), the broad expression of Ror2 along the migratory 

route and sustained increase in population size over time suggests that this somatic role in 

survival signaling is shared amongst diverse cell and tissue types. Thus, we add somatic Ror2 to 

the list of factors important for PGC survival; however, how its activity within the soma is 

transmitted to the PGCs is not yet known. Additionally, whether functional Ror2 provides a 

supportive environment or mutated Ror2 is toxic to PGCs needs to be clarified. 

These data from mouse and Xenopus suggest that Ror2 signaling plays divergent roles in 

PGC development: regulating germ cell survival via the soma and autonomously promoting 

migration while suppressing proliferation. To mediate each specific function, Ror2 utilizes 

distinct combinations and separations of multiple signaling pathways (Fig. 3.7). In the regulation 

of PGC motility, Wnt5a-Ror2 work in combination with the KitL-cKit pathway to sense and 

respond to chemotactic signals, polarize, and form protrusions that allow the cells to migrate 

efficiently. In the absence of Ror2, PGCs are unable to respond to directional cues  
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provided by KitL and adopt a migratory morphology (Laird, et al. 2011). On the other hand, the 

survival signaling that KitL-cKit mediates in PGCs is likely to be independent of Ror2, as 

suggested by the robust maintenance of the germ cell population in Ror2cKO embryos despite a 

loss of Ror2 in the PGCs. Further, the ability of Wnt5a-Ror2 to suppress the PGC cell cycle in 

the hindgut is unaffected by high levels of KitL in the surrounding soma or cell culture media 

(Gu et al. 2009; Cantú et al. 2016). In using our different genetic models, we have begun to build 

a network of noncanonical Wnt signaling in early PGC development that likely applies to other 

itinerant and proliferative cell types.  

As a result of the improved survival of Ror2-mutant PGCs in a WT context, we observed 

an overpopulation of the gonadal ridges with germ cells. What is the consequence of too many 

PGCs on later stages of reproductive development and adult fertility? While many mutations that 

Figure 3.7: Model of autonomous and nonautonomous Ror2 signaling pathways during PGC migration.  
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impact early PGC development such as Ror2Y324C, Wnt5a-/-, Blimp-/-, Prdm14-/-, and cKit/KitL 

loss-of-function mutants result in a loss of germ cells (Laird et al. 2011; Chawengsaksophak et 

al. 2012; Ohinata et al. 2005; Yamaji et al. 2008; Mintz and Russell 1957; McCoshen and 

McCallion 1975), others have resulted in increased PGCs in the gonads after the migratory 

period. For example, Bax-/- embryos, which lack the ability to eliminate cells through a 

programmed cell death mechanism, have an accumulation of PGCs at the end of migration and 

throughout fetal development (Stallock et al. 2003). This abundance of PGCs ultimately leads to 

male infertility in adulthood through the accumulation of premeiotic cells that do not progress 

through gametogenesis and disorganization and crowding of the seminiferous tubules (Knudson 

et al. 1995). Due to complications that arise from the high dose of tamoxifen in our Ror2cKO 

model that result in loss of the pregnancy at E12.5, we are unable to investigate the consequences 

of PGC surfeit in Ror2-conditional mutants on later fetal and adult reproductive development. In 

some loss-of-PGC mutants in Drosophila and mouse there is evidence of compensation, where 

the germ cells increase their proliferation rate to recover the total population size (Gilboa and 

Lehmann 2006; Kitadate and Kobayashi 2010; Yamashiro et al. 2016). One possibility for this 

phenomenon relies on a counting mechanism to balance the ratio of germ cells to soma for 

optimal development. We have not observed such compensation in Ror2Y324C mutants during sex 

differentiation (Arora et al. 2016), and here we find no evidence of the cell cycle slowing in the 

gonads of Ror2cKO mutants to reduce PGC numbers to those seen in WT. Thus, there may not be 

a counting mechanism that allows PGCs or the soma to sense their respective numbers and adjust 

accordingly. Alternatively, the Ror2 pathway might be involved in this sensing and counting 

process; new genetic tools will need to be developed to rigorously test the effect of this pathway 

on the size of the germ cell pool and ultimate fertility.   
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MATERIALS AND METHODS 

Mouse lines 

WT embryos were generated by mating CD1 females with homozygous Oct4-ΔPE-GFP 

males (MGI: 3057158, multiple copy transgene insertion) (Anderson et al. 1999). Other mouse 

strains were maintained on a mixed or C57BL6 background including: Wnt5a (MGI:1857617, 

targeted deletion) (Yamaguchi et al. 1999); Ror2flox (MGI:5315486, targeted floxed allele) (Ho et 

al. 2012); Pou5f1Cre-ER/+ (MGI:5049897, targeted knock-in) (Greder et al. 2012); Ror2Y324C 

(MGI:5305088, ENU-induced point mutation) (Laird et al. 2011). Ror2-/- mice were created by 

crossing Ror2flox mice to Zp3cre/+ (MGI:2176187, transgene insertion) (de Vries et al. 2000) for 

germline deletion and were maintained as Ror2+/-.  

