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Abstract  
Spermatogonial stem cells (SSCs) are the foundation of spermatogenesis and drive 

sperm production throughout adult life. They are a crucial resource for fertility 

preservation, particularly for prepubertal boys who undergo gonadotoxic treatment. 

While these patients do not produce sperm to cryopreserve, in theory, SSCs can be 

isolated from their testes before treatment and transplanted later to restore fertility. 

Using the mouse model, I determined the cell-surface immunophenotypes of SSCs 

during postnatal development, as a step towards purifying prepubertal SSCs. I 

prospectively isolated SSC-enriched germ cells at three stages of development 

(postnatal day 0-2, 8-9, and 16-18) using Fluorescent-Activated Cell Sorting (FACS). I 

identified various cell fractions at each stage by the expression of four surface markers: 

THY1, ITGA6, GFRA1, and KIT. Cells in each fraction were assayed for their 

regenerative activity in vivo, self-renewal activity in vitro, and the expression of genes 

important in SSC fate control. I discovered that prepubertal germ cells exhibited unique 

immunophenotypic profiles that are specific to each stage of development, allowing us 

to identify the cell fractions with different levels of SSC activity. Here, I found the highest 

level of SSC enrichment reported so far in pups from a cell fraction that I named 

“Fraction A”, with approximately one SSC in 18 cells from P8-9 Fraction A. By further 

fractionating with GFRA1 and KIT, I found that almost all subfractions retain SSC 

activity in vivo and in vitro, indicating that neither GFRA1 loss nor KIT gain is indicative 

of stem cell depletion, although GFRA1 is a widely accepted SSC marker while KIT a 

differentiation marker. However, THY1 loss did correspond to SSC depletion. Future 

studies could explore THY1 as a fate marker, considering that loss of THY1 expression 

most accurately reflects the exit of stem cell state, more so than GFRA1 loss or KIT 

gain. Furthermore, the GFRA1/KIT subfractions can be scrutinized in more detail with 

transcriptional profiling, particularly to discern the identity of GFRA1+ KIT+ cells. My 

study will serve as a useful resource for future SSC isolation studies such that pure or 

near-pure SSCs can be obtained.  
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Résumé 
Les cellules souches spermatogoniales (SSC) sont à la base de la spermatogenèse et 

assurent la production de spermatozoïdes tout au long de la vie adulte. Elles constituent 

une ressource cruciale pour la préservation de la fertilité, en particulier pour les garçons 

prépubères qui subissent un traitement gonadotoxique. Bien que ces patients ne 

produisent pas de sperme à cryoconserver, il est théoriquement possible d'isoler les 

SSC de leurs testicules avant le traitement et de les transplanter ultérieurement pour 

restaurer la fertilité. Dans le but de purifier les SSC prépubères, j’ai utilisé un modèle 

murin pour déterminer les immunophénotypes de surface cellulaire des SSC pendant le 

développement postnatal. J'ai prospectivement isolé les cellules germinales enrichies 

en SSC, à trois stades de développement (0-2, 8-9, et 16-18 jours post-partum) en 

utilisant le tri cellulaire activé par fluorescence (FACS). J'ai identifié différentes fractions 

cellulaires à chaque stade en fonction de l'expression de quatre marqueurs de surface: 

THY1, ITGA6, GFRA1 et KIT. Les cellules de chaque fraction ont été testées pour leur 

activité régénératrice in vivo, leur activité d'auto-renouvellement in vitro et l'expression 

de gènes importants dans le contrôle de la différentiation des SSC. J'ai découvert que 

les cellules germinales prépubères présentaient des profils immunophénotypiques 

uniques, spécifiques à chaque stade de développement, ce qui nous a permis 

d'identifier les fractions cellulaires présentant différents niveaux d'activité des SSC. J'ai 

trouvé le plus haut niveau d'enrichissement en SSC rapporté jusqu'à présent chez les 

souriceaux à partir d'une fraction cellulaire que j'ai nommée "Fraction A"; plus de 250 

fois supérieure aux cellules de testicules adultes non triées. Ensuite, en poursuivant le 

fractionnement avec GFRA1 et KIT, j'ai constaté que toutes les sous-fractions 

conservaient une activité SSC in vivo et in vitro, ce qui indique que ni la perte de 

GFRA1 ni le gain de KIT n'indiquent un appauvrissement en cellules souches. 

Cependant, la perte de THY1 correspondait à l'épuisement des SSC. De futures études 

devraient explorer THY1 en tant que marqueur du destin, étant donné que la perte de 

l'expression de THY1 reflète le plus précisément la sortie de l'état de cellule souche; 

plus que la perte de GFRA1 ou le gain de KIT. En outre, les sous-fractions GFRA1/KIT 

peuvent être examinées plus en détail grâce au profilage transcriptionnel, en particulier 

pour discerner l'identité des cellules GFRA1+ KIT+. Il est important de noter que mon 
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étude servira de ressource utile pour les futures études sur l'isolement des SSC afin 

d'obtenir des SSC pures ou presque pures. 
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1. Introduction  
 

In humans, around a hundred million sperm are produced daily per testis, which is 

roughly equivalent to five million sperm per hour or one thousand sperm per heartbeat 

(Amann, 2009). Here, “production” is the creation of daughter cells by spermatogonial 

stem cells (SSCs), which differentiate and mature into sperm. In essence, SSCs are the 

driving force behind the highly productive and clockwork-like process of 

spermatogenesis. While it has been almost 30 years since the development of 

spermatogonial transplantation to functionally identify SSCs (Brinster and Avarbock, 

1994; Brinster and Zimmermann, 1994), their exact identity has yet to be unraveled. All 

types of studies—from morphological, functional, to transcriptomic studies have not 

been able to discern a lone, pure SSC population. Elucidating the identity of SSCs in 

the mouse model will aid in studying human SSCs and attaining their clinical potential in 

fertility treatments. The fertility preservation of prepubertal boys undergoing gonadotoxic 

treatments is particularly an important issue, as they cannot produce sperm for sperm 

banking. In this context, the study of prepubertal mice could be most applicable for 

fertility treatments, as they are still undergoing development much like prepubertal boys. 

In my thesis study, I isolated SSCs from prepubertal mice and identified spermatogonial 

subpopulations that are heterogeneous in stem cell activity. Our work improves on 

previous purification studies and gleans new insights into spermatogonial commitment 

during postnatal development. I hope this work will be a springboard for future studies 

that will isolate pure SSCs, and it will be a useful model for studying human SSCs.  

 

1.1 Spermatogenesis 
Spermatogenesis is the process of sperm production in the testes, a highly organized 

process that is completed with the release of spermatozoa into the lumen of the 

seminiferous tubules (Clermont, 1972). Spermatogonia are the first of four phases in 

spermatogenesis: spermatogonia, spermatocyte, spermatid, and spermatozoa, in order 

of increasing maturity. Spermatogonia are diploid and undergo meiosis at the 

spermatocyte stage to become haploid gametes (Griswold, 2016). It requires ~68 days 
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in humans for spermatogonia to complete maturation and be released into the lumen, 

and ~35 days in mice (Chen et al., 2017; de Rooij, 2017). The layers of 

spermatogenesis in the seminiferous tubules are spatially organized with the most 

primitive cells lying along the basement membrane and the most mature cells near the 

lumen (Fig. 1). Localized together with germ cells, Sertoli cells are a type of somatic cell 

in the seminiferous tubules (Jégou, 1992). Sertoli cells have important functions in 

supporting germ cell development, such as cell signaling to germ cells (e.g. GDNF, 

FGF2, LIF, WNT5A), transduction of endocrine signals (e.g. FSH), and nutrient and 

waste transport (França et al., 2016; Yeh et al., 2011). Notably, Sertoli cells create a 

blood-testis barrier (BTB), which segregates the seminiferous epithelium into basal and 

adluminal compartments (Mruk and Cheng, 2015). Meiotic germ cells past the leptotene 

stage are located in the adluminal compartment, where they are protected by the 

immune-privileged microenvironment created by the BTB (Mruk and Cheng, 2015). 

Spermatogonia and preleptotene spermatocytes are located in the basal compartment, 

where they are exposed to blood and lymphatic fluid (Mruk and Cheng, 2015). 

Amazingly, leptotene spermatocytes traverse the BTB through the tight junctions, from 

the basal to adluminal compartment, and this has been reported to occur through a 

process of synchronized assembly and disassembly of tight junction proteins (Smith and 

Braun, 2012).  

 

Figure 1. Organization of the seminiferous epithelium. Adapted from de Rooij, 2017. 
Reproduced with permission from Springer Nature. Cross section of mouse testis. 
Spermatogonia including SSCs are located in layer 1, along the basement membrane. 
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1.2 Spermatogonial stem cells 
Spermatogenesis is sustained by spermatogonial stem cells (SSCs), a rare cell 

population estimated to be 0.01% of the adult testis population (Nagano, 2003). By 

definition, stem cells self-renew as well as produce progenitors that develop into mature 

differentiated cells (Wagers and Weissman, 2004). They range from totipotent cells that 

can generate all cells in the body (e.g. mouse embryo until eight-cell stage of morula) 

(Wobus and Boheler, 2005) to unipotent stem cells like SSCs that produce one mature 

cell type (sperm). SSCs are also adult stem cells, or tissue-specific stem cells, because 

their regenerative potential is restricted to one organ, the testis (Wagers and Weissman, 

2004). The definition of progenitor is not clearly established, although most definitions 

will agree that they are more committed than definitive stem cells.  

SSCs are unequivocally identified with the spermatogonial transplantation assay, a 

functional assay in which cells are injected into recipient testes to examine if they can 

regenerate spermatogenesis (Brinster and Zimmermann, 1994). The assay was 

published by Ralph L. Brinster’s laboratory in 1994 (Brinster and Avarbock, 1994; 

Brinster and Zimmermann, 1994). In this technique, a transgenic donor strain such as 

ROSA26-lacZ is often used, which expresses β-galactosidase ubiquitously in all tissues 

(Friedrich and Soriano, 1991). Thus, donor cells can be identified after transplantation 

into recipient testes by X-gal staining, which marks them with a blue color (Fig. 2). 

Recipient mice are typically treated with busulfan to eradicate germ cells, or a strain like 

W/Wv is used which genetically lacks spermatogenesis. It is important that recipient 

testes lack germ cells, as the injected donor cells must home to the basement 

membrane and colonize there. After donor cells are injected, the assay requires 2-3 

months of time (2-3 cycles of spermatogenesis) such that SSCs can colonize the 

basement membrane and proliferate, and its daughter cells can differentiate to form 

sperm, regenerating spermatogenesis.  

The main readout of this assay is the quantity of colonies found in recipient testes, 

which signify donor-derived spermatogenesis. Importantly, because each SSC colony is 

formed by a single SSC, it allows for quantification of SSCs based on the number of 

donor colonies in recipient testes (Kanatsu-Shinohara et al., 2006; Nagano et al., 1999; 
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Zhang et al., 2003). Thus, blue colonies in the recipient testes can be counted, and 

using the homing rate/efficiency (the number of colonies in recipient divided by the 

number of SSCs transplanted) determined in previous studies (Nagano, 2003), the 

number of SSCs in the original donor cell suspension can be estimated. Overall, the 

transplantation assay is both the unequivocal assay to confirm SSC identity and to 

quantify SSCs, and it allows us to estimate SSC enrichment in donor cells (i.e., degree 

of concentration, or the number of SSCs divided by the number of total cells). While the 

assay is very powerful, it takes a long time to acquire results (2-3 months) and is a 

labor-intensive procedure.  

A shorter assay that can detect SSC activity is the cluster-forming assay (CFA), 

requiring only 6-7 days (Yeh et al., 2007). Cells are seeded on top of a STO feeder 

(embryonic fibroblast) layer and cultured in serum-free mouse SSC culture conditions 

(Kubota et al., 2004). After a few days, “clusters” or three-dimensional aggregates of 

spermatogonia appear in culture (Fig. 3). This is indicative of proliferative activity by 

germ cells, and these clusters can be transplanted to confirm regenerative activity (Yeh 

et al., 2007). Clusters can be serially passaged every 5-7 days for at least two years 

(Kanatsu-Shinohara et al., 2005; Kubota et al., 2004). 

For the cluster-forming assay (CFA), culture is typically stopped after 6-7 days and 

clusters are fixed, followed by X-gal staining to visualize testis cells. Finally, clusters are 

counted; the CFA is a quantitative assay that allows us to estimate the number of 

cluster-forming cells originally seeded. We can perform this analysis because clusters 

are clonal (Yeh et al., 2007), indicating that each cluster is formed from one cluster-

forming cell. Although a cluster is not definitive evidence of stem cell activity, because 

spermatogenic differentiation cannot be achieved in vitro, the numbers of clusters in 

vitro correlates to the number of colonies formed in vivo (SSCs) (Yeh et al., 2007).  

In summary, the CFA is a short-term assay that can detect SSCs in vitro, although it is 

not an unequivocal SSC assay because it does not detect production of terminally 

differentiated cells (spermatozoa). However, when stem cells are defined by their 

function to self-renew and produce differentiated cells, continuous production of clusters 

over a long culture period indicates the presence of long-term self-renewal activity, one 
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of the two functions that define stem cells. Furthermore, the CFA is much less time-

consuming and labor-intensive than the transplantation assay. 

 

 

Figure 2. X-gal-stained recipient testis following the transplantation assay. Only donor 
cells are stained blue. Many SSC colonies can be seen in the recipient testis. ROSA pup testis 
cells were used as donors.  

 

Figure 3. Clusters generated from P9 ROSA pups (after four passages). Cells are blue due 
to X-gal staining.  

 

1.3 Pre- and Post-natal development of mouse germ cells 
The precursor to SSCs is primordial germ cells (PGCs), which derive from the epiblast 

of the inner cell mass of the blastocyst (Hayashi et al., 2007). In mouse, BLIMP1 is a 

transcription factor necessary for PGC specification that represses somatic genes, and 
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a few BLIMP1-expressing cells first appear in the proximal epiblast at ~E6.25 (Saitou 

and Yamaji, 2012). Extraembryonic factors like BMP4 and BMP8b are also essential to 

PGC specification (Hayashi et al., 2007). BMP2 from proximal visceral ectoderm (Ying 

and Zhao, 2001), WNT3 (Ohinata et al., 2009), and SMAD1,2,4,5 (Saitou and Yamaji, 

2012) are notable signaling factors involved in PGC fate determination. IFITM3 (Fragilis) 

and DPPA3 (Stella) are two PGC-specific markers (Saitou et al., 2002) but knockout 

studies have shown that neither is essential for PGC specification (Richardson and 

Lehmann, 2010; Saitou and Yamaji, 2012).  

