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SUMMARY

Spermatogonial stem cells (SSCs) sustain spermatogenesis by balancing self-renewal and 

initiation of differentiation to produce progenitor spermatogonia committed to forming sperm. To 

define the regulatory logic among SSCs and progenitors, we performed single-cell RNA velocity 

analyses and validated results in vivo. A predominant quiescent SSC population spawns a small 

subset of cell-cycle-activated SSCs via mitogen-activated protein kinase (MAPK)/AKT signaling. 

Activated SSCs form early progenitors and mTORC1 inhibition drives activated SSC 

accumulation consistent with blockade to progenitor formation. Mechanistically, mTORC1 

inhibition suppresses transcription among spermatogonia and specifically alters expression of 

insulin growth factor (IGF) signaling in early progenitors. Tex14−/− testes lacking intercellular 

bridges do not accumulate activated SSCs following mTORC1 inhibition, indicating that steady-

state mTORC1 signaling drives activated SSCs to produce progenitor clones. These results are 

consistent with a model of SSC self-renewal dependent on interconversion between activated and 

quiescent SSCs, and mTORC1-dependent initiation of differentiation from SSCs to progenitor 

clones.
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In Brief

Suzuki et al. define relationships between subsets of adult mouse SSCs and progenitor 

spermatogonia using single-cell RNA velocity analyses and in vivo validations. Quiescent SCCs 

convert to cell-cycle-activated SCCs via MAPK/AKT signaling. Activated SCCs are driven to 

become early progenitor clones ready to initiate differentiation through mTORC1 signaling.

INTRODUCTION

In the testis, spermatogenesis is anchored by spermatogonial stem cells (SSCs), which 

sustain a hierarchy of mitotic spermatogonia. Some spermatogonia respond to retinoic acid 

(RA), activate KIT proto-oncogene receptor tyrosine kinase (KIT) expression, and initiate 

differentiation (Busada et al., 2015a; de Rooij and Russell, 2000), whereas others persist as 

undifferentiated spermatogonia (Busada et al., 2015a; Endo et al., 2017; Ikami et al., 2015; 

Zhou et al., 2008). SSCs comprise a small subset of undifferentiated spermatogonia 

functionally distinguished by their ability to both self-renew perpetually and give rise to 

progenitor spermatogonia committed to producing sperm (Hara et al., 2014; Helsel et al., 

2017b; Hermann et al., 2018; Ikami et al., 2015; Nakagawa et al., 2007, 2010).

Several models describing the relationship between SSCs and progenitors provide a 

framework for investigating mechanisms regulating SSC fate (Lord and Oatley, 2017). The 

traditional Asingle model (de Rooij, 1969; Huckins, 1971; Oakberg, 1971) holds that SSCs 

are exclusively Asingle spermatogonia, whereas Apaired/aligned spermatogonia are progenitors 
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irreversibly committed to differentiation. This model implies homogeneity among Asingle 

spermatogonia (de Rooij and Russell, 2000; Mutoji et al., 2016). An alternate fragmentation 

model holds that clones of undifferentiated spermatogonia can interconvert between Asingle 

and Apaired/aligned states (Hara et al., 2014; Nakagawa et al., 2007, 2010). A revised Asingle 

model accommodates recent evidence of heterogeneity among undifferentiated 

spermatogonia (Lord and Oatley, 2017).

The advent of technologies to survey the entire mRNA transcriptome with single-cell 

resolution (single-cell RNA sequencing [scRNA-seq]) reveals transcriptome heterogeneity 

among otherwise homogeneous cells to resolve potential subtypes (Lafzi et al., 2018). Using 

scRNA-seq datasets from testicular germ cells, we and others ordered spermatogenic cells in 

pseudotime to distinguish cell states (e.g., SSC versus progenitor and subdivisions thereof) 

and to infer cell trajectories reflective of state transitions and the responsible regulatory 

framework (Cheng et al., 2020; Green et al., 2018; Hermann et al., 2018; La et al., 2018b; Li 

et al., 2017; Lukassen et al., 2018; Song et al., 2016; Suzuki et al., 2019). Although these 

analyses have uncovered many cell states and pathways, they are limited by computational 

assumptions and the static nature of steady-state mRNA levels. RNA velocity analysis 

exploits data arising from the nascent unspliced transcriptome embedded within scRNA-seq 

datasets empirically indicative of cell-state trajectories (La Manno et al., 2018; Svensson and 