Embryos were dissected from timed matings and staged by the following anatomic 

landmarks: 20-25 somite pairs was designated E9.5, 32-37 as E10.5, and 45-48 somite pairs and 

defined limb morphology as E11.5 (Kaufman 1992). Genotypes were determined by polymerase 

chain reaction (PCR). All mouse work was carried out under UCSF Institutional Animal Care 

and Use Committee guidelines, in an AAALAC-approved facility. 

Tamoxifen and EdU injections 

To generate conditional deletion of Ror2 in PGCs, Ror2flox/flox females were mated with 

Ror2flox/-; Pou5f1Cre-ER/+; Oct4-ΔPE-GFPtg/tg males. Tamoxifen (Sigma #T5648) was suspended 

at 20 mg/mL in sunflower seed oil (Sigma #S5007) and two doses were administered via 

intraperitoneal injection on days E6.75-8.25 at ~5.5 mg/30g mouse weight for first dose and ~5 

mg/30g mouse for the second. Maximum dose given was 6 mg.  

EdU (Click-It Imaging Kit, Life Technologies #C10338) was suspended at 2.5 mg/mL in 

PBS and administered at 25 μg/g mouse weigh via IP injection 3-4 h before embryo dissection.  
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Flow cytometry and qRT-PCR 

Embryos were dissected at E9.5 in PBS and the posterior fragment dissociated in 0.25% 

trypsin/EDTA for 3 minutes at 37°C followed by 1 mg/mL DNaseI to dissolve any lingering 

clumps of tissue. Dead cells were excluded during FACS on the basis of Sytox Blue (Invitrogen) 

signal. PGCs were delineated as Oct4-ΔPE-GFP+ and somatic cells as GFP-.  

For qRT-PCR, each cell type was sorted directly into Qiagen RLT lysis buffer and 

extracted with the appropriate RNeasy Kit (Qiagen), DNAse I treated, and reverse-transcribed 

with qScript (Quanta Biosciences). PCR primers were designed with Primer Express software 

(Applied Biosystems) or Primer-BLAST (NCBI). Amplification was carried out on a 

Mastercycler EP (Eppendorf) using the following primer sets:  

SDF1: F— CTACAGATGCCCATGCCGAT, R— TAGCTTCGGGTCAATGCACA;   

KitL: F— GTAATAGGAAAGCCGCAAA, R— CAAAGCCAATTACAAGCGA;   

Ubc: F— AAGAGAATCCACAAGGAATT, R— CAACAGGACCTGCTGAACAC;   

Gapdh: F— GACTTCAACAGCAACTCCCAC, R— AGGAAGGCTGGAAAAGAGCC.  

PGC ex vivo culture 

For the cell morphology experiments, chambered slides (Lab-Tek; non-tissue culture 

treated) were coated with 20 μg/mL fibronectin (Sigma #F1141), 20 μg/mL laminin (Sigma 

#L2020), or 10 μg/ml StemAdhere Defined Matrix (E-cadherin dimerization domain; Primorigen 

Biosciences #S2071-500UG) per product protocols. Oct4-ΔPE-GFP+ PGCs were sorted from 

E9.5 embryos using FACS, seeded into the coated wells, then incubated at 37°C in 5% CO2 with 

DMEM/15% Knockout Serum Replacement (Invitrogen), 1000 U/mL LIF (Millipore), and 1 ng 

or 50 ng/ml KITL (also known as SCF; Invitrogen #PMC2115). 250 ng/mL (RnD #645-WN/CF) 

WNT5a were added to the media.  
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For the polarity experiments, 4-well chamber slides (Lab-Tek II) were coated with 1 

mg/ml Matrigel (BD #354234). To create a chemoattractant gradient, 100 ng/mL KITL or 250 

ng/mL WNT5a were embedded in 50 μL of Matrigel and applied in a line to one edge of the 

well. PGCs were seeded on the opposite side of the well, after the Matrigel had solidified, then 

incubated at 37°C in 5% CO2 with DMEM/15% Knockout Serum Replacement, 1000 U/mL LIF, 

and 1 ng KITL.  

PGC numbers were counted at 3 h in culture and before time of fixation (18-24 h). 

Following culture, cells were fixed for 10-15 min in 4% paraformaldehyde and immunostained. 

