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Heterogeneity in migrating primordial germ cells 

Rebecca Garrett Jaszczak 

 

Abstract 

Mouse primordial germ cells (PGCs) are specified in the posterior embryo and migrate through 

hindgut endoderm and dorsal mesentery to the genital ridge. Although they move individually, 

PGCs do not migrate synchronously and are not all successful migrants. When migration ends at 

E11.5, we find approximately 6% of mouse PGCs outside the genital ridge; lacking survival cues, 

they are poised to undergo apoptosis. What heterogeneities distinguish a successful PGC, able 

to colonize the gonad, from a failed migrant? Are heterogeneities shared between clonally labeled 

mother and daughter cells? Our previous data show that mouse PGCs cultured ex vivo mount 

variable responses to migration cues, suggesting PGC behavioral variation may arise intrinsically; 

we also showed that proliferation is regulated by the somatic niche, increasing proliferation of 

PGCs as they progress along the migratory route. These data indicate that migratory speed and 

PGC-niche interactions may influence PGC gonadal colonization. To characterize intrinsic 

heterogeneities in migrating mouse PGCs, we conducted single cell RNA sequencing of purified 

PGCs and surrounding somatic niche for E9.5, E10.5, and E11.5 migratory timepoints. For E9.5 

and E10.5, we generated libraries after splitting PGCs into anterior "leading" vs posterior "lagging" 

populations. Upon bioinformatic integration of all libraries, we analyzed differential gene 

expression probing positional differences as well as age related differences. We identified an 

E11.5 subcluster that may represent lagging PGCs transitioning medial/midline aorta-gonad-

mesonephros tissues to the gonadal ridge. This cluster expresses imprinting genes. We have 

shown in vivo through HCR probes that cells expressing Igf2, a top imprinting gene marker of this 

cluster, are localized in the extragonadal space. We also probed receptor ligand interactions in 



 

x 

 

migratory PGCs, and found several known receptor-ligand pairs, like Cxcl12-Cxcr4 survival 

signals. Interestingly, we identified potentially novel regulators of migrating germ cells, including 

ephrins. Additionally, we reanalyzed some human fetal PGCs and found that Slit-Robo signaling 

was implicated in both mouse and human PGC-somatic cell interactions. Studying transcriptional 

profiles in migratory PGCs across different ages reveals signaling mechanisms associated with 

specific niches as well as the extent of heterogeneity between cells. 

 

Additionally, we investigated whether mitochondrial heteroplasmies might contribute to 

migratory heterogeneities we observed. Using our single cell libraries, we were able to 

sequence some regions deeply enough to call variants. In general, we found that at either 

timepoint, anterior PGCs did not have different levels of heteroplasmy compared to posterior 

PGCs. However, we did observe that heteroplasmies increased from E9.5 compared to E10.5. 

In early human PGCs, it is known that nonsynonymous mutations decrease over time; in 

mouse, however, we saw that nonsynonymous mutations increased at E10.5 compared to E9.5. 

 

Finally, using fluorescent lineage labeling, we can test whether these heterogeneities are clonal. 

Interestingly, cells labeled while in the hindgut still localize near their clonal family in the genital 

ridge. Studying transcriptional profiles in migratory PGCs across different ages is revealing 

signaling mechanisms associated with specific niches as well as the extent of heterogeneity 

between cells. 
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Chapter 1 Heterogeneity of primordial germ cells 

1.1 - Introduction to Sexual Reproduction at the Single Cell Level 

Sexual reproduction culminates with the fusion of two gametes to generate a zygote, briefly 

returning life to a fleeting, single-celled state. This simple cellular arithmetic, however, belies the 

momentous journeys undertaken by each gametic partner to enable this union. As we consider 

the epic reproductive development that precedes the production of this unicellular zygote, it is 

most appropriate that our focus begin, humbly, at the level of the single cell. Though the rise of 

metazoans introduced the dazzling complexity of diversified cell types and tissues, all 

multicellular systems are still fundamentally reducible to single cells - the smallest unit of 

biological structure. 

 

Recent advances in single-cell technologies are revealing powerful insights about the identities 

of individual cells that compose a lineage or tissue, but historically, much of biology has begun 

by asking questions of single cells. From Anton van Leeuwenhoek at his microscope to Paul 

Ehrlich and his histological dyes, we have long analyzed differences that exist from cell to 

individual cell. The advantage of whole-mount or section immunofluorescence imaging lies in 

the ability to resolve multiple cells in a tissue while preserving individual differences for 

measurement (Levsky and Singer, 2003). Such powerful resolution permits a more 

comprehensive understanding of cellular interactions and a sensitivity to cell-to-cell variation. In 

contrast, analytical methods like Western blots, PCR, or bulk sequencing provide only 

population-level insights under the assumption that behavior is uniform. Even within single 

lineages, it is increasingly understood that significant variation can exist among seemingly 

identical cells (Altschuler and Wu, 2010; Raj and van Oudenaarden, 2008) and that this 

heterogeneity can have far-ranging functional consequences.  

https://sciwheel.com/work/citation?ids=816458&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=171982,17004&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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With this principle in mind, we can begin tracing the steps that generate gametes - themselves 

single-celled carriers of the genome. Each germ cell must endure a lengthy and complex 

development that begins shortly after fertilization when the germline is set aside from the 

somatic lineages with the formation of primordial germ cells (PGCs). The path from PGC to 

gamete is highly conserved, demonstrating the evolutionary importance of reproductive 

development (Nieuwkoop and Sutasurya, 1979). Early PGC development is especially dynamic 

and requires transition through differentiated states, interaction with diverse cellular 

environments, and processing a multitude of signals. This complexity can amplify differences 

among individual cells to yield varied cell fates. For germ cells that are tasked with creating 

gametes, those that survive this developmental crucible secure the ultimate biological prize: 

propagation of their genetic identity.  

 

The concept of selective events acting on variation within a population has long been 

appreciated in biology, albeit on the level of organisms in Darwinian natural selection. These 

same principles are also applicable at the cellular level as well, and we argue that they can 

govern the fate of PGC heterogeneity during development (Buss, 2006; Laird et al., 2005b; 

Weissman, 2015). The diversity of challenges posed to PGCs in this period may function as 

developmental selection that acts upon cellular variation in the germline in a manner analogous 

to natural selection with organisms. This chapter will consider how early events in germ cell 

development with a particular emphasis on how heterogeneity manifest in germ cells, how 

heterogeneity arises, and its impact on the germline and reproductive fitness. 

 

  

https://sciwheel.com/work/citation?ids=11975678&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11975682,329270,1955809&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=11975682,329270,1955809&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
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1.2 - Heterogeneous Phenotypes of Primordial Germ Cells  

Heterogeneity is a fundamental property of biological systems consisting of multiple units such 

as cells. Even though cells may share a common lineage, it is increasingly recognized that 

substantial variation exists even within cell types. As our ability to measure cellular phenotypes 

and behaviors improves, we can distinguish rare cell subpopulations in tissues such the 

intestinal crypt (Grün et al., 2015) as well as canvass the broad diversity that exists in chaotic 

intratumoral settings (McGranahan and Swanton, 2017). In hematopoiesis, these 

subpopulations can represent increasingly smaller organizational units that possess distinctive 

behaviors and fates (Schroeder, 2010).  

 

While heterogeneity has been studied in many homeostatic contexts such as the adult stem 

cells of the intestine or blood, its role in germline development is a unique and interesting 

consideration. The establishment of PGCs at the outset of embryogenesis, as the first lineage in 

many different organisms, mandates a lengthy process of development through which a subset 

of germ cells become gametes. The dynamic and multifaceted challenges encountered by 

PGCs during fetal development present numerous opportunities to assess heterogeneity that 

may exist in nascent PGCs. As PGCs go on to establish the germline and generate gametes, 

how heterogeneity is resolved by developmental selection can prove especially influential for 

transgenerational inheritance. 

 

Definition of Cell Type 

This section aims to establish a conceptual framework to define and identify heterogeneity as it 

pertains to the germline and reproductive fitness. Examination of evidence for heterogeneity in 

specific aspects of PGC development in several model organisms will uncover general 

principles that underlie the unique challenges and adaptations utilized by germ cells to address 

https://sciwheel.com/work/citation?ids=656318&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3114649&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3190032&pre=&suf=&sa=0&dbf=0
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variation. Thus, definition of common terms and how they will be used in this manuscript 

becomes necessary. 

 

Although cell type has been defined by many criteria such as morphology, location, lineage 

history, and distinct transcriptional profile (Altschuler and Wu, 2010; Muller-Sieburg et al., 2012; 

Seoane, 2017) we treat the germ cell as a functional entity theoretically capable of giving rise to 

gametes of either sex (Figure 1.1). This definition encompasses changes in morphology, 

location, and gene expression involved in PGC development, as well as the different modes of 

specification and routes of PGC migration between organisms. We define PGCs as the 

committed but yet sexually undifferentiated embryonic precursor of the gamete. Although we 

acknowledge that PGC embryonic origins may have evolved multiple times, we draw 

comparisons between PGCs in different organisms based on their operational similarities and 

parallel constraints. 

 

PGCs transit through multiple cell states during development but remain a single cell type 
defined by an uncommitted sexual identity. Cell states are not necessarily discrete nor mutually 
exclusive. We consider germ cells to encompass all cell types with gametogenic potential, 
including PGCs and sex-differentiated oogonia and prespermatogonia. 
 

Figure 1.1 Multiple cell state transitions are possible within a single cell type 

https://sciwheel.com/work/citation?ids=17004,9390565,4174077&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=17004,9390565,4174077&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
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Definition of Cell State 

A similarly nebulous term, we consider cell state to be a stable but transient set of activities, a 

potency, a distinct transcriptional profile, and/or a set of epigenetic marks that defines a 

subpopulation of cells within a particular cell type. Similar to the poised, active, and silenced 

states of embryonic stem cells associated with distinct sets of epigenetic marks and gene 

expression (Young, 2011), we consider that PGCs can occupy different states as well as 

transition back and forth between them. Cell state and cell type are interdependent; PGCs are a 

cell type, but PGCs in the embryo are a collection of cells in multiple states. PGC differentiation 

to male gonocyte or oocyte involves a change of cell type that may occur through a series of cell 

state transitions. 

 

Definition of Heterogeneity (of Cells) 

Synonymous with cell individuality and cell diversity, cell heterogeneity is treated here as a 

biological difference between cells of the same type (as opposed to noise that arises from 

experimental or technical factors). Heterogeneity can be detected as distinct cellular behaviors, 

including morphology or function (such as proliferation, capacity for differentiation, or migration); 

these behaviors may be reflected in transcriptional state or epigenetic profile. Determinants or 

causes of cellular heterogeneity may include genetic changes, epigenetic changes (which is 

relevant for PGCs more than other cells), non-genetic changes that may or may not be 

stochastic, or extrinsically-induced changes. These diversities are schematized in Figure 1.2. 

https://sciwheel.com/work/citation?ids=97528&pre=&suf=&sa=0&dbf=0
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Snapshots of the reproductive life cycle evidence potential readouts of heterogeneity. These 
readouts can be broadly surveyed across many model organisms. Key phases of potential 
heterogeneity occur during specification, migration, proliferation, sex determination, survival, 
differentiation, and gametogenesis. Specific readouts may be applicable several cell states. 
  

Figure 1.2 Readouts of PGC Heterogeneity 
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Primordial germ cell specification and heterogeneity. 

This section considers the potential for heterogeneity to arise between PGCs during their 

specification, as well as specific examples. Among metazoans, there are two modes by which 

PGCs are specified: preformation and induction (Figure 1.2, top). Also termed epistasis, 

preformation confers a germline fate by cytoplasmic inheritance of maternally-derived 

organelles composed of proteins and RNAs termed germ plasm, germ granules, polar or P 

granules; mechanisms of germline preformation have been reviewed extensively by others 

(Extavour and Akam, 2003; Saitou et al., 2005; Solter, 2016). Of the model organisms 

commonly studied, Caenorhabditis elegans, Drosophila melanogaster, Xenopus laevis, and 

Danio rerio all generate PGCs through early preformation. By contrast, mammals, urodele 

amphibians and crickets specify germline by induction from somatic cells, which involves 

signaling from the surrounding niche that leads to a binary fate decision (Ewen-Campen et al., 

2012; Lawson et al., 1999; Nieuwkoop, 1947; Tam and Zhou, 1996); underlying molecular 

mechanisms are well reviewed elsewhere (Solter, 2016).  

 

Does the mode of specification limit the extent of heterogeneity that is possible between PGCs? 

It is not unreasonable to assume that the germ plasm promotes homogeneity from the inception 

of the PGC lineage by preformation. The inclusion of proteins and transcripts in the germ plasm 

regulates the levels of both in the cytoplasm, particularly since PGC specification precedes 

zygotic transcription in model organisms with preformation, and transcription remains 

suppressed in nascent PGCs even after beginning in the soma (Strome and Lehmann, 2007). It 

might be expected that germ plasm promotes PGC homogeneity on a continual basis given the 

capacity for movement through specialized cytoplasmic bridges between germ cells (Extavour 

and Akam, 2003). During PGC specification, it has been proposed that niche functions to shield 

https://sciwheel.com/work/citation?ids=261002,2084151,8480702&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=261474,11975894,1450,261042&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=261474,11975894,1450,261042&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=8480702&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=153696&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=261002&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=261002&pre=&suf=&sa=0&dbf=0
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PGCs from somatic fate signals; this idea is reinforced by the observation that PGCs arise via 

preformation or induction paradigms in sequestered locations, such as the posterior pole in fly 

embryos (Eddy, 1975), near the extraembryonic tissues in mammals and birds (Ginsburg and 

Eyal-Giladi, 1987, 1986; Ginsburg et al., 1990), or on the periphery of zebrafish embryos (Raz, 

2002). However, in the context of this discussion, we might speculate that the niche for 

specification instead protects PGCs from signals that would promote heterogeneity. On the 

other hand, the inductive mode is arguably more conducive to producing heterogeneous PGCs 

since the process of fate conferral by signaling can occur over a more protracted period of time 

in principle. The comparative effects of these two mechanisms of PGC fate determination may 

have relevance in an evolutionary context. Examining patterns of PGC specification across 

many species precipitated the notion that preformation is derived whereas induction is ancestral 

(Extavour and Akam, 2003). We might ask, then-- if germ plasm indeed promotes uniformity, 

whereas induction promotes greater diversity of PGCs-- what benefit does reduced 

heterogeneity confer upon those species that acquired preformation? 

 

PGC specification by preformation  

We discuss several examples of heterogeneous behaviors of PGCs associated with 

specification by preformation. In this mode of development, germline establishment requires 

asymmetrical distribution of germ plasm in the oocyte and zygote (Hird et al., 1996), followed by 

asymmetric inheritance during early divisions into the germline precursors and PGCs (Eddy, 

1975; Mahowald, 2001, 1962). However, subsequent development of PGCs involves a switch 

from asymmetric to symmetric inheritance of germ plasm to daughter cells. A key question is 

whether minor asymmetries in either the allocation of germ plasm between founder PGCs or the 

subsequent allocation to PGC daughter cells have phenotypic consequences. A recent study in 

Drosophila suggests that indeed some founder PGCs are short-changed in their inheritance. 

https://sciwheel.com/work/citation?ids=1178413&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=835487,11975896,11975897&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=835487,11975896,11975897&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1574519&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1574519&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=261002&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4342252&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1178413,11975909,11975910&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1178413,11975909,11975910&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
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Quantifiable variation was observed in the levels of maternal mRNAs Nanos and Wunen 

associated with the germ plasm between individual PGCs. Importantly, the levels of both were 

not arbitrary, but highly correlated with the probability of subsequent germ cell death, suggesting 

that Wunen is an indicator of germ plasm quality (Slaidina and Lehmann, 2017). Similarly, in 

Caenorhabditis elegans, the asymmetric segregation of cytoplasmic determinants known as P 

granules occurs in the P4 ancestor cell of the two PGCs known as Z2 and Z3 (Sulston et al., 

1983). Surprisingly, PGCs were specified and fertility was maintained in a mutant with 

symmetric distribution of P granules, suggesting that the P granules themselves are not 

sufficient for the worm germline (Gallo et al., 2010).  

 

Further insight into the critical components of germ plasm for conferring a germ cell fate and 

potentially generating diversity of PGCs comes from recent work in Drosophila. The germ plasm 

component oskar is both necessary and sufficient for specifying PGCs in flies, and plays a 

deterministic role in the number of precursor pole cells (Ephrussi and Lehmann, 1992; Ewen-

Campen et al., 2012; Smith et al., 1992). A surprising function of one isoform of oskar is to 

recruit mitochondria to nascent PGCs via the actin cytoskeleton; a reduction in the number of 

PGCs and diminished downstream oogenesis in mutants lacking this oskar long isoform 

implicates mitochondrial inheritance and number in the competence and normal development of 

PGCs (Hurd et al., 2016). In zebrafish, the maternal gene bucky ball functions in a parallel 

manner to oskar via interactions with microtubule networks to assemble the germ plasm, which 

involves aggregating mitochondria into a structure known as the Balbiani body. Ectopic PGCs 

are produced by ectopic expression of bucky ball, but how they may differ from properly 

localized germ cells is unclear (Bontems et al., 2009; Marlow, 2015). Similarly, it is not known 

how mislocalized PGCs that result from ectopic expression of oskar in flies might be different 

than those specified according to established patterning, but an avenue of inquiry will be 

https://sciwheel.com/work/citation?ids=6727245&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=632259&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=632259&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1339629&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=260935,11975913,261474&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=260935,11975913,261474&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5584212&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=260680,1173675&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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interrogate potential differences in mitochondria between individual PGCs as related to 

subsequent fate and function. 

 

PGC specification by induction 

Of the organisms that specify their germline through induction and signaling from somatic cells, 

Mus musculus is one of the most studied. Despite this fact, much remains unknown about how 

heterogeneity may impact murine reproductive potential. Early fate mapping studies of single 

cells from E4.5 the mouse embryo produced an important negative result: no single cell of the 

inner cell mass exclusively gave rise to PGCs (Gardner and Rossant, 1979). Mouse PGCs are 

induced in the epiblast by BMPs from the surrounding extraembryonic tissues (Fujiwara et al., 

2001; Lawson et al., 1999; Ying et al., 2000). The earliest known marker of the PGC fate is 

Blimp1 (also known as Prdm1), which first appears in the epiblast at E6.25. Although other 

genes of PGC commitment do not come on until ~E7, lineage tracing with Blimp1-Cre suggests 

that all cells in the region of the allantois that have expressed Blimp1 become PGCs (Ohinata et 

al., 2005). This approach does not distinguish between cells that descend from the first to 

express Blimp1 and those derived from later onset of Blimp1 in subsequent recruits from the 

epiblast, hence the number of PGCs specified directly from epiblast in mice remains elusive. 

Several groups have attempted to identify the number of founder PGCs which actually 

contribute to germ cell lineages. Examination of the earliest Blimp1 transcript found four to eight  

Blimp1-positive cells in most proximal epiblast which grow into a tight cluster of approximately 

20 cells at the mid-streak (MS) stage (Saitou et al., 2005). Approaches using retroviruses or 

generating chimeras with different-colored embryonic stem cells delivered to the blastocyst have 

estimated that all PGCs derive from a founder population of 3 or 4 cells (Soriano and Jaenisch, 

1986; Ueno et al., 2009). It is unclear whether the growth of cell number from 4-5 to the 

observed BLIMP1 positive cells in the epiblast to the ~40 PGCs observed at e7 (Ginsburg et al., 

https://sciwheel.com/work/citation?ids=10884877&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1450,4019248,1060391&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1450,4019248,1060391&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=493742&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=493742&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=2084151&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=835446,1579376&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=835446,1579376&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=835487&pre=&suf=&sa=0&dbf=0
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1990) occurs through induction of new cells into the germline from the epiblast, or proliferation 

of the previously induced 4-5 PGCs. The mouse germline undoubtedly derives from a narrow 

set of ancestral founders, and the yet unclear size of this founder population has potential 

implications for heterogeneity of PGCs (Zheng et al., 2005). 

 

Further insight into the question of whether all PGC founders are equivalent will emerge from 

more sophisticated lineage tracing of the germline, such as genetic barcoding. A glimpse into 

potential heterogeneity comes from knockout studies. Genetic ablation of Blimp1 leads to the 

specification of PGCs with incomplete repression of somatic genes and activation of 

pluripotency genes, but this phenotype varies in severity depending on the mouse genetic 

background (Avilion et al., 2003; Yabuta et al., 2006). These results raise the possibility that 

variable levels of Blimp1 between early mouse PGCs could lead to differences in their capacity 

to fully realize their fate, which could potentially impact their behavior and function. More 

recently, the homeobox transcription factor Otx2 was identified as an earlier repressor of the 

PGC fate that turns off 12-24 hours before the appearance of Blimp1. Whereas overexpression 

of Otx2 decreases the number of PGCs, the absence of Otx2 augments the number of PGCs, 

indicating a negative correlation between PGCs and Otx2 expression (Zhang et al., 2018). 

Although these experiments lacked the sensitivity to detect low levels of Otx2, the question 

remains whether PGC precursors that incompletely extinguish Otx2 become PGCs with low 

levels of somatic gene expression that parlay into measurable differences in behavior (Laird, 

2018). 

 

Primordial germ cell migration and heterogeneity 

In many organisms, PGCs are specified far from their permanent tissue niche, and must walk a 

long distance through growing and developing somatic compartments to find the gonad 

https://sciwheel.com/work/citation?ids=835487&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11977470&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=808791,1184849&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5862917&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6309443&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6309443&pre=&suf=&sa=0&dbf=0
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primordia, which will furnish a niche that promotes their survival and differentiation. To 

accomplish this feat, PGCs must be responsive to external migration cues as well as able to 

navigate their way through temporary migratory niches, recognize the gonad niche, and stop 

migrating when they arrive. Navigation of these challenges by each individual germ cell may 

amplify initially small differences, such that the migratory process reveals heterogeneity. 