IFITM3-expressing cells are first identified in the proximal epiblast at E6.25-6.5, but 

these are precursors of PGCs that are not yet restricted in lineage to germ cells, 

producing somatic cells as well (Richardson and Lehmann, 2010; Saitou et al., 2005). 

Around E7.25, PGCs appear in the posterior extraembryonic mesoderm, and are 

positive for alkaline phosphatase, IFITM3, DPPA3, and BLIMP1 among many other 

markers (Richardson and Lehmann, 2010; Saitou et al., 2005; Saitou and Yamaji, 

2012). They then migrate through hindgut endoderm and mesoderm, arriving at the 

genital ridges at E10.5-11.5 (Richardson and Lehmann, 2010). PGCs initiate mitotic 

arrest in males by E13.5 (Western et al., 2008), whereas in females they begin to 

undergo meiosis by E13.5 (Speed, 1982). Male PGCs from E8.5-16.5 can regenerate 

spermatogenesis upon transplantation, indicating SSC function, and these sperm can 

produce offspring with microinsemination (Chuma et al., 2005). However, PGCs up to 

E12.5 also produce teratomas when transplanted, indicating differentiation into other 

lineages, and are not very efficient at regenerating spermatogenesis (Chuma et al., 

2005). PGCs from E14.5 and later show relatively efficient regeneration of 

spermatogenesis without teratoma formation (Chuma et al., 2005; Ohta et al., 2004).  

After initiating mitotic arrest by E13.5 (Western et al., 2008), male germ cells stay 

quiescent until ~P2 (Culty, 2009; Vergouwen et al., 1991). The germ cells during this 

period are called “gonocytes” or “prospermatogonia” and I will refer to them as the latter. 

Notably, male germ cells undergo genome-wide DNA demethylation from E10.5-12.5 

(Hajkova et al., 2002), and after becoming quiescent, acquire paternal methylation 

imprints (Sasaki and Matsui, 2008). At birth, prospermatogonia are located in the lumen 
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of seminiferous tubules. They migrate to the basement membrane, begin proliferating 

by P3-4, and are then referred to as spermatogonia (Geyer, 2017). Prospermatogonia 

can be further divided into quiescent T1-prospermatogonia (E15 to P2) and dividing T2-

prospermatogonia (P2 to P3) (McCarrey, 2017).  

In my study, I focused on three stages of postnatal development: P0-2, P8-9, and P16-

18. Germ cells at P0-2 are quiescent prospermatogonia in the lumen. By P3-4, they 

have started proliferating, at which point they are called spermatogonia (or more 

specifically, type A spermatogonia) and can be morphologically classified into Asingle, 

Apair, Aal, and A1-4 spermatogonia (Geyer, 2017; Huckins and Oakberg, 1978). Notably, 

the spermatogonial population at this point is incredibly heterogeneous at both the 

protein and transcript levels (Green et al., 2018; Hermann et al., 2015; Law et al., 2019; 

Niedenberger et al., 2015; Suzuki et al., 2009; Tan et al., 2020). The first cells starting 

to undergo meiosis, or preleptotene spermatocytes, appear by P8-10 (Bellve et al., 

1977; Geyer, 2017; Yoshinaga et al., 1991). Sertoli cells stop proliferating at P14-17 

(Vergouwen et al., 1991; Walker, 2003) and the BTB forms by P15 (Chihara et al., 

2013; Willems et al., 2010). By P16-18, the number of germ cells have increased 

significantly compared to earlier ages. This increase continues as the first wave of 

spermatogenesis completes around P30-35 and the first spermatozoa are released 

(Janca et al., 1986).  

 

1.4 The first wave of spermatogenesis  
The first wave of spermatogenesis is distinct from all subsequent waves of 

spermatogenesis, which are collectively referred to as adult “steady-state” 

spermatogenesis (Geyer, 2017; McCarrey, 2017). Germ cells during the first wave can 

be subdivided into committed progenitors that undergo meiosis to form the first sperm 

and the newly established SSC population which develops and expands as it matures 

into the “adult” SSC pool. The first wave is unique in that committed progenitors are not 

derived from the SSC population; the SSC population is established at some point after 

P2, while a committed progenitor population seems to already exist beforehand.  
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Several mutant mouse strains (e.g. jsd (Beamer et al., 1988), Rb1 (Hu et al., 2013), and 

Zbtb16 (Costoya et al., 2004)) show successful spermatogenesis in the first wave 

followed by gradual disruption of spermatogenesis over time, leading to infertility as an 

adult. These results imply that the first wave has different properties when compared to 

subsequent waves of spermatogenesis, which may be due to developing germ cells and 

soma (including the neuroendocrine system). Thus, there is ample reason to examine 

the first wave of spermatogenesis by itself.  

It is argued that the first sperm do not originate from SSCs but progenitors that lost 

long-term self-renewal capacity and thus, the first wave is SSC-independent while the 

subsequent waves are SSC-dependent (Geyer, 2017; Hermann et al., 2018; Tan et al., 

2020). Equivalently, the prospermatogonial population can be separated into one 

population that differentiates into the first wave and another that forms the SSC pool (de 

Rooij, 1998; Law et al., 2019; Tan et al., 2020; Velte et al., 2019; Yoshida et al., 2006).  

 

 

Figure 4. Scheme of two distinct prospermatogonial populations in mouse. Adapted from 
McCarrey, 2017. Reproduced with permission from Springer Nature. This figure suggests that 
SSCs are predetermined by E15.  

Previous studies have found that the functional activity of prepubertal germ cells is 

different from that of steady-state germ cells. As for the first-wave progenitors that form 

the first sperm, they undergo increased apoptosis (Mori et al., 1997), a faster rate of 

maturation (Kluin et al., 1982), and reduced efficiency in fertilization (Miki et al., 2004). 

As for prepubertal SSCs, they seem to divide at a higher frequency, shown by higher 

rates of retroviral integration (Nagano et al., 2002b, 2001). Also, prepubertal SSCs may 
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be geared more towards differentiation rather than self-renewal when compared to 

steady-state SSCs (Ebata et al., 2007). However, they are not less capable than adult 

SSCs, because they are capable of complete regeneration of spermatogenesis and 

exhibit a similar homing efficiency as adult SSCs (Ebata et al., 2007). 

 

1.5 Heterogeneity of prepubertal spermatogonia  
Prepubertal spermatogonial populations are heterogeneous and can be subdivided both 

at the protein and transcript level. Be cautioned that expression at the protein and 

transcript levels can be different, as markers like KIT, STRA8, and SOHLH2 are not 

uniformly expressed in spermatogonia at the protein and transcript levels (Hermann et 

al., 2015). Immunofluorescence studies show subpopulations with distinct protein 

expression as early as P4, with there being 60% GFRA1+ KIT–, 35% GFRA1– KIT+, 

and less than 10% GFRA1+ KIT+ spermatogonia (Niedenberger et al., 2015). Single-

cell RNA sequencing studies have elucidated the subpopulations in greater resolution. 

Increasing heterogeneity perinatally is shown from one scRNAseq cluster/population at 

E18.5, to two populations at P2, and finally three populations at P7 (Tan et al., 2020). 

That being said, one study has found heterogeneity from E16.5 in terms of ID4 

expression (Law et al., 2019).  

Undifferentiated spermatogonia of prepubertal mice can be further subdivided, often into 

one population that is more naïve and another that is more “progenitor-like” (Hermann 

et al., 2018; Tan et al., 2020). Consensus SSC genes from scRNA-seq studies include 

Gfra1, Id4, Etv5, Lhx1, Eomes, Dusp6, and Ret while consensus “progenitor” and 

differentiation genes include Sohlh1, Nanos3, Dmrt1, Ngn3, Rarg, Stra8, and Kit (Green 

et al., 2018; Hermann et al., 2018; Law et al., 2019; Liao et al., 2019; Tan et al., 2020). 

While it can be difficult to compile the vast amount of information from all scRNA-seq 

studies, I will summarize a few key points here. First, they have identified cell 

clusters/populations with distinct gene expression profiles at various points in 

prepubertal development, from as early as P2 (Law et al., 2019; Tan and Wilkinson, 

2020). Second, new markers like CD87 (Liao et al., 2019) and CD82 (Tan et al., 2020) 

have emerged from scRNA-seq studies as potential SSC surface markers. Third, 
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intracellular signaling pathways involved in SSC establishment have been examined, 

such as the Hippo (Tan et al., 2020),  mTORC1 (Suzuki et al., 2021), eIF2 (Hermann et 

al., 2018; Tan et al., 2020), and MAPK pathways (La et al., 2018; Tan et al., 2020). 

While scRNA-seq studies have not been able to elucidate the SSC population 

definitively, they have and will continue to be a useful resource in characterizing 

heterogeneous cell populations. Future studies could attempt multi-omics approaches to 

elucidate spermatogonial subpopulations, including proteomics, epigenomics, and 

metabolomics analyses.  

 

Figure 5. Expression of genes in SSC development as revealed by scRNA-seq. Adapted 
from Tan et al., 2020. Prospermatogonia are divided into three separate phases: T1-
Prospermatogonia, I-Prospermatogonia, and T2-Prospermatogonia. Gfra1, Id4, Etv5, Nanos3, 
Stra8, and Kit are markers that I examined in my study. Reproduced with permission 
(Development, The Company of Biologists). 

 

1.6 Surface markers used for spermatogonial fractionation 
More than a dozen markers have been reported for use in the fractionation of 

spermatogonia with FACS or MACS. Some notable markers are listed in the table 

below. I will provide brief statements about the characteristics of each marker molecule. 

Only studies in mouse were selected.  

+ Marker Reference - Marker Reference 

ITGA6 (Shinohara et al., 1999) KIT (Shinohara et al., 2000) 
ITGB1 (Shinohara et al., 1999) ITGAV (Shinohara et al., 2000) 
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Table 1. List of positive and negative SSC surface markers previously used in FACS or 
MACS. 

ITGA6 

Integrin Subunit Alpha 6 is one of 18 integrin alpha subunits (Campbell and Humphries, 

2011). Integrins are heterodimers of alpha and beta subunits, and are surface proteins 

involved in signaling pathways and tissue organization (Campbell and Humphries, 

2011). In particular, integrin α6 (ITGA6) and integrin β1 (ITGB1) are known to bind 

laminin and collagen, components of the extracellular matrix and basement membrane 

(Campbell and Humphries, 2011; Shinohara et al., 2000). They were identified as SSC 

markers in mice based on attachment to these extracellular matrix molecules (laminin, 

collagen IV, fibronectin) (Shinohara et al., 1999). Selection of cells attaching to laminin 

molecules led to a significant enrichment of SSCs but not collagen IV or fibronectin, as 

measured by spermatogonial transplantation  (Shinohara et al., 1999). Both ITGA6 and 

ITGB1 lead to significant SSC enrichment when used independently as single markers 

in MACS (Shinohara et al., 1999). Finally, ITGA6 has been used for human SSC 

enrichment as well (Givelet et al., 2022; Nickkholgh et al., 2014; Valli et al., 2014). 

 

THY1 

THY1 or CD90 is a glycosylphosphatidylinositol-anchored (GPI-anchored) surface 

protein that is expressed in a large variety of cells including thymocytes, neurons, 

fibroblasts, mesenchymal stem cells, hematopoietic stem cells, embryonic stem cells, 

and SSCs (Draper et al., 2002; Kubota et al., 2003; Kumar et al., 2016). THY1 was 

identified as a SSC marker based on spermatogonial transplantation experiments 

THY1 (Kubota et al., 2003) MHC-I (Kubota et al., 2003) 
CD9 (Kanatsu-Shinohara et al., 2004) EPCAM (Kanatsu-Shinohara et al., 2011) 

GFRA1 (Ebata et al., 2005) 
CDH1 (Tokuda et al., 2007) 
MCAM (Kanatsu-Shinohara et al., 2012) 

TSPAN8 (Mutoji et al., 2016) 
EPHA2 (Morimoto et al., 2020) 
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(Kubota et al., 2003) and is used as a positive marker to enrich mouse SSCs with 

MACS for in vitro culture (Kubota et al., 2004). In mice, THY1+ cells could not be 

visualized by immunostaining before my thesis study, and were detectable so far only 

by flow cytometry, making it difficult to characterize THY1+ cells. THY1 is an efficient 

mouse SSC marker, providing the highest enrichment across markers when they are 

used in single-antigen cell sorting experiments (Kubota et al., 2003).  

The function of THY1 in SSCs is unknown. In other cell types, THY1 functions as a cell 

adhesion molecule and interacts with integrins and syndecans (Avalos et al., 2009; 

Fiore et al., 2014). For example, in endothelial cells, THY1 is suggested to mediate 

leukocyte adhesion to the endothelium by interacting with integrin αMβ2 on leukocytes 

(Wetzel et al., 2004). In addition, THY1 on endothelial cells interacts with integrin αvβ3 

on melanoma cells to mediate adhesion to the endothelium (Saalbach et al., 2005). 

THY1 contains an RGD motif (tripeptide Arg-Gly-Asp, or Arginine-Glycine-Aspartic 

Acid), which is recognized by integrins and mediates binding to integrin proteins 

(D’Souza et al., 1991; Leyton et al., 2001; Main et al., 1992). Interaction between THY1 

on neurons and integrin β3 on astrocytes, which is important for astrocyte function, can 

be blocked with RGD-related peptides (Kong et al., 2013; Leyton et al., 2001). In 

summary, THY1 in endothelial cells and neuronal cells acts as an adhesion molecule 

and binds to integrins. Because integrin α6 and integrin β1 and are both expressed on 

SSCs (Shinohara et al., 1999), I speculate that THY1-integrin binding may also occur in 

germ cells.  

Interestingly, THY1-knockout mice are fertile, implying THY1 function is nonessential in 

spermatogenesis (Barlow et al., 2002; Nosten-Bertrand et al., 1996).  