Immunostaining 

Embryos fixed in 4% paraformaldehyde were embedded in OCT and cryosectioned at a 

thickness of 10 μm. Slides were permeabilized with 0.5% Triton X-100 in PBS for 10 min at 

room temperature, blocked 1 h in 10% serum + 0.1% Triton X-100 in PBS, and stained overnight 

at 4°C in the blocking buffer followed by 3x 15 minute washes in PBS. Primary antibodies used 

included GFP (chicken, Aves GFP-1020, 1:200), SSEA1 (mouse IgM, MC-480, Developmental 

Studies Hybridoma Bank, 1:200), GM130 (mouse, BD #610822, 1:50); fibronectin (rabbit, 

Sigma #F3648, 1:200), E-cadherin (rat, Invitrogen #13–1900, 1:200), Ror2 (rabbit, Sigma 

#HPA021868, 1:200), cleaved PARP (rabbit, Cell Signaling #9544s, 1:50), SDF1 (rabbit, Abcam 

# ab25117, 1:50), and KitL (goat, R&D #AF455-na, 1:50). Histologic staining for GM130 was 

preceded by 2 min treatment in undiluted Ficin (Invitrogen) at room temperature followed by a 

quick PBS wash. EdU was labeled per kit protocol (Life Technologies #C10338). Secondary 

antibodies were purchased from Invitrogen and incubated for 1 hour in blocking buffer at room 

temperature at 1:200. Nuclei were labeled with DAPI or Hoechst (Roche or Sigma, 1:1000). 

Sections were mounted in Vectashield (Vector Labs H-1000).  
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Image collection and analysis 

Brightfield imaging was performed on an Olympus MVX10 stereomicroscope and 

Olympus acquisition software. Confocal imaging was carried out at room temperature with a 20x 

0.7 dry objective or 40x 0.95 oil immersion objective on a Leica SP5 TCS microscope equipped 

with 405, 488, 543, 594, and 633 nm lasers. Use of the 20x objective typically required the 

addition of a 2x digital zoom for optimal visualization of PGCs for quantification. Files of 

1024x1024 pixel images with 1-5 μm z-stacks were captured by a scanner with maximal frame 

resolution and Leica acquisition software. 

Maximum two-dimensional area was measured to assess cell morphology on different 

substrates. We devised a protocol in Volocity image processing software (PerkinElmer) to select 

PGCs, as identified by GFP or SSEA1 signal, and measure their size using the following series 

of commands: “Find Objects” using the software’s automatic threshold or manual Standard 

Deviation (SD) Intensity; “Fill Holes in Objects;” “Separate Touching Objects” for doublets 

using a size guide of ~300 μm2. Selected objects were visually inspected and changes were 

manually made to ensure appropriate selection and separation of PGCs per image. All area 

measurements were exported to Excel (Microsoft) for calculations. 

Polarity was measured in PGCs exposed to chemotactic gradients by dividing each cell 

into quadrants, with quadrant 1 (Q1) nearest to the point source and Q3 furthest from the point 

source (Fig. 1E). The Golgi body, GM130+, was then assigned to a quadrant based on its 

localization. Cells with the Golgi in Q1 or Q3 were considered responsive to the point source and 

polarized; cells with the Golgi in Q2 or Q4 were not polarized. Data for the number of Golgi 

bodies per quadrant was displayed as wind rose plots.   
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Whole-mount in situ Hybridization (WISH)  

X. laevis embryos were obtained as described by Sive et al. 2000. WISH was performed 

as described in Agüero et al. 2012 with the exception of day 1, which was performed as 

described in Colozza and Robertis 2014. Xror2-Flag (ror2-FL) cDNA clone encoding full-length 

flagged-tagged Xenopus Ror2 was purchased from Addgene (Plasmid #67164). Xpat full-length 

clone was synthesized as described in Lai et al. 2012. Xrras2 full-length clone was purchased 

from GE Dharmacon. Antisense probes containing Digoxigenin-11-UTP were synthesized using 

the T7, SP6 or T3 RNA polymerase (NEB). Primer sequences: T7: 5’-taatacgactcactatag-3’; T3: 

5’-aattaaccctcactaaag-3’; Sp6: 5’-atttaggtgacactatag-3’. 

Loss-of-function analysis of Xenopus Ror2 

Embryos were injected either vegetally at the one-cell stage (whole embryo, WE), or in 4 

germ-plasm bearing blastomeres at the 16-32-cell stage (PGC-targeted) with ror2-MO (16 ng for 

WE; 4 ng/blastomere for PGC-targeted). ror2-MO oligonucleotides complementary to the 

5’UTR region and spanning the start codon (5’ – TCTCTGGGGATGTCCAGGACCAGGA) 

were purchased from Gene Tools. Synthetic capped mRNAs for microinjection were obtained by 

in vitro transcription using the mMESSAGE mMACHINE SP6 Kit (Ambion).  

Embryos were collected and fixed at stages 26 and 33-34 (tailbud) according to 

Nieuwkoop and Faber 1956, and PGCs were identified using WISH against xpat (Lai et al. 

2012); and WISH against rras2 was used to identify somites for PGC localization analysis in 

uninjected control and ror2-MO injected st. 33-34 embryos. PGC number was calculated by 

counting PGCs on both sides of each embryo. Embryos were segmented into three regions for 

categorization of PGC location: anterior to somite 5 (“anterior”), posterior to somite 11 

(“posterior”), or between somites 5 and 11 (“normal”) as described in Tarbashevich et al. 2011.  
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ror2-MO was tested with ror2-FL (for knockdown efficiency) by injections into stage VI 

X. laevis oocytes. Translation of ror2-FL was detected by Western blot analysis for flag (Fig. 

3.4B). The primary antibody used was FLAG (monoclonal mouse, Sigma #F1804); secondary 

antibody was HRP Conjugate (Promega #W402B). 