Pachter, 2018). We have used RNA velocity analysis to identify two discrete transitions 

between mouse SSCs and progenitor spermatogonia: (1) an interconversion of SSCs 

between quiescent and activated cell-cycle states associated with changes to mitogen-

activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/AKT serine/

threonine kinase (AKT) signaling and (2) an mammalian target of rapamycin complex 1 

(mTORC1)-dependent switch between activated SSCs and clones of early progenitor 

spermatogonia influenced by RA. These results refine our understanding of the underlying 

molecular mechanisms driving SSC self-renewal or initiation of differentiation.

RESULTS

RNA velocity analysis of adult spermatogenesis

We first applied RNA velocity analysis to adult mouse spermatogenic cells at all phases of 

spermatogenic maturation from spermatogonia to spermatids (Hermann et al., 2018) and 

observed nearly exclusive unidirectional trajectory vectors along the spermatogenesis 

continuum (Figures S1A–S1C). This revealed spermatogenic phases bearing little 

transcriptional change interspersed with phases of significant transcriptomic flux (Figure 

S1C), including examples of genes that became transcriptionally active and enriched in the 

unspliced form in spermatogonia in advance of meiotic entry and their subsequent 

accumulation in the spliced mRNA form in spermatocytes (Figures S1D and S1E).

Distinct clusters of cell-cycle-activated and quiescent SSCs

We next performed focused analysis of adult ID4-EGFPBright spermatogonia known not only 

to be enriched for transplant-competent SSCs but also to contain progenitor spermatogonia 

and a small population of differentiating spermatogonia (Hermann et al., 2018) (Figures 1A–

1C; Figures S1F–S1I; Table S1). This identified 14 cell clusters among ID4-EGFPBright 
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spermatogonia, with only clusters 1 and 7 designated as SSCs: high levels of SSC markers 

(Dusp6, Eomes, Etv5, Gfra1, and Id4) and low or absent detection of either progenitor 

markers (Lin28a, Nanos3, Neurog3, Pou5f1, Rarg, or Sox3) or canonical differentiation 

markers (Kit and Stra8) (Figures 1A–1C; Figures S1F–S1I; Table S1). Cells in clusters 2, 5, 

and 6 were designated progenitors, expressing progenitor markers (Lin28a, Nanos3, 

Neurog3, Pou5f1, Rarg, and Sox3) with little or no detection of either SSC markers (Dusp6, 

Eomes, Etv5, Gfra1, or Id4) or differentiation markers (Kit or Stra8). Cells in clusters 3, 9, 

and 11 reflect early differentiating spermatogonia, with high levels of differentiating markers 

(Kit and Stra8) and little or no detection of SSC markers (Dusp6, Eomes, Etv5, Gfra1, or 

Id4). Cells in the tiny clusters 13 and 14 were contaminating somatic cells (Figures 1A–1C; 

Figures S1F–S1I; Table S1). We resolved cluster 5 as early progenitors with lower levels of 

progenitor markers than those of the late progenitors in clusters 2 and 6 (Figures 1A–1C; 

Figures S1F–S1I; Table S1). Cells in clusters 4, 8, and 12 showed intermediate phenotypes, 

with hybrid SSC/progenitor transcriptomes, likely reflecting populations in flux (Figures 

1A–1C; Figures S1F–S1I; Table S1). Cluster 1 consisted of 82.7% of SSCs with modest 

inward vectors suggesting maintenance of this state, whereas larger vectors in cluster 7 were 

directed outward toward both intermediate cluster 8 and SSC cluster 1 (Figure 1C; Figure 

