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Abstract

Background: The germline serves as a conduit for transmission of genetic and epigenetic 

information from one generation to the next. In males, spermatozoa are the final carriers of 

inheritance and their continual production is supported by a foundational population of 

spermatogonial stem cells (SSCs) that forms from prospermatogonial precursors during the early 

stages of neonatal development. In mammals, the timing for which SSCs are specified and the 

underlying mechanisms guiding this process remain to be completely understood.

Objectives: To propose an evolving concept for how the foundational SSC population is 

established.

Materials and methods: This review summarizes recent and historical findings from peer-

reviewed publications made primarily with mouse models while incorporating limited studies from 

humans and livestock.

Results and conclusion: Establishment of the SSC population appears to follow a biphasic 

pattern involving a period of fate programming followed by an establishment phase that 

culminates in formation of the SSC population. This model for establishment of the foundational 

SSC population from precursors is anticipated to extend across mammalian species and include 

humans and livestock, albeit on different timescales.
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1 | INTRODUCTION

1.1 | Overview

Germ cells are the cellular link between generations, and although studies of their 

development in higher order mammals such as livestock and humans are dwarfed by the 

number using rodent models, accumulating knowledge suggests that the broad milestones in 

germline developmental are generally conserved. Between mammalian species, however, the 

timescales vary dramatically, but are generally equivalent to the total length of gestation. For 
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example, developmental events that occur on the order of days in mice with a gestational 

period of 19–21 days take place on the order of weeks in humans and livestock with 

significantly longer gestational windows. While male germline development among 

mammalian species will be the primary focus of this review due to recent insights from 

mouse studies, readers are encouraged to explore the unique developmental events among 

other model organisms (reviewed in1).

In addition to species-specific timescales, events in germline development are largely 

asynchronous in nature. Rather than a series of switches or steps, changes occur 

progressively over the course of days or weeks. At any given time in development, germ 

cells are generally heterogeneous with respect to their developmental status. Thus, defining 

stages of development is often difficult. However, with the advent of technologies that allow 

for studying biological processes at single-cell resolution, the asynchronous and 

heterogenous nature of germline development that is otherwise masked by bulk methods of 

analysis can be accurately assessed.

1.2 | Germline development

Primordial germ cells (PGCs) mark the most ancestral cell type of the spermatogenic 

lineage. PGCs are specified from the epiblast in response to inductive signaling around E6.5-

E7.25 in mice, E11.5-E15.5 in pigs, and 2–3 weeks of gestation in humans.2–4 Nascent 

PGCs retain a latent pluripotency program while the remaining post-implantation epiblast 

cells destined for somatic tissues experience increased DNA methylation, H3K9me2, and X 

inactivation.5 Following specification, PGCs proliferate, undergo extensive epigenetic 

remodeling, and migrate to the developing gonad.6 Prior to gonadal colonization, PGCs have 

both spermatogenic and teratoma-forming potential 7,8 and can form pluripotent cell lines in 

vitro,9,10 likely owing to a latent pluripotency network.5,9,11,12 After gonadal colonization, 

however, PGCs eventually become unipotent 13 and differentiate through their respective 

sex-specific pathways in concert with the bipotential soma.14

Following sex determination, PGCs committed to male germ cell fate transition to form 

precursors to the entire spermatogenic lineage, commonly known as prospermatogonia 

(Prospg). Initially, Prospg remain mitotically active (referred to as fetal mitotic-Prospg or 

ProspgM) before entering a period of sustained quiescence (referred to as transitional 1-

Prospg or ProspgT1). After birth, germ cells progressively re-enter the cell cycle (referred to 

as transitional 2-Prospg or ProspgT2) before transitioning to form SSCs and the remaining 

spermatogenic lineage. Postnatally, germ cells also migrate from the center of seminiferous 

cords to the basement membrane concurrent with re-activation of proliferation. Importantly, 

previous studies indicate that proliferation and migration are temporally independent events 

that are likely regulated by different mechanisms.15,16 Thus, subsets of Prospg are best 

defined based on their respective proliferative activities. While Prospg are also referred to as 

gonocytes, prespermatogonia, PGCs, or primitive germ cells depending on the study,17,18 

this review will follow the established nomenclature for male germ cell types through 

development outlined in.17 Within these defined subtypes of Prospg, only a portion of the 

germline will ultimately form SSCs tasked with maintaining the entire spermatogenic 

lineage long into adulthood.
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Pioneering studies by Kluin and de Rooij in 1981 first described evidence that a division of 

fate occurs in the male germline such that one subset of Prospg directly enters terminal 

differentiation, while another forms the undifferentiated population containing presumptive 