Gain-of-function analysis of Xenopus Ror2 

Synthetic capped mRNA for microinjection was obtained by in vitro transcription using 

the mMESSAGE mMACHINE SP6 Kit (Ambion). xRor2-Flag DNA template was linearized 

with NotI, transcribed, and 1 ng of mRNA was injected in the vegetal pole of 1-cell embryos 

(WE), or 0.25 ng of mRNA was injected into 4 germplasm bearing blastomers of 16-32 cell 

embryos (primordial germ cell (PGC)-targeted). xRor2-Flag clone identity was confirmed by 

sequencing. All embryos were fixed for WISH at stages 26 and 33-34 (tailbud). Embryos were 

staged according to Nieuwkoop and Faber 1956. WISH was performed using the germ plasm 

marker xpat to see PGC differences of injected RNAs (Lai et al. 2012). Both sides of each 

embryo were used for counting PGC number.  

Statistics 

Statistical tests including the Student’s T-test, Fisher’s exact test, Chi-square test, 

Correlation coefficient, Regression analysis, and ANOVA were carried out in Excel (Microsoft), 

Prism (GraphPad), and VassarStats (http://vassarstats.net). p < 0.05 was considered significant. 

 

http://vassarstats.net/
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CHAPTER 4: Discussion and Future Directions 

In this thesis, I sought to determine the effects of the somatic cell compartment on PGCs 

during their migration from the developing hindgut to the developing gonads. In Chapter 2 

(Cantú et al. 2016), I defined a role for the neighboring somatic cells (or soma) in regulating the 

cell cycle of PGCs through an intricate balance of noncanonical and canonical Wnt signaling. I 

demonstrated that loss of the noncanonical pathway leads to an increase in PGC proliferation 

within the hindgut, presumably caused by an increase in canonical Wnt activity, which then 

likely results in a slowing of migration as cells are no longer able to prioritize their movement 

over mitosis. In Chapter 3, I began to tease apart the autonomous and nonautonomous functions 

of Ror2 signaling in migratory PGCs. I confirmed that the migratory and proliferative defects 

previously described (Laird et al. 2011; Cantú et al. 2016; Chapter 2) rely on the PGC-

autonomous expression of Ror2. In contrast, I found a nonautonomous role for somatic cell 

expression of Ror2 in maintaining the survival of PGCs as they move along the migratory route. 

Together, this work has enhanced our understanding of noncanonical Wnt signaling during germ 

cell migration and revealed a complex signaling network within PGCs and their surrounding 

microenvironment to mediate the myriad functions in early germline development.  

 

THE YIN AND YANG IN PGC MIGRATION 

Intrinsic (PGC) versus extrinsic (somatic) signaling 

PGCs are a unique model for parsing the effects of intrinsic and extrinsic signaling due to 

their known interaction with a diversity of cell types as they move from their point of 

specification in the epiblast to their ultimate residence in the gonads. The mammalian germline is 

particularly interesting due to the multitude of cellular processes happening concurrently with 
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PGC migration – proliferation, survival, and epigenetic reprogramming (reviewed in Ewan and 

Koopman 2010). This complexity of development across several, distinct microenvironments has 

generated many questions regarding the role of the soma in regulating PGC development. 

Previous work identified a requirement of the somatic cells in regulating PGC survival and 

proliferation while simultaneously guiding their movement. KitL is expressed by somatic cells in 

a wave along the migratory route, which provides tight spatio-temporal control over the optimal 

location for PGCs (Gu et al. 2009; Gu et al. 2011; Runyan et al. 2006). SDF1 is also secreted by 

the somatic cells, most highly by the gonads, to guide PGC migration (Ara et al. 2003; 

Molyneaux et al. 2003). Both factors provide chemotactic and survival signals; thus, loss of KitL, 

SDF1, or their respective receptors, cKit and CXCR4, leads to inefficient colonization of the 

gonads and diminished numbers of PGCs.  

Here, we examine the role of a single gene, and subsequently its broader signaling 

pathway, known to be expressed in both the germline and surrounding somatic tissues. We show 

that Ror2 functions in each cellular compartment – PGC and soma – to maintain proper 

development of germ cells. In PGCs, Ror2 provides autonomous control of motility, as 

evidenced by an increase in the number of germ cells remaining outside the gonadal ridges at the 

conclusion of migration in both the Ror2Y324C full loss-of-function mutant and the PGC-specific 

Ror2cKO mutant (Laird et al. 2011; Cantú et al. 2016; Chapter 3). Another autonomous function 

we identified for Ror2 is in the regulation of PGC proliferation, with aberrantly high rates of 

cycling PGCs found in the hindgut of both ubiquitous and PGC-specific mutants (Cantú et al. 