 

GFRA1 

Glial cell line-derived neurotrophic factor (GDNF) receptor alpha 1 is another GPI 

anchored surface protein that is a receptor for both GDNF and neurturin (Cacalano et 

al., 1998). GDNF binding to GFRA1 leads to recruitment of the receptor tyrosine kinase 

RET and formation of the GDNF-GFRA1-RET complex, followed by 
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autophosphorylation of RET and intracellular signal transduction (Kawai and Takahashi, 

2020). The GDNF signaling pathway promotes SSC self-renewal (Chen et al., 2016; 

Sharma and Braun, 2018; Takashima et al., 2015) and GDNF is a potent proliferation 

factor for SSCs in vitro (Kubota et al., 2004). In adult mice, immunostaining studies 

showed that GFRA1 expression is limited to undifferentiated Type A spermatogonia and 

expression is highest in Asingle spermatogonia, which is the most primitive stage of 

spermatogonia that can be morphologically classified (Grasso et al., 2012; Grisanti et 

al., 2009; Nakagawa et al., 2010). However, GFRA1 expression is heterogeneous even 

among the morphologically most primitive spermatogonia, Asingle spermatogonia (Grasso 

et al., 2012; Grisanti et al., 2009; Nakagawa et al., 2010). The enrichment of mouse 

SSCs with GFRA1 has seen mixed success, although more successful in FACS 

purification than MACS (Buageaw et al., 2005; Ebata et al., 2005; Garbuzov et al., 

2018; Grisanti et al., 2009; Takashima et al., 2015).  

 

KIT  

Proto-oncogene kit is a receptor tyrosine kinase and the homolog of the viral oncogene 

v-kit of the HZ4 feline sarcoma virus (Yarden et al., 1987). KIT (or mast/stem cell growth 

factor receptor) is essential in melanocyte development (Wehrle-Haller, 2003), 

expressed on hematopoietic stem cells (HSCs), and is required for hematopoiesis and 

spermatogenesis (Mintz and Russell, 1957). KIT ligand or stem cell factor (SCF), 

produced by Sertoli cells in the testis, is a ligand for KIT, and SCF production by Sertoli 

cells is essential in maintaining spermatogenesis (Peng et al., 2023; Strohmeyer et al., 

1995).  

Regarding the function of KIT in spermatogenesis, it is essential in spermatogonial 

differentiation (Schrans-Stassen et al., 1999; Yoshinaga et al., 1991). Studies report 

that KIT expression is limited to differentiating spermatogonia and preleptotene 

spermatocytes, and not expressed in late spermatocytes or spermatids (Yoshinaga et 

al., 1991). Notably, blocking KIT causes depletion of differentiating spermatogonia and 

later stages of germ cells, but undifferentiated Type A spermatogonia continue to 

survive and proliferate (Ohta et al., 2003; Yoshinaga et al., 1991).  
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Undifferentiated Type A spermatogonia in adults have been observed to not express 

KIT, based on immunofluorescence studies (Yoshinaga et al., 1991). However, there 

was a report of undifferentiated spermatogonia in prepubertal pups (P7.5) expressing 

KIT (Ohbo et al., 2003). Furthermore, KIT+ cells in vivo retain some SSC activity, 

although activity is generally lower than KIT– cells (Barroca et al., 2009; Kanatsu-

Shinohara et al., 2012; Ohbo et al., 2003; Shinohara et al., 2000). One study actually 

found higher SSC enrichment in KIT+ cells than unsorted control (bulk adult testis cells) 

(Shinohara et al., 1999).  

KIT is commonly used as a negative marker in mouse SSC enrichment. KIT is 

expressed in cultured SSCs in vitro and there is no difference between KIT+ and KIT– 

cells in regenerative activity (Morimoto et al., 2009). Interestingly, KIT is expressed in 

PGCs, as well as in oocytes, zygotes (Motro and Bernstein, 1993), inner cell mass of 

blastocysts, and embryonic stem cells (Bashamboo et al., 2006). This protein plays an 

important role in the development of these cell types (Zhao and Garbers, 2002). 

Prospermatogonia at birth do not express KIT (Niedenberger et al., 2015; Yoshinaga et 

al., 1991) but its expression has been reported to reappear in spermatogonia by P3.5-4 

(Niedenberger et al., 2015; Ohbo et al., 2003).  

 

1.7 Summary 
Safeguarding the fertility of prepubertal boys undergoing gonadoxic treatments (e.g. 

radiotherapy, chemotherapy), who cannot produce sperm for sperm banking, could be 

attained in the future through SSC research. An important requirement that must be met 

is the establishment of human (h)SSC isolation and hSSC in vitro expansion. At the 

isolation step, an efficient purification of hSSCs is necessary. While many efforts have 

been made in this regard (Givelet et al., 2022; He et al., 2012; Liu et al., 2011; Zohni et 

al., 2012), it is difficult to assess the efficiency of purification because validating 

regeneration activity of hSSCs with the transplantation assay is not feasible in humans. 

Xenotransplantation of human spermatogonia into mouse can lead to long-term survival 

but they do not regenerate spermatogenesis (Nagano et al., 2002a; Wyns et al., 2008), 

while transplantation in human recipients for experimental purposes is unethical. As for 
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the in vitro expansion of hSSCs, long-term culture attempts have generally been 

unsuccessful, with insufficient proliferation of hSSCs and length of culture period (Lim et 

al., 2010; Medrano et al., 2016; Zheng et al., 2014). Perhaps human scRNA-seq studies 

will identify factors that can improve hSSC culture attempts (Guo et al., 2017; Shami et 

al., 2020; Sohni et al., 2019), such as by finding signaling pathways upregulated in 

hSSCs and ligand-receptor interactions between somatic cells and hSSCs. In summary, 

the study of hSSCs has been limited due to the lack of assays to validate stem cell 

activity. 

In mice, lone SSCs may be close to being identified. Unpublished results from our lab 

show that SSCs in adult mice can be isolated at a purity of ~1 in 10 cells. SSC isolation 

has improved significantly in the past two decades. Initially, induction of cryptorchid 

testes was used to achieve high SSC enrichment (Shinohara et al., 2000). Induction of 

experimental cryptorchidism, by suturing mouse testes to the abdominal wall, destroys 

endogenous spermatogenesis and eliminates the majority of germ cells due to exposure 

to a high body core temperature. Since SSCs survive these conditions, the cells can be 

enriched in vivo in cryptorchid testes. Currently, however, the best methods are cell 

fractionation using FACS in intact testes or transgenic reporters, particularly ID4 

(inhibitor of DNA binding 4) (Chan et al., 2014). ID4-EGFP+ cells (from Id4-eGfp 

transgenic reporter mice) have often been used as an SSC population for scRNA-seq 

studies and P8 ID4-EGFPBright cells show high SSC activity (~180 colonies / 105 cells 

transplanted) in the transplantation assay (Helsel et al., 2017). But for the enrichment or 

purification of hSSCs, such use of a transgenic reporter is not translatable to humans. 

Therefore, isolation and purification of hSSCs must be done with FACS using 

endogenous cell-surface markers in intact cells without genetic markers.   

In this study, I extensively fractionated spermatogonia populations at three points in 

prepubertal development (P0-2, P8-9, P16-18) with FACS and examined all relevant 

subpopulations. Prepubertal SSCs are the focus in the clinical translation of SSC 

research, and the first wave of spermatogenesis is unique, prompting separate study of 

these cells. This study examines SSC development in the mouse model and could 

serve as a preclinical model for prepubertal hSSCs.  
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In the subpopulations I identified, SSC activity was examined both in vivo with the 

transplantation assay and in vitro with the cluster forming assay (CFA) (Yeh et al., 

2007). Our work catalogs the spermatogonial subpopulations throughout development 

and tracks the SSC immunophenotype in terms of four surface markers: THY1, ITGA6, 

GFRA1, and KIT. By providing detailed cell characteristics, this work lays a foundation 

for the extensive FACS purification of SSCs and gives an extensive resource for the 

study of SSCs in other mammalian species, including human.  

 

2. Methods 
 

2.1 Spermatogonial transplantation 
ROSA26 mice (B6;129S-Gt(ROSA)26Sor/J) were used in all experiments, which 

express β-galactosidase ubiquitously in all tissue including testis (Friedrich and Soriano, 

1991). For spermatogonial transplantation, 129/SvEv × C57BL/6 F1 hybrid mice were 

used as recipients. Four to eight weeks prior to transplantation, recipient mice were 

intraperitoneally injected with busulfan (50 mg/kg of body weight) to eliminate 

endogenous germ cells. Recipient mice underwent busulfan treatment at 4-5 weeks of 

age. A microinjection needle filled with a single cell suspension of donor cells was 

inserted into the efferent ducts, and donor cells were injected into the lumen of the 

seminiferous tubules through the rete testis. Testes of recipient mice were recovered 2-

3 months after transplantation and stained with X-gal, or 5-bromo-4-chloro-3-indolyl β-

D-galactoside (BioBasic #BB0083) to visualize donor cells.  

 

2.2 Cell culture and the cluster forming assay (CFA) 
SSC culture was maintained in a manner similar to previous studies (Kubota et al., 

2004; Yeh et al., 2007): a serum-free medium composed of Minimum Essential Medium 

α (Invitrogen #12561) with 0.2% BSA (Sigma #A3803), 5 µg/mL insulin (Sigma #I5500), 

10 µg/mL iron-saturated transferrin (Sigma #T1283), 3 x 10-8 M sodium selenite (Sigma 

#S5261), 50 µM 2-mercaptoethanol (Sigma #M7522), 10 mM HEPES (Sigma #H0887), 
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60 µM putrescine (Sigma #P5780), 2 mM glutamine (Invitrogen #25030-081), 50 

units/mL penicillin and streptomycin (Invitrogen #15070-063), and 7.6 µ eq/L free fatty 

acids (31 mM palmitic acid (Sigma #P0500), 2.8 mM palmitoleic acid (Sigma #P9417), 

11.6 mM stearic acid (Sigma #S4751), 13.4 mM oleic acid (Sigma #O1008), 35.6 mM 

linoleic acid (Sigma #L1012), 5.6 mM linolenic acid (Sigma #L2376)) (Kubota et al., 

2004). The following growth factors were added to culture medium, identical to previous 

studies (Kubota et al., 2004): recombinant human GDNF (R & D Systems #212-GD), 

recombinant rat GFRA1 (R & D Systems #560-GR), and recombinant human FGF2 

(ThermoFisher #13256-029). For the initial one or two passages, in which the culture is 

being established, 40 ng/mL GDNF, 300 ng/mL GFRA1, and 1 ng/mL FGF2 were added 

to culture medium. In subsequent passages, growth factor concentrations were reduced 

(except FGF2) to 20 ng/mL GDNF, 75 ng/mL GFRA1, and 1 ng/mL FGF2. Culture 

medium was replaced with fresh medium and growth factors every 3-4 days and cells 

were treated with 0.25% trypsin-EDTA (Invitrogen #25200-056) for ~3 min. to dissociate 

them before subculturing.  

SSCs were cultured on a layer of STO (SIM mouse embryo-derived thioguanine and 

ouabain resistant) fibroblasts (Nagano et al., 2003) which were mitotically inactivated 

with mitomycin C (Sigma # M0503) treatment (10 μg/ml for 3-3.5 hours). STO feeders 

were seeded in culture plates at 5 × 104 cells/cm2 at least one day before cluster 

seeding. Both STO feeders and SSC culture were maintained in 5% CO2 at 37˚C. 

The cluster forming assay (CFA) (Yeh et al., 2007) was 6-7 days or 9-11 days in 

duration depending on the type of experiment. I did not passage cluster cultures in this 

assay procedure. All CFAs were conducted using 48-well plates. Clusters are defined 

as three dimensional structures formed with at least six cells, as described in (Yeh et 

al., 2007). I excluded chain-like structures indicative of spermatogonial differentiation in 

counting clusters (La et al., 2018). To visualize clusters, wells were fixed with 0.5% 

glutaraldehyde for at least 5 min., followed by staining with X-gal. Clusters were 

quantified visually under a light microscope. If clusters were too numerous to manually 

quantify, the entire well was imaged first, followed by manual quantification. 
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For counting clusters during long-term culture experiments, cluster numbers were 

estimated by counting five different locations in a culture well with a light microscope. 

The average number of clusters per “location” and the field of view (2.2 mm) was used 

to calculate the total number of clusters per well. Then, previous passage ratios were 

used to estimate the rate of expansion.  

 

2.3 Flow cytometry (FC) and fluorescence activated cell sorting (FACS) 
Below is a concise version of protocols for FC and FACS. An extended protocol, 

including protocol for intracellular FC, can be found in Appendix 6.2.  

After recovering mouse testes, tunica was removed and seminiferous tubules were lightly 

loosened with forceps. The tubules were digested in Hanks’ Balanced Salt Solution with 1 

mg/mL Collagenase I (Sigma #C0130) and 1 mg/mL Collagenase IV (Sigma #C5138) for 10-12 

min. at 37°C. PBS was added to the collagenase digestion solution at the end of incubation to 

dilute the solution. Tubules were sedimented with unit gravity for 10 min. for P8-9 or P16-18 pup 

testes (see later for P0-2). Supernatant was removed and fresh PBS was added to sediment 

tubules again for 10 min. This process washed off collagenase while removing a large portion of 

interstitial cells. For P0-2 pup testes, centrifugation at 500 x g for 5 min. was used instead of a 

unit gravity sedimentation. This is because seminiferous tubules at this developmental stage are 

so light that unit gravity sedimentation is impractical. Supernatant was removed after 

centrifugation. Washing was done by adding PBS and centrifuging again at the same settings.  

To digest tubules to a single-cell suspension, 2-3 mL of enzyme-free cell dissociation buffer 

(Sigma #S-014-B) was added and incubated for at least 2 min. in a 37°C water bath (volume of 

dissociation buffer added depends on the amount of tubules being digested). In order to 

untangle cell clumps that occur due to DNA leakage from dead cells during the digestion 

procedure, a solution of 5 mg/mL DNase I (Sigma #DN25) was added to give a final 

concentration of 1 mg/mL DNase I. Once cell clumps were not visible, 7 mL PBS was added to 

the digestion solution. The resulting cell solution was treated through a 40 μm cell strainer to 

remove undigested tissue debris.   

Cells were stained with a viability dye (Biogems Viability Dye 506) to exclude dead cells. For 

incubation in primary antibodies, cells were resuspended in PBS with 1% BSA (Sigma #A3803). 