SSCs.19 Using histological examination of neonatal mouse testes, the authors described two 

populations of Prospg present shortly after birth that resembled either differentiating 

spermatogonia (denoted “Type II”) or undifferentiated spermatogonia (denoted “Type I”), 

representing ~ 70% or the remaining ~ 30% of the germline, respectively.19 Importantly, 

these populations were readily discernable at P1-P2, prior to the onset of retinoic acid 

signaling and differentiation at P3.20,21 These findings were later validated by studies 

demonstrating that germ cells negative for the transcription factor neurogenin-3 (Ngn3) form 

a population of initial differentiating spermatogonia that contribute to a unique first round or 

cohort of spermatogenesis, while successive and continuous sperm production is derived 

from Ngn3-positive progenitors originating from the SSC population.22 Collectively, these 

studies demonstrated that only a subset of Prospg forms SSCs during development and that 

SSC fate, along with other fates, may be specified prior to formation of the SSC population.

Consistent with the notion of fate programming, recent findings by our laboratory suggest 

that formation of the SSC population follows a biphasic scheme, comprising an initial period 

of specification and fate programming among ProspgT1 followed by a window of SSC 

establishment in ProspgT2 that culminates in formation of the foundational SSC population 

that will support continuous sperm production and inheritance through the male germline 

(depicted in Figure 1).

2 | PROGRAMMING PHASE

Proliferating fetal ProspgM progressively enter G1/G0 arrest to become ProspgT1 from 

around E12.5-E16.5 in mice, E80-E105 in cattle, and 20–25 weeks of gestation in humans.
23–28 This transition represents not only a shift in mitotic potential, but also bookmarks the 

start of several hallmark and essential milestones in germline development.

2.1 | Programming of spermatogenic fate

Recent studies by our laboratory and others indicate that during mitotic arrest, ProspgT1 

progressively acquire distinct transcriptional characteristics that align with postnatal 

functional fates.29,30 Using single-cell RNA-sequencing (scRNA-seq), ProspgT1 were found 

to be transcriptionally heterogeneous. In fact, opposing transcriptional signatures divide the 

perinatal germline. Genes that are necessary for postnatal SSC self-renewal and 

maintenance, including Etv5, Id4, Lhx1, and Ret,31–34 are upregulated in a subset of the 

germline at E16.5. By contrast, transcripts associated with differentiation, including Sohlh1 
and Sox3,35,36 are upregulated among the opposite portion of the Prospg population. 

Evidence of these opposing transcriptional signatures is not present prior to E16.5 (Law and 

Oatley, unpublished). Assessment of ID4 expression in vivo using an Id4e-Gfp transgenic 

mouse line confirmed that only a subset of Prospg express ID4 prior to birth. Importantly, 

this heterogeneity is not simply a byproduct of asynchronous development because the 

opposing transcriptomic signatures are present at P0, P3, and P6 as well, suggesting a 

division of fate between the SSC lineage and a lineage primed for differentiation.
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To begin exploring the functional significance of this transcriptional heterogeneity, we 

performed transplantation analysis of isolated fetal ProspgT1 at E18.5. ProspgT1 were 

subdivided based on ID4-eGFP expression and transplanted into the testes of germ cell–

depleted recipients using well-established methods.37 Outcomes of transplantation analysis 

revealed that only ProspgT1 that are ID4+ possess the latent capacity to generate 

spermatogenic colonies, thus demonstrating that regenerative capacity within the perinatal 

germline is restricted to a subset of the mitotically arrested population. Strikingly, 

colonization was never observed among ProspgT1 that are ID4-. Together, these findings 

suggest that SSC fate is ingrained within a subset of Prospg prior to birth, far earlier in 

development than previously suspected.