2016; Chapter 3). However, unlike the persistence of motility defects in Ror2 mutants for the 

duration of PGC migration, the specificity of proliferation phenotypes implies that the control of 

the PGC cell cycle by Ror2 signaling is limited to a single somatic compartment. This suggests 
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that mitogenic signals from the microenvironment differ between somatic compartments, while 

the factors that enable PGC movement are more stable and consistent. Future studies to profile 

mitogenic regulators specific to each somatic region will be needed to test this hypothesis. 

Additionally, Ror2 in the surrounding microenvironment has a nonautonomous function 

in maintaining the survival of migratory PGCs. Complete loss of Ror2 function in the embryo 

(Ror2Y324C) leads to a diminution of PGCs by the end of migration (Laird et al. 2011). In contrast, 

germ cell-specific loss of Ror2 results in a doubling of the PGC population over WT numbers 

(Chapter 3). How Ror2 expression in the somatic cells maintains PGC survival remains an open 

area of investigation. Preliminary data suggest that the expression of known survival factors is 

altered in Ror2 mutant soma, but more thorough analyses need to be completed to confirm these 

results. Furthermore, the differences in expression levels of Ror2 among somatic tissues raise 

important questions about how PGC survival is consistently maintained along the migratory 

route and should be explored in future studies. 

The work described above, takes a commonly held PGC-centric view in assessing the 

interactions between the germline and the soma. However, there is evidence from other species 

that contact between PGCs and their somatic neighbors can be mutually beneficial for the 

development of both tissues. In the human embryo, PGCs and nerve fibers colonize the gonadal 

ridges at the same time (Møllgård et al. 2010). Image analysis shows human PGCs migrating in 

close association with developing nerve fibers and Schwann cells from the dorsal mesentery to 

the gonadal ridges. Studies have found the developing nervous system to express PGC 

chemoattractants such as KitL (Høyer et al. 2005); and it is known that both PGCs and neurons 

can be guided by SDF1 (Belmadani et al. 2005). While Møllgård and colleagues conclude that 

the nervous system guides the PGCs to the gonads, one might speculate that the interplay 



91 

 

between the cell types is more complex. Migratory PGCs in Drosophila have been found to 

regulate and direct the movement of the caudal visceral mesoderm (CVM), progenitors of the 

midgut muscles, a neighboring cell type with whom they share a migratory route (Stepanik et al. 

2016). Live-imaging of the CVM in PGC migratory mutants found that CVM cells exhibit an 

affinity for PGCs and will invade inappropriate tissues to localize with mismigrated germ cells. 

When PGCs are absent, CVM migratory behavior is altered, resulting in muscle defects in the 

midgut. This system is a clear example of migratory PGCs influencing the development of their 

microenvironment. Evidence for a similar education of the somatic tissues by PGCs has not yet 

been identified in the mouse. Thus far, it seems that embryogenesis occurs normally in the 

absence of PGCs (Mintz and Russell 1957; Chen et al. 2013; Hayashi et al. 2011); however, the 

development and movement of the somatic cell types that comprise the migratory route during 

PGC migration have yet to be comprehensively characterized.  

Cell migration versus proliferation 

In most organisms, the period of PGC migration is distinct from their proliferation, with 

migration following initial specification and proliferation commencing upon arrival in the 

gonads (reviewed in Richardson and Lehmann 2010). The mammalian system, however, is an 

exception to this rule. In the mouse embryo, PGCs begin dividing as soon as they are specified 

and continue to expand in population size until meiotic entry in the female or mitotic arrest in the 

male (Tam and Snow 1981; Seki et al. 2007). This concurrence of migration and proliferation is 

surprising based on the differences in cell morphology and adhesion each process requires; 

elongation, formation of protrusions, and dynamic adhesions with the microenvironment during 

migration would appear to be at odds with the rounding up and loss of adhesion that occur during 

proliferation.  
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In general, the ability of actively migrating cells to divide is not unusual; neural crest 

cells in mammals and lateral line primordium in zebrafish proliferate during their embryonic 

migrations (Huszar et al. 1991; Laguerre et al. 2005). However, these cell types utilize collective 

cell migration rather than migrating singly like PGCs, and it is likely that passive movement of 

cells within the group is more compatible with dividing, effectively eliminating interruptions in 

their migration. PGC motility and the cell cycle are much more likely to be conflicting processes, 

requiring that the cell choose one at the expense of the other. We see this antagonism most 

clearly at the period of active PGC migration – invasion through the basement membrane and 

egress from the hindgut. In this specific microenvironment, PGC proliferation is most strongly 

suppressed (Cantú et al. 2016; Chapter 2), allowing cells to be more highly motile. We further 

showed that these dueling cell functions are regulated by antagonism between two arms of the 

Wnt pathway, where noncanonical Wnt5a-Ror2 signaling promotes cell motility while inhibiting 