Antibodies used are detailed in Table 2. Up to 2 x 106 cells were resuspended in 100 μL solution 
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of 1% BSA (PBS) per tube. Cells were incubated in antibody solution for 25-35 min. on ice with 

a gentle agitation. After incubation, 1 mL of PBS was added into each tube to wash cells, 

followed by centrifugation of tubes at 500 x g for 5 min. Finally, supernatant was removed, and 

cells were resuspended in 1% BSA in PBS at 200-300 μL per 106 cells. For flow cytometry, cells 

were read on the BD (Becton, Dickinson and Company) LSRFortessa or LSRFortessa X-20. For 

FACS, cells were sorted on the BD FACSAria Fusion.  

Data were analyzed with FlowJo™ v10.7 or v10.8 Software (BD Life Sciences). Below 

is a table detailing the setup of flow cytometric instruments. For the flow cytometric 

analyses of clusters, data of all cells after exclusion of doublets and dead cells were 

used for generating profiles.  

 

Table 2. Configuration of FC and FACS machines. 

 

2.4 Intracellular flow cytometry  
First, surface staining was performed as detailed in section 2.3. After surface staining was 

complete (including one wash with PBS), cells were fixed in ice-cold 4% paraformaldehyde 

solution, then incubated for 15 min. on ice with agitation. Cells were washed once with PBS by 

centrifuging cells at 500 x g for 5 min., removing supernatant, and adding 1 mL PBS. Cells were 

centrifuged again at 500 x g for 5 min. and supernatant was removed. In order to permeabilize 

the cells, they were resuspended in ice-cold 0.1% Triton X-100, followed by incubation for 5 

min. on ice. After incubation, cells were centrifuged at 500 x g for 5 min., supernatant was 

removed, and 1 mL PBS was added to wash. Supernatant was removed, then cells were 

resuspended in blocking buffer (1% BSA in PBS) and incubated for 5 min on ice. 

After the blocking process, testes were distributed into sample tubes (1.5 mL Eppendorf) as 

necessary (e.g. 3 tubes, one for TRA98 and Vimentin staining, one for TRA98 and PLZF 

staining, and one control). Then, sample tubes were centrifuged at 500 x g for 5 min., 
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supernatant was removed, and cells were resuspended in 1% BSA (PBS) with primary 

antibodies (100 uL total volume / tube). The sample tubes were incubated 20 min. on ice with 

agitation. After incubation was complete, 1 mL PBS was added in each tube to wash, and tubes 

were centrifuged at 500 x g for 5 min., followed by removal of supernatant. Then, cells were 

suspended in 1% BSA (PBS) with secondary antibodies (100 uL total volume / tube). Sample 

tubes were incubated 10 min. on ice with agitation. After incubation, 1 mL PBS was added in 

each tube to wash, followed by centrifugation at 500 x g for 5 min. and removal of supernatant. 

Cells were resuspended in 1% BSA (PBS) solution, 200-300 μL volume per tube, and analyzed 

on the BD LSRFortessa. 

 

2.5 Antibodies used 
The table below details all primary antibodies used in this study. All primary antibodies 

used for flow cytometry or FACS were directly conjugated to fluorochromes. 

The GFRA1 antibody was conjugated to a fluorochrome at my laboratory using the 

Abcam Lightning-Link APC conjugation kit (ab201807). Instead of the minimum 

incubation period of 3 hours, I recommend overnight incubation as I found it results in 

better conjugation (i.e. higher fluorescence intensity). The manufacturer protocol 

recommends incubation for at least 3 hours, and it states that overnight incubation is 

suitable.  

Antigen Fluorochrome Vendor Catalog # Stock conc. Workin

g conc. 

Application 

THY1 PE Biolegend 105308 0.2 mg/mL 1:200 Flow 

ITGA6 APC-CY7 Biolegend 313628 0.1 mg/ml 1:200 Flow 

GFRA1 APC R&D MAB560 1 mg/mL 1:200 Flow 

KIT BV421 Biolegend 105827 0.05 mg/mL 1:333 Flow 

MHC-I (H-
2Kb/H-2Db) 

BV711 BD 745433 0.2 mg/mL 1:333 Flow 

CD45 FITC Invitrogen 11-0452-82 0.5 mg/mL 1:333 Flow 

CD74 Alexa Fluor 488 Biolegend 151006 0.5 mg/mL 1:100 Flow 

TRA98  N/A B-Bridge 73-003 1 mg/mL 1:200 Intra. Flow 

THY1 N/A BD 553000 0.5 mg/ml 1:50 WM IF 
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Viability Dye 506 was from BioGems (Catalog # 62210-00). I used 1 uL antibody for 1 

mL cell suspension (up to 10 x 106 cells). 

For intracellular flow cytometry and whole-mount immunofluorescence, 1:500 Donkey 

anti-Rat IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 

(Invitrogen, #A21208, stock concentration 2 mg/mL) was used. 

 

2.6 Whole-mount immunofluorescence (WM IF) 
Mouse testes were placed in a petri dish filled with PBS (7 mL) and tunica was removed from 

testes, while trying not to disturb the structure of the seminiferous tubules. Testes were briefly 

digested in Hanks’ Balanced Salt Solution with 1 mg/mL Collagenase I (Sigma #C0130) and 1 

mg/mL Collagenase IV (Sigma #C5138) for ~5 min. at RT (room temperature), with gentle 

agitation. Tubules were allowed to sediment at unit gravity (< 1 min.), and supernatant was 

removed as much as possible without removing tubules. PBS (7 mL) was added to wash the 

tubules, and tubules were allowed to sediment, followed by removal of supernatant. This 

process was repeated two more times for a total of three washes. Some of the interstitial cells of 

the testes should be removed after this repeated sedimentation and washing process.  

To fix the tubules, 4% paraformaldehyde solution (PBS) was added, enough to fully submerge 

the testes and more (3 mL). The testes were incubated for 90 min. at 4°C with agitation. 

Afterwards, the tubules were sedimented at unit gravity (< 1 min.) and supernatant was 

removed as much as possible without removing tubules. PBS (7 mL) was added to wash the 

tubules, and tubules were allowed to sediment, followed by removal of supernatant. This 

process was repeated two more times for a total of three washes. Blocking buffer (1% BSA + 

3% Donkey serum in PBS) was added to cells and they were incubated for 30+ min. at RT with 

agitation. There should be enough volume of blocking buffer such that the testes are fully 

submerged while being agitated during incubation. After the blocking process, testes were 

distributed into sample tubes (1.5 mL Eppendorf) as necessary (e.g. 3 tubes, one for THY1 and 

GFRA1 staining, one for THY1 and KIT staining, and one control). Supernatant was removed 

until 200 uL solution was remaining, and primary antibodies were added to the solution. Sample 

tubes were incubated overnight at 4°C with agitation, ensuring that the testes were submerged 

in solution while being agitated. 
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The next day, incubation of primary antibodies was stopped by allowing tubules to sediment (< 

1 min.), and supernatant was removed as much as possible without removing tubules. PBS (7 

mL) was added to wash the tubules, and tubules were allowed to sediment, followed by removal 

of supernatant. This process was repeated two more times for a total of three washes. In each 

tube, blocking buffer (1% BSA + 3% Donkey serum in 200 uL PBS) was added with secondary 

antibodies and Hoechst 33342 to stain nuclei. Sample tubes were incubated in secondary 

antibody for 2 hours RT with agitation, assuring that testes were submerged in solution during 

agitation. After incubation was complete, tubules were allowed to sediment, supernatant was 

removed, and ddH2O (double-distilled or MilliQ) was added to wash. Once again, tubules were 

allowed to sediment and supernatant was removed. This process was repeated two more times 

for a total of three washes.  

Finally, seminiferous tubules were transferred to glass microscope slides. This can be achieved 

by using a 1 mL pipette tip that has been cut at the end with scissors to widen the opening. The 

solution with tubules was pipetted onto a glass slide. Then, forceps were used to manipulate the 

tubules such that they were reasonably dispersed, and kimwipes were used to remove excess 

liquid. A drop of mounting medium was added and a cover slip was put over the tubules. The 

staining procedure was complete, and the tubules were visualized with a microscope.  

 

2.7 Quantitative real-time PCR (RT-qPCR) 
The PicoPure RNA isolation kit (ThermoFisher #KIT0204) was used to extract and 

isolate RNA from cells following FACS. Contaminating DNA was removed by using the 

RNase-Free DNase set (Qiagen, #79254). Isolated RNA was evaluated for quality and 

RNA concentration using the NanoDrop 2000 spectrophotometer (ThermoFisher) and 

25 ng of starting RNA was used for each sample. Complementary DNA (cDNA) was 

synthesized with Superscript III Reverse Transcriptase (Invitrogen #18080044), 

Anchored Oligo dT Primers (Thermofisher #AB-1247), and RNaseOUT (Thermofisher 

#10777-019). Quantitative PCR was performed on the Roche LightCycler 96 and 

associated software was used for data analysis. The BlasTaq 2X qPCR MasterMix 

(abm # G891) was used in amplification. Cycling settings were 3 min. preincubation at 

95°C and 40 cycles at 95°C for 15s for denaturation / 55°C for 30s for annealing / 60°C 
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for 30s for elongation. Primers are detailed in Appendix I. Beta-actin (Actb) was used as 

a reference gene.  

 

2.8 Statistical analyses 
Both data in figures and the text were presented as mean ± standard error of the mean 

(SEM). To compare the means of groups, one-way analysis of variance (ANOVA) or 

Welch’s t-test (if only two groups) was conducted. For post hoc pairwise comparisons, 

Tukey’s HSD was used. Statistical analyses and generation of figures were done in the 

R (4.2.1) software environment. For a full list of R packages, please refer to the list of 

references.  

 

3. Results 
 

I first examined the SSC frequency of intact mouse testes at four stages in postnatal 

development. I harvested donor testis cells at different ages without any purification and 

transplanted them individually. Including adults (2-4 months postpartum), I examined 

pups at three different points in prepuberty: Postnatal day (P)0-2, P6-8, and P16-18. It 

has been reported that the frequency of SSCs increases from P0-2, reaching the 

highest level at P6-8 before declining towards adult ages (Shinohara et al., 2001). As 

shown in Fig. 6A, I found that SSC numbers increased from P0-2 at 6.5 ± 0.7 colonies 

per 105 cells transplanted to 39.0 ± 2.5 colonies at P6-8, followed by a decline to 15.4 ± 

1.9 at P16-18 and 2.6 ± 0.2 at adult. This decline is likely caused by an increase in the 

number of mature germ cells, particularly meiotic and haploid cells with no stem cell 

activity, which reduces the proportion of SSCs in male germ cells. 

On the other hand, the total number of testis cells increased with age, as 

spermatogenesis was initiated after birth and reached the steady state in adult (Table 

3).  
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Table 3. Weight, cell recovery, and number of colonies per testis increases with age in 
mouse. T: testis, Col: colonies. Three biologically independent replicates were performed for 
each age group. Cell suspensions were prepared by digesting testes with trypsin, in contrast to 
the remaining experiments of this thesis in which cell dissociation buffer was used.  

 

3.1 Flow cytometric fractionation of testicular cells and identification of the 
fractions that contain regenerative SSCs. 

I used flow cytometry to analyze the expression of cell-surface markers THY1 and 

ITGA6 throughout postnatal development. I selected these two markers because past 

studies reported that THY1 is a cell-surface antigen that allows for the best SSC 

enrichment when used as a single marker (Kubota et al., 2003) while ITGA6 is also an 

effective SSC marker (Shinohara et al., 2000, 1999). In addition, data of past studies 

from my lab showed that either loss of THY1 or ITGA6 in adult mouse testes resulted in 

complete depletion of SSCs; thus, a loss of either protein corresponds to the exit from 

the stem cell state. I therefore fractionated pup testis cells using THY1 and ITGA6 (Fig. 

6B-D). Note that I was able to visualize THY1+ cells in pups with whole-mount 

immunofluorescence which has been difficult in the past, and as Fig. 6B shows, THY1+ 

cells were rarely found and were mostly single cells.  

Flow cytometric data at four stages of postnatal development are shown in Fig. 6C (right 

column). Overall, five fractions were identified and were labelled alphabetically from A to 

E. At P0-2, there are only three fractions, which I labelled A (THY1+ ITGA6+), B (THY1– 

ITGA6hi), and D (THY1– ITGA6–). The cell fraction that corresponds to C (THY1– 

ITGA6mid) has not yet developed, in contrast to the profile at P8-9. This three-fraction 

pattern (Fractions A, B, and D) continued until P8-9, although the immunophenotype of 

Fraction A shifted (increase in ITGA6 and decrease in THY1), as seen at P6 (Fig. 6). All 

Age Col#/ 
105 cells 

Col#/Donor 
T 

% of 
Adult 

Average T 
weight 

Col#/mg 
testis 

Cell Recovery# 
/T (x 106) 

Adult 2.6 ± 0.2 736.5 100% 101.4 mg 7.3 col/mg 27.7 

P16-18 15.4 ± 1.9 392.0 53.2% 13.6 mg 28.8 col/mg 2.7 

P6-8 39.0 ± 2.5 277.8 37.7% 1.7 mg 168.3 col/mg 0.8 

P0-2 6.5 ± 0.7 31.9 4.3% 0.6 mg 49.8 col/mg 0.5 
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five fractions appear at P8-9, including C (THY1– ITGA6mid) and E (THY1+ ITGA6–). 

This is arguably the most distinct time point in postnatal development because Fraction 

C emerges. Fraction C and Fraction B appear to overlap, but as described later in Fig. 

6D, the majority of cells in Fraction C likely emerge from Fraction A, rather than Fraction 

B. From P8-9 to P16-18, there is a large increase in the number of cells in Fraction C 

(14.9% at P8-9 to 65.1% at P16-18), while Fraction B seems to become undetectable 

by P16 (Fig. 6A). Gradual changes in THY1/ITGA6 expression profiles over time are 

presented in Fig.13 (Appendix), showing intermediate developmental states at P4, P6, 

P12, and P14. 
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Figure 6. Mouse testis cells possess distinct levels of regenerative activity throughout 
developmental stages and show stage specific profiles in flow cytometric analyses. 