As noted above, multiple studies have demonstrated that germ cells prior to E18.5 are 

capable of regenerating spermatogenesis upon transplantation.7,8,38 Although one study 

described a lack of complete colonization among germ cells isolated prior to P4,39 the 

consensus from several other studies indicates that the capacity to regenerate complete 

spermatogenesis is present prior to P4.7,8,29,38,40 Strikingly, donor cells isolated as early as 

E6.5, at the time of PGC specification, are capable to generating colonies of 

spermatogenesis upon transplantation.7 Therefore, stem cell potential is not necessarily 

acquired during the Programming phase. Rather, regenerative capacity is restricted to a 

subset of germline given that no colonization was observed among ID4- Prospg. Therefore, 

stem cell potential is retained within those ProspgT1 that express the machinery necessary 

for postnatal SSC function prior to behaving as an SSC.

The ability of Prospg and PGCs to regenerate spermatogenesis when transplanted into adult 

recipients is anomalous given that neither are normally present in adult testes. The onset of 

gene expression for factors necessary for postnatal SSC function within ProspgT1 indicates 

that germ cells prior to E16.5 lack certain critical components to function as SSCs 

postnatally, but that these attributes are likely acquired upon transplantation. For example, 

Id4 expression is not detected prior to E16.529; yet, ID4 is important for long-term 

maintenance of the SSC population in postnatal life.41 Thus, one could envision that upon 

transplantation of donor cells from prenatal fetuses, germ cells likely transition through 

intermediate states analogous to developmental stages in vivo before forming SSCs that 

support continuous spermatogenesis. To date, no studies have evaluated the dynamics or 

characteristics of prenatal germ cells following transplantation into adult recipients. 

Interestingly, as donor cell suspensions are obtained from progressively more 

developmentally advanced tissues, regenerative capacity from germ cells within donor cell 

suspensions appears to increase in an age-dependent manner.7,38,40 However, these studies 

utilized donor cell suspensions generated from the entire tissue. Given that the distribution 

of germ cells within these whole-tissue suspensions changes with time, quantitative studies 

are necessary to fully appreciate changes in regenerative capacity or distribution of 

regenerative capacity within the germline beyond our recent studies.

2.2 | Epigenetic modifications

Following sex determination, the germline of both sexes undergoes dynamic epigenetic 

shifts in a manner necessary to gain the developmental competence to ultimately form either 
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spermatozoa or oocytes.42 Studies utilizing cloning by nuclear transfer eloquently 

demonstrated that a dramatic shift in developmental potential occurs in the days preceding 

and during prospermatogonial mitotic arrest. Germ cell nuclei from E8.5-E10.5 fetuses are 

fully competent to support viable offspring, while nuclei from E11.5 and later progressively 

lose this potential, particularly following mitotic arrest.43–46 This loss of competence is 

associated with the loss of parental-specific imprinting and biallelic resetting of the genome 

through DNA methylation.

DNA methylation levels in the germline are low following erasure that occurs within 

migratory PGCs, thereby leaving germ cells at a ground state for sex-specific re-

methylation.47–49 Most de novo re-methylation in the male germline occurs during mitotic 

arrest, with a lesser fraction occurring postnatally.50,51 By contrast, DNA methylation is 

predominantly catalyzed postnatally in females.52 Members of the DNA methyltransferase 

(DNMT) family facilitate germline de novo methylation. DNMT3A and DNMT3B possess 

direct catalytic activity for methylation and appear to generate methylation signatures within 

male germ cells that are both unique and overlapping.53,54 DNMT3L acts as a non-catalytic 

co-factor that is also essential for germline methylation.55,56 Finally, DNMT1 passively 

maintains DNA methylation levels in a replication-dependent manner.57,58 PIWI-interacting 

RNAs (piRNAs) derived from repeat sequences direct de novo DNA methylation in the male 

germline.59 DNA methylation not only re-establishes genomic imprints, but also silences 

transposable elements which is key to maintaining genomic integrity within the germline.42 