S1F). Between the two SSC populations in clusters 1 and 7, we found only 18 genes 

upregulated in cluster 1, whereas 530 were upregulated in cluster 7 (Table S1). Gene 

Ontology (GO) analysis indicated cell-cycle activation in cluster 7 (Figure 1D; Figure S1J; 

Table S2). In all, a large proportion of cluster 7 SSCs, cluster 5 early progenitors, and cluster 

3/9/11 differentiating spermatogonia were categorized as cell cycle active (G1/S, S, G2, or 

G2/M) (Figures 1E and 1F). Conversely, most cluster 1 SSCs and cluster 2/6 late progenitors 

were in the M/G1 category (Figures 1E and 1F), indicative of G0 arrest and quiescence 

(Figure S1J) (Lauridsen et al., 2018; Whitfield et al., 2002). Quiescent SSCs exhibited 

inward vectors, suggesting maintenance of this state, whereas activated SSCs showed 

outward vectors directed toward both quiescent SSCs and SSC/early progenitor intermediary 

populations (Figure 1C). We confirmed these sub-populations of SSCs and progenitors using 

data from PLZF-mCherry+/KIT− spermatogonia (La et al., 2018b) (Figure S2; Tables S1 

and S2). Altogether, these results confirm distinct adult SSC and progenitor populations, 

with early progenitors arising from activated SSCs that interconvert with quiescent SSCs.

We then performed in vivo analyses using flow cytometry and whole-mount 

immunofluorescence. Using adult Id4-Egfp mice (Figures 2A–2D) or C57BL/6 mice 

(Figures S3A–S3E), we found that in agreement with the scRNA-seq results, 71.7% ± 

0.32% of ID4-EGFPBright/SOX3low/RARγlow SSCs and 80.7% ± 1.92% of PLZFlow/

SOX3low/RARγlow SSCs were quiescent (Ki67low/−), whereas the remainder were 

proliferative (Ki67high) (Figure 2D; Figure S3E). Both quiescent and active (Ki67high) SSC 

populations were present throughout the cycle of the seminiferous epithelium, with the 

greatest level of Ki67 labeling among SSCs present in the late stages (X–XII) and the lowest 

level in the early stages (I–V) (Figures 2E–2H; Figure S3F). SSC Ki67-labeling indices were 

not significantly different by stage, excluding the possibility that prevalence of quiescent and 

active SSCs is linked to stage of the cycle of the seminiferous epithelium. Heterogeneous 

labeling for two progenitor markers, SOX3 and RARγ, matched mRNA expression patterns 

(Figures 1A–1C and 2B; Figures S1F–S1H, S3C, and S3G) characteristic of early 
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progenitors (PLZFlow/SOX3high/RARγlow) and late progenitors (PLZFhigh/SOX3high/

RARγhigh), respectively. More early progenitors were Ki67+ than either SSCs or late 

progenitors (Figures S3E and S3G); thus, early progenitors are likely primary, transit-

amplifying, undifferentiated spermatogonia.

Finally, we treated mice with either a bolus of RA or a 2-day treatment with WIN18,446 to 

inhibit RA signaling, which normally induces RARγ-expressing progenitors to differentiate 

(Feng et al., 2000; Ikami et al., 2015). As expected, RA reduced the proportion of 

PLZFhigh/KITneg undifferentiated spermatogonia (Figures S4A–S4D), but it did not change 

the PLZFlow/KITneg population, indicating that PLZFlow/KITneg spermatogonia are enriched 

for SSCs. In addition, RA induced proliferation of RARγhigh late progenitors and their 

differentiation (becoming KIT+) and significantly enhanced the Ki67-labeling index in early 

progenitors and their overall proportion, whereas WIN18,446 impeded late progenitor 

proliferation and formation of KIT+/PLZFhigh-differentiating spermatogonia (Figures S4A–

S4F) and reduced early progenitor proliferation (Figure S4D). Because RARγ expression is, 

by definition, absent from early progenitors and present in late progenitors, these results 

indicate that RA can directly initiate the differentiation of late progenitors and indirectly 

drive early progenitor proliferation.