 

From the single germline progenitor P4 in C. elegans emerges the two PGCs, Z2 and Z3 

(Sulston et al., 1983). While Z2 and Z3 themselves do not migrate per se, their development 

includes two relevant processes. First, cells of the somatic niche derived from Z1 and Z4 (called 

the distal tip cells) undertake a migration to reach the PGCs. Distal tip cells signal through Notch 

pathway to control proliferation of the germline (Rohrschneider and Nance, 2013), although how 

migration shapes their signaling abilities is unknown. Second, development of the surrounding 

embryo pulls the PGCs from the surface to the center of the embryo in order to reach their 

destination (Rohrschneider and Nance, 2013). Analogous to PGCs in other species, it remains 

unknown which mechanisms signal cessation to the moving cells (in this case the somatic 

gonad progenitors Z1 and Z4), although the presence of PGCs is required for the final 

positioning of Z1 and Z4 (Rohrschneider and Nance, 2013). 

 

D. melanogaster PGCs, or pole cells, are specified in the posterior extreme of the embryo. Their 

migration begins by passive conveyance to the interior of the embryo during gastrulation. Upon 

reaching the gut epithelium, the PGCs exhibit amoeboid migratory movements triggered by gut 

tissue (Grubb, 2006); it is not known whether these gut-derived signals may vary depending on 

location or intrinsic signaling capacities of PGCs. However, functional studies of individual 

PGCs and their ability to respond to cues or enact an amoeboid migratory phenotype could 

begin to address this question. Active migration through the mesoderm niche takes PGCs to the 

https://sciwheel.com/work/citation?ids=632259&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3297545&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3297545&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3297545&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11977765&pre=&suf=&sa=0&dbf=0
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forming gonads (Santos and Lehmann, 2004). Bifurcation from the midline toward the opposing 

gonads involves repulsive as well as attractive cues and takes individual PGCs on varying path 

lengths at varying speeds, but the extent or significance of this potential heterogeneity is not 

known. 

 

The study of Zebrafish PGC migration reveals several interesting windows where heterogeneity 

may play a role in the development of the germline. After being specified in 4 random locations 

along the developmental axis, Zebrafish PGC morphology is smooth and round (Richardson 

and Lehmann, 2010). PGCs in Zebrafish must undergo a round of mitosis and a round of 

polarization before active migration initiates (Blaser et al., 2005), at which time they begin a 

directed, active movement under the guidance of chemokines (Raz and Reichman-Fried, 2006). 

This awakening occurs on an individual cell basis, emphasizing the potential for heterogeneity 

among the initial cell divisions and polarization processes (Raz and Reichman-Fried, 2006). 

Migratory initiation depends on the capability to mount an entirely new transcriptional program 

(Richardson and Lehmann, 2010), such that variations in transcription may correlate with 

variations in migration. Zebrafish PGCs exhibit a curious cycling of active “running” migration 

when they are polarized, and a “tumbling” pausing phase where they lose cell polarity and are 

able to make course corrections (Reichman-Fried et al., 2004). The ability of an individual PGC 

to cycle properly between these stages is a necessity for survival, as those failing to complete 

these exercises become ectopic and undergo apoptosis outside of the range of survival signals. 

Interestingly, Zebrafish PGCs switch between individualized migration in initial phases to 

movement toward the gonads in clusters following aggregation at concentrated locations of the 

chemoattractant Sdf-1. This later stage of group migration may serve to mitigate differences in 

chemokine responsiveness or motility that arise earlier in Zebrafish PGC development.  

 

https://sciwheel.com/work/citation?ids=239612&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=260961&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=260961&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=923856&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1574516&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1574516&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=260961&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=923755&pre=&suf=&sa=0&dbf=0
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Mouse PGCs begin their migration from their site of specification on the posterior side of the 

epiblast near the base of the extraembryonic structure known as the allantois (Ginsburg et al., 

1990). This 3-4 day journey takes PGCs from the allantois, through the primitive gut and 

surrounding mesentery, and into the gonadal ridge. Migration is not synchronous, but spread 

out in space and time; some PGCs "lead" migration while others "lag" behind. Time-lapse 

imaging captures the individualistic behavior of PGCs as well as the fraction that migrate 

improperly, failing to reach the next milepost or moving into ectopic locations (Molyneaux et al., 

2001); McDole et al., 2018). Also evidenced in the live movies are differing levels of activity from 

E9.0-9.5, when germ cells are active and motile, but not yet exhibiting the directed migration 

which causes them to exit the gut epithelium. What distinguishes the earliest “pioneer” germ 

cells first exiting the gut from other germ cells that follow them is a heterogeneity profile as of 

yet unknown (Cantú et al., 2016; Gomperts et al., 1994). Another point at which heterogeneous 

PGC behaviors emerge is during the last stages of migration at E10.5, when approximately 10% 

of PGCs remain outside of the gonads, with little hope of completing their migration as 

determined by their persistence at E13.5 (Cantú et al., 2016; Nguyen et al., 2020). Motility of 

mouse PGCs is regulated by multiple signaling mechanisms, including the non-canonical Wnt 

signaling pathway via Wnt5a (Laird et al., 2011), which attenuates the mitogenic beta-catenin 

dependent arm of the pathway (Cantú et al., 2016). Although migratory mouse PGC behavior is 

influenced by signals from different niches, which certainly promotes heterogeneous migratory 

outcomes, there also appears to be intrinsic heterogeneity of PGCs.  

Cultured ex vivo in defined conditions, mouse PGCs mounted variable signaling responses to 

cues such as Wnt5a (Cantú et al., 2016). PGCs from embryos have also been observed to be 

heterogeneous in expression of important signaling receptors such as cKit, which together with 

Kit ligand regulate migration and survival (Morita-Fujimura et al., 2009). Finally, it is also 

possible that as the mesentery niche changes and develops around them, the PGCs in the 

https://sciwheel.com/work/citation?ids=835487&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=835487&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=261176&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=261176&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=320045,2462059&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=2462059,10075865&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=835474&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=2462059&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=2462059&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4543650&pre=&suf=&sa=0&dbf=0
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lagging group lose contact with the proper migratory signals which would enable them to move 

forward. Even more intriguing is the idea that migration acts as a selection metric, to prevent 

germ cells with deleterious or detrimental heterogeneities from reaching the gonad and 

colonizing. This will be discussed more in the final section of this chapter. 

 

Proliferation of Primordial Germ Cells and Heterogeneity 

PGC development involves the expansion of a small handful of founder cells to a cohort of sex-

undifferentiated germ cells in the gonads, which range in number from tens in flies and and 

worms to thousands in mice. The proliferative histories of individual PGCs have not been 

examined. However, discrepancies in the number of self-renewing divisions could potentially 

amplify any inherent heterogeneity between PGCs by over-representing or under-representing 

particular founders. Alternatively, unequal divisions could disproportionately increase the 

opportunity for replication-associated damage in subsets of germ cells, thereby introducing new 

heterogeneity.  

 

We present examples in several organisms of heterogeneous behavior of PGCs during 

proliferation. The two C. elegans founder PGCs Z2 and Z3 defer proliferation until larval stages, 

and rely upon regulation by somatic gonad precursors (Kimble and White, 1981). Germline 

development is acutely responsive to nutritional cues in worms (Hubbard et al., 2013). Upon 

hatching, unless larvae eat, they enter a state of L1 developmental arrest called diapause, 

accompanied by an arrest in the proliferation of PGCs and their somatic support cells 

(Fukuyama et al., 2006). During L1 diapause, PGCs halt their cell cycle in G2 in a precisely 

controlled process under the auspices of Pten and the insulin/IGF-like signaling pathway. 

Release from L1 diapause and G2 arrest occurs upon feeding and involves cell cycle re-entry of 

only one of the two PGCs, which is believed to reflect communication between the PGCs via yet 

https://sciwheel.com/work/citation?ids=64751&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=10487083&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5697998&pre=&suf=&sa=0&dbf=0
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unknown mechanisms (Fukuyama et al., 2006). Although it is further unknown which of the two 

PGCs proliferates and the basis for this decision, this proliferative asymmetry in the C. elegans 

germline could amplify any heterogeneity that exists between Z2 and Z3.  

 

Similarly, the regulation of Drosophila PGCs during development involves differential 

proliferation that could introduce or augment pre-existing heterogeneity. The 12 PGCs that 

arrive at each of the gonads double their number every 24 hours during the first and second 

instar larval stages before curbing their expansion. Mutants possessing severely reduced 

numbers of embryonic PGCs -- such as oskar and germcell-less which average at 2 -- reach the 

middle of 3rd larval instar with the correct number of PGCs. These mutants revealed a cross-

talk between PGCs and somatic cells of the ovary via EGF signaling that senses and adjusts 

the number of PGCs (Gilboa and Lehmann, 2006). As in other organs, the size of the PGC pool 

in the larval fly ovary relies upon Hippo signaling between PGCs and somatic cells that form 

their niche (Sarikaya and Extavour, 2015). These compensatory mechanisms for PGC 

proliferation indicate that the Drosophila germline can be built from different numbers of founder 

PGCs and through differing numbers of divisions.  

 

Such mechanisms for detecting and adjusting cell numbers similarly govern the proliferation of 

PGCs in chicken, where compensatory expansion was observed after treatment with the anti-

mitogen busulfan (Lee et al., 2013). In mice, PGCs were deemed to undergo approximately 8 

divisions based on a population doubling time of 16 hours, with compensation for early losses in 

the number of PGCs occurring during the period of expansion in the fetal gonads (Tam and 

Snow, 1981). During their migration, the proliferation of PGCs in the mouse embryo increases 

with each successive niche through which they transit (Cantú et al., 2016). PGC mitosis is 

regulated by beta-catenin-dependent Wnt signaling pathway but instructed by the niche. This 
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extrinsic and niche-specific control of PGC proliferation, coupled with the asynchrony in PGC 

migration, raises the possibility that those migrating first or fastest would undergo more cycles of 

expansion, leading to a clonal dominance over those migrating last or slowest (Cantú et al., 

2016). Although the number of cell divisions has been proposed to be deterministic in a number 

of processes-- including the decision to enter meiosis (McLaren and Southee, 1997; McLaren, 

2003; Ohkubo et al., 1996), the probability of acquiring mutations (Ohno, 2019), and the quality 

of the oocyte (Henderson and Edwards, 1968) -- the functional impact of proliferative history on 

the germline and gamete remains to be determined. The advent of molecular ‘flight recorders’ 

that track cell divisions in vivo hold promise for revealing the extent and the consequences of 

heterogeneous proliferation in PGCs. 

 

Primordial Germ Cell Survival and Heterogeneity 

As PGCs progress through fetal development, many fail to complete the entire journey and are 

eliminated from contributing to the future germline. This elimination occurs mainly via 

developmentally programmed apoptosis at several stages in the fetal period. Importantly, this 

apoptosis is separate from PGC death in response to cytotoxic insults, such as irradiation or 

chemical exposure. Consistent PGC apoptosis during development suggests that apoptosis 

may act as a selective event. The PGCs that do survive fetal development represent the 

founding population that establishes the adult germline. Differences in PGC survival during this 

fetal period are therefore critical to determining the composition of gamete-producing cells in 

adulthood. Given that only a subset of the initial PGC population completes fetal development, 

survival represents a heterogeneous outcome that may reflect important differences between 

survivors and eliminated PGCs that are relevant to germ cell function.  
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Apoptosis is an invariant feature of C. elegans embryo development, with 131 out of 1090 

somatic cells eliminated in a lineage-specific manner (Gartner et al., 2008). In the germline, 

apoptosis occurs exclusively in the adult during oogenesis and eliminates a variable number of 

potential oocytes that does not exceed 50% (Gumienny et al., 1999). Importantly, germline 

apoptosis differs from somatic apoptosis by virtue of the single oocyte lineage containing two 

variably sized but distinctly-fated populations: surviving versus eliminated cells. In contrast, 

somatic apoptosis reproducibly eliminates precisely the same 131 cells. Oocyte apoptosis can 

be classified into two categories: stress-induced and physiological. Stress-induced apoptosis 

occurs in response to insults such as environmental stress, DNA damage, or bacterial infection. 

In contrast, physiological apoptosis affects a fraction of cells during oogenesis in the absence of 

any stress and differs from stress-induced apoptosis by not relying on pro-apoptotic BH3 

proteins. Physiological apoptosis is restricted to oocytes in late pachytene that occupy a 

particular region of the gonad. Inhibition of germline apoptosis results in poorer quality oocytes 

as characterized by decreased egg viability and difficulty producing full-sized oocytes (Andux 

and Ellis, 2008). These reproductive defects may be due to intrinsic faults in the normally-

eliminated population that are not present in the oocytes that survive physiological apoptosis. 

Alternatively, apoptosis may not reflect intrinsic cellular differences between oocytes in the 

survivor versus dying populations but instead functions as a resource-management strategy. C. 

elegans germ cells are linked as a syncytia, allowing apoptotic cells to act as nurse cells and 

direct their cytoplasmic contents toward surviving cells (Wolke et al., 2007). These two models 

are non-exclusive; cellular differences stemming from oocyte heterogeneity can serve as the 

basis for determining whether an oocyte acquires a nurse cell or survivor fate. 

 

Drosophila germ cell development shares many conserved elements with higher-order 

organisms such as migration. Drosophila PGCs, also termed pole cells, that fail to migrate 
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accurately undergo programmed cell death in the early embryo (Coffman et al., 2002). As many 

as half of the initial cohort of PGCs mismigrate and are ultimately eliminated (Underwood et al., 

1980). Ectopic PGC removal does not require apoptosis genes grim, reaper, or hid and is 

caspase-independent (Sano et al., 2005). Several studies have demonstrated that elimination of 

ectopic PGCs instead requires a pathway involving both p53 and out (Coffman et al., 2002; 

Yamada et al., 2008). Overexpression of p53 induces programmed cell death only in ectopic 

PGCs, suggesting that the threshold for elimination varies across subpopulations of PGCs that 

differ by migratory success. Differentiation is another criterion that can distinguish surviving 

PGCs from eliminated ones. In studying Nanos (nos), an evolutionarily conserved protein critical 

for many aspects of germline development, Hayashi et. al. discovered that nos-mutant PGCs 

inappropriately acquire somatic identities and are subsequently removed through apoptosis 

(Hayashi et al., 2004). Interestingly, despite the central role of nanos in securing germline 

identity, nos-mutant PGCs only display a partially penetrant phenotype of somatic expression 

(Schaner et al., 2003), suggesting that heterogeneity exists among PGCs in regard to retaining 

somatic competence. Given the role of nanos in regulating histone modifications, 

heterogeneous chromatin states among individual cells may explain this variation in 

differentiation propensity. To summarize, programmed cell death in Drosophila operates through 

both an apoptosis-independent and dependent mechanism, with apoptosis being associated 

with PGCs that inappropriately differentiate to the somatic lineage. 

 

In Zebrafish, PGC apoptosis also is linked to migration, with disrupted migration leading to 

apoptosis. Weidinger et al injected morpholinos targeting dead end mRNA, a component of 

germ plasm in zebrafish, and observed an increase in ectopic PGCs that would ultimately be 

eliminated by apoptosis (Weidinger et al., 2003). Apoptosis was preceded by downregulation of 

key germ cell maintenance genes such as nos-1, indicating that mismigration disrupts germ cell 
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identity in ectopic PGCs, leading to downstream apoptosis. Apoptosis is the eventual fate of 

ectopic PGCs in other migratory mutants (Köprunner et al., 2001; Ramasamy et al., 2006) and 

may also be due to loss of nos-1 in ectopic PGCs. Importantly, in these migratory mutants some 

PGCs do correctly localize to the gonads, maintain nos-1 and its protein product Nos1, and 

survive, suggesting that correct migration supports the maintenance of germ cell identity and 

provides a survival advantage. 

 

PGC survival in mice follows a similar paradigm to that in Drosophila and Zebrafish. Correct 

PGC migration is tightly linked to PGC survival. This coupling is primarily accomplished through 

genes that have dual roles in chemotaxis as well as survival. In mice, mutants for Dead-end 

(Dnd) and KitL (Steel) result in increased numbers of ectopic PGCs, which subsequently 

undergo apoptosis (Runyan et al., 2006; Youngren et al., 2005). KitL is downregulated in the 

midline after PGCs migrate through the tissue by E10.5, enforcing a narrow pro-survival niche 

(Runyan et al., 2006). The stringent connection between survival and migratory signals resolves 

migratory heterogeneity in favor of PGCs that can accurately navigate to the gonad. Because 

ectopic PGCs can give rise to germ cell tumours, this linking of migratory success to survival 

can prevent deleterious differentiation from mismigrated PGCs (Runyan et al., 2008). 

 

After reaching the gonads, mouse PGC apoptosis occurs primarily through a Bax-mediated 

mechanism peaking by E13.5 in both males and females (Coucouvanis et al., 1993; Wang et 

al., 1998). PGCs begin to upregulate transcripts of Bax, increasing their apoptotic potential 

between E10.5 through E13.5 (Stallock et al., 2003). The Bcl-2 family members such as Bcl-x 

(Rucker et al., 2000) further regulate PGC survival. Variation in the expression and balancing of 

these apoptotic and survival pathways can modulate cell death propensity and could give rise to 

the apoptotic fraction observed even in wild-type backgrounds. Interestingly, successful 
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differentiation is associated with increased survival. Knockout of Nanos3, a germline 

transcription factor important for germline differentiation, results in PGC depletion by Bax-

dependent and -independent mechanisms (Suzuki and Saga, 2008). However, a subset of 

Nanos3 null PGCs are capable of surviving and differentiating in male and female adult gonads, 

suggesting that a subset of PGCs is more robust and capable of survival despite the loss of pro-

differentiation components. 

 

While studies of mutant PGCs have illuminated much of the differentiation and survival networks 

operating in the fetal period, the fraction of wild-type PGCs that undergo apoptosis indicate that 

not all PGCs are equivalent in their likelihood to contribute to gametogenesis. The identities of 

apoptotic germ cells on a wild-type background are beginning to be understood through 

techniques such as single-cell RNA sequencing and clonal labeling, both of which can elucidate 

subpopulation-level differences among germ cells that bulk analyzes cannot. In particular, clonal 

labeling allows for direct comparisons among potentially heterogeneous clonal subpopulations. 

Multicolor clonal labeling revealed that apoptosis in the fetal male germline is clonal, suggesting 

that mitotically heritable differences among subpopulations - particularly in the expression of 

epigenetically-regulated genes that control sex differentiation - can determine whether germ 

cells survive or are eliminated. 

 

Differentiation of PGCs and heterogeneity 

After specification, the next major differentiation event in PGC development is sex 

differentiation. Of the common model organisms, C. elegans is unique in featuring 

hermaphroditic gametogenesis, although general principles regarding somatic regulation of 

germline differentiation can apply. For example C. elegans somatic cells at the distal tips of the 

gonads maintain mitotic potential, and meiosis only occurs as germ cells move away (Ellis, 
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2008). In Drosophila and mice, the somatic gonadal sexual identity significantly influences the 

sex differentiation of resident germ cells (Casper and Van Doren, 2006; Ewen and Koopman, 

2010). This section will primarily discuss differentiation of male and female germ cells in mice, 

with a focus on meiotic initiation and mitotic arrest. 

 

Upon arriving in the gonad, PGCs undergo sexually dimorphic differentiation into the highly 

specialized male and female lineages. The signal for meiotic initiation in mice is retinoic acid 

(RA), which is secreted by somatic cells in the mesonephros (Bowles et al., 2006; Koubova et 

al., 2006). As RA must diffuse to germ cells in the ovary, the diffusion gradient could produce 

variation in both strength and timing of RA signaling. Meiosis in the mouse ovary is observed to 

occur in an anterior to posterior wave that may reflect asynchronous initiation (Menke et al., 

2003). Interestingly, this anteroposterior wave does not align with the axis of diffusion between 

the mesonephros and the ovary, suggesting that other signals may modulate RA signaling 

within the ovary. RA has also been discovered to be produced by ovarian cells (Bowles et al., 

2016; Childs et al., 2011) and the Aldh1a1 enzyme. Meiotic progression involves Stra8, which is 

activated by Dmrt binding to the Stra8 promoter (Matson et al., 2010). Stra8 mutants display 

greatly reduced follicle formation, but a small population of Dmrt1-null oocytes can continue to 

form functional follicles and express the appropriate markers of later meiosis, including Stra8, 

Sycp3, and Msy2. This meiotically competent subpopulation represents more robust oocytes 

that do not require Dmrt1 to complete meiosis, possibly due to a compensatory meiotic program 

that is only activated in a subset of oocytes. Double knockout mice that lack both Stra8 and 

Msx1/2, another activator of Stra8, also contain a subpopulation of oocytes that can still 

complete meiosis (Le Bouffant et al., 2011). The variation in meiotic robustness suggests that 

heterogeneity exists during female sex differentiation to endow certain oocytes with greater 

meiotic potential.  
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Male sex differentiation in mice is initiated at E12 by supportive somatic cells in the nascent 

testis called Sertoli cells (Ohta et al., 2012). Sertoli cell primarily regulate production of female-

inhibitory and male-inducing factors such as Fgf9 and Cyp26b1 to suppress the female meiotic 

fate (Bowles et al., 2010, 2006). Male germ cells continue to proliferate in the testis but undergo 

mitotic arrest as early as E12.5. This timing is asynchronous, as some germ cells are still 

proliferating by E14.5 (Western et al., 2008). Mitotic arrest is accompanied by expression of 

Nanos2, a key male sex differentiation marker (Suzuki and Saga, 2008). Delayed mitotic arrest 

is associated with aberrant maintenance of pluripotency, decreased Nanos2, and an increased 

susceptibility for teratoma formation (Dawson et al., 2018; Heaney et al., 2012). Heterogeneity 

in the timing of mitotic arrest can expose later-arresting male germ cells to these deleterious 

fates. Mitotic arrest is part of many processes regulated by complex networks of secreted 

factors such as Tgfβ and Nodal (Spiller et al., 2017) active in germ cells during this period. 