Additionally, resetting the germline epigenome is critical for early embryo totipotency. Core 

regulators of the pluripotency network are progressively silenced leading up to birth but 

must remain poised for activation following fertilization 5,60; aberrant expression or 

disrupted downregulation of these pluripotency factors are thought to underlie the formation 

of some testicular germ cell tumors.60

In addition to DNA methylation, post-translational modifications of histones are 

dynamically altered during prospermatogonial mitotic arrest. Limited studies have evaluated 

histone modifications during germline quiescence. However, studies utilizing 

immunostaining have evaluated global changes in histone marks within Prospg. For 

example, H3K4me3, H3K9me3, H3K27me3, and H3K79me2/3 increase in the days 

preceding or during mitotic arrest through temporally distinct patterns.61,62 While the 

functional significance of these histone modifications is not currently understood, studies 

suggest that histone marks may target DNA methylation to specific genomic loci.50 

Furthermore, these marks may underlie broader shifts in gene expression coincident with 

developmental milestones that occur during mitotic arrest. H3K4me3 is generally activating 

in nature and typically localizes to gene promoter regions (reviewed in63). By contrast, 

H3K9me3 and H3K27me3 are generally repressive, with H3K9me3 associating with 

permanent developmental repression and H3K27me3 linking to transcriptional silencing 

(reviewed in63). Future studies are needed to better understand the developmental 

significance of histone modification during mitotic arrest and whether epigenetic 

modifications may underlie differences in germline fate during perinatal development.
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3 | ESTABLISHMENT PHASE

After birth, formation of the foundational SSC population enters a second phase following 

fate programming. Several developmental milestones occur following birth, thus, 

demarcating the Programming and Establishment Phases of SSC pool formation.

3.1 | SSC establishment

In contrast to the limited studies of ProspgT1 heterogeneity, numerous studies have reported 

considerable diversity within the neonatal male germline (eg P0-P3 in mice) in terms of 

cellular morphology and marker gene expression.19,22,64–72 In vivo protein expression of 

markers associated with SSC function, including RET, PAX7, GFRA1, and ID4, are 

heterogenous among P0-P3 germ cells.71,73–75 Likewise, expression of markers associated 

with differentiation, including SOHLH1, is also heterogenous within the germline at this 

time in development.76 The distribution of these markers among the germline is variable. 

For example, among P0 Prospg, ~55% of Prospg are RET+,73 ~47% are ID4+,29 and ~28% 

are PAX7+.71 However, the relationship between these markers has not been explored in 

detail. Therefore, to gain a better perspective on this heterogeneity in the germline while 

accounting for asynchrony during development, scRNA-seq analysis was conducted on 

isolated germ cells at P0 and P3 in our recent studies.29 Outcomes revealed that opposing 

transcriptome signatures, either SSC- or differentiation/progenitorassociated, that are present 

during prenatal development (E16.5) are maintained at P0 and P3. Taken together, these 

results suggest that two distinct lineages can be identified shortly after birth based on gene 

expression. The pressing question is whether this heterogeneity represents differences in 

function and fate or merely temporal variances in gene expression?

Fortunately, past functional studies employing lineage tracing have begun addressing this 

question. Lineage tracing in animal models utilizes reporter transgenes that are both 

inducible and inherited.77 The most common form of lineage tracing utilizes tamoxifen-

inducible Cre systems (CreERT2) that recombine floxed expression cassettes to drive 

constitutive expression of either fluorescent or biochemical reporters, thereby “marking” 

cells that express the Cre and any daughter cells derived from the labeled parent cell. Using 

this technology, a few studies have demonstrated that stem cell fate lies within neonatal 

Prospg that express Id4 and Pax7.

With a CreERT2 expression cassette inserted within the endogenous Id4 locus, Sun et al 
(2015) demonstrated that injection of P0 mice with tamoxifen generated labeled clones of 

complete spermatogenesis that persisted long into adulthood.78 Likewise, sustained clones 

of spermatogenesis were observed with tamoxifen administration between P1 and P3 in 

transgenic animals with CreERT2 within the Pax7 locus.71 Given that continuous 

spermatogenesis is derived from SSCs, these studies demonstrate that Prospg expressing Id4 
or Pax7 between P0 and P3 are fated to the SSC pool. Furthermore, given the heterogenous 

expression of both ID4 and PAX7, these studies support the notion that a subset of the P0-P3 

germline is fated to the SSC lineage. However, the dynamics and timing for which the SSC 

population is established was not determined in previous studies.
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Prior studies utilizing an Id4-eGfp transgenic mouse line have shown that regenerative 

capacity in the germline from P6-P8 is highly concentrated within those germ cells 

expressing the highest levels of Id4, identified as the ID4-eGFPBright fraction.32 Therefore, 

to better understand the kinetics underlying formation of the SSC population while 

accounting for temporal shifts in marker gene expression, both ID4-eGFP fluorescence and 

the distribution of ID4-eGFP+ germ cells were quantified using flow cytometric analysis.29 