(A) A single cell suspension of intact mouse testes at each age was assessed for SSC 
frequency using the transplantation assay. The results are expressed as the number of 
colonies of donor-derived spermatogenesis per 105 cells transplanted. Each dot 
represents a result from one recipient testis. Three independent biological replicates 
using testes from different litters were conducted for each age group. Pairwise 
comparisons were conducted with Tukey’s HSD. Alphabet labels (‘a’, ‘b’, ‘c’) indicate 
statistical significance between two distinct labels (p < 0.01 between P0-2 and P16-18; p 
< 0.001 for all other pairs of distinct alphabets). 

(B) Whole-mount immunofluorescent staining for THY1 (green) in P9 mouse seminiferous 
tubules. During this procedure, the seminiferous tubules are placed onto a microscope 
slide with minimal digestion or disintegration, preserving the overall structure of the 
tubules. In general, THY1+ cells were sparsely scattered throughout tubules. Some 
THY1+ cells seemed to clearly lie along the basement membrane, as implied by their 
morphology (top image). Scale bars, 50 µm. 

(C) Multiple cell fractions were identified in mouse testes by flow cytometry based on 
expression of THY1 and ITGA6. Progression of stage specific profiles is evident during 
postnatal development. Plots on the left column show profiles of forward scatter (FSC) 
and side scatter (SSC) of all events. Cells low in side scatter (SSC) were selected, as 
SSCs are known to localize to this light scatter profile (Shinohara et al., 2000). Plots on 
the right column show THY1/ITGA6 profiles of the low-side-scatter cell group gated from 
the left column at each developmental stage. Cells analyzed here were derived from the 
low-side-scatter cell group and further selected by removing the cells expressing any of 
the following negative markers: MHC-I (H-2Kb/H-2Db), CD45, and CD74. Fractions are 
labelled with black rectangles, and the identification of each fraction found was indicated 
in red (Fractions A to E) with its population size (% among all the cells analyzed in each 
profile chart on the right column). 

(D) Flow cytometric profiles showing results of intracellular flow cytometry to detect the cells 
expressing intranuclear germ cell marker TRA98 at three developmental stages. Cells 
expressing TRA98 are germ cells and colored in blue.  

 

I identified P0-2, P8-9, and P16-18 as three stages in postnatal development with 

distinct, representative THY/ITGA6 profiles. Although P6 is often considered to be a 

critical transition period of prepubertal spermatogonia (Bellve et al., 1977; McCarrey, 

2017; Yoshinaga et al., 1991), the flow cytometric profile at this age was similar to the 

profile at P0-2 (Fig. 6C). All other time points postnatally that I assessed had a 

THY1/ITGA6 profile that was analogous or intermediate to one of these three 

developmental stages, with a gradual change throughout postnatal development (Fig. 
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13). Thus, the data obtained demonstrated that distinctive THY1/ITGA6 profiles are 

established at three developmental stages after birth and shift gradually through 

postnatal development, leading me to focus my study on these distinct stages.  

Flow cytometry and FACS are techniques that segregate cell populations with a high 

level of resolution, yet have their own technical limitations. For instance, we used MHC-I 

(H-2Kb/H-2Db) as a somatic marker, but consistently observed only a small proportion of 

MHC-I+ cells, up to ~15% of total cells analyzed. The testis is a complex organ with 

multiple cell types being the organ constituents, and germ cells are encapsulated in the 

seminiferous epithelium, which include somatic supporting cells: i.e., Sertoli cells. Thus, 

the cell fractions shown in Fig. 6C likely include somatic cells. Sertoli cells have been 

reported to comprise 73% of cells in the seminiferous epithelium at P8 and 29% of cells 

at P18 (Bellve et al., 1977); it would thus be reasonable to expect more MHC-I+ cells in 

our testis cell preparation. 

To identify germ cells in our flow cytometric profile, I performed intracellular flow 

cytometry to examine TRA98 expression. The TRA98 antibody reacts with GENA 110 

(germ cell-specific nuclear antigen), and its expression is limited to germ cells from the 

stages of PGCs to spermatids. GENA is not expressed in elongated spermatids or 

spermatozoa (Tanaka et al., 1998). Fig. 6D shows the expression patterns of TRA98+ 

cells at each of the three developmental stages.  

TRA98 expression is limited to Fraction A at P0-2, with 94.8% of cells in this fraction 

being TRA98+. At P8-9, Fraction A remains a major germ cell fraction (90.4% of the 

fraction is TRA98+), and the newly emerged Fraction C also consists mostly of germ 

cells (73.5%). I suspect the lower proportion of TRA98+ cells in Fraction C is due to 

overlap with Fraction B (TRA98–). In terms of the entire germ cell population, Fraction A 

comprises 48.3% of male germ cells at P8-9 while Fraction C comprises 50.7%, 

indicating that the two fractions are similar in germ cell number at this stage.  

At P16-18, Fraction A retains a similar proportion of TRA98+ cells (91.2% of fraction is 

TRA98+) while Fraction C has an increased proportion of TRA98+ cells (89.6%) 

compared to P8-9. Interestingly, Fraction C is now a dominant germ cell fraction, 

comprising 83.3% of the entire germ cells at P16-18, in comparison to Fraction A being 
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only 12.1%, suggesting an ongoing commitment process of germ cell development after 

birth. In summary, Fractions A and C are the major germ cell fractions at all three time 

points. Furthermore, our data agrees well with previous studies (Bellve et al., 1977): 

Fractions A and C combine to 26.4% of the testicular single cell suspension at P8-9, 

which is comparable to 27% germ cells at P8 as reported by Bellve et al., 1977. 

Likewise, 74.4% of the parent population at P16-18 in my study is comparable to 71% 

germ cells at P18 by Bellve et al., 1977. 
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Figure 7. Fraction A contains nearly all regenerative cells regardless of age. 

(A) Schematic representation of the procedure from the preparation of a single cell 
suspension of testes to fractionation using FACS.  

(B) Colony numbers of donor-derived spermatogenesis determined by the transplantation 
assay. Fractions were sorted using FACS and transplanted into recipient testes to 
examine regenerative activity. Each point represents data from one recipient testes. 
Fractions on the X-axis are ordered by SSC enrichment. For statistics, fractions were 
compared within developmental stages by pairwise comparisons with Tukey’s HSD (* p 
< 0.05; ** p < 0.01; *** p < 0.001). The inset shows a histological section of recipient 
testes after transplantation of cells from Fraction A in P17 ROSA pups. Testes were 
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stained with X-gal, labelling donor cells derived from ROSA26 mice with a blue color. 
Note the tails of spermatozoa in the lumen of the seminiferous tubule, demonstrating the 
complete regeneration of spermatogenesis. Scale bar, 50 µm.  

(C) The proportion of SSCs contained in fractions at each developmental stage. Calculated 
as the product of the SSC enrichment in each fraction (number of colonies per 105 cells 
transplanted) and the population size of each fraction at a given stage (% of cells in each 
fraction according to the THY1/ITGA6 flow profile).  

(D) Proportions of Fraction A and Fraction C in germ cell population throughout postnatal 
development. “Size” here refers to the % of cells that each fraction contains in the total 
events captured in the THY1/ITGA6 flow profile as in Fig. 6C. Note that X-axis begins at 
different ages (P0 for Frac. A, P8 for Frac C). Mean size of Fraction A at P0-2: 1.22% ± 
0.08%, P8-9: 11.51% ± 0.91%, P16-18: 9.27% ± 0.64%. 

 

Data shown in Fig. 6 demonstrate that germ cell populations shift their flow cytometric 

profiles over time during their development. Then, it is logical to ask in which fraction 

regenerative SSCs are located and if these stem cells stay in the same fraction 

throughout development or if their profiles shift over time. To address these questions, I 

determined the frequency of SSCs using FACS to sort individual fractions (Fig. 7A). 

Cells were transplanted into recipient mouse testes to functionally quantify regenerative 

cells in each fraction. The transplantation assay detects the ability of cells to self-renew 

and reconstitute spermatogenesis and is therefore the unequivocal assay to determine 

SSC activity. 

I found that at all three developmental stages, Fraction A contains the vast majority of 

SSCs, and the frequency of SSCs is negligible in other Fractions (Fig. 7B). Fraction A at 

P8-9 and P16-18 retained a similar amount of SSC enrichment (669.2 ± 69.0 and 618.1 

± 79.4 colonies per 105 cells transplanted, respectively), while at P0-2 there was a lower 

level of enrichment (238.3 ± 75.4). Yet, Fraction A was the only cell group with SSC 

identities at P0-2. Importantly, I found that all fractions other than Fraction A, including 

Fraction C, contain only negligible levels of SSCs or none at all (Fig. 7C). I therefore 

consider Fraction A, which has the immunophenotype of THY1+ ITGA6+, to be the stem 

cell fraction throughout postnatal development. These results support the notion that 

loss in expression of THY1 or ITGA6 corresponds to exit from the SSC state in mice. 
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It is interesting that SSC frequency is similar in Fraction A at P8-9 and P16-18, but 

significantly lower at P0-2 (Fig. 7B). This observation suggests a potential difference in 

regenerative activity between prospermatogonia, which are present in P0-2, and 

spermatogonia. While there are many differences between prospermatogonia and 

spermatogonia, such as their location in the seminiferous tubules, stage in the cell cycle, 

the amount of signaling factors like retinoic acid (Busada et al., 2014), and gene 

expression profile (Tan et al., 2020), it is not known what exactly causes the difference in 

regenerative activity. For example, prospermatogonia are still detached from the 

basement membrane, which could reflect a lower ability in homing to the basement 

membrane following transplantation, resulting in lower regenerative activity. Furthermore, 

there are epigenetic differences in postnatal prospermatogonia when compared to 

spermatogonia, which may contribute to differences in regenerative activity, such as high 

expression of the DNA methyltransferase enzyme DNMT3A2 (Shirakawa et al., 2013) 

and high levels of CH (H = A, C, or T) methylation (Kubo et al., 2015). DNMT3A2 

expression is elevated in committed progenitors (P7.5 PLZF– KIT+ spermatogonia), 

which have reduced regenerative activity (Shirakawa et al., 2013). Furthermore, DNMT3A 

(DNMT3A2 is an isoform of DNMT3A) catalyzes CH methylation, although the functional 

role of CH methylation is unclear (Guo et al., 2014). 

Alternatively, P0-2 Fraction A is comprised of two populations, one that will differentiate 

into the first wave (eventually forming sperm) and another that will form the SSC pool 

(de Rooij, 1998). I hypothesize that at P8-9, germ cells are separated into Fraction A 

(SSC pool) and Fraction C (commitment to the first wave). In this case, Fraction A at 

P8-9 would naturally have higher SSC enrichment than at P0-2, because at P0-2 there 

still are first wave precursors (committed, SSC-depleted) in Fraction A. 

Fraction C is a germ cell fraction, yet only has a small amount of SSC activity (13.7 ± 

4.2 at P8-9 and 2.9 ± 0.9 at P16-18). The size of Fraction C continually increases 

throughout postnatal development (50.7% of total germ cell population at P8-9 to 83.3% 

at P16-18) after it appears at P8-9. Fraction A, on the other hand, does not increase in 

size past P8-9, and instead continues to slowly shrink (48.3% of total germ cell 

population at P8-9 to 12.1% at P16-18). These observations support the idea that 
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Fraction C is comprised of differentiating cells which form the first wave and have 

progressed far enough in commitment such that all regenerative activity is lost (Fig. 7B). 

Note that the number of KIT-expressing cells in Fraction C rapidly increases from 29.2% 

± 1.8% at P8-9 to 61.4% ± 3.3% at P16-18 (Fig. 14, Appendix). The number of cells in 

Fraction A seems to be maintained (Fig. 7D) rather than constantly expanding like 

Fraction C.  

 

3.2 Identifying the fractions that contain cluster-forming cells at each stage. 
Considering that Fraction A contains all regenerative cells in vivo, one might expect its 

stem cell activity to be retained in vitro. In order to regenerate spermatogenesis after 

transplantation, cells must proliferate and differentiate. Thus, I hypothesized that the 

cells in a specific fraction which is enriched for regenerative cells can proliferate and 

have the capacity to generate spermatogonial aggregation, which we call “clusters”, in 

vitro. Importantly, the numbers of clusters in vitro is correlated to the number of colonies 

formed in vivo when those cells are transplanted (Yeh et al., 2007); i.e., cluster numbers 

correspond to the quantity of regenerative stem cells. 

To test this hypothesis, I conducted short-term cluster-forming assays as in Yeh et al., 

2007. Fractionated cells were cultured for 6-7 days and clusters were visually counted 

at the end of the culture period after fixing the culture wells with glutaraldehyde.  

The results showed that cluster-forming activity was contained predominantly in 

Fraction A at all three developmental stages (Fig. 8A). Only negligible activity was noted 

in Fraction C at P8-9 (3.1 ± 1.0 clusters / 105 cells seeded). In this aspect, the levels 

and distribution of cluster-forming activity among different ages and fractions resembled 

those of regenerative activity in vivo (Fig. 7B). One difference is that cluster-forming 

activity in Fraction A at P16-18 (816.7 ± 174.1) was more than double of that at P8-9 

(334.5 ± 68.1), whereas they were quite similar in regenerative activity (Fig. 7B).  
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Figure 8. Fraction A contains all cluster-forming activity in vitro regardless of age and 
can be used to generate long-term culture lines. 

(A) Cluster-forming activity of all fractions evaluated with the short-term in vitro assay. Cells 
were sorted with FACS and cultured for 6-7 days on a 48-well plate without subculturing. 
Fractions on the X-axis are ordered by the level of cluster-forming activity. Up to four 
independent biological replicates using testes from different litters of mice were 
conducted for each age group. For statistics, fractions were compared within 
developmental stages, pairwise comparisons conducted with Tukey’s HSD (* p < 0.05; ** 
p < 0.01; *** p < 0.001). Scale bar, 50 µm. 

(B) Long-term culture and expansion of seven cluster lines derived from ROSA26 mice 
(each line denoted by a different color). Fraction A cells of ROSA26 pups at three 
different developmental stages were cultured for up to 91 days. The number of clusters 
after the first week was derived from Fig. 8A. Thereafter, the numbers were counted 
visually at each passage. The P17 culture line was frozen after eight passages and 
thawed to resume culture; two data points are from the period after thawing. The inset 
shows a typical morphology of a cluster. Scale bar, 50 µm. 

(C) Representative flow cytometric profiles at each developmental stage. Culture lines were 
analyzed after 10 passages. Five surface markers were examined: THY1, ITGA6, 
GFRA1, KIT, and CDH1.  