SSC and progenitor populations exhibit distinct signaling characteristics

We identified expression of 13 genes that were upregulated in cluster 7 relative to cluster 1 

and are known to be activated by the glial cell line derived neurotrophic factor family 

receptor alpha 1 (GFRA1)/ret proto-oncogene(RET) pathway in cultures containing a 

mixture of SSCs and progenitors (Oatley et al., 2006) (Ccne1, Ccne2, Chaf1b, Dnajb11, 

Gsta4, GtROSA26Sor, Mmd, Pcna, Pou3f1, Rbm12, Rrm2, Snrpa1, and Ube2a) (Table S1), 

suggesting that activation of GFRA1/RET signaling triggers cell-cycle activation in SSCs. 

We then analyzed the phosphorylation levels of p44/42 MAPK, AKT (pan), and ribosomal 

protein S6 (RPS6), a downstream target of mTORC1 signaling, because GFRA1/RET 

signaling activates these pathways (La et al., 2018a; Wang et al., 2017). Compared with 

quiescent SSCs, activated SSCs and early progenitors showed significantly increased MAPK 

and AKT signaling, whereas enhanced activation of mTORC1 signaling was seen only in 

early progenitors (Figures 3A–3E). These results correlate active MAPK, PI3K/AKT, and 

mTORC1 signaling with a stepwise transition from quiescent SSCs, to activated SSCs, to 

early progenitors.

Based on the expression of cell-type-specific markers (Figure 1B) identifying cluster 5 as 

early progenitors, not SSCs, our RNA velocity data suggest that early progenitors (cluster 5) 

exist in an unstable state interconverting with SSCs (clusters 1 and 7) and late progenitors 

(clusters 2 and 6) (Figures 1A–1C; Figures S1F–S1I). Early progenitors in cluster 5 

occupied a somewhat intermediate phenotype, with lower levels of SSC markers and higher 

levels of progenitor markers compared with SSCs (clusters 1 or 7) but lower levels of 

progenitor markers compared with late progenitors (clusters 2 or 6) (Figures 1A–1C; Figures 

S1F–S1I; Table S1). Because mTORC1 signaling was enhanced only in early progenitors 

(Figures 3C–3E) and mTORC1 inhibition increased the proportion of GFRA1-positive cells 

(Hobbs et al., 2010; La et al., 2018a), we hypothesized that mTORC1 signaling drives the 
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formation of early progenitors from activated SSCs. To test this hypothesis, we treated mice 

with rapamycin to inhibit mTORC1 (Hobbs et al., 2010; La et al., 2018a), as confirmed by 

significantly attenuated phosphorylated RPS6 (p-RPS6) levels (Figure 3F). Rapamycin 

significantly reduced the proportion of early progenitors and increased the proportion of 

activated SSCs but left late progenitors unchanged (Figures 3G and 3H), indicating that 

mTORC1 signaling is specifically involved in controlling the SSC-to-progenitor transition.

mTORC1 signaling regulates the balance between SSC self-renewal and commitment to 
differentiation

To interrogate the effects of mTORC1 signaling on gene expression and cell-type 

relationships among undifferentiated spermatogonia, we performed scRNA-seq using adult 

Id4-EGFPBright spermatogonia from (1) untreated mice (control), (2) mice treated with 

rapamycin for 2 days (rapamycin treated), and (3) mice treated with rapamycin for 2 days 

and then discontinued for 1 day (rapamycin release) (Figure 4A; Figures S5A and S5B). 