β-catenin-mediated proliferation. Additionally, Ror2-mutant PGCs are more rounded in shape, 

likely as a result of increased cell division, akin to what we observe in the highly proliferative 

gonadal ridge (Laird et al. 2011). Thus, we propose that the antagonism is mutual – in mutants 

with higher rates proliferation, such as Ror2Y324C and βcatGOF, there is a migratory delay (Laird et 

al. 2011; Cantú et al. 2016). In support of our findings, suppression of canonical Wnt signaling 

by the noncanonical Wnt pathway has been found in neuronal migration during C. elegans 

development as well as several cell lines (Forrester et al. 2004; Mikels and Nusse 2006; Mikels 

et al. 2009), although downstream effectors remain unknown.  

The conflict we observe between PGC migration and proliferation has also been recently 

described in C. elegans, where the anchor cells of the developing reproductive tract are only 

capable of invading into the vulval epithelium during G1/G0 cell cycle arrest (Matus et al. 2015). 
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Induction of proliferation in these normally quiescent cells blocks their invasive function. While 

this model is unique in that the anchor cells are not migratory – they breach the basement 

membrane with protrusions but do not translocate the cell body – these findings have 

implications for other highly invasive cell types such as metastatic cancers. Using experimental 

data, in silico modeling of the interplay between migration and proliferation of cancer cells 

predicts that highly proliferative cells have impaired movement when confronted with limited 

metabolic resources and physical barriers than their less proliferative counterparts (Hecht et al. 

2015). Traditional treatment of cancer in patients has targeted highly proliferative cells, 

potentially leaving behind quiescent and invasive cell populations. One such drug, Palbociclib 

(PD-0332991), directly targets the cell cycle by inhibiting the G1/S transition via CDK4/6 

(Baughn et al. 2006) and is currently being tested in clinical trials for many different cancers. 

While Palbociclib has shown great promise in blocking the cell cycle and suppressing tumor 

growth, it has also induced EMT and invasion in pancreatic cancer cell lines (Liu and Korc 

2012). This raises the possibility that inhibition of proliferation in cancer may induce metastatic 

behavior. Thus, the antagonism between cell migration and proliferation could have severe 

consequences on the progression of human disease and patient outcomes.  

Wnt5a-Ror2 versus KitL-cKit 

Because mammalian PGC migration remains a largely understudied field, most work thus 

far has focused on singular and specific signaling pathways, without much clear overlap. Our 

previous work on Ror2 in the germline opened the door for examining the interactions between 

multiple key pathways with the observation that Ror2-mutant PGCs are less responsive to KitL in 

terms of migratory morphology (Laird et al. 2011). Based on the further characterization of PGC 

phenotypes in multiple models of Ror2 loss (Ror2Y324C and Ror2cKO), we have uncovered distinct 
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areas of separation and overlap between the Wnt5a-Ror2 pathway and KitL-cKit signaling. In 

order to promote PGC motility, these pathways work together to induce cell elongation and 

polarity, general requirements for effective migration (Laird et al. 2011). However, these 

pathways diverge in the regulation of PGC proliferation and survival. Wnt5a-Ror2 signaling can 

suppress proliferation in regions of high KitL expression, such as the E9.5 hindgut, which we 

demonstrated by the elevation of proliferation of Ror2-mutants in this microenvironment. We 

furthermore observed that germ cells manage to survive despite autonomous loss of Ror2, 

leading to an overall doubling of the PGC population in Ror2cKO mutants compared to controls. 

Without the current knowledge of Ror2 phenotypes and potential interplay with KitL-cKit, initial 

studies of PGCs using combinations of genetic mutants in these pathways were difficult to 

interpret. It may be worth returning to that line of inquiry now that we have testable hypotheses 

about the function of each pathway in the motility, proliferation, and survival of PGCs.  

 

GERM CELL QUALITY AND SELECTION 

Germ cell development is a lengthy and complex process starting with specification in 

the early embryo and proceeding through stages of migration, proliferation, epigenetic 

reprogramming, sex differentiation, and gametogenesis to ultimately produce mature oocytes and 

sperm (reviewed in Ewan and Koopman 2010). Our lab posits that every step following 

specification can potentially function as a selective mechanism to ensure that that highest quality 

germ cells become the adult gametes. Even though their migration occurs early in 

gametogenesis, PGCs could harbor defects that negatively impact later development and future 

progeny. Migratory PGCs may acquire genetic mutations resulting from rapid proliferation in the 

blastocyst prior to germline specification (MacAuley et al. 1993). Additionally, precise control 
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of epigenetic reprogramming is necessary to maintain PGC identity and function (reviewed in De 

Felici 2011). Thus, selective mechanisms may be important for eliminating PGCs carrying 

genetic mutations or aberrant epigenetic marks to preserve the integrity of the germline.  