 

After finding that Fraction A contains all cluster-forming activity, I established long-term 

culture lines from Fraction A cells; I trypsinized clusters after 9-14 days of initial culture 

and reseeded a portion of the cells harvested onto a newly prepared feeder layer to 

continue cluster culture. Characteristics of all culture lines generated are listed in Table 

4.  

 

Pup Age Length of culture period Doubling time (days) Total fold expansion 
P1 91 days (10 passages) 3.70 6.82 x 106 

P1 85 days (9 passages) 3.86 1.81 x 106 

P0 81 days (10 passages) 3.12 1.70 x 107 

P9 72 days (9 passages) 3.29 8.41 x 105 

P9 75 days (9 passages) 2.94 1.08 x 107 

P17 87 days (11 passages) 3.98 1.28 x 106 

P16 78 days (9 passages) 3.49 1.51 x 106 
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Table 4. List of ROSA long-term culture lines generated by sorting Fraction A. “Doubling 
time” is the number of days calculated for the number of clusters to double. “Total fold 
expansion” refers to growth in the number of clusters, compared to the number of clusters at P0 
(after 6-7 days in vitro). These were derived from the data shown in Fig. 8A.  

 

I generated seven culture lines total (Table 4) and counted the number of clusters at the 

time of passaging to calculate the rate of expansion (Fig. 8B). The rate of expansion is 

represented by the “doubling time” in Table 4, which is the number of days required for 

the number of clusters to double. P0-2 culture lines averaged a doubling time of 3.6 

days, P8-9 culture lines averaged 3.1 days, and P16-18 culture lines averaged 3.7 

days. I initially suspected that P0-2 Fraction A cells would have a rate of proliferation 

slower than P8-9 or P16-18 because they had lower short-term cluster-forming activity. 

However, I found their proliferative activity long-term comparable to P8-9 or P16-18 

culture lines. Interestingly, long-term proliferative activity (2-3 months) was different 

from short-term cluster-forming activity (6-7 days) examined with the CFA.  

Next, I analyzed the flow cytometric profile of all cluster lines for the expression of five 

cell-surface markers: THY1, ITGA6, GFRA1, KIT, and CDH1 (Fig. 8C). All five surface 

markers (THY1, ITGA6, GFRA1, KIT, CDH1) were clearly expressed in all cultures 

analyzed. When two-parameter profiling was performed, we found only one “fraction” on 

the profile chart; cells exhibited a profile with one single oval shape (Fig. 8C). In 

contrast, testis cells formed multiple fractions (Fig. 6C). This implies that cluster cells in 

vitro are more uniform in comparison to the cell population prepared from testis, which 

may contain germ cells at different levels of commitment and somatic cells. 

Furthermore, it is notable that we do not clearly see developmental stage-dependent 

marker expression patterns (P0-2, P8-9, P16-18).  

Importantly, KIT expression was similar across all cultures, and P0-2 cultures expressed 

KIT at levels comparable to P8-9 and P16-18 clusters after long-term culture (Fig. 8C). 

Interestingly, as described later in Fig. 11A, P0 Fraction A in vivo has virtually no KIT 

expression, consistent with past studies (Niedenberger et al., 2015; Ohbo et al., 2003; 

Yoshinaga et al., 1991). It is likely that P0-2 cells mature during long-term culture or 

adopt to an in vitro environment, leading to the emergence of KIT+ cells at a similar 
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level as observed with P8-9 and P16-18 cells. This maturation may also be reflected by 

the fact that P0-2 clusters show proliferative activity comparable to P8-9 and P16-18 

clusters (Fig. 8B, Table 4). KIT expression in SSC culture has been reported in several 

studies, but interestingly, KIT expression seems to be nonessential for proliferative 

activity in vitro (Kanatsu-Shinohara et al., 2003; Morimoto et al., 2009) 

 

3.3 Gene expression analyses of germ cell fractions of mouse testes 
To characterize the in vivo germ cell fractions (Fractions A and C, Fig. 6C) at the 

molecular level, I analyzed the transcripts of spermatogonial marker genes using 

quantitative real-time PCR. I examined a panel of 12 genes, five of which are 

considered to be SSC/self-renewal markers (Gfra1, Id4, Etv5, Nanos2, Zbtb16), four 

progenitor markers (Nanos3, Neurog3, Sohlh1, Sohlh2), and two differentiation markers 

(Kit, Stra8). I also included a Sertoli cell marker, Wt1 (Chen et al., 2022), to this panel of 

spermatogonial genes. Fig. 9A displays a summary of the results in a heatmap. Rows 

were grouped using the R package pheatmap, in order to identify sets of genes that had 

similar expression patterns (Raivo Kolde, 2019). Complete-linkage clustering was 

performed based on Euclidean distance. WT1 was excluded from the hierarchical 

clustering algorithm because it is uniquely a Sertoli cell marker.  

Genes can be largely divided into three groups based on hierarchical clustering: group 1 

(Gfra1, Id4, Etv5, and Nanos2), group 2 (Zbtb16, Nanos3, Neurog3, Sohlh1, Sohlh2), 

and group 3 (Kit, Stra8). This grouping is mostly similar to the previous understanding of 

these genes, assuming that group 1 is the SSC/self-renewal markers, group 2 is the 

progenitor markers, and group 3 is the differentiation markers. One exception might be 

Zbtb16, which is believed to be essential in spermatogonial self-renewal (Costoya et al., 

2004).  
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Figure 9. Fraction A cells express transcripts of SSC, progenitor, and differentiation 
marker genes. 

(A) Expression of key genes in Fractions A and C at the three developmental stages. 
Quantitative real-time PCR was conducted to compare the relative expression of 12 
genes in germ cell fractions from three developmental stages. For each fraction, three 
independent biological replicates were collected. 

(B) Relative expression of four selected genes (Gfra1, Etv5, Nanos3, Kit) in Fractions A and 
C at the three developmental stages, measured with RT-qPCR. Actb was used as a 
reference gene for normalization. Three independent biological replicates were collected 
for each fraction and age. Mean expression was compared with a one-way ANOVA, and 
pairwise comparisons were conducted with Tukey’s HSD (* p < 0.05; ** p < 0.01; *** p < 
0.001). Data for the remaining eight genes are shown in Figure 16, Appendix 6.5. 
Alphabet labels (‘a’, ‘b’, ‘c’) indicate statistical significance between two distinct labels. 
As for ‘ab’, it is significantly different from ‘c’ but not from ‘a’ or ‘b’.  
 

Gfra1, Id4, Etv5, and Nanos2 were identified as one group of genes with similar 

expression patterns. Generally, these four genes were highly expressed in Fraction A 

while at reduced levels in Fraction C across the three developmental stages. Gfra1 and 

Etv5 were uniformly expressed in Fraction A across the three time points, but Id4 

showed the highest expression at P0-2, and Nanos2 showed the highest expression at 

P8-9.  

Zbtb16, Nanos3, and Neurog3 were similar in their expression patterns and were most 

highly expressed at P8-9 and P16-18 in Fraction A. Sohlh1 and Sohlh2 showed a 

similar trend of expression patterns as Zbtb16, Nanos3, and Neurog3. Kit and Stra8 

were similar to each other, and differ from the aforementioned five genes in that they 

were highly expressed in P16-18 Fraction C. Finally, Wt1 was most highly expressed in 

P8-9 Fraction C, followed by P16-18 Fraction C. This is consistent with my intracellular 

flow cytometry results (Fig. 6D) in which P8-9 Fraction C had more somatic cell 

contamination (26.5% TRA98–) than P16-18 Fraction C (10.4% TRA98–).  

In summary, Fraction A contains not only SSCs, but also progenitors and differentiating 

cells, as characterized by expression patterns of key marker genes. For example, Kit 

was expressed in P8-9 and P16-18 Fraction A. This observation leads to the notion that 

Fraction A could be further separated into populations that are more SSC-like (e.g., 

KIT–) and those that are more progenitor-like (KIT+). Comparing Fraction A across the 
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developmental stages, I found that gene expression patterns at P8-9 and P16-18 were 

similar, but those at P0-2 were quite distinct. First, expression of Id4 was higher and 

Nanos2 was lower at P0-2, which could be related to the lower amount of regenerative 

activity (669.2 ± 69.0 colonies per 105 cells transplanted at P8-9 and 618.1 ± 79.4 at 

P16-18, versus 238.3 ± 75.4 at P0-2, Fig. 7B). Second, expression of progenitor genes 

(Nanos3, Neurog3, Sohlh1, Sohlh2) and differentiation genes (Stra8, Kit) were lower at 

P0-2. This supports the notion that P0-2 Fraction A contains the cells that are less 

committed to differentiation in general, compared to P8-9 or P16-18. Further 

characterization of a “SSC-like” subpopulation and a more “putative first wave” 

subpopulation at P0-2 may require in-depth analyses, such as those based on scRNA-

seq. In this regard, a recent scRNA-seq study (Tan et al., 2020) suggests two 

subpopulations at P2 that can be divided based on the expression of cell-cycle genes, 

including Ccnd2 and Ttc28. 

My RT-qPCR analysis demonstrates that Fraction A at P8-9 and P16-18 contains the 

cells that express transcripts of SSC/self-renewal (Gfra1, Id4, Etv5, Nanos2, Zbtb16), 

progenitor (Nanos3, Neurog3, Sohlh1, Sohlh2), and/or differentiation genes (Stra8, Kit), 

and thus, could be further fractionated into subpopulations that are more and others that 

are less committed to differentiation. This conclusion led me to attempt further 

subfractionation of Fraction A using additional surface markers.  

 

3.4 Further subfractionation of Fraction A derived from testes 
To subdivide Fraction A, I selected GFRA1 and KIT as the fractionation parameters for 

two reasons. One is that these are the markers widely believed to be associated with 

undifferentiated and differentiating spermatogonia, respectively. The other is that while 

GFRA1 expression is predominantly seen in Fraction A, KIT expression tends to be 

localized in Fraction C but also observed in Fraction A at an appreciable level (Fig. 10). 

Indeed, GFRA1 and KIT appeared to be effective markers to subdivide Fraction A in 

more focused flow cytometric analyses (Fig. 11A). At P0-2, Fraction A was separable 

into two fractions: GFRA1+ and GFRA1–. As for KIT expression, the presence of KIT+ 

cells was negligible (Fig. 11A). This corresponds to the reports that KIT expression is 



50 
 

generally absent at the protein level in prospermatogonia and begins around P3.5-4 

(Niedenberger et al., 2015; Ohbo et al., 2003; Yoshinaga et al., 1991). Thus, these 

observations give rationale to subfractionate P0-2 Fraction A only into GFRA1+ and 

GFRA1– cells.  

 

Figure 10. Backgating of GFRA1+ and KIT+ cells onto THY1/ITGA6 profiles at the three 
developmental stages. Percentage of GFRA1+ and KIT+ cells are indicated in the top right 
corner of each profile. GFRA1+ and KIT+ cells are marked as red and blue, respectively.  

 

At P8-9 and P16-18, Fraction A was separable into four fractions: GFRA1+ KIT–, 

GFRA1+ KIT+, GFRA1– KIT–, and GFRA1– KIT+. To my knowledge, this is the first time 

that mouse pups were fractionated in FACS using both GFRA1 and KIT. It is interesting 

to note that we detected GFRA1+ KIT+ cells. Although this indicates a simultaneous 

expression of two proteins that usually depict opposite directions of cell fate status, 

there are past studies that detected GFRA1+KIT+ spermatogonia (Hofmann et al., 
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2005; Nakagawa et al., 2010; Niedenberger et al., 2015). I therefore included these 

cells for further analyses. 

After sorting based on GFRA1 and KIT expression, I examined each subfraction for 

both regenerative capacity and cluster-forming activity, using spermatogonial 

transplantation in vivo and the CFA assay in vitro, respectively. Upon transplantation, 

GFRA1+ cells at P0-2 produced 282.8 ± 128.4 colonies per 105 cells transplanted, while 

GFRA1– cells at P0-2 produced none (Fig. 11B). At P8-9, regeneration of donor-derived 

spermatogenesis was observed from all subfractions. Among them, GFRA1+ KIT– cells 

showed the highest level of SSC activity (618.5 ± 94.3 colonies per 105 cells 

transplanted) and GFRA1– KIT+ cells had the lowest activity (122.3 ± 65.7). This lowest 

level of SSC activity is, however, still higher than that of bulk, unfractionated testis cells. 

For example, the cells derived from intact testes at P6-8 with no manipulations generate 

39.0 ± 2.5 colonies per 105 cells transplanted, indicating that GFRA– KIT+ cells in 

Fraction A at P8-9 are roughly three-fold enriched in SSCs. Finally, at P16-18, GFRA1+ 

KIT– and GFRA+ KIT+ fractions had similar levels of regeneration capacity (729.3 ± 

84.8 and 744.2 ± 104.6 respectively). GFRA1– KIT+ cells once again had the lowest 

level of activity (67.2 ± 39.6). GFRA1– KIT– cells maintained a similar level of SSC 

capacity from P8-9 to P16-18 (391.6 ± 62.6 at P8-9 to 384.5 ± 83.4 at P16-18).  

 



52 
 

 



53 
 

Figure 11. GFRA1 and KIT can further subdivide Fraction and almost all GFRA1 and KIT 
subfractions retain SSC activity. 

(A) GFRA1 and KIT expression of Fraction A at the three developmental stages. Shown are 
flow cytometric plots depicting GFRA1 and KIT expression patterns of Fraction A at P1, 
P9, and P17. GFRA1 and KIT subfraction gates were guided by GFRA1 and KIT FMO 
(Fluorescence Minus One) controls. Size (%) of fractions or quadrants are noted in red. 

(B) SSC activity of GFRA1/KIT subfractions as measured by spermatogonial transplantation.  
Each point represents data from one recipient testes. Three independent biological 
replicates using testes from different litters were conducted for each developmental 
stage. Pairwise comparisons conducted with Tukey’s HSD (* p < 0.05; ** p < 0.01; *** p 
< 0.001). Alphabet labels (‘a’, ‘b’, ‘c’) indicate statistical significance two distinct labels (p 
< 0.05 between ‘a’ and ‘b’, ‘b’ and ‘c’, p < 0.001 between ‘a’ and ‘c’). Scale bars, 1 mm.  