Two days of rapamycin treatment induced changes to the RNA velocity vectors among all 

populations, coinciding with activated SSC accumulation and early progenitor depletion 

(Figure 4I; Figures S5A, S5B, and S5M). Indeed, RNA velocity vectors were subdued across 

all populations (Figure 4I; Figure S5M). However, a 1 day release of the rapamycin led to a 

resumption of transcriptome dynamics and recovery of activated SSC and early progenitor 

numbers to control levels (Figure 4J; Figures S5A, S5B, and S5N). Altogether, these data 

confirm that the activated SSC to early progenitor transition is regulated by mTORC1; they 

also reveal that changes in the activated SSC and early progenitor proportions resulted from 

a rapamycin-dependent block in state transitions and pointed to responsible alterations in the 

transcriptome (Figure 4K).

We specifically examined differential mRNA levels between spermatogonia from control 

and rapamycin-treated testes (Table S3) and found 4,467 genes altered by rapamycin, 336 of 

which were lower in all undifferentiated spermatogonia following rapamycin treatment 

(Figure 4L; Table S4). GO categories for these genes included “positive regulation of 

transcription, DNA-templated,” “transcription elongation from RNA polymerase II 

promoter,” “regulation of transcription from RNA polymerase II promoter,” “negative 

regulation of transcription from RNA polymerase II promoter,” and “mRNA processing” 

(Figure S6A; Table S5). In general, mTORC1 inhibition appears to have broadly suppressed 

the transcription machinery, resulting in reduced mRNA levels across the genome (Figure 

S6B). In addition, genes suppressed by rapamycin uniquely in quiescent SSCs were enriched 

for the GO terms “translational termination,” “mRNA splicing, via spliceosome,” “mRNA 

processing,” and “RNA splicing, via transesterification reactions with bulged adenosine as 

nucleophile” (Table S5), suggesting that mTORC1 regulates gene expression in quiescent 

SSCs at the post-transcriptional level. Genes involved in cell-cycle phase transitions were 

suppressed by rapamycin in both activated SSCs and late progenitors (Table S5), indicating 

mTORC1 regulates the proliferative state.

Of particular interest were genes uniquely downregulated by rapamycin in early progenitors, 

because mTORC1 was necessary for their formation from activated SSCs. The 27 genes 

specifically suppressed by rapamycin in early progenitors were significantly enriched for the 
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GO terms “regulation of insulin-like growth factor receptor signaling pathway,” “negative 

regulation of canonical Wnt signaling pathway,” “negative regulation of Wnt signaling 

pathway,” and “regulation of canonical Wnt signaling pathway” (Table S5). These data 

suggest that mTORC1 regulates the transition of activated SSCs to early progenitors via the 

inhibition of insulin-like growth factor receptor (IGFR) signaling and the activation of Wnt 

signaling, in agreement with prior results indicating that activation of the IGFR signaling 

pathway and inhibition of the Wnt signaling pathway are necessary for SSC renewal (Takase 

and Nusse, 2016; Tokue et al., 2017; Wang et al., 2015). Two genes common to these 

enriched GO terms in early progenitors were Igfbp2 and Igfbp6, which are insulin growth 

factor (IGF) signaling inhibitors (Allard and Duan, 2018). We also found that Igfbp2 mRNA 

was expressed by all SSC and progenitor populations, whereas Igfbp6 mRNA was detectable 

only in early and late progenitors. Both mRNAs were significantly suppressed by mTORC1 

inhibition in early progenitors (Figures S6C–S6H). Altogether, these data indicate that 

mTORC1 not only influences genome-wide transcription in all spermatogonia but also 

drives specific gene expression programs involved in transitions among spermatogonial 

subtypes (Figure 4; Tables S3, S4, and S5).

mTORC1 regulates the interconversion between activated SSCs and clones of early 
progenitors

Finally, to investigate whether spermatogonial clone size is relevant to the dynamics among 

SSCs and progenitors (Figure 4K), we confirmed the proportion of SSC and progenitor 

subsets in post-natal day 36 (P36) Tex14−/− testes, which lack intercellular bridges and in 

which spermatogonia remain isolated (Greenbaum et al., 2006). The proportion of each 

spermatogonial population in P36 Tex14−/− testes was largely unchanged compared with 

P36 Tex14+/− testes (Figures 5A–5D), indicating that early and late progenitors can exist as 

isolated, single spermatogonia and intercellular bridges are not required for the SSC-to-

progenitor transition at P36 before steady-state spermatogenesis. These data also refute the 

dogmatic Asingle model assertion that progenitors must exist as clones of two or more 

spermatogonia.