Outcomes revealed that ID4-eGFP expression is progressively upregulated from P0-P3, such 

that the germline can be subdivided into Bright, Mid, Dim, and Negative fractions based on 

eGFP fluorescence. The ID4-eGFPBright fraction is a subset of the germ cell population from 

P0-P3. Strikingly, the size of the ID4-eGFPBright population reaches an upper maximum of 

~12 500 cells per testis (or ~25 000 per animal) at P3 that remains constant long into 

adulthood. Thus, based on tracking ID4-eGFP expression and distribution within the 

heterogenous germ cell population, the SSC population is fully established at P3. 

Furthermore, while the adoption of different fates within the germline occurs during the 

Programming phase of SSC formation, those fates appear distinct by birth and the 

foundational SSC population is thus established from P0 to P3.

In addition to lineage tracing, transplantation analyses have indirectly demonstrated that the 

SSC population is established at P3. Studies of Shinohara et al (2001) found that the germ 

cell population from neonatal mice (P0-P2) generated 4-fold less spermatogenic colonies 

following transplantation into an adult recipient testis compared to the population in pre-

pubertal pups (P6).40 Unfortunately, developmental ages between P2 and P6 were not 

assessed, including P3. While further transplantation studies are necessary to evaluate 

regenerative content during neonatal development surrounding P3, these data align with the 

conclusion that the SSC population is established at P3. Beyond P3, little is understood 

regarding the maturation and dynamics of the SSC population postnatally. Transplantation 

analyses by Shinohara et al (2001) reported that SSC number is higher in adult cryptorchid 

testes compared to P6 pups 40; however, cryptorchid testes are enriched for SSCs compared 

to wild-type adults.79 Studies by Nagano (2003) using transplantation analyses concluded 

that 3000–6000 SSCs are present in an adult mouse testis.80 This value subtly contrasts with 

the reported 12 500 ID4-eGFPBright germ cells in our recent studies, which may reflect 

technical limitations underlying transplantation or potential shifts in the SSC population 

during postnatal development. Indeed, transcriptomic studies have demonstrated significant 

differences in the gene expression signatures of spermatogonial populations that are 

seemingly enriched for SSCs in pre-pubertal versus adult mice69,81 that may underlie 

functional differences between pup and adult SSCs, including proliferative potential.29 

However, considering that the spermatogonial populations studied from adult and pre-

pubertal mice have appreciably different functional capacities to behave as SSCs in a 

transplantation assay (eg the ID4-eGFBright population in pre-pubertal testes produces ~ 2.5-

fold more colonies of donor-derived spermatogenesis compared to the TertHi-GFRα1+ 

population in adult testes), further studies are necessary to enumerate SSCs during 

development and understand how differences in transcriptome profiles align with biological 

functions throughout postnatal development.

Interestingly, studies by Aloisio et al (2014) reported that expression of Pax7, which labels 

rapidly dividing SSCs in adult testes, is suppressed in Prospg during fetal development from 

Law and Oatley Page 7

Andrology. Author manuscript; available in PMC 2021 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



E11.5-E18.5.71 Outcomes of recent scRNA-seq analysis of isolated mouse germ cells at 

E16.5, P0, P3, and P6 not only confirmed that Pax7 expression initiates after birth, but also 

revealed that numerous SSC-associated genes are either dramatically upregulated or initiated 

at this time as well,29 including Bcl6b, Bmi1, Eomes, Gfra1, T, and Shisa6.68,72,82–84 

Furthermore, mapping of temporal shifts in gene expression within the SSC lineage using 

trajectory inference modeling revealed a massive shift in gene expression around the time of 

birth and prior to SSC establishment such that > 4500 transcripts are significantly 

upregulated during this time.29 Gene ontology terms associated with these transcripts 

include numerous transcription factors, receptors, and metabolic regulators. Thus, P0 marks 

a dramatic shift in the expression of genes underlying SSC function.