Heterogeneous expression of these factors as well as of their receptors on germ cells can 

significantly modulate the differentiation states of male germ cells, leading to vastly 

asynchronous or divergent cell fates. 

 

An overarching theme during sex differentiation is the variation in both position and timing of 

these events. Many secreted factors regulate this process in males and females, and the 

precise signaling environments remain to be defined. Heterogeneous progression through sex 

differentiation can also be due to PGCs themselves differing in their capacity to respond to 

differentiation cues. Sex differentiation has been shown to be facilitated by epigenetically-

regulated genes that are activated by demethylation (Hill et al., 2018). Individual variation in the 

extent of demethylation particularly at these loci could lead to highly variable differentiation 

potentials. Thus, initial cellular differences in epigenetic state could be amplified as 
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epigenetically heterogeneous subpopulations of PGCs proceed through sex differentiation 

asynchronously, or fail to do so at all. The later impact of differentiation heterogeneity can be 

significant, affecting reproductive and tumorigenic potential (Hunt and Hassold, 2008).  

 

1.3 - Determinants of Heterogeneity 

In this section, we consider the potential causes for diverse behaviors among PGCs described 

above. We separate these causes into those which are genetically encoded, those which arise 

from traditional epigenetic marks such as DNA methylation, chromatin modifications, or small 

RNAs, and a third and separate category of non-genetic determinants (summarized in Figure 

1.3). Among these sources, we distinguish between those which are permanent (and therefore 

heritable to all cellular progeny), those which are transient and do not cause similar behaviors in 

cellular progeny, and those determinants which are semi-permanent, or lasting in daughter cells 

but not for infinite cellular generations. Finally, we discuss mechanisms that mitigate variation 

between germ cells, or buffers of heterogeneity. For an outstanding taxonomy of the sources of 

heterogeneity, refer to Huang (Huang, 2009). 

 

Genetic Determinants 

Acquired genetic changes  

De novo mutations (DNMs) in the DNA sequence typically originate during cell division. 

Although DNMs occur in all cells, only those in the germline are inherited to offspring. The 

Darwinian model of evolution by random mutation, causing a phenotypic change which 

undergoes natural selection in fact originates in germ cells, or potentially in the early embryo of 

animals such as mice which induce PGCs from somatic cells. Although the diversity of 

multicellular organisms is living testament to DNMs in the germline, the rate of mutation is low: 
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approximately 10-9 to 10-10 mutations per nucleotide pair per cell division in eukaryotic cells 

(Arana and Kunkel, 2010; Drake et al., 1998). Studies across mice and humans suggest that 

DNMs arise in the germline at an even lower frequency than in somatic cells (Kohler et al., 

1991; Milholland et al., 2017; Walter et al., 1998).  

 

For the various cell types, different underlying cell states can be causes for heterogeneity, 
impacting cell type transition as well as impacting the fitness of progeny.   

Figure 1.3 Determinants of PGC Heterogeneity 
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The observed rate of mutation is the output of an equation that includes incurred errors, DNA 

repair, and elimination of cells. For studies that infer germline mutations by examining progeny, 

gamete fitness is also included in the rate calculation. The recent generation of exome and 

whole genome data in human families has provided precise measurements of germline DNMs, 

with single-nucleotide variations (SNVs) arising at 1.2 × 10−8 per nucleotide per generation 

(Besenbacher et al., 2015; Campbell et al., 2012; Conrad et al., 2011; Jónsson et al., 2017; 

Kong et al., 2012; Lynch, 2010; Michaelson et al., 2012; Rahbari et al., 2016; Roach et al., 

2010; Ségurel et al., 2014; Wong et al., 2016). The rate of germline mutation in humans as well 

as non-human primates (Pfeifer, 2017) is nearly an order of magnitude greater than that 

measured in mice (5.4 x 10-9 per nt/generation; (Uchimura et al., 2015)), birds (4.6 x 10-

9/nt/generation; (Smeds et al., 2016)), or Drosophila (2.8 x 10-9/nt/generation; (Keightley et al., 

2014)). This difference most likely stems from the greater number of cell divisions that occur in 

the human germline and specifically in the spermatogonial stem cells, which divide throughout 

life, in contrast to oocytes which cease replication in the fetus (Crow, 2000). Indeed, sequencing 

of parents and offspring revealed that the majority of human DNMs arise in the paternal 

germline and increase with paternal age by 1-2 per year (Campbell et al., 2012; Jónsson et al., 

2017; Kong et al., 2012; Michaelson et al., 2012; Rahbari et al., 2016). However, with an 

estimated 10 cellular divisions from the zygote to PGC in mammals (Rahbari et al., 2016), the 

theoretical number of incurred mutations across the genome of each PGC ranges from ~2 to 15 

for mice and ~4 to 38 for humans; hence DNMs do not account for the extent of heterogeneity in 

cellular behavior that is observed. 

 

A second source of acquired mutations in PGCs is the mitochondrial genome. Separate from 

the nuclear genome, the circular mitochondrial DNA molecule produces 13 mRNAs, which all 

encode oxidative phosphorylation components, as well as 2 rRNAs and 22 tRNAs needed for 
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mitochondrial translation of these mRNAs (Falkenberg et al., 2007). Critically, the rate of 

mutation of the mitochondrial genome is 2 to 20-fold greater than the nuclear genome, due to 

replication errors (Allio et al., 2017). The presence of more than one mitochondrial haplotype 

within the same cell, or heteroplasmy, arises in cells because fidelity of the mitochondrial 

polymerase is poor and varies depending on biological condition; for example, the presence of 

reactive oxygen species (ROS) decreases the fidelity of the mitochondrial polymerase, while the 

presence of a proofreading subunit increases fidelity (Longley et al., 2001; Pinz et al., 1995). 

Although mitochondrial replication is paused in the early mouse embryo until the time of 

gastrulation (Cao et al., 2007; Wai et al., 2008), in the course of PGC development, estimates 

suggest the number of mitochondria per cell increases from 100 at E7.5 to over 6000 at E14.5 

(Wai et al., 2008). Given the size of the mitochondrial genome, mutation rate, and rate of 

mitochondrial expansion, approximately 35 mitochondrial DNMs would accumulate by E14.5 in 

mice, although this does not account for unequal replication. However, as with nuclear 

mutations, this rate of acquired mutation in the mitochondrial genome is likely a very small 

contribution, at best, to observed heterogeneity of PGCs 

 

A third potential source of acquired mutation in PGCs is through retrotransposition. 

Transposable elements comprise a significant fraction of the genome and many of the 

evolutionarily young Alu and autonomous L1 (or Long Interspersed, LINE-1) elements remain 

active and capable of re-inserting into new sites in the genome (Kazazian and Moran, 2017). 

During development, the period of epigenetic reprogramming in PGCs de-silences transposable 

elements, leading to their expression and potential for transposition in the window of 

development before transposons are silenced by piRNAs (Brennecke et al., 2007; Teixeira et 

al., 2017). In humans, new L1 and Alu integrations were detected in ~ 1/100 and 1/20 births, 

respectively (Hancks and Kazazian, 2012). This rate is even higher in mice, where new L1 
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insertions occur in 1/8 births (Richardson et al., 2017). However, on a cellular level, given its 

rate of occurrence, transposition again makes an exceedingly minor contribution to PGC 

heterogeneity. 

 

Pre-existing genetic changes 

A special case for animals that specify their germline by induction is the potential for prior 

genetic mutations as a source for heterogeneity. In mice, DNMs arising in the epiblast would 

lead to mosaicism among the founder PGCs as well as in somatic lineages. Cells in the mouse 

epiblast undergo rapid divisions -- measuring as little as 3 hours (Snow, 1977) -- hence 

providing opportunity for errors in replication. Furnishing evidence of the elevated potential for 

damage and repair during this period of rapid division in the early mouse embryo, PGCs and 

cells of the epiblast have been shown to be hypersensitive to genotoxic stress as measured by 

DNA breaks, Atm and p53-dependent apoptosis (Heyer et al., 2000). From genome sequencing 

of human families, it has been imputed that approximately 10 divisions occur between the 

zygote and the specification of PGCs (Ohno, 2019; Rahbari et al., 2016); and this number is 

probably similar in mice. Detection of DNMs in offspring that co-exist at low levels in the blood of 

one parent provides evidence that replication errors in cells of the early embryo before PGC 

specification are present in a subset of somatic and germline derivatives. Data in humans 

estimate that 0.2-0.6 DNMs accumulate per cell division in the pre-PGC embryo (Rahbari et al., 

2016), which would suggest a theoretical maximum of 6 pre-existing mutations among PGC 

founders could contribute to heterogeneity. 

 

A second type of pre-existing genetic mutation that could contribute to heterogeneity among 

PGCs is mitochondrial heteroplasmy (Mishra and Chan, 2014). Mitochondrial heteroplasmy and 

mutations in mitochondrial (mt) DNA arise in oocyte maturation due to the inherently higher 
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error rate in mitochondrial polymerase (Allio et al., 2017; Khrapko et al., 1997; Madsen et al., 

1993). During early embryogenesis, the replication of mtDNA and fission of mitochondria 

ceases (~E1.0-E3.0 in mice) (Cao et al., 2007; Wai et al., 2008), so that each cell division 

segregates existing mitochondria and produces an increasingly purer pool of mtDNA. Known as 

a mitochondrial bottleneck, this segregation limits the diversity of mitochondrial genomes 

inherited from the oocyte (Mishra and Chan, 2014; Stewart and Chinnery, 2015). As PGC 

specification in mice occurs during this bottleneck, the founders inherit different mtDNA cohorts. 

Replication of mitochondria resumes after PGC specification, amplifying the heterogeneity 

between cells that was created during the bottleneck. Together these phenomena may reveal 

mtDNA mutations by altered PGC phenotypes. 

 

The potential for revealing a mutation in a mitochondrial genome increases as heteroplasmy 

from the oocyte trends to homoplasmy (similarity in mtDNA) in PGCs. Preexisting or de novo 

mtDNA mutations would be inherited in a minority of PGCs during specification or could arise 

during PGC development; either way, those cells with a high concentration of mitochondria 

bearing deleterious mutations would exhibit altered phenotypes. Concomitant with the onset of 

PGC migration, metabolism within the embryo shifts from glycolysis to oxidative 

phosphorylation, which provides a potential source of selective pressure for cells unable to 

make the switch (Folmes and Terzic, 2014). Deleterious mitochondrial DNA mutations within 

PGCs may be revealed as compromised ability to initiate oxidative phosphorylation or the 

bioenergetic response required for migration. Little is known about the cellular or molecular 

mechanisms for mitochondrial organelle quality control and selection, but the migratory time-

point may be particularly important for early embryonic metabolism. A new area of inquiry 

concerns the selective destruction of mitochondria in PGCs by mechanisms such as mitophagy. 

Recent work describes an unprecedented means for removing mitochondria from PGCs in C. 

https://sciwheel.com/work/citation?ids=4832318,11977820,11977801&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=4832318,11977820,11977801&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=257546,441106&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=652781,998352&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=11977790&pre=&suf=&sa=0&dbf=0


 

30 

 

elegans. This unique cellular surgical procedure is carried out by somatic endoderm cells via 

extrusion of cytoplasmic lobes from the PGCs (Abdu et al., 2016). Although speculative, the 

effect could serve to concentrate other contents such as germ granules or to remove faulty 

mitochondria in order to increase cellular fitness, reduce oxidative damage, or alter metabolic 

capacity of PGCs. 

 

 

Epigenetic determinants 

Having focused on the genetic determinants of heterogeneity, we turn our attention to the 

determinants not directly linked to the genome itself (Brock et al., 2009). Our interest in the 

epigenetic determinants of heterogeneity encompasses both transcription regulation through 

modification of histone and chromatin structure, as well as the molecular states defined by 

covalent modifications of DNA. We note that epigenetic determinants have the capacity for 

altering PGC states semi-permanently, as many of the mechanisms below are preserved 

through cell divisions. 

 

Reprogramming of the epigenome occurs in two main stages in the fetal germline: first during 

PGC migration during which methylation is maintained at specific regions and secondly after 

gonadal colonization when epigenetic marks are erased to create a hypomethylated epigenetic 

ground state (Hackett and Surani, 2013; Seisenberger et al., 2012). At day 8 of mouse 

development, PGCs begin a significant loss of genome-wide DNA methylation that is 

considered the first of three waves of demethylation before E13 (Bohacek and Mansuy, 2015; 

Hackett and Surani, 2013; Hajkova et al., 2002; Seisenberger et al., 2012). Changes in histone 

modifications of PGCs occur starting at E9.0 include loss of histone H3-lysine (K) 9 

dimethylation and increase in H3K27 trimethylation (Seki et al., 2007, 2005). These epigenetic 
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changes occur during migration (Nikolic et al., 2016) and before sex differentiation, and are 

thought to carry out the following: ensure that the germline genome is ready to receive parent-

of-origin specific epigenetic marks; erase potential epimutations incurred in early development; 

and confer a state of pluripotency for the embryo (Hajkova et al., 2002; Seki et al., 2007).  

As epigenomic studies to date have analyzed PGCs in bulk, the variation in epigenetic states of 

single cells is not known. In principle, differences in the timing of epigenetic reprogramming or 

failure to lose cytosine methylation or histone marks -- epimutations-- could lead to PGC 

heterogeneities. Such differences could be manifested as altered expression of genes critical to 

differentiation. In support of this idea, PGC maturation genes such as Mvh (Vasa) and the 

meiotic component Sycp3 are regulated by methylation at their promoters (Maatouk et al., 2006) 

and would be sensitive to epi-mutations. Recent studies have a shown that efficient sex 

differentiation is dependent upon demethylation at the loci of 45 germline reprogramming-

responsive genes (GRRs; (Hill et al., 2018)). Any individual cell differences in the extent of 

demethylation at these GRRs could stratify PGCs by differentiation capacity and produce 

greater population variation as individual PGCs heterogeneously differentiate.  

Demethylation during epigenetic reprogramming can also relieve inhibition of transposon 

sequences that were previously repressed by methylation. Retrotransposition activity from these 

unsuppressed elements can lead to genomic disruption and inappropriate gene expression, 

further exacerbating initial variation among germ cell subpopulations. Accordingly, germ cells 

that fail to repress transposons (Kuramochi-Miyagawa et al., 2004; Malki et al., 2014; Soper et 

al., 2008) arrest prior to gametogenesis and are eliminated, indicating that dysregulated 

transposons are stringently selected against. Single-cell assessments of transposon expression 

have identified LINE-1 elements as differentially expressed within both mouse and human 

PGCs at individual timepoints, which could reflect cell-to-cell variability in repressive methylation 

(Nguyen et al., 2020; Reznik et al., 2019).  
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A second mechanism of non-genomic transcriptional regulation to be addressed as a potential 

source of PGC heterogeneity is small non-coding RNAs, including micro RNAs (miRNAs), 

endogenous small interfering RNAs (endo-siRNAs), and piwi-interacting RNAs (piRNAs). In D. 

melanogaster and D. rerio, miRNAs function to silence germline enriched mRNAs in cells which 

are destined to be a part of a somatic fate (Banisch et al., 2012). In the mouse, the suppression 

of the miRNA let-7 by lin-28 is necessary for expression of critical PGC specification genes like 

Blimp1/Prdm1, and without lin-28 the germline fails to form (West et al., 2009); this kind of 

binary signal requirement during specification does not invite much heterogeneity. However, it is  

not known whether incremental differences of line-28 can lead to phenotypic consequences. 

Recent work has begun to characterize miRNA expression in the mouse at later developmental 

times such as sex differentiation, finding different sexually and developmentally-regulated 

populations of miRNAs (Fernández-Pérez et al., 2018). Examining miRNA heterogeneity at a 

single cell level is becoming possible with new technology (Hagemann-Jensen et al., 2018), and 

variability in the expression of miRNAs has recently been speculated to lead to non-genetic cell-

to-cell heterogeneity outside of the germline (Wang et al., 2019). Since dysregulation of miRNA 

expression has been linked to testicular cancer , the possibility of heterogeneous expression of 

miRNAs in the early germ cell populations merits exploration. 

 

piRNAs are small RNAs that are nearly exclusive to the germ line which silence transposable 

elements in the genome (Banisch et al., 2012). Although transposition events are rare and 

therefore not a significant source of germ cell heterogeneity, heterogeneous expression of 

transposable elements such as intracisternal-A particle (IAP) family of endogenous retroviruses 

could lead to phenotypic readouts. Recently identified additional functions for IAPs in regulating 

the transcription of neighboring genes (Vasiliauskaitė et al., 2018) raise the possibility that the 
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de-repression of IAPs could lead to inappropriate gene expression in PGCs as well as their 

derivative gametes. 

 

The wave of demethylation which germ cells undergo during their development potentially 

enables transposable elements relocation to deleterious effect. During this period, endo-siRNAs 

are considered a secondary defense to silence transposable elements by degrading transcripts. 

endo-siRNAs have been studied in C. elegans, D. melanogaster, and mouse, and also function 

to prevent viral infection (Banisch et al., 2012). By nature, endo-siRNAs are heterogeneous in 

their response to an infection or transposition event, as these occur on a cell-to-cell basis. 

However, the ability of an individual germ cell to mount an endo-siRNAs has not yet been 

investigated, as the contribution of endo-siRNA to the suppression of transposons is just 

beginning to be appreciated (Berrens et al., 2017). 

 

Non-genetic determinants 

Distinct from alterations to the DNA or epigenetic mechanisms discussed above, non-genetic 

determinants can lead to measurable differences between cells of a single type. Bacteriologists 

studying genetically-identical, clonal populations cultured in uniform conditions first described 

'non-genetic cell individuality' based on cell-to-cell variations in viral yield (known as burst size; 

(Delbrück, 1945)) and chemotactic behavior (Spudich and Koshland, 1976). These 

heterogeneities were ascribed to the interaction of stochastic fluctuations in molecules within the 

cell (Spudich and Koshland, 1976). In the field of cancer biology, non-genetic causes of cellular 

heterogeneity have been parsed into ‘population noise’ and ‘temporal noise’. Temporal noise 

derives from the fluctuations of protein levels within a cell over short durations. Population 

noise, on the other hand, reflects different states of cells at a given moment. The broad 
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assumption is that for genetically identical cells, population noise merely reflects temporal noise, 

and that all cells experience a similar profile of fluctuations over time (Brock et al., 2009). 

 

One such generator of fluctuation may be the very nature of transcription, which was revealed to 

be pulsatile, occurring in bursts that emerge at locus-specific rates (Chubb et al., 2006; Raj et 

al., 2006; Suter et al., 2011). In germ cells, stochastic variation due to transcription may be 

particularly relevant, given that an elevated rate of global transcription was recently reported in 

mouse fetal germ cells (Percharde et al., 2017). This result raises the possibility that non-

deterministic effects due to timing and transcription may be magnified in the developing 

germline, although there are currently no studies that have rigorously compared the absolute 

levels of transcripts in germ cells across time to capture such cycles. It is not yet clear how 

variation in levels and rate of transcription relates to the level of proteins, although imminent 

developments in technologies for single cell proteomics will be revealing. 

 

A key assumption of the stochastic processes that generate fluctuations in molecules is that 

they are not permanent; although a cell may remain in a particular state, its daughter cells will 

not remember that state. Remarkably, there are documented instances of cells in culture 

maintaining levels of particular proteins through mitosis. In one example, variations in the levels 

of apoptotic regulators were maintained through 1-2 cellular generations of human mammary 

epithelial cells, so that the response to extrinsic death signals was similar between mother and 

daughter cells (Spencer et al., 2009). In the early mouse embryo, the levels of cMYC are 

variable between cells, and inherited through divisions. As cMyc levels determine the capacity 

of pluripotent cells in the epiblast to outcompete their neighbors by inducing programmed cell 

death, this observation indicates that cell fitness states are remembered transiently through 

mechanisms that remain to be elucidated (Díaz-Díaz et al., 2017). We can conceive of 
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scenarios by which non-epigenetic, stochastic heterogeneity could lead to permanent genetic 

changes; for example, variability in the levels of DNA repair machinery could render some cells 

more susceptible or resistant to acquired mutations. 

 

A final non-genetic source of heterogeneity we consider is the germ granule. A highly conserved 

feature of germ cells, these cytoplasmic granules consist of aggregates of mRNA, small RNA, 

and proteins (Seydoux and Braun, 2006). In C. elegans, Drosophila, and Xenopus, these 

granules (known as polar granules, P granules or germ plasm) segregate to PGCs during 

specification and are required for specification and function of germ cells (Gallo et al., 2010; Hay 

et al., 1988; Strome and Wood, 1983). In mammals, PGCs synthesize components of germ 

granules rather than inherit them prior to specification, although these germ granules are then 

passed on with each cell division. Mammalian germ granules resemble processing bodies in 

somatic cells, which contain mRNA decay machinery. By delivering granule-associated RNAs 

that can regulate gene expression, germ granules can produce heritable changes in recipient 

cells independent of changes to DNA sequence, DNA methylation, or chromatin state. 

Heterogeneity could be imparted by the composition of the germ granules that are transmitted. 

The contents of germ granules can be modulated according to different environmental 

conditions as a stress response mechanism (Snee and Macdonald, 2009, 2004). Alternatively, 

the number of germ granules can be asymmetrically divided between two daughter cells. In 

Drosophila, the amount of germ plasm as measured by wun2 mRNA levels can vary within a 

field of cells, with central cells receiving more germ plasm than peripheral cells (Slaidina and 

Lehmann, 2017). This asymmetry provides central cells with relatively higher amounts of 

maternal mRNA and is demonstrated to provide a survival advantage over peripheral cells.  
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Extrinsic sources of heterogeneity: environment, niche, and timing 

The necessity of the tissue niche for proper development of cells has been widely recognized 

across biology, and the germline niche is no exception. Unlike the well characterized 

cooperative signaling and maintenance of cell fate of the adult Drosophila stem cell niche, the 

notion that PGCs receive instruction from their niche during specification, migration, and 

colonization is less established. Across many organisms, the developing embryo changes 

drastically from the time of PGC specification to the time that functional gametes are produced. 