To test the hypothesis that mTORC1 induces activated SSCs to produce clones of early 

progenitors, we treated P36 Tex14−/− mice with rapamycin. Although rapamycin caused 

accumulation of activated SSCs and depletion of early progenitors (Figures 3G and 3H) in 

the wild-type testis, rapamycin-treated P36 Tex14−/− testes failed to accumulate activated 

SSCs and exhibited impeded early progenitor proliferation (Figures 5C and 5D). Thus, 

steady-state mTORC1 signaling drives activated SSCs to produce progenitor clones, which 

are absent from Tex14−/− testes. These data also indicate that a significant proportion of the 

SSC-to-progenitor transition is independent of mTORC1 and occurs within the Asingle 

spermatogonial pool. We predicted that if SSC renewal at least partially depended on 

reversion from clones of early progenitors, SSC numbers should decline in adulthood in 

Tex14−/− mice. To test thishypothesis, we examined spermatogonial proportions in testes 

from 2- to 3-month-old adult Tex14−/− mice (Figures 5E and 5F). We found that the 

proportion of SSCs was significantly reduced by 1.74-fold, with a reciprocally significant 

1.58-fold increase in early progenitors, despite a significant reduction in early progenitor 

proliferation (Figures 5E and 5F). Altogether, these results are consistent with the reversion 
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of unstable early progenitor spermatogonia clones to activated SSCs, as predicted by RNA 

velocity analysis. mTORC1 signaling appears to favor the state transition from activated 

SSC to early progenitor, whereas mTORC1 inhibition favors self-renewal and reacquisition 

of the activated SSC phenotype, as proposed by the fragmentation model (Figures 4K and 

5G).

DISCUSSION

SSCs have been characterized by marker protein expression (e.g., GFRA1), expression of 

transgenic reporters (e.g., Id4-eGFP), genetic lineage tracing with Cre recombinase drivers 

(e.g., Gfra1-Cre) (Chan et al., 2014; Hara et al., 2014; Helsel et al., 2017b; Nakagawa et al., 

2007, 2010; Sun et al., 2015; Yoshida et al., 2006), and epigenomic profiling (Cheng et al., 

2020), and can be experimentally distinguished from progenitors by their ability to 

perpetually self-renew and initiate spermatogenic differentiation (Helsel et al., 2017b; 

Hermann et al., 2018; La et al., 2018b; Mutoji et al., 2016; Sun et al., 2015). To date, 

however, no single marker or label has been identified (and verified) that selectively and 

prospectively recognizes SSCs (Hermann et al., 2018; Mutoji et al., 2016). We previously 

reported comprehensive gene expression profiles that distinguish transplantation-validated 

SSCs and progenitors (Hermann et al., 2018), but these static observations/analyses were 

difficult to extrapolate to the dynamic relationships among cell states. To overcome this 

limitation, we employed RNA velocity analysis in the present study to empirically establish 

SSC-progenitor relationships and define mechanisms driving spermatogonial fate transitions 

in the mouse testis in vivo.

Our data support the presence of a dominant population of quiescent SSCs (Figures 2E–2H; 

Figures S4G–S4I). The low SSC Ki67-labeling index we observed in adult testes is 

consistent with independent data from previous studies (Grasso et al., 2012; Hara et al., 

2014; Lok and de Rooij, 1983; Sharma et al., 2019). Importantly, we use the term 

“quiescent” to refer to the state of cells at the moment we assess them, which is not 

necessarily indicative of a permanently quiescent (e.g., reserve SSC) subpopulation. These 

results are also consistent with the SSC pool being largely quiescent in steady state but a 

small proportion becoming stochastically activated.