(C) In vitro cluster forming activity of GFRA1/KIT subfractions. Sorted cells were cultured for 
9-11 days on a 48-well plate without subculturing. For each developmental stage, 3-4 
independent biological replicates using testes from different litters were conducted. 
Pairwise comparisons conducted with Tukey’s HSD (* p < 0.05; ** p < 0.01; *** p < 
0.001). Scale bars, 50 µm. 

 

To summarize, there is a clear trend that GFRA1+ subfractions exhibit more 

regenerative activity than GFRA– subfractions. In addition, KIT– subfractions show more 

regenerative activity than KIT+ subfractions. One exception to this trend is that GFRA1+ 

KIT+ cells had more regenerative activity than GFRA1+ KIT– cells at P16-18 (744.2 ± 

104.6 and 729.3 ± 84.8 colonies per 105 cells transplanted respectively). Importantly, all 

subfractions except for P0-2 GFRA1– retained regenerative activity, indicating that even 

GFRA1– KIT+ cells have not entirely committed to differentiation and lost SSC activity. 

For example, GFRA1– KIT+ cells at P8-9 regenerated 122.3 ± 65.7 colonies per 105 

cells transplanted. This is a surprisingly high level, since it leads to an estimate of one 

SSC in 98 sorted cells, assuming a 12% homing rate after transplantation (Nagano, 

2003). The identity of GFRA1– KIT– cells is unclear. Since this cell fraction clearly 

showed SSC activity higher than GFRA1– KIT+ cells, this result cannot be explained 

simply by contamination of other fractions. In this regard, Garbuzov et al. reported that 

GFRA1– cells have SSC capacity and the number of GFRA1– SSCs is similar to the 

number of GFRA1+ SSCs in adult mice (Garbuzov et al., 2018). More detailed analysis 

of this cell fraction is necessary in the future. 
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Next, I determined the cluster-forming activity of each subfraction of Fraction A at three 

developmental stages (Fig. 11C) and tested the hypothesis that the regeneration 

potential of subfractions as revealed above (Fig. 11B) reflects the in vitro SSC capacity. 

For these assays, I extended the assay length from 6-7 days to 9-11 days, with two 

exchanges of culture medium instead one and with no passaging. I reasoned that this 

strategy allows smaller clusters to expand further, such that cluster counting would not 

cause underestimation. As shown in Fig. 11C, the results obtained generally supported 

the hypothesis. For example, cluster-forming activity at P0-2 mirrored regenerative 

activity in vivo, with GFRA1+ cells (219.2 ± 77.9 clusters per 105 cells seeded) having 

more activity than GFRA1– cells (40.0 ± 22.2). At P8-9, GFRA1– KIT+ cells (72.8 ± 

41.0) had significantly less cluster-forming activity, while all other fractions were similar 

in activity. Finally, at P16-18, I found that GFRA1– KIT+ cells once again had the lowest 

cluster-forming activity of all fractions, albeit still high in absolute terms (336.3 ± 86.7).  

Taken together, the results demonstrated that nearly all GFRA1/KIT subfractions in 

Fraction A retain SSC activity at the three developmental stages in vivo and in vitro. 

Although there are variations in the degree of SSC capacity detected in vivo and in vitro, 

the SSC status is maintained as long as the cells express both THY1 and ITGA6. In 

other words, although GFRA1 and KIT are generally accepted as positive and negative 

markers of SSCs, respectively, these two antigens are incapable of further enriching 

THY1+ ITGA6+ cells for SSCs. As such, even GFRA1– KIT+ cells are not truly SSC-

depleted as long as they express THY1 and ITGA6.  

 

4.  Discussion 
 

In this study, I used FACS to extensively fractionate spermatogonia with an 8-color 

panel (Table 2). Doing so, I described distinct flow cytometric profiles during postnatal 

mouse development (Fig. 6C). I found that THY1/ITGA6 profiles effectively capture the 

postnatal development of the testis (Appendix, Fig. 13) and identified P8-9 as a crucial 

stage when Fraction C, the THY1-negative germ cell fraction, emerges for the first time 
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after birth. Before conducting flow cytometric analyses, I expected P6-7 to be the crucial 

developmental stage, as this is widely regarded as an important stage in prepubertal 

development when spermatogonia have emerged from prospermatogonia (McCarrey, 

2017). Instead, Fraction C first appeared at P8-9, which coincides with the appearance 

of preleptotene spermatocytes (Bellve et al., 1977; Geyer, 2017). 

Next, I identified Fraction A as the SSC-enriched fraction throughout postnatal 

development in vivo and in vitro, and this is the highest level of regenerative activity 

reported in pups (Table 5). This was achieved from intact testes without any 

manipulation (e.g. transgenesis), which is promising for clinical translation to hSSC 

isolation. Some past studies with notable levels of enrichment are listed in Table 6. The 

technique I established allows for a far higher level of SSC enrichment in THY1+ 

ITGA6+ CD45– CD74– MHC-I– cells (Fraction A) with a wider range of donor mouse 

ages (P0 to P18).  

Table 5. SSC enrichment in Fraction A. Fold increase was calculated by comparing to data of 
unsorted cells in Table 3. Data for P8-9 Fraction A was compared to P6-8 data from Table 3. 
SSC frequency is the absolute number of SSCs assuming 12% homing efficiency (Nagano, 
2003).  

Table 6. Notable previous studies with high levels of SSC enrichment from mouse pups. 

Age & Fraction Colonies per 105 
transplanted 

Fold 
increase  

SSC frequency 
(Fraction A) 

SSC frequency 
(unsorted) 

P0-2 Frac. A 238.3 36.7 1 SSC in 50 cells 1 SSC in 1846 cells 

P8-9 Frac. A 669.2 17.2 1 SSC in 18 cells 1 SSC in 308 cells 

P16-18 Frac. A 618.1 40.1 1 SSC in 19 cells 1 SSC in 779 cells 

Age Method Cell population Colonies per 105 
transplanted 

Reference 

P8 Transgene ID4-EGFPBright ~180 Helsel et al., 2017 

P6 Transgene + FACS ID4-EGFP+ 

TSPAN8High 

~240 Mutoji et al., 2016 

P6 MACS THY1+ 228 Oatley et al., 2009 

P4.5-

7.5 

MACS THY1+ 342 Kubota et al, 2004 
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Fraction A cells are incredibly efficient when used to establish SSC culture (Fig. 8B), 

even allowing culture initiation from the 129 mouse strain (Fig. 12), a strain that has 

been refractory to culture establishment in our lab. I also revealed that Fraction A is 

heterogeneous, with cells expressing transcripts of SSC, progenitor, and differentiation 

markers (Fig. 9), and could be further subfractionated using GFRA1 and KIT. I analyzed 

these subfractions with the transplantation assay and CFA, and their results glean new 

insights into spermatogonial development. It is not certain if this heterogeneity is 

beneficial or disadvantageous to cluster formation (or regeneration upon 

transplantation) and remains to be an interesting question to address in the future.  

 

 

Figure 12. Clusters generated from P16 129 x 129ROSA pups (after five passages). Scale 
bar, 50 µm. 

 

Although many SSC surface markers have been discovered (Table 1), the extensive 

fractionation of germ cell populations, as performed here, has not been common in the 

SSC field, compared to other stem cell and cancer research fields (particularly 

hematopoietic stem cells) which have more thoroughly characterized cell-surface 

antigen phenotypes (Lv et al., 2014; Seita and Weissman, 2010). To isolate pure SSCs, 

such an extensive fractionation will likely be needed, although a large number of SSC-

specific markers may not be necessary (Kiel et al., 2005). For example, near-pure 
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HSCs were isolated using only three antigens that belong to the SLAM (Signaling 

Lymphocytic Activation Molecule) family receptors (Kiel et al., 2005).  

Using markers THY1 and ITGA6, I found that Fraction A (THY1+ ITGA6+) contains all 

SSC activity in vivo and in vitro, regardless of prepubertal age in mice. Similar to our 

findings in adult testes, loss of either THY1 or ITGA6 led to a loss of all stem cell activity 

(Fig. 7B, 8A). Importantly, Fraction A cells can be used to generate long-term culture 

lines at all three developmental stages examined (P0-2, P8-9, and P16-18). Therefore, 

my study demonstrates a method of culture initiation that is more effective and versatile 

than the common method of THY1-based MACS. Using this new FACS-based method 

with negative selection of MHC-I, CD45, and CD74-expressing cells, I was able to 

culture 129 pup clusters long-term (Fig. 12), which was previously difficult due to the 

overgrowth of somatic cells.  

By comparing long-term culture lines generated from different developmental stages, I 

found that while short-term cluster-forming activity varied greatly between ages (Fig. 

8A), proliferative ability long-term was similar. My hypothesis is that short-term cluster-

forming activity reflects the number of cluster-forming cells present in the initial cell 

population, which can be different from long-term proliferative activity. For instance, P8-

9 Fraction A (334.5 ± 68.1 clusters per 105 cells seeded) had less short-term activity 

than P16-18 Fraction A (816.7 ± 174.1), so there were less cluster-forming cells present 

in the initial population. However, the long-term proliferative activity of P8-9 Fraction A 

was comparable (doubling time of 3.1 days versus 3.7 days for P16-18).  

P0-2 Fraction A is a similar case, with lower short-term cluster-forming activity (101.5 

clusters per 105 cells seeded) but long-term proliferative activity comparable to that 

seen at other developmental stages. What makes P0-2 clusters particularly interesting 

are the results of flow cytometric analyses. KIT expression in long-term clusters derived 

from P0-2 Fraction A is comparable to later developmental stages, which contrasts with 

the phenotype of P0-2 Fraction A in vivo where KIT expression is absent (Fig. 11). 

Thus, KIT expression emerges during culture, perhaps reflecting ongoing maturation of 

initial cells in the culture environment. KIT expression is accepted as a marker of 

spermatogonial differentiation in vivo, but the expression pattern of KIT in vitro does not 
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seem to reflect the same biological function as in vivo (Kanatsu-Shinohara et al., 2003; 

Morimoto et al., 2009). For instance, both the soluble (Kanatsu-Shinohara et al., 2003) 

and membrane-bound form (Morimoto et al., 2009) of KIT ligand seem to have no effect 

on proliferative activity in vitro when added to culture. Furthermore, adding KIT inhibitor 

ISCK03 or the KIT neutralizing antibody ACK2 did not affect proliferative activity in vitro 

(Morimoto et al., 2009). In summary, the biological function of KIT expression in vitro 

should be interpreted carefully. 

In order to characterize SSC-enriched Fraction A at a higher resolution, I further 

subdivided Fraction A with GFRA1 and KIT, and found that almost all GFRA1/KIT 

subfractions retained SSC activity (Fig. 11). At P8-9, there was no further enrichment 

through GFRA1/KIT subfractionation as no subfractions exceeded 669.2 colonies per 

105 cells transplanted (bulk Fraction A). But at P16-18, both the GFRA1+ KIT– and 

GFRA1+ KIT+ subfractions showed somewhat higher levels of SSC frequency (729.3 ± 

84.8 and 744.2 ± 104.6 respectively) when compared to bulk Fraction A (618.1 ± 79.4). 

Overall, there could be a technical limitation in subdividing Fraction A with FACS to 

achieve higher levels of enrichment and attempts for high-resolution FACS might result 

in the loss of SSCs during multiple gating steps.  

SSCs are commonly considered to be GFRA1+ and KIT–, but my data showed that both 

GFRA1– subfractions and KIT+ subfractions within Fraction A retained SSC activity. 

These somewhat counter-intuitive results are supported by many previous studies. Past 

fractionation studies have consistently shown GFRA1– cells to retain a considerable 

level of regeneration potential (Buageaw et al., 2005; Ebata et al., 2005; Garbuzov et 

al., 2018; Grisanti et al., 2009). These data indicate that GFRA1– cells have not 

progressed far along commitment such that all regenerative activity is lost.  

One exception is P0-2, at which point the GFRA1– subfraction lacked regenerative 

activity at P0-2 and only the GFRA1+ subfraction possessed regenerative activity (282.8 

± 128.4 colonies per 105 cells transplanted). This data supports the idea of two different 

prospermatogonial subpopulations at birth. I suspect that the first wave of mouse 

spermatogenesis originates from the cells that belong to the GFRA1– fraction. An 

interesting observation is that the GFRA1– fraction at P0-2 exhibits some cluster-
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forming potential, although lower than the GFRA1+ fraction. One possibility is that there 

is a cell population that can generate clusters in vitro but cannot regenerate 

spermatogenesis after transplantation. Further detailed analyses are required to test 

these hypotheses and possibilities.  

Finally, my study raises some observations on spermatogonial commitment during 

postnatal development. Germ cells can be divided into two populations: Fraction A 

(THY1+ ITGA6+) and Fraction C (THY1– ITGA6mid), the former being the SSC pool and 

the latter being SSC-depleted. Fraction C first appears at P8-9, and the germ cell 

population is roughly divided into one-half Fraction A (48.3%) and one-half Fraction C 

(50.7%). By P16-18, Fraction C has expanded in size considerably, comprising 83.3% 

of the germ cell population, while Fraction A comprises 12.1%. The rapid expansion of 

Fraction C can be attributed to three potential factors: 1) meiotic division of Fraction C 

cells, 2) mitotic division of Fraction C cells, and 3) commitment of Fraction A cells. 

Expansion due to meiotic division should be low because by P16-18, spermatogenesis 

has progressed to the stage of round spermatid, and the number of secondary 

spermatocytes and round spermatids are negligible (Bellve et al., 1977; Janca et al., 

1986). The first meiotic division occurs at the secondary spermatocyte stage, but the 

vast majority of germ cells are at the pachytene spermatocyte stage or earlier, so only a 

small amount of meiotic division should have occurred (Bellve et al., 1977; Janca et al., 

1986). The second factor, mitotic division, should also be minimal in effect, as Fraction 

C cells have limited self-renewal activity in vitro (Fig. 8A) and regenerative activity in 

vivo (Fig. 7B). Thus, I attribute the rapid expansion of Fraction C to the third factor, 

commitment of Fraction A cells to form progenitors (Fraction C).  