The idea that the landscape with which the developing germ cells must interact changes 

constantly is not new. It is known that fly PGCs receive different levels of signaling from different 

niches (Stepanik et al., 2016). How the changing niche may contribute to heterogeneity is only 

just beginning to be appreciated. 

 

PGC migration in mice exhibits spread over space and time. Egress of PGCs from the hindgut 

into the surrounding mesoderm occurs asynchronously, with ‘pioneers’ emerging first; 

chemotaxis toward the gonads occurs at varying speeds; and colonization of the gonads takes 

place over more than 24 hours, with late arrivals remaining in the mesentery (Molyneaux et al., 

2001). A recent study found that the rate of proliferation of PGCs increases during migration, 

and is regulated by the successive niches through which they transit (Cantú et al., 2016). The 

progressive increase of mitotic signals along the migratory route implies that those PGCs that 

move through the series of niches first would gain a proliferative advantage. Upon reaching the 

gonads, the earlier or faster PGCs would have generated a larger number of clonal progeny as 

compared to the later or slower migrants. It is here that the heterogeneity of PGCs may be 

influenced by the environment, as cells which are capable of efficient migration are rewarded by 

enhanced clonal expansion. 
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Buffers of heterogeneity 

In contrast to the determinants discussed above, which potentially generate and reinforce 

differences between individual cells, we now consider the opposite: those mechanisms that 

could mitigate differences between PGCs. Although we propose that a certain level of PGC 

heterogeneity could increase the overall fitness of the germline through selection (as discussed 

below), there are several ways that germ cell diversity could be unfavorable First, genetic 

mutations or epi-mutations in PGCs that potentially promote the initiation, growth, or metastasis 

of tumors by rendering PGCs more resistant to apoptosis, more proliferative, or able to migrate 

would be dangerous in gametes. Such PGC variants could out-compete other PGCs and even 

homogenize the gamete pool. Second, the phenotypes that increase the fitness of a PGC are 

not necessarily the same phenotypes that benefit a gamete or embryo. Finally, too much 

tolerance for heterogeneity may have consequences for the overall fertility of the organism over 

a lifetime, such as early loss of fertility or lack of consistency of gametes. In this light we point to 

evidence for mechanisms that buffer heterogeneity in PGCs. 

 

Hsp90 is a highly conserved chaperone that assists with the folding of proteins. It has been 

dubbed an ‘evolutionary capacitor’ because its absence in a number of organisms leads to 

enhanced phenotypic variability that is believed to arise from cryptic protein variants that are 

normally degraded or chaperoned by Hsp90 (Rutherford and Lindquist, 1998; Specchia et al., 

2010). Most cell types express Hsp90b and elevate expression in stressful conditions, but an A 

isoform is exclusive to germ cells (Nishikawa and Kinjo, 2018). Hsp90a was further linked to 

germ cell development through its interaction with the germ plasm component and piRNA 

biogenesis factor Piwi (Gangaraju et al., 2011). We posit that Hsp90a is a likely candidate to 

buffer heterogeneity in PGCs during their development. 
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Intercellular bridges are a deeply conserved cellular structure found in germ cells at various 

points in their development. Formed by incomplete cytokinesis, the bridges stably connect sister 

germ cells into ‘cysts’ and permit the passage of cytoplasm and organelles such as 

mitochondria (Greenbaum et al., 2011). Intercellular bridges coordinate differentiation and allow 

sharing of resources between cells, particularly through self-sacrifice, when one member of a 

cyst commits apoptosis (Lei and Spradling, 2016). Although the formation of intercellular bridges 

between sister cells limits the potential difference between cells of a cyst, we note their potential 

to buffer phenotypic consequences of heterogeneity that arises in PGCs such as acquired 

DNMs or epi-mutations. The increased geographic spread of cysts compared to single PGCs 

also raises the possibility that they buffer differences introduced by the niche.   

1.4 - Selection and Heterogeneity 

Natural selection is an elegant force of evolution, working slowly through time to shape and 

change organisms to better suit their needs in changing environments and pressures. This 

concept has implications for species that reproduce and share heritable characteristics with their 

offspring. As organisms reproduce, their offspring inherit different traits with stochastic variation; 

if a random trait is beneficial to the offspring, it will have a competitive advantage, and 

potentially pass this trait along through its germline. Through many of the causes of 

heterogeneity that we have already discussed in this review, changes can be wrought within an 

organism. Changes within somatic cells, while impactful for the organism itself, pale in 

comparison to the multigenerational effect that heterogeneous changes can have if the germline 

is altered.  

 

Whether through a genetic or non-genetic transmission, discrete traits are brought to 

prominence over time if placed under enough positive selective pressure. Natural selection 

within a population results from interaction between organisms and their environment, as the 

https://sciwheel.com/work/citation?ids=4996421&pre=&suf=&sa=0&dbf=0
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environment creates selection pressure among heterogeneous individuals, resulting in 

increased fitness of the population. Less fit animals are phased out of prominence as natural 

selection leads to increase in the frequency of certain alleles over time.  

 

We propose that like natural selection acts at the organismal and population level, there is a 

similar kind of selection operating at the cellular level (Buss, 2014; Laird et al., 2005a). At both 

the population and cellular level, alleles subjected to positive selection increase in frequency. 

Over time, variants are selected due to a competitive advantage they convey to potentially 

produce an organism or cell with greater fitness. The diversity of PGC development is a special, 

comprehensive series of selection events during which multiple types of fitnesses can be 

examined. We will consider how the totality of these developmental events act selectively on 

PGCs and discuss their implications on reproductive fitness. 

 

Defining selection in the developing germline 

In developmental selection, each stage of germ cell development provides an opportunity for the 

emergence of underlying heterogeneity to produce different outcomes for subpopulations of 

germ cells. As previously discussed, both non-genetic and genetic variation among individual 

cells can present distinct cell identities or states for selection to act upon. We consider a 

selective process to be one which alters the proportions of PGC subpopulations during 

development -- by mechanisms such as apoptosis, proliferation, migration, or differentiation. 

Here, we will briefly explicate what we consider a “selected cell” and the processes by which 

this selection occurs. 

 

Selection can be either negative or positive with respect to gametogenic potential. In negative 

selection, a germ cell subpopulation is functionally eliminated from further contributing to 

https://sciwheel.com/work/citation?ids=11977787,4212267&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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gametogenesis. In positive selection, a germ cell subpopulation is increased relative to other 

subpopulations. For the developing germline, we will consider how key events during the fetal 

period can potentially select for certain subpopulations and discuss the impact on the germline. 

For example, migration is one of the first challenges a PGC faces after specification at E7.0. 

During migration, PGCs must respond to precise chemotactic cues to remain on course as they 

navigate to the gonads. Owing to the distinctive signaling environments presented by each 

niche along the migratory route, the precise timing of migration may also represent another form 

of selection. Damaged or unfit PGCs might migrate inefficiently, resulting in reduced 

colonization of the gonad by their cellular progeny, which corresponds to negative selection. If 

PGCs that arrive first in the gonad receive different signals than later arriving PGCs, this could 

alter differentiation on the basis of migratory speed. Additionally, the duration of these 

differentiation steps could vary as early migrants would be exposed to signals for a longer 

period of time compared to late arrivals. 

 

In contrast to spatially-based selection during PGC migration, selection can also occur during 

differentiation. After reaching the gonad, PGCs continue maturation by epigenetic 

reprogramming as well as sex differentiation. The concomitant increase in the expression of 

apoptotic genes such as Bax sensitizes PGCs toward elimination. Differentiation downregulates 

these genes and protects successfully differentiated PGCs from apoptosis. PGCs are 

additionally eliminated based on clonal lineage, implying that apoptotic selection can work on 

heritable qualities such as epigenetic permissiveness for differentiation (Nguyen et al., 2020). 

The balancing of these two programs selects for differentiated PGCs and selects against PGCs 

that are incapable or inefficient in differentiating. 

 

https://sciwheel.com/work/citation?ids=10075865&pre=&suf=&sa=0&dbf=0
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Selection can also occur through proliferation, rather than elimination. Germ cell subpopulations 

that are more proliferative will increase their proportional representation within the germline with 

each successive division. This may also induce competition for niches or access to signaling 

factors that continue the tightly regulated differentiation program essential for further germ cell 

development into optimal gamete-producing cells. Earlier studies utilizing clonal labeling have 

noted that a small subset of clonal populations in the fetal period is responsible for producing 

the small number of large monoclonal areas in testes that actually contribute to 

spermatogenesis (Ueno et al., 2009). Later spermatogenesis in the adult has also been 

observed to originate from a limited number of spermatogonial stem cell clones (Kanatsu-

Shinohara et al., 2016). In examining fetal populations of germ cells, Lei and Spradling found 

clone sizes to be variable (Lei and Spradling, 2013), although a longitudinal study would clarify if 

larger clones resulted from or continued to enjoy a proliferative advantage relative to other germ 

cell clones. 

 

How does PGC fitness relate to fitness of gametes or individuals? 

While heterogeneities and selective pressure are seen during all phases of germline 

development, we have thus limited our discussion to competition among fellow cells of the same 

type. Considering how each competitive cell contributes to the gametes as a whole, providing 

variation and heterogeneity within a single organism, leads us to speculate on how PGC 

selection may have an impact on the rate of evolution. Heterogeneity within the germline may 

exert effects not only within one or two generations, but could also shape the population of a 

species on a longer evolutionary scale. The fine processes of generating and selecting upon 

PGC heterogeneity in the embryo may influence the processes of natural selection or genetic 

drift. 
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The relationship between processes of germline development and processes of evolution has 

been considered by others with PGC specification. Broad surveys of modes of germline 

formation across phylogeny have driven the conclusion that PGC preformation is not ancestral 

but rather has evolved convergently in many species as reviewed in (Extavour and Akam, 2003; 

Johnson et al., 2011). While one study found that species that form their germline through 

preformation enjoy a faster rate of sequence evolution (Evans et al., 2014), follow-up work 

found instead that species with PGC specification by preformation and PGC induction were 

equally represented among species with rapidly evolving genomes (Whittle and Extavour, 

2016). Since the rate of evolution may be influenced by the heterogeneity of the germline, 

perhaps organisms with less constraint on their PGCs and a more stringent selection would 

promote variation within the germline and faster rate of evolution through generations.  

 

If selection during the fetal period can have multi-generational effect, then the fitness of cells 

which will contribute to these population effects must be multifaceted in their ability to respond 

to changing environments. Tests of germ cell selection may occur at many developmental 

timepoints to ensure greatest cell competency; germ cells that excel in one characteristic might 

be less fit for others. Take, for example, cells which excel dramatically at migration. How might 

supermigrators such as these compete in later developmental tests? Previous work has shown 

that as oocytes mature, their order of entry into meiosis corresponds to the order of follicle 

maturation (Hirshfield, 1992; Polani and Crolla, 1991), and later differentiation follows a “first in, 

first out” order of follicle maturation and ovulation (Reizel et al., 2012). While supermigrators 

have not been directly linked to order of entry into meiosis, one might speculate that the earliest 

migrants will also be the first to enter meiosis, and thus the first to initiate folliculogenesis (Arora 

et al., 2016). However, many of the earliest follicles release before puberty occurs, causing 

them to die due to a lack of supportive hormones environment (McGee, 2000). In this instance, 

https://sciwheel.com/work/citation?ids=261002,11977799&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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a cell overly specialized for migration may fail later developmental checkpoints. The shifting 

selective pressures of germ cell development ensure that the fittest cells are the germ cells 

competent at facing many developmental challenges. 

 

These selective processes that comprise germ cell development provide an opportunity for 

selfish cells to take advantage. Selection favoring a subpopulation of germ cells can eliminate 

aberrant cells to improve PGC fitness, but it also is vulnerable to cheating. For example, 

mutations in the FGF receptors can increase FGF ligand binding affinity to confer a proliferative 

advantage in spermatogenesis. This would lead to clonal expansion of FGFR mutants during 

development and increased representation in the gamete pool (Goriely et al., 2003). While 

advantageous for germ cell success, these mutations are detrimental to the organism and can 

lead to disorders in somatic tissues such as in Apert syndrome (Glaser et al., 2003). The 

potential for germ cell cheating perhaps illustrates the utility of a multipartite developmental 

examination of various germ cell behaviors and phenotypes. A single mutation that provides an 

advantage in one stage may be selected against in another. This cumulative developmental 

selection would secure diversity in the gamete pool, which is essential for variation at the 

organismal level to respond to environmental and evolutionary challenges.  

 

1.5 - Chapter Conclusion  

The arduous journey to establish the germline is defined by variation-- both in the challenges 

faced by PGCs as well as the heterogeneity of the PGCs themselves. The diversity of events 

during PGC development creates a gauntlet that is ideally positioned to assess heterogeneity in 

PGCs as they begin to expand and differentiate to establish the eventual germline. Applying the 

principles of natural selection to the level of germ cells, we see that multiple selective 

opportunities exist to alter the PGC population that continues onto gametogenesis. The ultimate 
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effect that PGC selection can have on reproductive fitness and even the fitness of organisms 

will be a fascinating area of study. 

 

The advent of many single-cell analytical techniques now enables us to more comprehensively 

describe the variation within PGCs. Early attempts at morphological phenotyping are bolstered 

by single-cell transcriptomics, epigenomics, and single-molecule imaging. In addition to 

evaluating differences among PGCs at each stage of development, complex barcoding can also 

extend our understanding how these differences change over developmental time. This is 

especially relevant to the germline given the dynamic challenges faced by PGCs and the varied 

capabilities assessed throughout their entire journey. Combining these technologies with a 

longitudinal perspective will clarify how each event during PGC development contributes to 

improving gamete quality. 

 

Heterogeneity is a ubiquitous property of biology, but this is especially amplified when a 

population is faced with making a highly regulated and complex transition such as PGCs in the 

early embryo. Recent advances in reproductive technology have enabled the generation of 

mouse germ cells in vitro that produce gametes capable of fertilization at exceedingly low 

efficiency (Hikabe et al., 2016; Ishikura et al., 2016). These germ cells do not undergo the same 

complex in vivo development and it remains to be seen how bypassing this lengthy process 

affects the fidelity of their development. Understanding the events and criteria of selection 

during early embryonic PGC development can improve how we evaluate in vitro-derived 

gametes to ensure the highest quality ones will be chosen. 

https://sciwheel.com/work/citation?ids=5461888,2284401&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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Chapter 2 Revealing intrinsic heterogeneity and niche-regulated 

development in migrating primordial germ cells  

2.1 - Introduction to migration of primordial germ cells in mouse 

As the first cell in the reproductive lineage, primordial germ cells (PGCs) occupy an important 

place in reproductive development. These cells will ultimately generate the mature germ cells in 

the testis and ovary (Lawson and Hage, 1994), which contribute to future generations. 

Expansion of the ~40 mouse PGCs specified at E7.25 (Anderson et al., 2000; Canovas et al., 

2017; Ginsburg et al., 1990) eventually gives rise to the whole population of the organism’s 

reproductive cells called spermatocytes or oogonia. PGC specification from the epiblast is 

driven by bone morphogenetic protein (BMP) signaling from the extraembryonic tissue (Lawson 

et al., 1999; Ying et al., 2000). After specification, PGCs migrate from their site of specification 

to the forming gonadal ridges, the precursor to the gonads. Signaling cues such as Cxcr4 or 

KitL are known PGC chemoattractants, and contribute to this journey while also promoting PGC 

survival (Molyneaux et al., 2003; Pesce et al., 1993). Studies observing this migratory process 

characterize distinct behavioral patterns in the migratory population. Time lapse imaging across 

the period of mouse germ cell migration from E9.5-E11.5 shows that PGCs early in their 

migration are distinctively motile, but kinetic within the confines of the hindgut (Molyneaux et al., 

2001). At E9.5, a behavioral change occurs, as PGCs begin exhibiting directed migration out of 

the hindgut and into the dorsal mesentery tissues. The first ‘pioneer’ PGCs exiting the hindgut, 

called migratory leaders, are contrasted with the PGCs remaining in the posterior hindgut, called 

migratory laggards. This targeted migration continues into E10.5, where leading PGC migrants 

home in on the developing gonadal ridges (Molyneaux et al., 2001). Throughout this process, 

PGCs traverse diverse tissue niches, with migratory leaders arriving in the gonadal ridges, 

actively migrating cells still in the dorsal mesentery, and migratory laggards remaining in the 

https://sciwheel.com/work/citation?ids=835473&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=7427260,8080223,835487&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=7427260,8080223,835487&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=4019248,1450&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=4019248,1450&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=319338,4017058&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=261176&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=261176&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=261176&pre=&suf=&sa=0


 

46 

 

hindgut. By E11.5, most PGCs have begun colonizing the gonadal ridges; however, a 

population of PGCs remains medial to the gonad, with some PGCs on the midline, and is 

considered ectopic (Runyan et al., 2008). Aside from the temporal and spatial differences in 

their location, why some PGCs migrate earlier than others remains unknown. Are there 

transcriptional changes associated with the behavioral states that we can observe during PGC 

migration? Here we sought to answer that question, drawing upon recent advances in single cell 

genomics. 

 

Upon completion of migration, PGCs initiate the next phases of their reproductive development, 

making this a fascinating timepoint to study from a developmental context. As germ cells initiate 

differentiation in the gonad via signals from somatic support cells, differences between PGCs in 

the gonad and those in ectopic locations could provide insights into their differentiation cues and 

their sources. For example, the erasure of parent-specific epigenetic imprints in PGCs - which 

begins as early as E10.5 in mouse and progresses in the male development until E13.5 (Saitou 

et al., 2012) - could potentially contribute to heterogeneities in PGCs given its concurrence with 

migration. Genes typically silenced by imprinting are expressed from a single parent of origin 

fashion; some genes are maternally imprinted and express only from the paternal copy, while 

others are paternally imprinted and expressed only from the maternal copy (Szabó et al., 2002). 

This removal of silencing methyl marks in the loci of imprinted genes occurs as part of a larger 

process of genome-wide epigenetic reprogramming in PGCs that begins at E9.0 and continues 

through E11.5; it encompasses the loss of methylation marks at CpG islands as well as marks 

on histone tails (von Meyenn and Reik, 2015). Genome-wide DNA demethylation revokes 

silencing on portions of the genome such as retroviral elements and transposons 

(McCLINTOCK, 1950), which in can permit these mobile elements to jump around the genome, 

potentially destabilizing important genes or regulatory elements. (Transposition is also 
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discussion in Chapter 1, page 27, 31-33.) Since retrotransposition can be a dangerous process, 

this demethylation seems puzzling. However, demethylation is important for sex specific 

differentiation, as the male and female germline have their CpG methylation re-established at 

different rates (Greenberg and Bourc’his, 2019). In the male germline, remethylation begins at 

E14.5 and continues until birth; male germ cells maintain this sperm-specific methylation pattern 

until the formation of haploid spermatids and meiotic entry (Kota and Feil, 2010; Zeng and 

Chen, 2019). In the female germline, oocytes will arrest in meiosis Il and will not reacquire 

methylation marks until after birth, in oocyte growth phase (Kota and Feil, 2010; Zeng and 

Chen, 2019). The rate of DNA methylation reacquisition varies when comparing male and 

female germ cells, as sperm genomes are almost fully methylated (90% of CpG dinucleotides), 

while oocyte genomes are much lower (~40% GpG dinucleotides) (Kobayashi et al., 2012; Zeng 

and Chen, 2019). Meiotic entry is closely linked to demethylations; if methyltransferase DNA 

methyltransferase 1 is lost in germ cells, germ cells lose their ability to maintain their methyl 

marks, leading to premature DNA demethylation and premature meiotic entry (Hargan-

Calvopina et al., 2016). Tet1 enzyme actively demethylates promoters during demethylation; 

loss of this gene prevents active demethylation of promotors for important genes involved in 

gamete formation and meiosis, which leads to a delay in meiotic initiation (Hill et al., 2018). 

Thus, the wave of demethylation prepares germ cells for sex specification and reestablishment 

of the protective marks in a sex specific context.  

 

Investigating transcriptional differences between individual PGCs during migration is difficult as 

the cell population, while expanding, starts out quite small with just ~200 cells present at E9.5 

(McLaren, 2003), ~1,000 cells present at E10.5 (Saiti and Lacham-Kaplan, 2007), and ~2600 

cells present at E11.5 (Laird et al., 2011). Some groups have begun using droplet- based 

sequencing methods to investigate early mouse development at the level of single cell 
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transcriptomes (He et al., 2020; et al., 2021; Nowotschin et al., 2019), however, these studies 

preclude in depth the study of migratory PGC behavior and transcriptional dynamics in any 

depth due to the relatively sparse number of migratory PGCs in their respective datasets.  

 

By pooling many somite matched embryos, we created a large single cell population and 

interrogated rare subtypes of cells which might be missed in smaller libraries. In addition to 

profiling the transcriptional heterogeneity in the migrating germ cell population, we designed our 

sequencing libraries to contain both PGCs as well as representative cells from the migratory 

niches. By probing the receptor-ligand pairs of migrating PGCs and their somatic niche, we 

uncover new interactions which make migration a successful process, planting seeds for future 

generations. 

 

A longstanding question is whether PGCs that successfully colonize the gonad are different 

from those that remain in the midline, are considered ectopic, and may be eliminated. In this 

study, we used single cell RNA sequencing to profile PGCs at unprecedented depth and 

resolution across migration. At three timepoints and in spatially-distinct parts of the embryo, we 

identify developmentally-regulated gene expression in PGCs and the lineages of nearby 

somatic cells, which include the relevant supporting cells for the PGCs in transit. We term this 

somatic conglomerate the ‘migratory niche’. By predicting the receptor-ligand pairs of migrating 

PGCs and their migratory niche, we uncover new interactions which make migration a 

successful process. We also investigate how the migratory niche contributes to the state change 

between an early migrant and a successful colonizer of the gonad. Finally, we reveal germ cell 

subpopulations at the conclusion of migration. We bioinformatically identify a signature of highly 

expressed imprinted genes in a subpopulation, and show by whole-mount in situ hybridization 

that these cells are located in extragonadal tissues. We hypothesize that these extragonadal 
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PGCs may not be able to complete migration. These data characterizing intrinsic and niche 

associated heterogeneity in PGCs provide a resource for an in depth understanding of 

differences in migrating PGCs.  