Most recently, the high impact studies on selection in development have been in the field 

of cell competition, examples of which occur in various regions of the Drosophila embryo (wing 

imaginal disc) as well as the epiblast of the mouse embryo, both of which are epithelial tissues 

(Morata and Ripoll 1975; Clavería et al. 2013). In these cases, heterogeneity between adjacent 

cells enables some with a greater ability to expand, via proliferation, and kill their weaker 

neighbors (Morata and Ripoll 1975; Moreno et al. 2002; Clavería et al. 2013). Thus, the 

surviving cells are considered to be more fit than their counterparts and go on to contribute a 

greater share of progeny to the developing tissue or organism (reviewed in Amoyel and Bach 

2014).  

It is easy to imagine how cell competition might act in the developing gonads, where 

PGCs cluster in tight colonies (Tam and Snow 1981) and are close enough to outcompete and 

kill their neighbors. During the migratory period, however, PGCs are dispersed throughout 

multiple tissues as they move as single cells (Cantú et al. 2016) and interaction between germ 

cells prior to gonadal colonization is controversial. Examination of PGCs in histological sections 

revealed contact between some germ cells via long and thin protrusions, potentially forming a 

network of distantly connected cells (Gomperts et al. 1994). Additionally, it is known that gap 

junctions are required for early PGC development; embryos deficient in Gja1 (known as 

Connexin43) exhibit a loss of germ cells at E11.5 as a result of migratory defects and increased 

apoptosis (Francis and Lo 2006). Cyst formation in PGCs via the establishment of intracellular 

bridges begins at E10.5, prior to the conclusion of migration (Pepling and Spradling 1998; Lei 
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and Spradling 2013; Greenbaum et al. 2009). However, live imaging of germ cells in embryonic 

slice culture suggests that migratory PGCs rarely come in contact with each other until gonadal 

colonization and that these interactions are brief (Molyneaux et al. 2001). Also, PGC-PGC 

coupling was not directly observed in the Connexin43 study, and it remains unclear if cyst 

formation at E10.5 occurs in all germ cells or specifically those already in the gonad and thus 

post-migratory (Francis and Lo 2006; Pepling and Spradling 1998; Lei and Spradling 2013).  

Given the conflicting results described above, we propose that any competition occurring 

at this stage of development would rely primarily on the fundamental and relative fitness of each 

cell rather than direct interactions between PGCs. This raises questions about what parameters 

make one migratory cell more fit than another and does fitness at this stage of germ cell 

development translate into the production of better gametes in adulthood? 

One proposed parameter of fitness that we have begun to consider is PGC speed or 

efficiency of migration. As we have shown, PGCs are found in multiple locations at a single time 

point, with each location differentially influencing the rate of PGC proliferation (Cantú et al. 

2016, Chapter 2). Thus, we predict that those leader PGCs first to exit the cell cycle-suppressive 

environment of the hindgut would gain a head start in proliferation over cells that exit later in 

development. Due to the dramatic morphological growth that occurs in tissues along the 

migratory route, early migrators are expected to more rapidly traverse the different somatic 

compartments to reach the gonads because these tissues are smaller and in closer proximity 

(Gomperts et al. 1994; Molyneaux et al. 2001). Thus, the proposed distance of travel for leading 

PGCs is predicted to be shorter than that of PGCs who initiate migration later in development. 

The consequence of this increased migratory efficiency is that a greater number of leading PGC 

progeny would be found in the gonadal ridges and dominance of the germ cell pool.  
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Another consequence of migratory speed may determine the distribution of PGCs within 

the gonadal ridges and subsequently, the timing of their meiotic entry. One hypothesis put forth 

by Henderson and Edwards is that PGCs which enter meiosis first are the first to mature into 

follicles and be ovulated, also known as the “production line” hypothesis (Henderson and 

Edwards 1968). In the mouse, meiotic initiation occurs in a wave starting from the anterior end 

of the ovary and moving to the posterior (Menke et al. 2003), so location within the tissue would 

dictate order of meiosis which may be linked to timing of follicle formation and ovulation in 

adulthood (Zheng et al. 2014). How PGCs are distributed in the ovary during and following 

migration is unknown. Based on evidence thus far, PGC location is thought to be determined at 

least in part by passive processes: first with the flow of mesoderm through the primitive streak 

and then with morphogenetic movement of the elongating hindgut, although it is also possible 

that distribution is linked to the initial order of entry into the endoderm at E7.75 (Clark and Eddy 

1975; Anderson et al. 2000). Live imaging of E9.5 embryos did not reveal a clear bias for the 

first PGC migrators out of the hindgut, deemed “pioneer cells,” to exit from a particular region 

along the anterior-posterior axis (Gomperts et al. 1994; Molyneaux et al. 2001), although this has 

not been rigorously examined. In systemic Ror2 loss-of-function mutants, we observed a semi-

penetrant defect in which PGCs are unable to colonize the tip of the gonad (Laird et al. 2011; 