3.2 | Proliferative and population dynamics

In mammals, quiescent Prospg initiate re-entry to the cell cycle after birth. Studies utilizing 

radioactive thymidine, EdU, or BrdU incorporation, which label cells following S-phase 

DNA replication, determined that active cell divisions are first detectable at P1 in mice with 

a small percentage of labeled Prospg, but proliferation markedly increases between P2 and 

P3.15,25,85 Similar results have been reported with immunolabeling for the mitotic marker 

Ki67.86 As with other aspects of germline development, postnatal re-entry into the cell cycle 

occurs on different timescales depending on the species. Outside the mouse, Prospg begin to 

resume proliferation a day later (P2) in rats,87 sometime prior to P30 in pigs,88 4 weeks 

postnatally in cattle,28 and approximately 8 weeks of age in humans (reviewed in18,89).

Interestingly, our recent studies showed that activation of proliferation differs among Prospg 

based on predicted postnatal fate.29 The change in proliferation that occurs between P2 and 

P3 in mice is not uniform across the entire germ cell population. Specifically, the ID4-

eGFPBright population that presumably labels the SSC lineage appears to re-enter the cell 

cycle with greatest proliferative index among the germline and rapidly expands by > 4-fold 

between P2 and P3, which parallels transplantation studies performed by Shinohara et al 

(2001) that demonstrated an equivalent increase regenerative capacity between P0-P2 and 

P6.40 In contrast to the ID4-eGFPBright population, postnatal germ cells with lower ID4-

eGFP expression, which presumably marks germ cells transitioning out of the SSC pool, 

possess significantly lower proliferative activity between P2 and P3 and expansion of this 

population does not initiate until after the ID4-eGFPBright population reaches maximal size 

at P3. Thus, while all Prospg in the testes of mice re-enter the cell cycle postnatally over the 

course of approximately 2–3 developmental days, proliferative potential may be unique or 

enhanced within the SSC lineage.

Unexpectedly, while the total number of ID4-eGFPBright cells reaches steady-state at P3, the 

proliferative index of this population does not significantly decline until after P7, with > 

50% of the population in S, G2, or M phases of the cell cycle.29 Thus, why are ID4-

eGFPBright actively cycling when the population is fully established? Based on population 

kinetics, growth of the ID4-eGFPMid population trails establishment of the ID4-eGFPBright 

pool. Therefore, the combination of population dynamics and proliferative indices suggest a 

shift in the symmetry of cell divisions among ID4-eGFPBright spermatogonia, from 

symmetric to asymmetric, in order to build a progenitor pool that will serve as a source for 
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successive rounds of spermatogenesis. Likewise, the ID4-eGFPDim population expands after 

formation of the ID4-eGFPMid population until reaching an upper maximum around P9. This 

layering effect indicates that once the SSC population is established at P3, subsequent layers 

of spermatogonia assemble in a top-down fashion, starting with progenitors derived from the 

SSC pool via asymmetric division. Collectively, further experimentation is needed to 

confirm these predictions.

3.3 | Migration

In addition to re-entering the cell cycle, Prospg transit from the center of seminiferous cords 

to the basement membrane during the first days postnatally.15,16,90,91 Neonatal migration is 

associated with an increased formation of pseudopodia among germ cells and intimate cell-

to-cell contacts with adjacent Sertoli cells.90,91 Approximately half of neonatal Prospg form 

pseudopodia, and as opposed to rounded germ cells, pseudopod-shaped Prospg are capable 

of recolonizing the testes of recipients upon transplantation, indicating that migration is a 

critical milestone in formation of the SSC population.64 Platelet-derived growth factor and 

Notch signaling have been implicated in the regulation of Prospg migration92,93; however, 

the precise mechanisms that guide colonization of the basement are not completely 

understood. Once germ cells adhere to the basement membrane, a distinct shift in 

morphology occurs to resemble spermatogonia in the mature testis. Some consider this 

change in appearance sufficient to identify the transition from Prospg to spermatogonia; 

however, our recent findings suggest that active and functional changes in proliferation 

better define this event (discussed above). The purpose of migration is not completely 

understood. However, a portion of the germ cell population is cleared from the testis during 

neonatal development, particularly those that fail to migrate and are round in appearance.
64,94 Thus, fitness for migration to the basement membrane and therefore proper placement 

within the seminiferous epithelium may select for germ cells that will ultimately form the 

postnatal spermatogonial lineage and serve as the source for continual spermatogenesis 

throughout adulthood.