 

2.2 - Migrating germ cell isolation and single cell RNA sequencing library 

creation of migratory timepoints 

To ascertain how mouse PGCs might differ across the migratory time period, we performed 

droplet based single cell RNA sequencing to create libraries from early embryonic timepoints 

during which PGCs are migrating from their site of specification to the forming gonads 

(Molyneaux et al., 2001). We created libraries from E9.5, E10.5, and E11.5, to span the 

beginning of directed migration and into the period of when PGCs settle into the forming 

gonadal ridges (Figure 2.1A). Since PGCs are few in number at early migratory timepoints 

(~200 cells, E9.5 (McLaren, 2003); ~1,000 cells, E10.5 (Saiti and Lacham-Kaplan, 2007)) 

timepoints, we used the reporter Oct4-ΔPE-eGFP (MGI:3057158, (Szabó et al. 2002)) to enrich 

PGCs from multiple age-matched embryos (see Methods). During active migration, we sought 

to determine if cells leading the migration were distinct from cells lagging behind. To do this, we 

constructed libraries from E9.5 and E10.5 embryos bisected into an anterior half (leading 

migrants, Figure 2.1A anterior of split) and a posterior half (lagging migrants, Figure 2.1A 

posterior of split) using somite number to split embryos consistently (see Methods). At E11.5, 

90-95% of PGCs have arrived at the forming gonadal ridge (Laird et al., 2011) with some 

remaining in the midline between the gonadal ridges (Figure 2.1A, arrowhead), others in the 

dorsal mesentery around the gonads and others in the tail mesoderm (Molyneaux et al., 2001). 

We dissected and dissociated the aorta-gonads-mesonephros (AGM) to enrich for both 

successful migrants, as well as PGCs remaining in the midline and mesentery proximal to the 
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gonads. While we did not split the libraries into gonadal ridge vs midline, we were able to 

bioinformatically identify some extragonadal PGCs later in analysis. A final component of our 

libraries was the inclusion of GFP -negative somatic cells to survey the supporting niche at each 

migratory timepoint.   
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A) To assay transcriptional heterogeneity in migrating mouse primordial germ cells, single cell 
RNA sequencing libraries were created from E9.5, E10.5, and E11.5. Oct4(ΔPE)-GFP 
transgene expressing embryos were dissected, and GFP positive PGCs concentrated by FACS.  

Figure 2.1 Single cell RNA sequencing of migratory germ cells and their somatic niche across 
developmental time 
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At E9.5, embryos were somite staged to 20-25 and kept. Anterior/Posterior split (dashed line) 
occurred at roughly somite 15.  
At E10.5, embryos were somite staged to 34-38 and kept. Anterior/Posterior were split between 
somites 19/20. Curved arrows indicate direction of migration.  
At E11.5, PGCs in the genital ridge and PGCs in the midline were included in the same library. 
Extragonadal, medial PGCs are indicated by the arrowhead. For each timepoint, we spiked 
back in GFP negative somatic cells, to enable probing of receptor-ligand pairs between PGCs 
and somatic cells. Embryos are not to scale.  
B) UMAP dimensional reduction plot of all three timepoints, and five anatomical locations. PGCs 
were identified by expression of Dppa3 (purple inset). E11.5 cells are labeled in blue. E10.5 
Anterior cells are light pink, and E10.5 Posterior cells are dark pink. E9.5 Anterior cells are light 
mint green, and E9.5 are dark green. PGCs and somatic niche cells are circled and indicated on 
the UMAP plot. 
C) Individual timepoints were bioinformatically clustered at a resolution of 0.4. Dashed outline 
identifies PGCs.  
D) Cell type labels assigned to the somatic cells from each timepoint. PGCs are indicated by a 
dashed outline. 
  

 

In total, we profiled 22,677 cells (15,178 PGCs and 7,499 somatic cells) from all migratory 

timepoints (Figure 2.1B). Results are visualized on Uniform Manifold Approximation and 

Projection (UMAP) dimension reductions. We identified PGCs based on expression of Dppa3 

(Figure 2.1B, inset) and other germ cell markers (see Methods). We sequenced 1229 E9.5 

PGCs, 1831 E10.5 PGCs, 12118 E11.5 PGCs. We acquired an average of 1912 genes per cell 

at E11.5, 2550 genes per cell at E10.5, and finally 3942 genes per cell at E9.5. We next began 

to cluster the data and identify the germ cell and somatic cell components present. Unbiased 

clustering was done while varying the resolution value; each dataset was surveyed and we 

selected a resolution of 0.4 (Figure 2.1C) to use to identify somatic cell types present in the 

datasets, while also providing some germ cell subclusters (Figure 2.1C, dashed circles) to 

interrogate for heterogeneities. While the limited cell number of PGCs present in the tissue at 

E9.5 and E10.5 did not permit us to construct multiple libraries from multiple biologic replicates, 

we prepared the E11.5 library in biological duplicate. The samples for each replicate were 

dissected on and sequenced on different days can be well integrated (Figure 2.2A), and each 

replicate contributes cells to every cluster (Figure 2.2B).  
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To characterize the somatic cell populations, we utilized both bioinformatics-based approaches 

as well as publicly available in situ hybridization databases. The classification strategy used to 

identify cell types is depicted in the flowchart in Figure 2.2C. The genes used to classify somatic 

cells are depicted in Figure 2.2D, and somatic cell types identified are shown in a UMAP 

dimensionality-reduction plot for each time point (Figure 2.1D, Figure 2.2E). At E11.5, the most 

developmentally advanced phase, we also detected precursors to the gonadal support cells (like 

the Sertoli cells, granulosa cells, and Leydig cells) as pre-differentiated coelomic epithelium 

(Figure 2.1D, E11.5). From each timepoint, among the differentially-expressed genes that 

distinguished some somatic cell clusters, we identified known chemoattractants and survival 

signals for PGCs including Sdf1/Cxcl12 and KitL in the Cxcl12 positive Niche, or the KitL 

positive Niche named clusters. We used these known supporting niche markers to identify 

clusters from which supportive signals to the PGCs might be derived. 
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A) Larger numbers of migratory PGCs present at E11.5 permit the construction of libraries from 
biologic replicates (shown in purple and cyan, respectively). Cells from each replicate are found 
in all areas of the dimensional reduction, indicating the libraries integrate well with no obvious 
batch effect.  

Figure 2.2 (Supplemental for 2.1) E11.5 biologic replicates integrate well, and somatic 
identification scheme can be used to label somatic cell populations 
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B) Replicate 1 and 2 each contribute to every bioinformatic cluster.  
C) Strategy for annotating somatic clusters combined a bioinformatics based approach with 
RNA in situ databases. Beginning with differentially expressed genes for each cluster, we used 
a combination of GO Analysis (to classify biologic processes the cluster might be involved in) 
and the Genewalks program (to filter out ‘promiscuous markers commonly found in many cell 
types) to identify a ‘shortlist’ of markers. Next, we checked expression of markers at E9.5-E11.5 
in RNA in situ databases, seeking expression in the migratory niche to confirm our bioinformatic 
hypothesis. Finally, taking GO Analysis, Genewalks, and in situ results together, we classified 
the somatic cell type.  
D) Markers used to identify somatic cell types.  
E) UMAP of all migratory timepoints combined, with somatic cell types labeled. 
 
 
 

2.3 - Predicting cell signaling between migrating mouse primordial germ 

cells and their supporting niche 

With nearby somatic cell types identified, we sought to uncover potential interactions between 

migrating PGCs and these populations in order to identify their supportive niche. We 

hypothesize that different receptor-ligand mediated signaling may guide PGCs at different 

locations and phases of migration. With separate libraries that incrementally span the migratory 

time period, identification of receptor-ligand pairs unique to a particular time was possible. We 

used CellphoneDB (Efremova et al., 2020) to match ligands expressed by somatic sender cells 

with corresponding receptor expressed by PGC receiver cells. Although CellphoneDB was 

developed for human data, previous work shows that converting the human genes to their 

mouse orthologs (using a package like BioMart (Smedley et al., 2009)) gives valid results 

(Saatcioglu et al., 2019). We thus applied CellphoneDB to our datasets, thresholding resulting 

receptor-ligand pairs to identify the most promising candidates for further study (see methods).  

 

We expect that receptor-ligand interactions shared between the E9.5 and E10.5 datasets would 

include long-range mechanisms of chemoattraction or repulsion, survival signals, adhesion or 

motility-promoting cues requiring cell-cell contact throughout the migratory route. A known 

https://sciwheel.com/work/citation?ids=8312724&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1238515&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=7168837&pre=&suf=&sa=0


 

56 

 

chemokine-receptor pair that we identified was Cxcl12-Cxcr4 at both migratory timepoints 

(Figure 2.3A-B, top pair). The chemokine Cxcl12, or Sdf1, is known to be a potent 

chemoattractant and survival cue for migrating mouse PGCs via the receptor Cxcr4 (Ara et al., 

2003; Molyneaux et al., 2003). We expected the most meaningful interaction data to come from 

the Sdf1 positive niche population signaling to the migrating PGCs. While Sdf1 expression is 

also highly significant in the brachial arch and biliary bud categories, these tissue niches are 

outside the migratory route and likely not truly signaling to the PGCs. Similarly, the 

CellphoneDB analysis reported a significant Kit-Kitlg interaction, although the detection in a 

subset of PGCs and coupled with many different somatic cell types does not reflect prior 

expression and genetic data and might indicate dropouts; KitL (also known as SCF or Steel 

Factor) is a critical chemoattractant and survival cue for migrating PGCs (Besmer et al., 1993) 

(Figure 2.3A-B, second pair).  

 

A novel suite of receptor-ligand pairs identified at E9.5 and E10.5 that has not been previously 

implicated in PGC migration is Eph-Efn (Figure 2.3, second category). Ephrins and their Eph 

receptors are involved in many migratory processes (Park and Lee, 2015; Pasquale, 2010; 

Santiago and Erickson, 2002), by mediating the stop and go of migration. Their role in PGC 

migration is previously unknown, but the presence of Ephrin receptor-ligand pairs at both 

migratory timepoints underscores their potential importance.  

https://sciwheel.com/work/citation?ids=319338,835502&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=319338,835502&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=63349&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5689636,1127338,1105436&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=5689636,1127338,1105436&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
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Using CellPhoneDB, a package which queries receptor-ligand interactions, we categorized the 
potential interactions between migrating PGCs at the somatic niche through which they are 
migrating.  

Figure 2.3 Interrogation of the somatic expressed ligands originating from the migratory niche 
and the companion receptors in migrating mouse PGCs with CellPhoneDB 



 

58 

 

A) Significantly enriched receptor ligand interaction pairs identified between E9.5 mouse 
somatic cells (shown in columns), which send ligands, and migrating PGCs, which host the 
receptor. Receptor ligand pairs (rows) are categorized according to signaling pathway, or 
putative function. P values are indicated by circle size; mean of the average expression level of 
interacting molecule pairs in each cluster are indicated by the color scale. 
B) Receptor ligand interaction pairs identified between E10.5 somatic cells and PGCs. At this 
time point, notable receptor ligand pairs include, but are not limited to, the increasing about of 
ECM/Collagen/Junction related receptor ligand pairs, perhaps reflecting the more advanced 
migratory germ cell population colonizing the gonad and transition out of a migratory profile and 
into a more attached profile. Note that at E10.5, there are still lagging cells in migratory phases, 
and we expected to and do see a Migration category here as well. 
 
 
 
To identify receptor-ligand pairs unique to early migration, we focused first on the E9.5 

timepoint. Wnt signaling emerged prominently, with Wnt5a ligand coupling to Ror2, Ptprk and 

Frizzled2/3 in E9.5 PGCs (Figure 2.3A, Wnt Category); Wnt5a-Ror2 signaling promotes motility 

of PGCs over proliferation in the hindgut (Cantú et al., 2016; Laird et al., 2011). Bmp7 and to a 

lesser extent, Bmp4 expressed by multiple somatic cells potentially interacts with Bmr1a/Avr2b 

expressed in the PGCs (Figure 2.3A, Bmp Category). Bmp signaling is known to be necessary 

for PGC specification (Lawson et al., 1999; Ying and Zhao, 2001; Ying et al., 2000), but less is 

known about what role it may play in migration.  

 

The E10.5 dataset contains PGCs in the most migratory niches, with the most advanced cells 

already settling into the gonadal ridge, cells in the midst of migration in the dorsal mesentery, 

and lagging cells in the hindgut niche. Accordingly, the receptor-ligand pairs present at E10.5 

reflect this varied physiologic positioning, with categories focused on migration, survival cues, 

and signaling pathways like Eph, Wnt, Bmp, and Notch (Figure 2.3B). We also found more 

extracellular matrix (ECM), Junction-related, and Collagen receptor-ligand pairs compared to 

E9.5. ECM molecules have been long appreciated for their contribution to cellular migration, and 

germ cell migration in particular (Alvarez-Buylla and Merchant-Larios, 1986; García-Castro et 

al., 1997; Soto-Suazo et al., 2004, 1999). Compared to E9.5, we observed more receptor-ligand 

https://sciwheel.com/work/citation?ids=2462059,835474&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1450,2155840,4019248&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12030125,12030145,6300993,8623540&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=12030125,12030145,6300993,8623540&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
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pairs which mediate establishment of adherens junctions (like the Nectin genes) and ECM 

related pairs (Figure 2.3B, ECM/Junctions/Collagen Categories). At this time point, we also see 

an increase in novel Eph/ephrin signaling receptor-ligands. These pairs may be linked to 

colonization of the gonad as well, since Eph/ephrin signaling pathways help coordinate 

adhesion and motility (Singh et al., 2012). 

 

2.4 - Identifying PGC-niche receptor-ligand pairs shared between human 

and mouse 

We hypothesized that some receptor-ligand pairs we identified in mice might also be found in 

analogous reproductive developmental time points in human samples. To test this, we turned to 

a previously published single cell RNA sequencing library (Li et al., 2017) containing PGCs and 

somatic cells from 4W-12W of human fetal development. We reanalyzed these data with Seurat 

and CellPhoneDB. We are able to identify the PGCs present at these timepoints using OCT4 to 

mark PGCs, and STRA8 to mark maturing germ cells (Figure 2.4A). Our reanalysis found that 

human early germ cells are arranged in a gradient of time, with a small outlier cluster of more 

mature 12W germ cells (Figure 2.4B). While these timepoints precede sex specification, 

inclusion of sex genotyping in the metadata revealed that germ cells from male and female do 

not segregate based on their sex; however, somatic tissue did somewhat group according to 

sex even at these early developmental timepoints (Figure 2.4C). Clustering divided the germ 

cells into 5 subclusters, while somatic cells were parsed into 5 clusters (Figure 2.4D), which 

were classified as previously described (Figure 2.4E).  

 

 

  

https://sciwheel.com/work/citation?ids=8812832&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=3745857&pre=&suf=&sa=0
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 Figure 2.4 Cross-species comparison of clustering and receptor-ligand pairs in similarly-
staged human migratory PGCs 



 

61 

 

To draw cross species comparisons on the receptor-ligand pairs, we re-analyzed sequencing 
data on human fetal germ cells and their somatic niche from 4W, 5W, 7W, 8W, 9W, 10W, 11W, 
and 12W, the most developmentally similar times to the E9.5-E11.5 mouse migratory time 
period.  
A) Identification of primordial germ cells (POU5F1/OCT4) and maturing germ cells (STRA8).  
B) UMAP projection showing that the germ cell cluster arrays in a gradient of time, with earliest 
4W/5W samples to the left of the cluster, and older timepoints to the right of the cluster.  
C) At early timepoints, sex is not a differential factor driving clustering of germ cells, as male 
and female germ cells clustered together. Somatic cells, however show distinct sex groupings 
per cluster.  
D) Unbiased clustering at resolution 2.0 reveals 5 germ cell sub-clusters and 6 somatic clusters.  
E) Somatic populations identified and labeled based on differentially expressed genes as well 
as previously described methods.  
F) CellphoneDB receptor ligand pairs that are shared by E9.5 mouse, E10.5 mouse, and 4W-
12W human datasets. 
 
 
 
To identify shared interactions between mouse and human PGCs and somatic cells during 

migration, we intersected values of E9.5, E10.5, and human W4-W12 receptor-ligand pairs. As 

shown in Figure 2.4F, we identified common signaling through established KIT and CXCR4 

receptors as well as signaling mechanisms not previously described in migratory PGCs, 

including EPH-EPHRIN, NOTCH, and CADM1. 

 

Distinct from mouse PGCs, human PGCs could be resolved by age-specific markers; we 

identified genes with bands of temporal expression that spanned the W4-5, W7-10, W11-12 

(pluripotent), and W11-12 (maturing) time periods (Figure 2.5). In agreement with previously 

published work which reanalyzed some of these timepoints, our reanalysis of the earliest human 

PGC and somatic tissue also identified WNT, TGFB, and Notch signaling pathways in the early 

timepoints (Overeem et al., 2021). We were also able to identify many other categories labeled 

in detail in Figure 2.6.  

https://sciwheel.com/work/citation?ids=11747057&pre=&suf=&sa=0&dbf=0
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Investigation of early human fetal germ cells reveals genes which are more highly expressed at 
different timepoints.  
A) UMAP projection showing that the germ cell cluster arrays in a gradient of time, with earliest 
4W/5W samples to the left of the cluster, and older timepoints to the right of the cluster.  
B) Genes expressed most highly in earliest w4-5 PGCs.  
C) Genes expressed most highly in w7-10 PGCs.  
D) Genes expressed most highly in w11-12 PGCs.  

Figure 2.5 (Supplemental for 2.4) Human migratory germ cells display temporally-
specific gene expression 
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E) Genes expressed most highly in w11-12 maturing germ cells, as defined by the expression of 
sex-specific genes.  
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Figure 2.6 (Supplemental for 2.4) Interrogation of the somatic expressed ligands originating 
from the migratory niche and the companion receptors in migrating human germ cells with 
CellPhoneDB 
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Using CellPhoneDB, a package which queries receptor-ligand interactions, we categorized the 
potential interactions between human migrating germ cells at the somatic niche through which 
they are migrating. In general, more receptor ligand pairs are observed than in mice. We again 
categorized the pairs. Unlike mouse, human germ cells and their somatic niche began showing 
a sex differentiation category of receptor ligand pairs. Human germ cells and their somatic cells 
lack the BMP signaling found in mice. Additionally, due to the inclusion of T cells in the human 
library, there is a large Immune profile that is likely a technical artifact. 
 
 
 
Finally, to investigate receptor-ligand pairs involved in specific developmental transitions, we 

turned to the NicheNetR package (Browaeys et al., 2020). While CellphoneDB examines all 

ligand-receptor interactions in a dataset, NicheNet goes one step further to probe receptor-

ligand pairs which may mediate a state transition in a cell population (Figure 2.7A). We probed 

the developmental transition of mouse PGCs between E9.5 and E11.5, in order to compare an 

actively migrating population to one settled into the gonadal ridge. To set up the test, we 

generated a differential gene list by comparing an E9.5 PGCs (green cells, Figure 2.7B) to an 

E11.5 PGCs (orange cells, 8B). Then, any receptor-ligand interactions known to induce 

expression changes in those genes were queried in PGCs (receptor cells) and the somatic 

niche populations (coordinating ligand; Figure 2.7C). The ligands are also linked to predicted 

target genes which potentially mediate the E9.5 to E11.5 state change (Figure 2.7D). In the 

human dataset, we compared early PGCs (Figure 2.7E, dark blue cells) to later PGCs (Figure 

2.7E, orange W11-12 cells; still expressing pluripotency markers). We similarly acquired a list of 

validated ligand-receptor pairs (Figure 2.7F), and then predicted target genes for top ligands in 

the human dataset (Figure 2.7G). We found that the state change from early to late PGC 

migrants revealed Slit-Robo signaling in both human and mouse (Figure 2.7C and F, bolded). 

Cldn11 was also shared between mouse and human (Figure 2.7C, F, italics). 

https://sciwheel.com/work/citation?ids=7913116&pre=&suf=&sa=0
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To further probe receptor ligand mediation of migrating germ cells, we investigated how receptor 
ligand pairs might be involved in mediating the state transition from an early migrant (E9.5 
mouse, 4-10W human) VS a late migrant at the gonadal ridge (E11.5 mouse, 11-12W human.  
 
A) Diagram detailing the analysis using NicheNet. Somatic migratory niche ligands and their 
corresponding receptor in the germ cell are identified, and linked to changes in gene expression 
in the germ cells.  

Figure 2.7 In mouse and human, the state change between early migrating PGCs and gonadal 
ridge colonizers involves Slit-Robo signaling 
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B) In mice, UMAP identifying the state change to be probed by NicheNet: PGCs from E9.5 and 
E11.5. The corresponding niches were queried for ligands.  
C) Somatic ligands and germ cell receptors identified in the transition from mouse E9.5 to E11.5 
PGCs. Receptor ligand pairs were only considered if they came from the literature, from a 
curated ligand-receptor database.  
D) Predicted target genes of somatic migratory niche ligand signaling to a receptor in mouse 
PGCs from E9.,5-11.5.  
E) In humans, identifying the state change to be probed NicheNet:4-10W and 11-12 primordial 
germ cells and their corresponding niche cells.  
F) Somatic ligands and germ cell receptors identified in humans. Receptor ligand pairs were 
only considered if they came from the literature, from a curated ligand-receptor database.  
G) Predicted target genes of somatic migratory niche ligands signaling to a germ cell receptors 
from W4-10 to W11-12. 
 