Examining the rapid expansion of Fraction C (14.9% of THY1/ITGA6 profile at P8-9 to 

65.1% at P16-18), we can assume that Fraction A cells are producing progenitors at a 

high rate (Fig. 7D). In fact, I believe that the rate of progenitor production (Fraction C 

expansion) is higher than self-renewal (Fraction A expansion). Previously, it was 

reported that prepubertal SSCs differentiate more than they self-renew following 

transplantation (Ebata et al., 2007). Here, I present evidence for this phenomenon in 

intact prepubertal testes. One possible explanation is that because pup testes lack 
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mature germ cells, SSCs produce more progenitors as a compensatory mechanism, 

due to lack of cell signaling from mature germ cells. Another possible explanation is the 

altered endocrine environment in pup testes, such as higher levels of intratesticular 

testosterone (Jean-Faucher et al., 1978), although how exactly this would affect 

spermatogonial fate is unclear.  

 

4.1 Limitations of Study 
First, in sorting the cells with FACS, I cannot completely deny the possibility of 

contamination between subfractions, although the purity of FACS is known to be very 

high (Basu et al., 2010).  

Second, while THY1/ITGA6 fractionation was very efficient in SSC purification, 

GFRA1/KIT subfractionation led to stem cell loss. Fraction A cells at P8-9 when 

transplanted produced 669.2 ± 69.0 colonies per 105 cells transplanted, but none of its 

subfractions exceeded this level. Stem cell loss from FACS has been documented in 

the SSC field (Shinohara et al., 2000) as well as other fields (Britt et al., 2009; Hunt, 

1979). Some potential causes are the removal of committed progenitors which support 

regenerative activity and blocking surface protein function with fluorescent antibodies  

(Alexander et al., 2009). In our unpublished data, further fractionating adult THY1+ 

ITGA6+ cells with other markers like CDH1 and MCAM similarly lead to stem cell loss.  

Third, the CFA results show a lot of variability (high SD/SEM in Fig. 11C). Some 

possible causes could be variability in medium batch and STO feeder batch, both of 

which can affect the number of clusters formed.  

 

4.2 Future direction 
First, I focused on germ cells in this study and did not characterize somatic cell fractions 

in THY1/ITGA6 profiles (Fig. 6D). It could be interesting to describe the various types of 

testis somatic cells (e.g. Sertoli, Leydig, stromal, endothelial, and blood cells). 
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Second, it would be interesting to conduct lineage tracing and live imaging studies to 

study THY1+ and THY1– cells. It could be interesting to examine if there is reversibility 

(i.e. dedifferentiation) in THY1+ and THY1– populations like there is for GFRA1+ and 

NGN3+ cells (Nakagawa et al., 2010). 

Third, transcriptional profiling of GFRA1/KIT subfractions can be done. Unlike 

THY1/ITGA6 subfractions, I was not able to examine GFRA1/KIT subfractions at the 

transcript level. In addition, scRNA-seq of Fractions A and C could be beneficial in 

characterizing the heterogeneous populations in each fraction, and pseudotiming 

analyses could be conducted to examine potential commitment processes. 

Fourth, our fractionation experiments can be extended to prenatal periods, particularly 

at E14.5, a period at which germ cells can efficiently regenerate spermatogenesis 

(Chuma et al., 2005), and which no fractionation of germ cells has been reported so far. 

Here, it may be possible to subfractionate the germ cell population based on GFRA1 

expression like P0-2 Fraction A and analyze subfractions with the transplantation assay 

and CFA. 

Finally, my mouse study can be used as a model for the study of human SSC 

development and establishment. It should provide essential information to understand 

the postnatal SSC development in other mammalian species, including humans.  
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6. Appendix 
 

6.1 List of primers for RT-qPCR 
Gene Forward Reverse Reference 

Gfra1 GTGGCAATGACCTGGAAGAT ATTGCCAAAGGCTTGAATTG (Grisanti et al., 2009) 

Id4 CTACCATCCCGCCCAACAAG CTCAGCAAAGCAGGGTGAGT 
 

Etv5 CATCCTACATGAGAGGCGGG TCCTGCTTGACTTTGCCTTCC 
 

Nanos2 TCCCATCCTGAGGCACTATGT ACTGCTGTTGAGTGGACAATAC (Zhou et al., 2015) 

Zbtb16 CGAGCTTCCGGACAACGA TTGGCACCCGCTGAATG (Lovelace et al., 2016) 

Nanos3 TGTAAGGCTGGATCCCAAAC CTGATAGATGGCACGGGACT 
 

Neurog3 GCTATCCACTGCTGCTTGA CCGGGAAAAGGTTGTTGTGT (Yoshida et al., 2004) 

Sohlh2 GGATTAAAGGCCCCGTTGTC ATCGCTCTTCCTCCCCTTGA (Morimoto et al., 2019) 

Sohlh1 AGCGGGCCAATGAGGATTAC CTGCGTTCTCTCTCGCTGAC (Makino et al., 2019) 

Kit TGGGAGTTTCCCAGAAACAG AAATGGGCACTTGGTTTGAG (Yeh et al., 2012) 

Stra8 CTCTCCCACTCCTCCTCCA GAGGTCCATGGTCTGCTTGTA (Hermann et al., 2015) 

Wt1 GAGAGCCAGCCTACCATCC GGGTCCTCGTGTTTGAAGGAA 
 

Actb CCCTAAGGCCAACCGTGAAA AGCCTGGATGGCTACGTACA (Hermann et al., 2015) 

 

6.2 Extended Protocol for FC, FACS, and Intracellular FC 
1. Weigh Collagenase I and IV (5 mg each) in a 10 mL snap cap tube. Then, weigh DNase 

I (10 mg) in another tube.  
 

Name Final concentration Total amount 
Collagenase I   1 mg/ml 5 mg in 5 mL HBSS 

Collagenase IV   1 mg/ml 5 mg in 5 mL HBSS  

DNase I 5 mg/ml 10 mg in 2 mL HBSS 

 
2. Prepare 2 x 60mm petri dishes. Add 7 ml PBS in each dish and leave next to dissecting 

microscope.  
 

3. Euthanize mouse pups by decapitation with scissors up to P9, and isoflurane/CO2 for 
older pups. Acquire testes and transfer to petri dish.  
 

4. Separate testes from surrounding tissue with scissors. Do not remove tunica yet. Dry 
testis with kimwipe and weigh. Record weight. Transfer testes to second petri dish. 
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5. Remove tunica with forceps from all testes. Transfer tunica to first petri dish. Pull apart 
the seminiferous tubules, gently. Try to minimize damage to tubules.  

 
6. Place all tubules on the wall of a new 15 mL Falcon tube. Bring tube to a biosafety 

cabinet. 
 

7. Add 5 mL HBSS to snap cap tube containing collagenase. HBSS solution should have 
been pre-warmed, or alternatively, collagenase solution can be warmed now in a water 
bath. Mix well by pipetting and transfer solution through 0.2 μm filter into Falcon tube 
containing testes. Gently shake tube. Testes should be resuspended in the solution, 
then travel to the bottom of the tube.  

 
8. Incubate tube in 37°C water bath. Total incubation duration is typically 10-12 min. for 

pup testes. After initial 5 min., shake tube and observe tubules. After another 5 min., 
shake tube again. 

 
9. Once digestion is satisfactory (tubules are mostly not visible) remove tube from water 

bath. Add 7 mL PBS to tube. For P8-9 or P16-18 pup testis cells, wait 10 min. so cells 
can sediment. For P0-2 testis cells, centrifuge cells at 500 x g for 5 min.  
 

10. Remove supernatant (if sedimenting, remove supernatant down to 0.5 mL, being careful 
not to pick up pellet). Add 7 mL PBS. Repeat sedimentation (or centrifugation for P0-2 
testis cells) and remove supernatant.  

 

11. Add 2 mL cell dissociation buffer, up to 3 mL if digesting a particularly large amount of 
tubules (e.g. 8 or more P16-18 testes). First, incubate at 37°C for 2 min. in water bath 
(shake tube after first minute). P0-2 cells digest very quickly (may be ready in less than 2 
min.) and should typically be ready to move on to DNAse treatment. For other age 
groups, it typically takes another minute or two in the water bath. Shake tube liberally 
throughout treatment (around once a minute).  

 
12. Add 1 mL DNase (5 mg/ml) solution to tube, shake briefly, and add 7 mL PBS. For pups, 

long DNase treatment is unnecessary and dead cell clumps do not form often. Transfer 
the cell suspension slowly, drop-wise through a 40 μm strainer into a 50 mL Falcon tube. 
With 2 mL of PBS, wash the original 15 mL tube and transfer solution through strainer.  
 

13. With a 10 mL pipette, transfer the content into a new 15 mL Falcon tube and record the 
amount of cell solution. Count cells and record. Centrifuge cells at 500 x g for 5 min.  
 

14. Stain cells with Viability Dye. To stain, first transfer cells from 15 mL tube into a 1 mL 
Eppendorf tube. Resuspend cells to 1 mL PBS total. Incubate in 1 uL Viability Dye 
antibody per 1 mL cell solution, with up to 10 x 106 cells according to the manufacturer 
protocol (protocol for Biogems Viability Dye 506). Incubate cells for 5 min. on ice. 
Centrifuge cells at 500 x g for 5 min. 

 
15. Incubate cells with primary antibodies. Each tube should have 100 uL total volume of 

PBS + 1% BSA. Up to 2 x 106 cells per tube. For instance, you will need three tubes for 
5 x 106 cells  
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16. Make antibody mastermix solution. In the original experiment, a panel of THY1, ITGA6, 
GFRA1, KIT, MHC-I, CD45, and CD74 was used for FACS. Prepare additional controls 
(like FMO controls) as necessary. 
 

Refer to section 2.5 for information about antibody concentrations. For Intracellular FC, 
double the concentration of all antibodies, to counteract the effect that permeabilization 
has on surface antibodies.  

 
17. Incubate cells for 30 min. on ice with agitation. Lay tubes horizontally on the ice. If 

setting up a new compensation setting, prepare compensation beads.  
 

18. After 30 min. (25-35 min. ideal), remove tubes from ice and add 1 mL PBS to each tube 
without pipetting. Centrifuge cells at 500 x g for 5 min.  
 

19. Remove supernatant. If performing intracellular FC, skip to step 21. Resuspend cells in 
PBS + 1% BSA. Aim for 200-300 uL of solution per 106 cells. Transfer cell suspension to 
round-bottom tubes. Up to ~1.2 mL solution per tube. Prepare labelled collection tubes 
and put 1 mL of collection medium in each tube (collection medium = PBS + 1% BSA).  
 

20. Bring your tubes to the flow cytometer. Unless you are doing intracellular FC, you can 
stop here. 
 

21. If you are performing intracellular FC, resuspend the cells in ice-cold 4% 
paraformaldehyde (PBS) solution. pH of paraformaldehyde solution should be close to 7. 
Incubate 15 min. on ice with agitation. 
 

22. Centrifuge cells at 500 x g for 5 min. Remove supernatant, add 1 mL PBS, and 
centrifuge again. Unless stated otherwise, all centrifugations are at 500 x g for 5 min. at 
4°C. 

 
23. Resuspend cells in ice-cold 0.1% Triton X-100. Incubate for 5 min. on ice. Centrifuge 

and remove supernatant. Wash with 1 mL PBS. Centrifuge and remove supernatant. 
 

24. Resuspend in blocking buffer. I used PBS + 1% BSA. Blocking may not be necessary. 
Centrifuge and remove supernatant.  
 

25. Resuspend in PBS + 1% BSA with primary antibodies (100 uL total volume / tube). 
Prepare controls as necessary. Incubate 20 min. on ice with agitation (longer duration 
may work). 
 

26.  Add 1 mL PBS in each tube to wash. Centrifuge and remove supernatant. Resuspend in 
PBS + 1% BSA with secondary antibodies (100 uL total volume / tube). Incubate 10 min. 
on ice with agitation (longer duration may work). 
 

27. Centrifuge and remove supernatant. Resuspend in PBS + 1% BSA and transfer to 
round-bottom tubes. Read cells on flow cytometer.  
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A common problem with the intracellular FC protocol is distortion of the signal of surface 
antibodies. Some degree of distortion is inevitable during the fixation and 
permeabilization process. However, the distortion may be so extreme such that the 
entire fractions disappear (e.g. Fraction A). If this is the case, you can try different 
adjustments in the protocol. Some examples are to reduce washing steps, change 
permeabilization agent, or modify fixation duration.  
 

 

 

 

 

 

 

 

 



79 
 

6.3 Flow cytometric profiles throughout prepubertal development. 

 

Figure 13. Flow cytometric profiles (THY1/ITGA6) of ROSA26 pups throughout postnatal 
development change gradually. Profiles of 11 different stages are shown. Expression intensity 
of markers should not be compared between stages, as not all profiles were acquired on the 
same machine and setting. Notably, the profiles for P4, P10, P12, and P14 were acquired on 
the BD LSRFortessa while all other profiles were acquired on the FACSAria Fusion. 
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6.4 KIT expression increases in both Fraction A and Fraction C during 
postnatal development.  

 

 

Figure 14. Percentage (%) of KIT-expressing cells in Fraction A and C throughout 
postnatal development. Data for Fraction C starts at P8 because it is nonexistent before that 
age. KIT-expressing cells increase in both Fraction A and Fraction C postnatally, at least until 
P18. Averages for Fraction A: 15.3% ± 0.6% at P8-9 and 27.4% ± 1.8% at P16-18. Averages for 
Fraction C: 29.2% ± 1.8% at P8-9 and 61.4% ± 3.3% at P16-18. 
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6.5 RT-qPCR data of genes not displayed in Figure 10 

 

Figure 15. RT-qPCR data of eight genes that were not displayed in Figure 10. Relative 
expression of genes in Fractions A and C at the three developmental stages, measured with 
RT-qPCR. Mean expression was compared with a one-way ANOVA and pairwise comparisons 
were conducted with Tukey’s HSD (* p < 0.05; ** p < 0.01; *** p < 0.001). Alphabet labels (‘a’, 
‘b’, ‘c’) indicate statistical significance between two labels with distinct letters. For example, 
there is a significant difference between ‘ab’ and ‘c’, but no difference between ‘ab’ and ‘b’.  
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6.6 Copyright permissions 
Figure 1. Organization of the seminiferous epithelium. Adapted from de Rooij, 2017. 

Reproduced with permission from Springer Nature. 
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Figure 4. Scheme of two distinct prospermatogonial populations in mouse. Adapted 

from McCarrey, 2017. Reproduced with permission from Springer Nature.  
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Figure 5. Expression of genes at various stages of SSC development, as revealed by 

scRNA-seq. Adapted from Tan et al., 2020. Reproduced with permission (Development, 

The Company of Biologists). 
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