Arora et al. 2016). This likely arises from a combination of defects in axis elongation, due to the 

function of Ror2 in mesoderm and somites (Takeuchi et al. 2000; Oishi et al. 2003), and reduced 

efficiency of migration due to cell autonomous function of Ror2 in PGCs. Why PGCs in some of 

these animals fail to fill the gonadal ridge evenly remains a mystery; however, this defect does 

not produce a delay in meiotic entry when we controlled for changes in ovary size or position on 

the anteroposterior axis (Arora et al. 2016).  
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Because Ror2-mutant embryos do not survive beyond birth (Takeuchi et al. 2000; 

DeChiara et al. 2000; Oishi et al. 2003), we have been unable to use these animals to test the link 

between migration, meiosis, and ovulation. Therefore, we would like to develop lineage-tracing 

tools to answer this question more directly. Currently, there are several ways to track the 

development and progeny of cell populations using fluorescent reporters, including single color 

systems or multicolor lines such as Confetti or Rainbow (Snippert et al. 2010; Rinkevich et al. 

2011). If we can identify markers of leading or lagging cells in PGC migration, we could use 

these reporters to examine the contribution, distribution, and maturation of each population 

within the fetal gonad and adult ovary. Isolation and identification of the two populations would 

be challenging, relying on very fine microdissections to separate the leaders and laggers and 

single cell sequencing to detect differences in gene expression. Nevertheless, if successful, this 

tool would allow us to determine the distribution of each group within the fetal gonad, track their 

order of maturation in the adult ovary, and assess their clonal dominance within the adult germ 

cell pool. Should spatial or genetic separation of the two group prove unsuccessful, new long-

term live-imaging techniques would need to be developed to track the movement of leader versus 

lagger PGCs. Modifications to the embryo slice culture and time-lapse imaging protocol used 

extensively by the Wylie group would be a good starting point (Molyneaux et al. 2001).  

This genetic tool is not limited to testing the “production line” hypothesis; it could also 

be applied to the study of male germline development. The relationship between migratory 

fitness and survival during the apoptotic wave in later fetal development or clonal dominance in 

adult spermatogonial stem cells would be obvious questions to address (Coucouvanis et al. 1993; 

Goriely and Wilkie 2012).  

In more broad application of these proposed studies, we would like to know how PGC 
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migration and development in the mouse relates to humans. Links identified between migration, 

meiosis, and maturation in the mouse might not be as relevant in the human, since meiosis in the 

human fetal ovary has been shown to initiate in the center of the gonad and spread out radially 

(Anderson et al. 2007; Stoop et al. 2005), although it is possible that the most central PGCs were 

the first to arrive. However, the future directions of this project aim to identify new markers of 

the different subsets of migratory PGCs and understand heterogeneity within the population, 

both of which will be worth exploring across species.  

CONSERVATION AND EVOLUTION OF PGC MIGRATION 

Throughout the evolution of embryogenesis, the process of PGC migration has been 

conserved. Such conservation can be seen in the tissues PGCs interact with during their 

movement, during which germ cells often cross at least one epithelial layer, such as the primitive 

gut in fly and mouse, the developing endoderm in frog, and the vascular endothelium in chicken, 

en route to the gonads (Fig. 1.1; Kunwar et al. 2008; Clark and Eddy 1975; Kamimura et al. 

1976; Nakamura et al. 2007). Additionally, the use of chemotactic effectors to guide the 

migration of PGCs is highly conserved, with some specific chemokines, most notably SDF1, 

exerting the same function in the same developmental system across multiple species (Doitsidou 

et al. 2002; Stebler et al. 2004; Ara et al. 2003).  

Despite these commonalities, it is more typical that the specifics of germline migration 

from the point of origin to final location in the gonads vary widely between organisms. The 

physical migratory route can be interstitial as seen in fly, zebrafish, and mouse or via the 

vasculature as described in chicken (Sonnenblick 1941; Weidinger et al. 1999; Clark and Eddy 

1975; Nakamura et al. 2007). Broad signaling mechanisms utilized by different species to control 

PGC migration can differ substantially, such as a combination of chemoattractants and repellants 
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in the fly but only chemoattractants (so far) in mouse, as can the specific molecular mediators of 

these processes (reviewed in Richardson and Lehmann 2010). Finally, the time scale of PGC 

migration between organisms can be dramatically different, lasting mere hours in the fly and 

zebrafish, but spanning days in the frog and mouse (Sonnenblick 1941; Weidinger et al. 1999; 

Kamimura et al. 1976; Clark and Eddy 1975). This diversity in PGC migration between species 

may support the selection-fitness hypothesis proposed above, where each of these parameters 

and their specific molecular mechanisms have been selected to ensure the most fit and highest 

quality germ cells make it to adulthood. Alternatively, the variety of factors that have arisen to 

regulate PGC migration may serve an evolutionary purpose by conserving germline development 

while tolerating a range of timing and body plans during embryogenesis. Thus, flexibility in 

various aspects of germ cell migration could be a mechanism for adaptation over time, or 

evolvability.  
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