 
 

2.5 - Characterizing transcriptional differences in mouse E9.5 and E10.5 

Anterior and Posterior migrants 

We next investigated transcriptional heterogeneity within the migratory leaders and migratory 

laggards in the E9.5 and E10.5 datasets. When originally designing the libraries, we split the 

PGCs into anterior and posterior libraries based on PGC morphological location (Figure 2.1A, 

split indicator). While these morphological splits matched PGC activity during the migratory 

process, it was unknown whether this was reflected in transcriptional differences. 

 

Importantly, at both E9.5 and E10.5, the Anterior and Posterior libraries integrate well without 

any batch effect (Figure 2.8A). To determine whether transcriptional differences matched the 

morphological location, we queried whether we could detect known genes which are canonically 

expressed in the posterior tip of the mouse tail in the posterior E9.5 somatic libraries. We 

identified somatic genes Wnt5a, Wnt5b, Hoxb1, Rarg, Lfng, and T (Gofflot et al., 1997) as highly 

enriched in the posterior somatic cells at E9.5 (Figure 2.8B). At E10.5, we took advantage of the 

well characterized relationship between Hox genes and somites (Wellik, 2007), to test the 

anterior/posterior binning strategy. Based on previous data, we expect expression of Hoxd10 

https://sciwheel.com/work/citation?ids=924271&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11951117&pre=&suf=&sa=0
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(spanning somites 31-41; (Burke et al., 1995)) only in the posterior somatic cells; our anterior 

E10.5 library contained somites above 19/20, and our posterior E10.5 library contained somites 

greater than 21. A Hox gene like Hoxb4 (which expresses from somite 6 all the way to 41), 

would be present in both the anterior and posterior somatic cells (Burke et al., 1995). Indeed, 

we see expression of Hoxb4 in both anterior and posterior somatic cells, while expression of 

Hoxd10 is mostly restricted to the posterior library (Figure 2.8C), thus validating the split based 

on morphological location. Since the splits we introduced meaningfully split the somatic cells, 

we next sought to test whether anterior vs posterior PGCs showed transcriptional differences. 

https://sciwheel.com/work/citation?ids=5284463&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5284463&pre=&suf=&sa=0
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 Figure 2.8 Identification of spatially-specific genes in mouse PGCs from 
anterior and posterior sin the embryo 
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A) E9.5 and E10.5 Anterior and Posterior libraries integrate well with no batch effect. At E9.5, 
migratory PGCs were bisected at approximately somite 15 to create the Anterior compared to 
Posterior libraries. 
B) To validate the spatially-discrete libraries, we queried known markers of the embryo posterior 
in somatic cells. At E9.5, known posterior markers Wnt5a, Hoxb1, Wnt5b, Lfng, Rarg, and T 
were elevated in the posterior somatic cells, although expression was not detected in all 
posterior somatic cells, due to cell type diversity and dropouts.  
C) At E10.5, Hoxb4 expression is known to be restricted tosomites 6-41, and was found in equal 
abundance in Anterior and Posterior somatic cells, which were split at approximately somite 
19/20. Hoxd10, expression is restricted to somites 31-41 and was elevated in the posterior 
soma.  
D) Heatmap of differentially expressed genes in mouse E9.5 Anterior PGCs vs the E9.5 
Posterior PGCs.  
E) Heatmap of differentially expressed genes between mouse E10.5 Anterior PGCs vs E10.5 
Posterior PGCs.  
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To determine if any genes were differentially expressed in either the anterior or posterior 

compartment, we set up a statistical test to compare total anterior vs total posterior PGCs. This 

analysis found 41 differentially expressed genes at E9.5 and 19 differentially expressed genes 

at E10.5 (Figure 2.8C and Figure 2.8D, respectively). At E9.5, a subset of Anterior-upregulated 

genes are involved in oxidative phosphorylation (C1qbp, ChChd10), perhaps based on 

increasing energy demands of active migration out of the hindgut.  

 

Since we combined many embryos at times prior to sex specification, we have both male and 

female PGCs containing within our mouse datasets. At E10.5, Anterior cells express more 

Lefty2 (Souquet et al., 2012) and Pycr2 (Adra et al., 1987), two genes linked to male sex 

differentiation, perhaps because some of these leading migrants have already settled into the 

gonadal ridge and are progressing toward sex specification. However, we don’t see a strong cell 

cycle signature at E10.5, which is something we expected to find based on previous data (Cantú 

et al., 2016).  

 

To further categorize and understand the genes differentially expressed between anterior and 

posterior, we classified each gene according to position and function (Table 1). Both Anterior 

populations were marked by genes associated with metabolism, and Chchd10 in particular was 

shared by both E9.5 and E10.5 Anterior. In both posterior migrant populations, imprinting genes 

came up as population markers. Based on these data, we conclude that PGCs from the Anterior 

vs Posterior libraries at E9.5 and E10.5 do have transcriptional differences. 

 

https://sciwheel.com/work/citation?ids=12071005&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=3102539&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=2462059&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=2462059&pre=&suf=&sa=0
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Table 2.1 Differential genes from Figure 2.8D-E sorted according to position and function 

 

 

2.6 - Imprinted genes mark a subset of germ cell bioinformatically, and are 

located extragonadally in the tissue 

Cell cycle regression unmasks other heterogeneity  

Next we isolated PGCs and reclustered them without somatic cells. Reclustering with just the 

PGCs removed the strong differential expression signatures between PGCs vs soma and 

revealed subtle differences between germ cell subtypes. Analysis of germ cell only subsets 

showed that cells' positionality and embedding in the UMAP space generally followed trends of 

Up in E9.5 Anterior:

Germ Cell Pluripotency Dppa3 Dppa5a

Inflammation, Heatshock Hspb1 Phb

Metabolism C1qbp Chchd10 Ckb Gnai2 Gstp1 Ssbp4 Tomm40 Tomm70a

Migration Dynll2 Marcksl1 Map2k2

Miscellaneous BC048679 Gm10260 Srsf6 Zfp428 1500009L16Rik      D030056L22Rik

Reproductive Homeobox Rhox6 Rhox9

Ribosome Gm10020 Gm10260 Raly Rpl15 Rpl23a-ps3

Up in E9.5 Posterior:

Cell Cycle Ccnd2 Malat1

Golgi Golga3

Growth Factor Mdk

Imprinting H19

Inflammation, Heatshock Malat1 Pdap1

Metabolism Apoc1 Atp5k Ldha

Miscellaneous Gm10076 AY036118

Ribosomal Gm42418 Rps29

Cytoskeleton Tmsb4x

Up in E10.5 Anterior:

Histone Hist1h2ae Hist1h2ap

Male Differentiation Lefty2 Pycr2

Metabolism Chchd10 Phkg1

Nuclear Import Kpna2

Ubiquitin Mkrn1 Ube2s

Up in E10.5 Posterior:

Chromatid Cohesion Smc1b

Cytoskeleton Tmsb4x Tuba1a

Extracellular Matrix Breakdown Mmp14

Imprinting Meg3 Id1

Ribosomal Gm42418 Rps12 Rps24 Rpsa
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phases of cell cycle, mainly G2M vs S (Figure 2.9). Common cell cycle markers like Mki67 

(Gerdes et al., 1983; Miyachi et al., 1978) and pHH3 (Hendzel et al., 1997) were not present in 

the top genes of the cell cycle associated principal component. Rather, we found these genes 

making up a principle component associated with cell cycle: Cenpf, Prc1, Tpx2, Cdc20, 

Mis18bp1, Arl6ip1, Hmmr, Ube2c, Cenpe, Aurka, Malat1, Cks2, Nusap1, Plk1, Cenpa, Rps20, 

Rplp1, Rps29, Incenp, Zfp42.  

 

Migratory PGCs must decide whether to migrate or focus on proliferation (Cantú et al., 2016), 

and as such, perhaps this suite of cell cycle genes is permissive in the duality of rapidly 

switching between migration and proliferation during the development of the germline. Since 

some PGCs are replicating at this time point, this principal component was not surprising. 

However we were concerned that the strong phases of cell cycle signature we saw (Figure 

2.9A, G'-I') might be masking other heterogeneities.  

 

To probe the masking of cell cycle on heterogeneity, we scored each cell and assigned it a cell 

cycle phase (Figure 2.9A, G'-I'), and found that clustering of each migratory time point followed 

cell cycle phase (Figure 2.9B, G''-I''). Thus, we hypothesize that biologic heterogeneities are 

hidden by the strong cell cycle signal. To mitigate this, we performed a regression against the 

differentially expressed genes related to the G1, G2M, and S phases of cell cycle. We 

preserved true differences between a cycling cell and a non-cycling cell, as we know that cell 

cycle can be regulated by position along the migratory route (Cantú et al., 2016). After 

performing the regression, cell phase identity mixed across the UMAP (Figure 2.9D), and cells 

no longer clustered along the phases of cell cycle (Figure 2.9E). For all studied timepoints, we 

found that initial clustering (Figure 2.9G``, H``, I``) followed boundaries of cell cycle phase 

(Figure 2.9G`, H`, I`). Fortunately, regression against the phase of the cell cycle resulted in 

https://sciwheel.com/work/citation?ids=2085152,3997553&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=437173&pre=&suf=&sa=0
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more PGC sub-clusters (Figure 2.9E, G````, H````, I````), and clusters that did not fall along cell 

cycle phase boundaries anymore (Figure 2.9E, G```, H```, I```).   



 

75 

 

 Figure 2.9 (Supplemental for 2.8) Cell cycle phase regression reveals additional mouse 
PGC heterogeneities 
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A) All mouse migratory timepoints combined, with the phases of cell cycle identified. PGC 
subclusters group according to G2M and S phase.  
B) Subclustering patterns for all mouse timepoints combined follow cell cycle.  
C) Cell age / timepoint identity shows interdigitation of PGCs at E9.5-E10.5 and E10.5-E11.5 . 
D) After regression against the phases of cell cycle to remove that influence from the 
differentially expressed genes, PGCs no longer group according to G2M and S phase.  
E) PGC subclusters are more discrete and no longer follows the same pattern as phases of cell 
cycle.  
F) A comparison of cell age/time point at E9.5-E11.5 after regression.  
G) Cell cycle regression for the E11.5 PGC library alone. Before integration, cell embedding and 
clustering followed the patterns of phases of cell cycle. After cell cycle phase regression, PGC 
subclusters were more distinct.  
H) Cell cycle regression for the E10.5 PGC library alone. Before integration, cell embedding and 
clustering followed the patterns of phases of cell cycle. After cell cycle phase regression, 
clustering revealed more subtle subpopulations.  
I) Cell cycle regression for the E9.5 PGC library alone increased separation of subclusters. 

  



 

77 

 

Identification of bioinformatic PGC outliers in scRNA seq data 

When interrogating just E11.5 PGCs, unsupervised clustering revealed two spatially distinct 

populations of PGCs, Cluster 3 and 4 (Figure 2.10A). Clusters 3 and 4 had a differential gene 

expression profile unique enough to localize them away from the main body of PGCs. A list of 

markers for these cluster included several imprinted genes (Table 2). Maternally (H19, and 

Meg3) and paternally (Igf2) expressed genes marked Clusters 3 and 4 (Figure 2.10B), and were 

found with other markers for these cells in Table 2. This population of cells also expresses PGC 

maturation markers like Sox4 (Zhao et al., 2017) as well as Sox11, a marker classically 

associated with early embryonic development (Bhattaram et al., 2010). This sequencing library 

included both cells present in the gonadal ridge, and cells medial to the ridge and in the midline 

region. Thus, we hypothesized that the imprinting signature and differential gene expression 

profile present in Cluster 3 and 4 might reflect a gonadal vs extragonadal PGC location.  

 

Location of imprinted gene expressing PGCs in the extragonadal spaces of the 

AGM 

Since expression of imprinting genes is commonly found in somatic tissues, we were initially 

surprised by this result. However, later in reproductive development, germ cells are known to 

express H19 and other imprinting genes (Lucifero et al., 2002). To validate the expression of 

these genes, we performed in situ HCR to localize Igf2 in vivo. It strongly marked the somatic 

cells, as expected, so we quantified the expression of Igf2 in Imaris. By selecting PGCs spots 

from our Oct4(ΔPE)-GFP positive AGM samples (Figure 2.10C-D), we were able to exclude 

somatic expression of Igf2 and just consider expression of Igf2 in the PGCs. We were able to 

split the GFP positive cells in extragonadal and gonadal populations (Figure 2.10D, Spots 

Panels), to then quantify the Igf2 expression in either cell location. In samples from three 

https://sciwheel.com/work/citation?ids=12088308&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=166513&pre=&suf=&sa=0&dbf=0
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different litters, we found that Igf2 marks the extragonadal cells (Figure 2.10D, right panel). 

When the top 10% of all PGC Ifg2 was queried, 95.5% of that Ifg2 expression came from 

extragonadal PGCs. The strong increase in Igf2 expression in the extragonadal PGCs vs the 

gonadal PGCs is statistically significant (Figure 2.10F). Cluster 3 contains 5.4% of the total 

E11.5 PGCs population, and Cluster 4 contains 2.0% of the total E11.5 PGCs population.  
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A) After clustering all E11.5 cells (inset) we isolated and reclustered E11.5 PGCs. Two spatially-

Figure 2.10 Elevated expression of imprinted genes marks extragonadal PGCs at E11.5 
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distinct clusters were observed (Cluster 3 and 4).  
B) PGC subclusters 3 and 4, particularly cluster 3, defined by elevated expression of primarily 
maternally as well as paternally imprinted genes, with violin plots of Igf2, H19, and Meg3 shown.  
C) Whole-mount imaging of E11.5 aorta-gonad-mesonephros regions, where DAPI stain (grey) 
delineates tissue architecture, and Oct4-GFP marks PGCs.  
D) Whole-mount in situ hybridization for Igf2 in E11.5 aorta-gonad-mesonephros from Oct4-GFP 
positive embryos. Since Igf2 levels are high in somatic tissues, we analyzed transcript in PGCs 
only via the Imaris spot module to identify PGCs (green, Oct4-GFP and pink, Igf2). To quantify 
Igf2 in PGCs by location, we separated “extragonadal” or “gonadal” spots based on their 
anatomical location using DAPI.  
E) Igf2 transcript levels were compared between gonadal and extragonadal PGCs in three 
separate aorta-gonad-mesonephross from three different age matched litters. In each aorta-
gonad-mesonephros, Igf2 was significantly increased in extragonadal PGCs. 
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Table 2.2 Top 30 Differentially Expressed Genes in E11.5 Cluster 3 and 4 

 
  

Gene P Value Ave logFC pct.1 pct.2 Adj P Value Imprinted?
Expressed 

Allele

Tmsb4x 1.67E-186 1.25523371 0.819 0.499 3.34E-183 No

H19 3.52E-165 1.228218952 0.734 0.307 7.04E-162 Yes Maternal

Ptn 5.96E-251 1.202255789 0.744 0.212 1.19E-247 No

Meg3 3.98E-139 1.160767459 0.706 0.314 7.96E-136 Yes Maternal

Mdk 3.88E-247 1.151170114 0.861 0.53 7.77E-244 No

Hmga2 6.78E-293 1.048985416 0.827 0.269 1.36E-289 No

Cald1 3.62E-135 0.934550357 0.654 0.204 7.24E-132 No

Ccnd2 3.51E-111 0.83765889 0.614 0.199 7.01E-108 No

Malat1 1.03E-254 0.824052049 1 0.996 2.06E-251 No

Actb 4.65E-121 0.76328151 0.999 0.999 9.29E-118 No

Tshz2 7.91E-98 0.73401876 0.547 0.135 1.58E-94 No

Gpc3 2.54E-87 0.669618666 0.538 0.156 5.08E-84 No

Igf2 1.69E-65 0.631157137 0.518 0.115 3.37E-62 Yes Paternal

Mest 7.00E-202 0.625559681 0.752 0.307 1.40E-198 No

Meis2 4.39E-56 0.621901984 0.547 0.222 8.79E-53 No

Tpm1 6.32E-58 0.582659942 0.768 0.636 1.26E-54 No

Nnat 5.78E-77 0.580566521 0.526 0.154 1.16E-73 Yes Paternal

Sparc 5.89E-78 0.568046144 0.851 0.741 1.18E-74 No

Tsc22d1 3.15E-98 0.561615689 0.857 0.557 6.31E-95 No

Igfbp5 9.32E-129 0.558317344 0.555 0.189 1.86E-125 No

Peg3 1.04E-84 0.557844727 0.904 0.795 2.07E-81 Yes Paternal

Col1a2 2.37E-121 0.552546414 0.55 0.154 4.75E-118 No

Nr2f2 8.76E-56 0.547656728 0.452 0.113 1.75E-52 No

Mfap2 1.34E-29 0.547552381 0.417 0.099 2.68E-26 No

Sox11 6.42E-72 0.543836633 0.525 0.169 1.28E-68 No

Cd63 1.91E-58 0.537220734 0.518 0.171 3.81E-55 No

Serpinh1 4.00E-107 0.529125939 0.808 0.464 8.01E-104 No

Dlk1 7.98E-13 0.527295085 0.391 0.151 1.60E-09 Yes Paternal

Cdkn1c 6.25E-26 0.523518128 0.433 0.113 1.25E-22 No

Sox4 1.34E-53 0.50402788 0.557 0.214 2.67E-50 No
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2.7 - Chapter Conclusion 

Taken together, this work provides a comprehensive look at heterogeneities present in 

migrating PGCs of mouse and human. Studying the heterogeneities underlying migrating PGCs 

gives insights into the transcriptional makeup of the seed population of reproductive cells that 

colonize the gonad. The idea that some heterogeneities (eg, increased imprinting gene 

expression at E11.5) might make a cell less likely to reach the gonadal ridge has long reaching 

implications for the fate of the reproductive pool. In the case of imprinted genes which are 

typically silenced by methyl marks, the expression of imprinted genes calls into question the 

integrity of the genome methylation status in the extragonadal PGCs. If, as the expression of 

imprinted genes implies, extragonadal PGCs are lacking methyl marks, these cells may be at 

risk for a deleterious retrotransposition effect. Additionally, how a germ cell is able to interact 

with its somatic environment may be a fitness test; if a germ cell cannot stay on the guided path 

toward the gonad, what other signal cues might be missed during later developmental 

processes? Understanding migrating PGCs better will promote a more holistic understanding of 

germ cell fitness.  

 

In this work, we have created the largest survey of migratory mouse PGCs thus far. By splitting 

our libraries into anterior leaders compared to posterior laggards, we could also probe for 

heterogeneity based on position in the migratory route. The many PGCs we queried also 

facilitated our receptor-ligand analysis, enabling robust identification of receptor-ligand pairs 

mediating the migratory process, as well as probing how the niche might contribute to a 

successful migrant. Finally, we bioinformatically uncovered a population of PGCs expressing 

imprinted genes. This exciting identification of extragonadal PGCs makes it possible to further 

follow these cells up for study in the future. We also are able to compare our findings to 

developmentally similar human PGCs. Together, these data provide a thorough account of the 
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similarities and differences present in migrating mouse and human PGCs, giving insights into 

the precursors to the reproductive lineages and the development of future generations. 
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Chapter 3 Discussion of discovered PGC heterogeneities  

This work presents the deepest look into the individual transcriptional signatures of migrating 

PGCs in mouse and human while capturing the highest number of cells to date. Our sequencing 

libraries generated also contain positional information to further break down the heterogeneities 

present in migrating mouse PGCs while retaining their spatial context. Inclusion of somatic 

niche cells allowed for interrogation of receptor-ligand signaling involved in the regulation of 

migration. Finally, differential expression of genes at the bioinformatic level permitted 

identification of an extragonadal PGC population at the end of migration. How these 

extragonadal PGCs which express imprinting genes might factor into future gonadal 

development is unclear. We hypothesize that some of these extragonadal PGCs will remain 

ectopic as a result of their aberrant epigenetic reprogramming. 

 

3.1 - Summary of mouse single cell RNA sequencing field after our 

contribution 

The etiology of disease states for organs like the testis or ovary requires an understanding of 

the fundamental developmental biology of the organ; many organ-related diseases such as 

endometriosis and germ cell tumors co-opt these developmental programs during their 

progression. A key aspect of understanding the reproductive organs begins at their colonization 

after migration. Thus, more detailed description of how PGCs are moving through their normal 

migratory route is paramount to understanding how migration contributes to the greater cellular 

fitness of the reproductive system. Previous work has used movies and imaging to excellently 

characterize the phenotype of PGCs during their migration (Gomperts et al., 1994; Molyneaux et 

al., 2001). Now, using modern technologies to unbiasedly observe RNA transcripts from all 
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migratory PGCs, we provide a rich and promising companion data to those interested in 

studying the early PGCs. A recent study performed sequencing to characterize early germ cell 

fate and sex determination from matched time points included E9.0, E10.5, and E11.5 mouse 

cells (Mayère et al., 2021). Like us, this group found that early migratory timepoints did not differ 

strongly when all cells were integrated into a single object and their ages plotted. However, our 

work includes an order of magnitude more germ cells at each timepoint, ensuring that subtle 

phenotypes with small sample sizes are well represented. In addition, the design of our library 

includes the split of anterior migratory leaders compared to posterior migratory laggards at E9.5 

and E10.5, allowing the retention of spatial and developmental contexts within our dataset. 

3.2 - Discussion of heterogeneities found and their implication 

Mouse compared to human 

Comparisons of mouse PGC migratory libraries across each timepoint failed to find strong 

differential gene expression, suggesting an overall homogeneity within the PGC population 

during this process. The E9.5, E10.5, and E11.5 libraries integrated together well, implying that 

there are not large differential gene expression profiles distinguishing cells across migratory 

time. (Figure 2.9F). This is in contrast to the gene expression profiles found linked to similar 

developmental time points in the human fetal dataset (Figure 2.4B). The mouse as a model for 

human development is great, but differences between the two vertebrates are often found. For 

example, the length of time during which PGCs migrate in human compared to mouse 

development could contribute to both the heterogeneity of human migratory PGCs as well as 

the homogeneity of mouse migratory PGCs. Human PGCs are known to migrate over the 

course of weeks, from 4-14W of development (Mamsen et al., 2012). In contrast, the mouse 

PGC journey from the hindgut, through the dorsal mesentery, and into the gonadal ridge is a 

quick sprint lasting 2-2.5 days. The differences in time scale between human and mouse PGC 
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migration may permit greater RNA expression diversity and phenotypic variation. Additionally, 

the human PGC libraries contains fewer cells created from a well based library preparation 

sequenced very deeply, which is in contrast to our droplet-based libraries where we prioritized 

collection of many cells sequenced more shallowly. This technical difference in library 

preparation may also account for capturing rarer genes expressed across developmental time. 