Recent studies have postulated that another subtype of Prospg is present in the neonatal male 

germline, referred to as “intermediate” or “I-Prospg,” that possesses unique migratory 

characteristics but lacks the proliferative phenotype of ProspgT2.30 While this is a tempting 

speculation, it assumes a clear distinction between ProspgT1 and this intermediate 

population, which is difficult to pinpoint. First, some ProspgT1 initiate the luminal to 

peripheral migration prior to birth,15,19 indicating that ProspgT1 also functionally possess 

migratory capacity. Second, there is clear evidence that proliferation and migration are 

independent events in germline development because proliferative activation, which marks 

the transition to ProspgT2, occurs in both luminal and peripheral Prospg during neonatal 

development 15; thus, ProspgT2 also possess migratory capacity. Interestingly, Kun et al 

(2020) reported that this intermediate population possesses a distinct transcriptional 

signature from ProspgT1 based on scRNA-seq analysis.30 However, the intermediate 

population was only detected at P2, and other studies,29,95–97 indicate that there are major 

differences in gene expression between developmental ages such that ages segregate based 

on global transcriptional signature after dimensional reduction strategies such as PCA, 

graph-based clustering, tSNE, and/or UMAP. Therefore, a unique gene expression signature 
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present within a single developmental age seems insufficient for defining a unique 

population. Collectively, neither migratory behavior nor transcriptome signature appear to 

define a functionally unique, intermediate subset of Prospg whose characteristics more 

closely align with postnatal ProspgT1. Ultimately, defining prospermatogonial subtypes 

based on proliferation alone is not only logical, but also prevents over-complicating what is 

already a heavily debated nomenclature system.17,18

3.4 | Nesting of germ cells

PGCs that colonize the genital ridge undergo successive rounds of mitosis and form 

aggregates or clusters of germ cells (reviewed in98). In the developing fetal ovary, aggregates 

of germ cells form nests with somatic cells, and within these nests, oogonia are fated to 

either form primary follicles or succumb for atresia (reviewed in99). Interestingly, Prospg 

with similar levels of ID4-eGFP expression cluster together within distinct regions along the 

length of seminiferous cords, forming nests of germ cells akin to oogonia in the developing 

ovary.29 Quantitative assessment of this clustering and associated dynamics through 

developmental time revealed that > 97% ID4-eGFPBright Prospg from P0 to P2 localize to 

nests with an average size of ~15 cells per nest. At P2, ~210 ID4eGFPBright nests were 

present throughout the entire testis. During expansion of the ID4-eGFPBright population from 

P2 to P3, the average ID4-eGFPBright nest size does not change but the number of total nests 

dramatically increases, indicating the start of nest breakdown. In subsequent postnatal days, 

nests continue to disperse throughout the tissue mass. Similar to the ID4-eGFPBright 

population, ~75% of ID4-eGFPMid Prospg are present in nests. However, breakdown of ID4-

eGFPMid nests initiates around P1-P2. Given that nests of ID4-eGFPBright germ cells were 

sustained leading up to establishment of the SSC population at P3, these findings suggest 

that all cells within a nest adopt a common fate. By contrast, fate determination between 

primary and apoptotic follicles among oogonia occurs within nests via a nursing mechanism 

(reviewed in100). Collectively, it appears as though nesting behavior during development, 

albeit in different forms, may be a conserved feature of both male and female germline 

establishment.