 

The migratory niche 

While our analysis focused on the earliest developmental times present in the library, previous 

work (Overeem et al., 2021) also analyzed the Li et al library (Li et al., 2017) using CellphoneDB 

and characterized RTK, WNT, TGFβ/BMP, and NOTCH signaling pathways in germ cells during 

second trimester. When the early 4W-12W were reanalyzed, again the same pathways come 

up, indicating that RTK, WNT, TGFβ/BMP, and NOTCH have roles not just during the second 

trimester, but also during the earliest phases of PGC development and migration. 

 

Differences in mouse and human migrating PGCs 

Although human PGCs and mouse PGCs both undergo migration, the nature of and niche 

composition of that migration differs between the two species. Human germ cells have been 

shown previously to use nerve fibers as a migration substrate according to one report (Møllgård 

et al., 2010), while mouse germ cells showed no such co-localization with nerve fibers (Wolff et 

al., 2019). We saw some nervous system related receptor-ligand pairs upregulated in the 

human PGC receivers compared to the mature germ cell receivers. We do not see a nervous 

system category in the migrating mouse PGCs. For instance, the LXH9 positive somatic niche 

signaling to human migratory PGCs, nervous system receptor ligand pairs ADGRV1_GPHA2, 

GPR37_PSAP, MDK_LRP1, and NTRK1_AIMP1 were all significantly upregulated; enrichment 

for this LXH9 niche nervous system receptor-ligand signal was lost as PGCs developed into 

https://sciwheel.com/work/citation?ids=3745857&pre=&suf=&sa=0&dbf=0
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mature germ cells. Understanding the functional significance of any of these receptor-ligand 

pairs and how they may impact PGC migration, survival, and development remains an open 

question. These data taken together underscore the need for a thorough understanding of both 

PGC intrinsic heterogeneity, as well as PGC interconnectedness within their migratory niches, 

including interaction with nervous and other somatic tissues. 

 

Junctions at the end of migration 

Considering both mouse and human migrating PGCs, the increased prevalence of cell junction 

related receptor-ligand pairs is perhaps indicative of PGCs migrating into and beginning to 

colonize the gonad, utilizing junctions to facilitate the end of their migration. Adherens junctions 

are required to anchor germline stem cells to their tissue niche in Drosophila (Song et al., 2002), 

and so the receptor-ligand pairs at E10.5 may be functioning similarly in vertebrates. Cadherins 

are known to have roles in coordinating phases of migration (Bendel-Stenzel et al., 2000), and 

indeed we find categories for junction related receptor-ligand interactions in all our timepoints, 

from both species.  

 

Novel Eph/ephrin signaling found in mouse and human PGCs 

We also see an increase in novel Eph/ephrin signaling receptor-ligands in both the human and 

mouse PGC datasets. To the best of our knowledge, the role of Eph/ephrin signaling in both 

human and mouse migrating PGCs has never been studied. The EFNA1-EPHA4 and EFNA4-

EPHA4 receptor-ligand pairs, which are found in both mouse and human, may be linked to 

colonization of the gonad, as Eph/ephrin signaling pathways have established roles in 

coordination of adhesion and motility (Singh et al., 2012). Epha4 is known to be necessary for 

alignment of neuroblasts and organization of astrocytes in the developing rodent brain (Todd et 

al., 2017). Epha4 also regulates neural crest cell migration (Smith et al., 1997), another cell type 
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which undergoes a targeted migration. It is possible that Eph-Ephrin signaling modulates PGC 

migration in ways not yet known. It is exciting to find Eph-Ephrin signaling in migrating germ 

cells, and the importance of this novel finding is evident when considering how much is yet to be 

discovered about PGC migration. Heterogeneities in Eph-Ephrin signaling may set up a 

migration differential or colonization differential which impacts the seed population of germ cells 

which make it to the gonad. Future work to clarify what role Eph-Ephrin signaling has in relation 

to migrating germ cells will be of great value to the field. 

 

A possible role for Bmp signaling in guiding migrating mouse PGCs 

Although loss of Bmpr1a results in PGC migration along an incorrect route, exogenous BMP4 

does not appear to be a PGC chemoattractant when added to gonadal ridge tissue slices 

(Dudley et al., 2007). A subsequent study (Dudley et al., 2010) proposed that BMPs do not 

directly act on PGCs, but rather influence the somatic cells along the migratory route, causing 

these somatic cells to express other cues which guide PGCs. Since we also see BMP7 ligand 

expressed in PGCs, it would be interesting to test whether BMP7 helps PGCs stay on the 

correct route, or if it plays a role as a PGC chemoattractant. Interestingly, we find BMP7 ligand 

expression in both mouse and human PGCs; whether BMP7 is one such chemoattractant or 

contributes to PGC migratory route guidance remains an open question. Whether Bmr1a or 

Avr2b receptors enable PGCs to home in on the migratory route is unknown. However, early 

embryo developmental requirements for BMP signaling impair straight-forward testing of this 

without inducing embryonic lethality. 

 

Somatic contributions in the state change from E9.5 to E11.5 PGCs 

Finally, we aimed to classify specific PGC-soma interactions involved in developmental state 

transition from E9.5 to E11.5, and early 4W-10W to 11-12W. NicheNet identified all potential 

https://sciwheel.com/work/citation?ids=6300865&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11962221&pre=&suf=&sa=0
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pairings present in the dataset regarding the developmental transition, but we knew that not all 

interactions are physically possible, based on where PGCs may be in migration. However, since 

Nichenet searched for receptor-ligand pairs involved in mediating the state change of our PGC 

specific differential expression list, the relevance of the receptor-ligand pairs returned is 

evidenced. 

 

We found that Slit-Robo signaling is a shared receptor ligand pair associated with the 

developmental transition from an early migrant to a late migrant. We found these receptor ligand 

pairs in both mouse and human datasets; understanding how homologous/shared as well as 

heterogeneously expressed pathways between mouse and human in future work will help 

uncover the complex network of regulation controlling PGC migration and colonization of the 

gonadal ridges. Slit-Robo signaling has a known function in axon guidance (Tong et al., 2019), 

and may play a similar role in guiding migratory PGCs through the hindgut to the gonad. 

Another such receptor ligand pair mediating the developmental transition from E9.5 to E11.5 is 

Cldn11. This gene, which functions as its own receptor and ligand, is known to cause infertility 

later in male development (Mazaud-Guittot et al., 2011); it is unknown what role it might have in 

the maturation of migrating PGCs prior to sex specification. Since loss of Cldn11 has been 

associated with cancer invasiveness (Agarwal et al., 2009; Li et al., 2018), Cldn11 may be 

acting as a break on migration. Future work characterizing these receptor-ligand pairs and how 

they regulate PGC will help clarify the role niche interaction has on this migratory behavior. 

 

The categories we have discovered in our receptor-ligand analyses confirm longstanding field 

knowledge, as well as contribute new avenues for exploration. Future directions following up 

any of these results will increase the niche-specific context of migrating PGCs. Additionally, it 

would be interesting to see if any genes which are expressed in a time specific manner affect 

https://sciwheel.com/work/citation?ids=11616047&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=12054700&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=12054741,12054743&pre=&pre=&suf=&suf=&sa=0,0
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the ability of human PGCs to migrate. However, it is possible the banding patterns of gene 

expression serve some purpose beyond migration. Further study to characterize the time 

restricted markers should bear interesting results about their function. 

3.3 - The impact of imprinting and future directions 

The ability of germ cells to switch from active, directed migration to colonization has been a 

fascinating area of study, inspiring beautiful time lapse imaging and microscopy data to 

characterize germ cells as they complete their arduous journey to the gonad. PGCs during this 

time period balance many developmental programs simultaneously, including proliferation 

(Cantú et al., 2016), migration, and the start of epigenetic reprogramming (Ewen and Koopman, 

2010). Epigenetic reprogramming of the cells which carry the potential for future generations is 

a potentially dangerous but necessary component of PGC further specification to mature 

spermatogonia or oogonia (De Felici, 2011). While the changing of methyl marks and histone 

modifications must occur to promote further sex specification of the germ cells, the opportunity 

for deleterious expression of retrotransposons suggests that there may be some quality control 

mechanism to ensure that PGCs complete their epigenetic reprogramming correctly and with 

minimal genomic damage.  

 

Migration has been proposed to function, in part, as a filter for PCG fitness (Cantú and Laird, 

2017), and our data demonstrating highest imprinting gene expression in extragonadal PGCs 

supports this theory. We also observe expression of imprinted genes in early migratory 

timepoints. Specifically, expression of H19 marked the E9.5 Posterior cells, and expression of 

Meg3 and Id1 marked the E10.5 Posterior cells (Table 1). The earliest waves of passive imprint 

erasure have been found to occur early in PGC migration (Kagiwada et al., 2013). As each PGC 

migrates into a more proliferation permissive niche (Cantú et al., 2016), it's is possible that the 

https://sciwheel.com/work/citation?ids=2083933&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=2462059&pre=&suf=&sa=0&dbf=0
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replication-based removal of genome imprints described by Kagiwada and collogues is 

responsible for the increased expression of imprinted genes we saw in our PGC clusters. The 

expression of imprinted genes always occurred in the migratory laggards (the posterior libraries 

at E9.5 and E10.5 [Table 1], the extragonadal PGCs lagging in the medial/midline region of the 

aorta-gonad-mesonephros [Figure 2.10]). Thus, we hypothesize that imprint erasure which 

occurs too early leads to a decreased ability of PGCs to migrate to the gonadal ridge. A future 

direction for this work would be to clonally label extragonadal PGCs, either through a timed 

expression of an Igf2 based inducible transgene, and measure whether cells with high 

imprinting gene expression can complete migration. If these cells remain in the extragonadal 

space and are eventually selected for death, something about their imprinting signature, or 

underlying methylation status, could have caused them to miss migratory cues.  

 

We observed no imprinting signature observed in the reanalyzed human migratory PGCs 

(Figure 2.6). However, the comparison is complicated by the rare nature of these cells 

compared to the entire population. In the mouse, the number of germ cells which made up the 

imprinting cluster tallied at a modest 5.4% of all E11.5 PGCs surveyed. It is possible that 

imprinting gene expressing cells are a small enough population that when Li and collogues 

manually collected their ~2000 PGCs for sequencing (Li et al., 2017), they did not acquire a 

PGC with this aberrant profile. The advantage of droplet based sequencing approaches is the 

ability to capture many cells, and increase the chances of observing a rare cell population. In a 

head to head comparison in retinal bipolar neurons, more shallowly sequenced captured cells 

sequencing was better for classifying more cell types when compared to fewer cells deeply 

sequenced (Shekhar et al., 2016). Therefore, the possibility remains that droplet based 

sequencing of human PGCs in future may reveal the presence of imprinted loci. 

 

https://sciwheel.com/work/citation?ids=3745857&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1987249&pre=&suf=&sa=0&dbf=0
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How epigenetic reprogramming progresses differentially in gonadal PGCs compared to 

extragonadal PGCs remains an intriguing open question. Are the aberrant imprinting profile 

seen in the lagging migrants is a factor of their location? Or is the profile some key intrinsic 

heterogeneity that is magnified through the migratory process? A clonal label system which 

tracks their progress through epigenetic reprogramming, navigation through developmental 

checkpoints, and contribution to future niche colonization would provide important insight into 

differentiating these mechanisms. 

3.4 Conclusion 

In summary, this work provides a transcriptional survey of migrating mouse germ cells and 

migrating human germ cells. We interrogated migrating PGCs in the context of their somatic 

niche, and identified known and novel receptor ligand pairs which may be involved in regulation 

of migration or colonization of the gonadal ridge. We identified transcriptional differences 

between PGCs in different phases along the migratory route connecting their spatial 

heterogeneity to transcriptional heterogeneity. In the mouse, we assayed the difference 

between migratory leaders and laggards E9.5 and E10.5, and in the human characterized 

expression of time-restricted genes in the PGCs, finding that bands of genes expressed in a 

time specific manner. Finally, we distinguished gonadal and extragonadal germ cells 

bioinformatically at the end of migration, and validated these results using HCR to locate the 

Igf2 expressing PGCs in the AGM. Understanding how migration may rank the fitness level 

between gonadal and extragonadal PGCs will promote better understanding of germ cell quality 

at one of the earliest developmental checkpoints.  
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Chapter 4 Methods 

Mouse Crosses 

CD1 females were crossed to males homozygous for Oct4-ΔPE-eGFP (MGI:3057158). Plug 

date was designated as 0.5 days post conception. Pregnant mice were euthanized and age 

matched embryos were dissected in 0.4% bovine serum albumin (BSA) in 1x phosphate-

buffered saline (PBS) at E9.5, E10.5, and E11.5. Embryos were further staged by somite 

number, to tighten the range of developmental time for embryos used in library creation. 

 

E9.5 dissociation 

At E9.5, 6 litters were dissected and embryos with total somite counts of 20-25 were kept. To 

further split our E9.5 embryos into an Anterior Bin and Posterior Bin (containing migratory 

leaders and laggards, respectively), embryos were bisected right below where the PGCs have 

begun to push into the mesentery tissue, around somite 15. (Figure 2.1A, dashed line). 

Embryos were cut above the forelimb, and the posterior halves removed. Two to three heads 

were saved for a GFP negative control. Each litter was pooled into a tube and added 200uL of 

pre-warmed 0.25% Trypsin/ETDA, and incubated the tubes for 10 minutes in a 37°C water bath. 

After 10 minutes, a razor blade was used to cut a pipette tip to be slightly wider/gentler for 

sample mixing. For this and other timepoints, samples were triterated gently (the objective being 

to mix the tube, not use the force of pipetting to shear the embryos; sheared embryos resulted 

in poor digest/FACS yields). If after 10 minutes the digest still looked clumpy, then the samples 

were incubated another 10 minutes in the 200uL 0.25% Trypsin/ETDA. Next, 50uL of 1mg/ml 

DNAse was added, samples triterated gently, and incubated for 5 minutes at 37°C. After 5 

minutes, samples were checked for consistency. If they were thin and homogenous, digests 

were quenched with a 1:1 volume of FBS. If samples were still a chunky or gluey, 50uL more 
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DNAse was added and samples were incubated for 3 more minutes at 37C, after which samples 

were quenched with a 1:1 volume of FBS and placed on ice. 

 

E10.5 dissociation 

At E10.5, 30 GFP positive embryos with total somite counts of 34-38 were kept. To separate 

E10.5 embryos into Anterior and Posterior Bins (containing migratory leaders and laggards, 

respectively), embryos were bisected caudal to the point where PGCs have begun to bifurcate 

toward left or right gonadal ridges, between somite 19 and 20 (Figure 2.1A, dashed line). 

Dissected embryos were cut in half just below the heart, and the posterior half of the embryo 

was dissociated to prepare for FACS germ cell concentration (GFP-negative heads were used 

as GFP-negative control tube). Embryo posterior halves were split into groups of 10, and placed 

in a 37C water bath with 400uL of pre-warmed 0.25% Trypsin/ETDA. An additional 200uL of 

pre-warmed 0.25% Trypsin/ETDA was added if the solution appeared too thick. Embryos were 

digested at 37°C for 15 more minutes, and digest progress aided by flicking and assessing 

solution viscosity every 5 minutes. 200uL of 1mg/ml DNAse was added, samples triterated, and 

then incubated for 5mins in 37C water bath. After a 5 minute digest, samples were assessed. If 

there are still clumps, an additional 5mins or additional 200uL of 1mg/ml DNAse can be added. 

Once the solution is homogenous and water-like, quench with a volume matched amount of 

FBS and place on ice. 

 

E11.5 aorta-gonad-mesonephros dissociation 

Aorta-gonad-mesonephros (AGM) regions of age matched embryos (45-49 somite range) were 

microdissected out from posterior embryo. AGMs were grouped in sets of 6, and placed in a 

37°C water bath. GFP-negative heads were also processed as a control. 500uL of 0.25% 
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Trypsin/EDTA was added to embryos. Tubes were incubated for 20 minutes, triterating with a 

cut pipet tip at every 5 minute interval to gently mix the solution. After 20 minutes, 100uL of 

1mg/ml DNase was added to each tube, and tubes were mixed by flicking. After 5 minutes of 

incubation with DNAse added, samples were assessed for homogeneity. Once the solution was 

waterlike and homogenous, digests were quenched with 1:1 volume FBS and placed on ice. For 

the first biological replicate, 23 embryos were dissociated. For the second replicate, 12 embryos 

were dissociated. 

 

Cell Sorting 

Once on ice, each sample was filtered through a 35nm strainer. Tip and tube and filter were 

rinsed with a small amount of 0.1% BSA to wash all possible GFP positive PGCs into the cell 

suspension. Sytox Blue live-dead indicator was added at the appropriate 1:1000 concentration 

to each digest. Samples were sorted on either a BD FACS Aria2, Aria3, or Aria Fusion, the 

following a gating pattern: 1) side scatter area vs forward scatter area to select for cells; 2) side 

scatter width vs side scatter height to select for cell singlets; 3) forward scatter width vs forward 

scatter height to select again for cell singlets; 4) Sytox Blue vs forward scatter area to select for 

Sytox Blue negative live cells; and finally 5) GFP vs forward scatter area. The range of GFP 

negative vs. positive gates was calibrated each experiment based on the GFP-negative digest 

sample, aiming to put GFP-negative cells in the 103 range and GFP positive cells in the 104 to 

105 range. GFP positive cells were collected in 500uL of 0.2% BSA, and GFP-negative somatic 

cells were also collected in 500uL of 0.2% BSA. For each collection of GPF positive sorted cells, 

somatic cells from the respective position/niche were spiked back in the sample at a 1:1 ratio. 

Cells were concentrated into a 300-1500 cell/uL range, resuspending in 0.1% BSA. 

 



 

96 

 

Library Creation 

Sorted GFP positive germ cells were pooled with an equal amount of GFP-negative somatic 

cells from each timepoint and anatomical location. Counted cells were loaded onto a 10X v2 

chip to create a single cell emulsion. For E9.5 Anterior, we loaded 3400 cells, and for E9.5 

Posterior, we loaded 2800 cells. For E10.5 Anterior, we loaded two technical replicates totaling 

9300 cells. For E10.5 Posterior, we loaded two technical replicates totaling 11200 cells. For the 

two E11.5 biological replicates, we loaded 15,000 and 10,000 cells, respectively. Library 

creation was done in house following 10X ChromiumTM Single Cell 3' Reagent Kits v2 User 

Guide Rev A. Briefly, Single-Cell 3′ Reagent Version 2 Kit (10X Genomics) was used with 

fluidics to create individual cells in gel bead-in-emulsions (GEMS). Samples were prepared 

directly according to the protocol, with the following steps tailored to maximize library yield: at 

the cDNA amplification step used 14 cycles, and at the sample index PCR step used 14 cycles. 

Samples were tested for quality on an Agilent Bioanalyzer High Sensitivity chip before 

sequencing. E9.5 and E11.5 libraries were sequenced on HiSeq 4000 (Illumina) with paired-end 

sequencing parameters: Read1, 98 cycles; Index1, 14 cycles; Index2, 8 cycles; and Read2, 10 

cycles. E10.5 libraries were sequenced on Novaseq (Illumina) with paired-end sequencing 

parameters: Read1, 150 cycles; i7 Index, 8 cycles; i5 index, 0 cycles; and Read2, 150 cycles. 

 

scRNA Analysis 

Seurat and SoupX 

Mouse 

To analyze the mouse datasets, count data was thresholded and analyzed in the package 

Seurat (v3.2.3) (Stuart et al., 2019). To stringently remove empty GEMS and keep only real 

cells, cells with fewer than 200 genes (E9.5, E11.5) or 500 genes (E10.5) were excluded. Cells 

https://sciwheel.com/work/citation?ids=7035390&pre=&suf=&sa=0
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with greater than 4000 genes were excluded at E11.5. Cells with 5% or greater mitochondrial 

counts were also excluded. Libraries were normalized via NormalizeData, and 2000 top variable 

genes found with FindVariableFeatures. Libraries were integrated according to the Seurat 

Integration tutorial (“Introduction to scRNA-seq integration” Compiled: August 30, 2021) with the 

only change being 1:20 dims used when a dimension variable was called. RunPCA calculated 

principal components, and significant PCs were determined with ElbowPlot and DimHeatmap 

visualizations. RunUMAP was used to compute dimensional reduction on dims 1:20 and 

visualize the reduction. To acquire differentially expressed genes, FindMarkers was used on 

clusters or cell groupings (eg, Anterior vs Posterior) of interest. When aberrant hemoglobin gene 

expression in non-red blood cells was discovered, data was processed through SoupX (version 

1.5.2) (Young and Behjati, 2020) to remove ambient ‘soup’ RNA contamination, and then rerun 

the above filtering/analysis. Soup parameters were either set by the function autoEstCont to 

automatically estimate ambient RNA contamination, or set by slowly increasing the threshold of 

filtering until Hbb* genes ceased to inappropriately be found as markers for non-red blood cell 

genes, as follows: E9.5 Anterior, 12%; E9.5 Posterior, autoEstCont; E10.5 Anterior, 19%, E10.5 

Posterior, autoEstCont. To generate the PGC only analysis, cell names from clusters strongly 

expressing PGC markers (Dppa3, Oct4, Dazl, Ifitm3) were used to subset the SoupX cleaned 

count data, and PGC-only objects created per above. To compare the E9.5 anterior and 

posterior populations, dittoSeq was used to generate the heat maps.(Bunis et al., 2020) 

 

Human 

To reanalyze the human datasets, 4-12W count files were downloaded from GSE86146 (Li et 

al., 2017). Individual timepoints contained too few cells for Seurat 3.2.3 to integrate effectively, 

therefore, male and female matrices were created and integrated as described for mouse 

datasets. 

https://sciwheel.com/work/citation?ids=10258746&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10314148&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3745857&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=3745857&pre=&suf=&sa=0
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Somatic Labels 

To characterize a population, we first ran the Seurat FindMarkers function and output both 

UMAP plots of the top reported markers as well as Violin plots. Since hundreds of markers are 

often returned, we used two bioinformatic approaches to narrow candidate genes down (Figure 

2.2C). First, we took highly differentially expressed and statistically significant markers for a 

population and ran GO analysis on the gene lists, using the online tool Panther. We were then 

able to group similar GO categories to determine what biologic processes are grouped with 

each cluster. Next, we used the Genewalk (Ietswaart et al., 2021) tool to aid in identifying genes 

which might be involved in relevant biological processes, vs "moonlighting" genes which encode 

proteins that function in more than one physiologically relevant process. Finally, we took genes 

which were strongly expressed in each cluster and queried them against existing mouse in situ 

databases, such as the one from MGI and emouse atlas. If we were able to find a trend 

amongst genes queried, we then made a cell type classification. dittoSeq (Bunis et al., 2020) 

was used to create the dot plot. 

 

CellphoneDB 

CellphoneDB (version 2.1.7) (Efremova et al., 2020) was run using somatic cluster labels as 

metadata, and counts data with default settings. Since CellphoneDB receptor-ligand databases 

were designed on human proteins, we first converted our mouse datasets to human orthologs 

using biomaRt (Durinck et al., 2009). However, this kind of analysis may miss mouse-specific 

receptor-ligand pairs. To generate dot plots, the file containing mean values for all the 

interacting partners was thresholded to p > 1, receptor_ligand pairs organized according to 

function, and relevant somatic populations signaling to germ cell populations were graphed 

using the cellphonedb dot_plot function.  

https://sciwheel.com/work/citation?ids=10396225&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10314148&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8312724&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=831523&pre=&suf=&sa=0
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NicheNetR 

NichenetR (version 1.0.0) was run following the steps in the tutorial “Perform NicheNet analysis 

starting from a Seurat object Robin Browaeys 2019-11-08” or “Perform NicheNet analysis 

starting from a Seurat object: step-by-step analysis Robin Browaeys 2019-11-12”. In the human 

dataset analysis, we set our query up using a differentially expressed gene list comparing 4-

10W primordial germ cells to 11-12W primordial germ cells, with the germ cells being the 

receiver and the somatic cells being the sender. In mouse, we first converted the human data 

model gene names to their mouse orthologs using biomaRt. While this kind of analysis may 

miss mouse-specific receptor-ligand pairs, the human dataset is fuller/more curated; thus, we 

took this approach. We set up our mouse query using a differentially expressed gene list 

comparing E11.5 PGCs to E9.5 PGCs, with the germ cells being the receiver and the somatic 

cells being the sender. We restricted the ligands we were interested in to those pairs which 

come from a validated curated ligand-receptor database, like KEGG and guide2Pharmacology 

(Browaeys et al., 2020). 

 

HCR 

Samples were generated per Mouse Crosses. In situ hybridization chain reaction (HCR) 

protocol was done as previously published (Choi et al., 2018) and following modifications as 

previously published (M. J. Anderson et al., 2020). Briefly, a custom HCR Probe Set (V3.0) for 

Igf2 exons 2-5 was designed by Molecular Instruments, Inc. Following appropriate wash and 

preparatory steps as previously described, E11.5 AGMs were incubated in 2 pmol probe 

solution overnight at 37°C. After preparing samples for amplification as previously described, 

E11.5 AGMs were incubated in 60 pmol of each hairpin per 500uL amplification buffer overnight 

https://sciwheel.com/work/citation?ids=7913116&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5496447&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10081287&pre=&suf=&sa=0


 

100 

 

at room temperature in the dark. E11.5 AGMs were then incubated with DAPI solution (0.5 

µg/mL DAPI in 5x SSC with 0.1% TritonX-100, 1% Tween20) overnight at 4°C. Samples were 

cleared with Scale CUBIC Reagent 1 overnight at 4°C which preserved the endogenous Oct4-

ΔPE-eGFP expression. To image a Fluotar VISIR 25x/0.95 water objective was used on a Leica 

TCS SP8 converted confocal microscope. Imaging parameters included a 0.75x optic zoom, 

1024 x 1024 pixel resolution, and 2um distance between z stacks. 

 

Image analysis for whole-mount stained ovaries 

Using Imaris v9.3.0 (Bitplane), confocal z stacks of AGMs were analyzed. Surpass mode was 

used to import files. Spot detection module (cell diameter value 10um) was used on 

endogenous Oct4-ΔPE-eGFP expression to identify all fluorescently labeled germ cells in the 

AGM. Spots were thresholded to ensure only true Oct4-ΔPE-eGFP expression was labeled with 

a spot. Based on tissue morphology as shown by DAPI, GFP positive germ cell spots were 

classified as “gonadal” or “extragonadal.” Spots radius was set to 1.0, and detailed statistics for 

Igf2 intensity were exported and analyzed in R using ggplot2 and ggpubr (Kassambara, 2020) to 

calculate statistics.  

https://sciwheel.com/work/citation?ids=12087259&pre=&suf=&sa=0&dbf=0
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Chapter 5 Appendices 

Appendix A: Clonal heterogeneity in migrating mouse primordial germ cells 

Introduction: Migration and Clonal Heterogeneity 

PGCs migrate individually and reach the gonad at different times. It is unknown how the 

order of migration into the gonadal ridge impacts the capacity of PGCs to colonize the 

gonadal ridge. The initial tissues through which the PGCs pass (hindgut and mesentery) 

promote migration over proliferation, and it is not until the PGCs reach the gonad that 

the local tissue niche promote more expansive proliferation (Cantú et al., 2016). Migrating 

PGC leaders arrive to the gonad as early as E10.5, and spend more time in the most 

proliferative-permissive niche, bolstering their colonization numbers. In contrast, laggard 

cells arrive at a gonadal ridge partially colonized by leaders. Laggard cells begin 

ramping up their expansion later, and thus their clonal progeny may be less represented 

in the gonad. It is un-clear whether leader PGCs already present in the gonadal ridge 

inhibit colonization by laggard PGCs. Thus, the reproductive system appears to be 

structured to promote dominance of clones which arrive early to the gonad. We are also 

curious whether migratory capability is a shared property among mother and daughter 

cells. To investigate heritability of heterogeneities present in migrating PGCs, we 

devised a genetic lineage label system to induce fluorescent clonal label in migrating 

germ cells. Investigating mother/daughter linages will reveal if shared traits affect PGC 

migratory capacity or ability to colonize the gonad.  

 

https://sciwheel.com/work/citation?ids=2462059&pre=&suf=&sa=0&dbf=0
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Results: Clones migrate together 

Using the inducible Cre mouse Pou5f1-creER (MGI:5049897) crossed with a Rainbow 

linage label mouse (Red-Horse et al., 2010), E8.5 migrating PGCs were sparsely labeled 

using tamoxifen before directed migration begins (Figure 5.1A). Since tamoxifen takes 

24hrs to be metabolized and actively excise floxxed loci, clonal labeling was expected to 

initiate at E9.5, just as directed migration begins. We expect that clones of PGCs, based 

on the length of time it takes them to proliferate (13-16 hours), will number 8 daughter 

cells (Figure 5.1B). To test this, we injected tamoxifen at a very low dose, a 0.0125mg/g 

mouse, aiming to induce labeling in just one cell. Green tissue indicates a cell where 

recombination has not occurred, while a red, cyan, or yellow label indicates a 

clone/linage of that color. We found that when AGMs had just one cell labeled, the 

clonal progeny numbered 9 and 7 (Figure 5.1C). We increased our dose of tamoxifen to 

0.01875mg/g mouse anticipating labeling of 5-25 cells to assess how cells of the same 

clonal linage migrated. We imaged 4 clonally label gonads (Figure 5.1D, sample image) 

at E11.5. This low density labeling allows red, yellow, and cyan clones to be discerned 

clearly from one another, although it was difficult to discern clones of the same color 

from each other when clone cell count numbered over ~8. A presumptive grouping 3-4 

cyan clones number ~45 cells (dashed outline, Figure 5.1D) is one such instance. 

Across 4 AGM samples, cyan clones were made up of 10 +/- 7.4 cells, red clones were 

made up of 8.4 +/- 7.8 cells, and yellow clones were made up of 7.1 +/- 6.4 cells (Figure 

5.1E). No differences in cell count per clonal color were significant. Next we defined the 

boundaries of the AGM using tissue morphology, and quantified whether clone size in 

the extragonadal mesentery differed from clone size in the gonadal ridge. We found a 

https://sciwheel.com/work/citation?ids=462878&pre=&suf=&sa=0&dbf=0
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significant increase in size for clone cell count in the gonadal ridge, although this is 

likely artificially inflated due to our inability to distinguish two-three clones of the same 

color next to one another in the tissue (Figure 5.1F). Finally, to see whether the left or 

right half of the gonad ridge ended up with more clones, we quantified number of cells 

per clone for each gonadal ridge half. There was no statistical difference between clone 

size in the left or right gonadal ridge. 

 

Discussion and Future Directions 

To investigate heritability of heterogeneities present in migrating PGCs, we devised a 

genetic lineage label system to induce fluorescent clonal lineage label in migrating germ 

cells. We investigated mother/daughter cells to see if migratory capability was shared 

within a clonal lineage. After precise, one clone labeling allowed us to deduce that clone 

cell number averaged 8, we increased our labeling frequency to test whether cells of the 

same clone seemed to cluster together upon reaching the migratory niche. 

 

The idea that cells labeled just at the start of directed migration at E9.5 localize to the 

same general place in the gonadal ridge is quite striking. If migration were not a clonally 

shared property, we would expect to see an extremely mixed population of labeled cells 

sprinkled all throughout the gonadal ridges. Instead, where clones could be isolated 

away from other clones of the same color, clones clearly grouped together at the end of 

migration. Since PGCs migrate as individuals through the tissue, it is quite surprising 

that cells of the same clone end up so close to one another in the gonadal ridge. 
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Unfortunately, due to the randomness of fluorophore selection when the inducible Cre 

excises, presumable different clones of the same color were often found next to one 

another, making estimate of clone cell count very difficult. The replication rate of PGCs 

is well characterized during migration (Cantú et al., 2016), so it is extremely unlikely that 

PGCs could truly replicate to create a ~45 cell clone in the amount of time that 

tamoxifen is active. In the future, tamoxifen could be titrated to a dose in between 

0.0125mg/g and to 0.01875mg/g mouse to lessen the chance that different clones of the 

same color run into one another. Additionally, as technologies evolve, lineage labeling 

through CRISPR barcodes (Bowling et al., 2020) will enable labeling of the entire germ 

cell population, from specification through migration, offering a fuller and completer 

picture of the clonality of migration. Understanding how clones migrate will give insight 

into whether being a migratory leader bestows a competitive colonization advantage to 

PGCs. 

  

https://sciwheel.com/work/citation?ids=2462059&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8905371&pre=&suf=&sa=0&dbf=0


 

105 

 

 

Figure 5.1 Clonally related PGCs localize together in clonal groups in the gonadal ridge 
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A) Cross scheme to generate clonal label aorta-gonad-mesonephros samples. Pou5f1-
creER was crossed to R26R Rainbow. Samples were injected with tamoxifen on E8.5, 
and labeling induced 24hrs later at E9.5. Samples were dissected at E11.5 as PGCs 
were completing their migration. 
B) Estimation of PGC replication cycle during the 48hr window of labeling. 
C) Extremely sparse clonal labeling induced at E8.5 to gauge estimated clone size. 
Samples with just one clone induced showed 9 cells and 7 cells. Gonadal Ridges are 
outlined in white. Samples not to scale. 
D) Example E11.5 aorta-gonad-mesonephros from Pou5f1-creER x R26R Rainbow 
cross; clones were induced at induced at E8.5, and visualized at E11.5. Imaris spots 
identify clones, and masks created to isolate clones. Clones are shown in red, cyan, 
and yellow. Dashed outline indicates presumptive 3-4 cyan clones intercalated. 
Samples not to scale. 
E) Number of cells per clone, split according to color. Colors correspond with 
endogenous label. 
F) Number of cells per clone, split according to whether the clone was in the gonadal 
ridge or extragonadal medial space. 
G) Number of cells per clone, split according to whether the clone was in the left or right 
gonadal ridge or extragonadal medial space.  
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Appendix B: Surveying mitochondrial heteroplasmy in migrating mouse 

primordial germ cells 

Done in collaboration with Aidan S. Marshall and Dr. Nick S. Jones. 

 

Introduction to mitochondrial selection in germ cells 

Diversity among PGCs indicates that there may be intrinsic differences within the PGC population 

resulting in a spectrum of fitness. Thus, different checkpoints throughout development to assess 

fitness of PGCs would promote survival of the highest quality PGCs, resulting in a population of 

high fitness to remain within the organism. It is currently unclear what checkpoints the developing 

organism uses to select cells of best reproductive potential. Since migration is one of the first 

challenges a PGC faces after specification at E7.0, migration emerges as a potential selector 

against cells with low fitness.  

 

One candidate for distinguishing differential PGC fitness is mitochondrial heteroplasmy. Mutations 

in mitochondrial (mt) DNA arise in oocyte maturation due to the error rate in mitochondrial 

polymerase (A. P. Anderson et al., 2020; Brown et al., 1979). The replication of mtDNA and fission 

of mitochondria ceases during early mouse embryogenesis, so each cell division produces a 

smaller pool of mtDNA, limiting the diversity of mitochondrial genomes inherited from the oocyte 

(St John et al., 2010). PGCs are specified during this mitochondrial bottleneck, so founders inherit 

different mtDNA cohorts(Wai et al., 2008) (Mishra and Chan, 2014; Stewart and Chinnery, 2015). 

The mitochondrial bottleneck limits mtDNA diversity in developing PGCs, thus potentially affecting 

PGC fitness. We hypothesized that deleterious inherited mutations within PGCs may be revealed 

when PGCs are unable to mount the oxidative phosphorylation or bioenergetic response required 

for migration, resulting in less fit PGCs lagging in migration. Previous work has characterized the 

https://sciwheel.com/work/citation?ids=9352134,1088916&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=8042158&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=441106&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=652781,998352&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0


 

108 

 

extent of mitochondrial heteroplasmy in early human embryos (Floros et al., 2018). We sought to 

characterize the extent of heteroplasmies present in our mouse migratory model, particularly the 

difference between leading and lagging migrants. 

 

Results: Mouse PGC heteroplasmy increases across time 

Recent advances in single cell RNA sequencing technologies have enabled investigation of 

mitochondrial heteroplasmies at the single cell level (Marshall and Jones, 2021). To ascertain 

whether our E9.5, E10.5, and E11.5 single cell RNA sequencing libraries could be used to assay 

heteroplasmy in migrating mouse PGCs, we first tested depth of coverage along the mitochondrial 

chromosome. Only our E9.5 and E10.5 libraries were sequenced deeply enough for further 

analysis, and we report their depth of coverage at base log10 (Figure 5.2A). 10X libraries select 

for polyadenylated transcripts; thus deeper coverage corresponds with regions of the genome 

associated with transcribed mRNA. In the regions which met our coverage thresholds, we found 

that 59% (57-61% using a 95% confidence interval) of all SNPs were transitions such as A <-> G 

or C <-> T mutations (Figure 5.2B). This proportion of heteroplasmies is consistent with copying 

errors due to the fidelity of the mitochondrial polymerase (A. P. Anderson et al., 2020; Brown et 

al., 1979).  

 

Next, we assessed heteroplasmy across developmental time. We found low levels of 

heteroplasmy in mice PGCs (Figure 5.2C), with heteroplasmies above 20% rarely found at E9.5, 

but greater heteroplasmy observed at E10.5. Since our libraries contained positional information 

about migratory leaders and laggards, we also tested whether migration might be acting as a 

quality control metric to select against cells with higher heteroplasmy. To probe whether anterior, 

migratory leaders might have fewer deleterious heteroplasmies, we assayed synonymous and 

non-synonymous mutations. We found that there was no difference in non-synonymous mutation 

https://sciwheel.com/work/citation?ids=4769464&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11178330&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=9352134,1088916&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=9352134,1088916&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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rate between anterior migratory leaders and posterior migratory laggards, at either timepoint 

(Figure 5.2D). Opposite our hypothesis, when E9.5 was compared to E10.5, the 

synonymous/non-synonymous mutation ratio increased over time. 

 

Finally, to see if cells with multiple mutation were associated with PGC subclusters identified in 

the scRNA seq analysis (Figure 5.2, E',F'), we acquired the names of cells with more than one 

heteroplasmy and plotted them in our UMAP dimensional reduction. Cells with more than one 

heteroplasmy were not found preferentially in one cluster over another (Figure 5.2E"-F"). 

Additionally, there were not more cells in the lagging, posterior compartment at either timepoint, 

indicating that if heteroplasmies are selected against, it is not through a migration based filter.  
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A) Depth and breadth of sequencing coverage across the mitochondrial genome in E9.5 
Anterior, E9.5 Posterior, E10.5 Anterior, and E10.5 Posterior libraries. Regions of the 

Figure 5.2 Assessing mitochondrial heterogeneity in E9.5 and E10.5 migrating PGCs 
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mitochondrial chromosome containing a mt-gene are indicated by color. Mean depth of 
coverage per cell is indicated by the black line, which is bounded by the grey bar indicating 90% 
depth of coverage interval.  
B) Bulk SNP transitions observed compared to the reference nucleotide position.  
C) Heteroplasmy increases through developmental time. 
D) From either timepoint, anterior cells do not differ from posterior cells in level of heteroplasmy 
/ rate of non-synonymous mutation. From E9.5 to E10.5, non-synonymous mutation rate 
increase. 
E-F) Cells with two or more mutations identified in UMAP space at E9.5 and E10.5.   
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Discussion and Future Directions 

In this study, we reanalyzed our scRNA seq libraries to quantify mitochondrial heteroplasmy in 

migrating mouse PGCs. Our E9.5 and E10.5 libraries were sequenced deeply enough to analyze 

further. We characterized the types of SNPs observed in the datasets. We found that 

heteroplasmy increased across developmental time, but did not vary depending on PGC position 

in migration. Finally, we found that the proportion of mutations that were non-synonymous actually 

increased over developmental time. 

 

An important caveat to interpreting these data is that we can only quantify regions where 

polyadenylated RNAs were expressed. If mitochondrial heteroplasmies exist in non-transcribed 

regions of the genome, they would not be represented in our dataset. Additionally, the depth at 

which our libraries were sequenced also affected this analysis. The E10.5 libraries were 

sequenced more deeply than the E9.5 libraries, a technical caveat to be considered when 

interpreting these data. Additionally, many cells did not have enough sequencing reads to assess, 

so we were only able to assess heteroplasmy in certain cells of our dataset. This is particularly 

pertinent for Figure 5.2E-F, where we highlight individual cells containing greater than two 

mutations; we expect that other 'Unselected" cells would have heteroplasmies which are 

unreported in our analysis due to a lack of coverage. 

 

In addition to total sequencing coverage, a region from the mitochondrial chromosome must be 

transcribed to obtain coverage in a 10X 3' single cell library. Furthermore, only the first couple 

hundred base pairs of transcribed sequences are represented in the dataset due to the selection 

for polyadenylated transcripts. This effect can be see in Figure 5.2A, where there is a 'spike' in 

coverage at the 3' / clockwise position of each gene. It is important to remember that assessing 
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mitochondrial heteroplasmy in 3' polyadenylated enriched libraries is not representative of the 

entire mitochondrial genome. 

 

That the level of heteroplasmies increases so much between E9.5 and E10.5 is quite curious. 

While it is possible that this reflects true biology, it is also possible that depth of coverage was not 

sufficient at E9.5 to accurately assess heteroplasmy. For example, at E9.5 only 75 cells met our 

quality control filtering (deemed high quality cells per Methods, and with deep enough sequencing 

to classify variants). However, at E10.5 878 cells passed quality control filtering. It is possible that 

the greater statistical power provided by having an order of magnitude more cells make the E10.5 

heteroplasmy assessment more robust. MtDNA copy number only increases from roughly ~3500 

copy number per cell at E9.5 to roughly ~3800 mtDNA per cell at E10.5 (Wai et al., 2008). 

Considering this with the known PGC doubling time (~13-16hrs, although mitochondria replication 

can happen independent of cell cycle), it is possible that depth of sequencing is contributing to 

the dramatic increase of heteroplasmy we see from E9.5 to E10.5. More validation is necessary 

to truly state that a large increase in heteroplasmy occurs over just one day of PGC migration. 

 

Most interesting was the observed increase in non-synonymous mutations when comparing E9.5 

to E10.5, which was opposite of the trend we hypothesized would be found. This indicates that if 

a quality control mechanism is working to filter out low quality PGCs with high mutational burden, 

it may not be migration. This result is particularly surprising when considering analogous 

timepoints in human reproductive development, where a decrease in non-synonymous mutations 

has been observed as age increases (Floros et al., 2018). Previous work quantified the level of 

mutational variance in mouse and human; although human datasets only were included for 

primary oocytes and offspring, compared to mouse the mutational level variance increased 

strongly. This previous work did not quantify human PGCs. However, if the trend observed in 

https://sciwheel.com/work/citation?ids=441106&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4769464&pre=&suf=&sa=0&dbf=0
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older reproductive cells holds, mouse PGCs may experience a less severe selective pressure 

after mitochondrial bottleneck compared to human PGCs, due to a decreased mutational load. 

This would decrease the need for a quality control filter.  

 

More work comparing mouse PGC and human PGC mitochondrial heteroplasmy will have 

implications for not only reproductive health, but also evolutionary insights into the mitochondrial 

bottleneck process.  
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