4 | ADDITIONAL FATES IN THE NEONATAL GERMLINE

While establishment of the foundational SSC population has been the foremost focus of 

recent studies on male germline development, interesting patterns of fate during neonatal 

development outside the SSC lineage have also been made.29,69,70,101 Given that a subset of 

the germline forms the SSC pool (ID4-eGFPBright germ cells), what is the fate of the 

remaining populations? Evaluating marker gene expression and population distribution 

reveals insights into the complexity within the neonatal germline. First, at P3 ~67% of the 

germline constitutes ID4-eGFPBright SSCs.29 Approximately 17% of germ cells are ID4-

eGFPDim/Negative, ~93% of which becomes KIT+ in response to RA signaling that initiates at 

P3 and forms an initial differentiating spermatogonial pool.21,29 If SSC-derived progenitors, 

classically labeled by NGN3 expression, emerge around P4 and after establishment of the 

SSC population,22,65 what is the identity of the remaining ~16% of the germline at P3? 

Using scRNA-seq, SSC, progenitor, and differentiating spermatogonial populations can be 

identified based on their distribution within the germline and/or gene expression signatures. 
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Interestingly, a fourth population is present around P3 that does not express genes necessary 

for SSC function at the same level as established SSCs while also lacking Ngn3, Stra8, and 

Kit expression.29 Therefore, this population may represent a pool of initial progenitor-like 

cells present at P3 derived from Prospg that neither form SSCs nor initially respond to RA 

and enter differentiation; rather, these cells may be poised to differentiate following the first 

round of spermatogenesis, akin to a second round of spermatogenesis. Although further 

experimentation is necessary to validate the presence of this population, these results 

underscore the complexity of cell subtype development in the germline during neonatal life.

5 | CONCLUSION

Discoveries in the mouse over the last few years have greatly advanced our knowledge of the 

dynamics and mechanisms that guide formation of the foundational SSC population. 

Fortunately, the kinetics underlying SSC formation are accelerated in the mouse relative to 

higher order mammalian species, thus providing an experimentally tractable model for 

stepwise sampling and analysis of the germline during late fetal and neonatal development 

that enables stitching together of maps that explain the process on a basic level. By contrast, 

this can also make interpreting findings complicated as developmental milestones are often 

concurrent. For example, establishment of the SSC population overlaps with the onset of RA 

signaling and the formation of the first differentiating spermatogonia in mice which may not 

be the case in other mammals in which the timeline of development is extended. Ultimately, 

how the dynamics of SSC establishment translate from rodents to humans and livestock 

remains an ongoing area of interest. Histomorphological studies of pre-pubertal human 

tissues describe the formation of differentiating spermatogonia prior to the onset of puberty 

as well as heterogeneity in the appearance of newborn germ cells102; both observations are 

comparable to those reported in rodents and further suggest the potential for conserved 

mechanisms of fate determination. Additionally, recent studies utilizing scRNA-seq analysis 

of human germ cells from neonatal and infant tissues provide key resources to begin 

understanding formation of the foundational SSC population in humans.103,104 By contrast, 

studies in pre-pubertal domestic animal species are even more limited and represent an area 

ripe for generation of new knowledge.
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FIGURE 1. 
Evolving biphasic model underlying formation of the foundational SSC population in mice. 

Mitotically active fetal prospermatogonia (ProspM) progressively enter quiescence leading 

up to E16.5 to form transitional Prospg (ProspgT1). During the Programming phase, genes 

necessary for postnatal SSC function are upregulated in a subset of quiescent ProspgT1, 

including Etv5, Id4, Gfra1, Lhx1, and Ret, while a different subset upregulates genes 

associated with progenitors or differentiation, including Sohlh1 and Sox3. Based on the 

outcomes from transplantation analyses, stem cell potential within the germline becomes 

confined to those ProsgT1 that upregulate SSC-associated transcripts, indicating that 

postnatal fate is programmed during this time. After birth, the germline enters an 

Establishment phase. ProspgT1asynchronously re-enter the cell cycle, which marks 

formation of ProspgT2. A dramatic shift in gene expression also occurs, including 

upregulation of genes necessary for postnatal SSC function. Conclusion of the 

Establishment phase is marked by a brief period of self-renewal that builds the foundational 

SSC population from which continuous spermatogenesis will arise throughout adulthood. By 

contrast, Prospg programmed for non-SSC fate either enter the differentiating 

spermatogonial path directly to generate the first round of spermatogenesis or possibly form 

a population of initial progenitor-like germ cells that will be the source of a second round of 

spermatogenesis that does not emanate from the foundational SSC pool
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