Several notable niche-derived extrinsic factors (e.g., glial cell line-derived neurotrophic 

factor [GDNF]) and germline intrinsic factors (e.g., GFRA1 and ID4) have been shown to 

direct SSC proliferation (Chan et al., 2014; Kitadate et al., 2019; Mutoji et al., 2016; 

Nakagawa et al., 2010; Oatley et al., 2009; Takashima et al., 2015). GDNF stimulates 

GFRA1/RET signaling to maintain SSC numbers via the activation of PI3K-AKT/MAPK 

(Oatley et al., 2007; Takashima et al., 2015) or rat sarcoma viral oncogene (RAS) (Oatley et 

al., 2007) signaling pathways to drive proliferation (Ishii et al., 2012; Uchida et al., 2016; 

Wang et al., 2017), although pharmacological levels GDNF also appear to suppress SSC 

proliferation in vitro and in vivo (Helsel et al., 2017a; Kanatsu-Shinohara et al., 2019; 

Sharma and Braun, 2018). Here, we found that activation of MAPK and AKT signaling is 

coincident with the transition from quiescence to cell-cycle activation among SSCs (Figure 

3). Thus, we speculate that GDNF/GFRA1/RET signaling promotes the transition from 

quiescence to activation among SSCs. Because SSCs and progenitors both broadly express 
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GFRA1 and RET, it remains unclear how the SSC and progenitor responses to GDNF are 

tailored to either promote proliferation or retain a quiescent state.

Of significance, we identified a switch involving mTORC1 signaling, which appears to 

regulate the balance between SSC self-renewal and initiation of progenitor maturation 

toward spermatogonial differentiation (Figures 3 and 4; Figures S5 and S6). Previous studies 

of the first wave of spermatogenesis established that PI3K/AKT-dependent mTORC1 

signaling is required for spermatogonial differentiation (Busada et al., 2015b; Serra et al., 

2017). Here we show that mTORC1 activation is also permissive of spermatogonial 

differentiation in the adult testis. These findings are consistent with data from studies of 

yeast showing that inhibition of TORC1 signaling induces the G0 program of transcriptional 

repression (Zaragoza et al., 1998) and studies of mammals in which mTORC1 regulates (1) 

mRNA translation via p-RPS6 kinase (Valvezan and Manning, 2019) and (2) activity of 

RNA polymerase I (RNA Pol I) and RNA polymerase III (RNA Pol III) (Ma and Blenis, 

2009). Our results demonstrate that mTORC1 inhibition changed the relative proportions of 

activated SSCs and early progenitors accompanied by genome-wide transcriptional 

repression and cell-type-specific gene expression changes in vivo (Figure 4L; Figures S6A 

and S6B), raising the exciting possibility that mTORC1 signaling regulates gene expression 

at both translational and transcriptional levels in undifferentiated spermatogonia.

Nearly all Apaired (Apr) and Aaligned (Aa) spermatogonia convert to A1-differentiating 

spermatogonia in response to the pulse of RA that occurs at the midpoint of the cycle of the 

seminiferous epithelium (Busada et al., 2015a; Zhou et al., 2008). Here we show that RA 

signaling also enhances the proliferation of early progenitors (Figures S4C and S4D), which 

lack expression of RARγ (Figure 1B; Figures S3A–S3C, S5C, S5F, and S5I), the canonical 

RAR that is both necessary and sufficient for spermatogonial differentiation (Gely-Pernot et 

al., 2012; Ikami et al., 2015). One possible explanation is that RA-dependent early 

progenitor proliferation is mediated indirectly through other RAR-expressing cell types 

(Raverdeau et al., 2012). Alternatively, it is possible that RARα may be expressed by 

spermatogonia and participate in regulating their fate (Ikami et al., 2015; Peer et al., 2018).

Limitations of the study

The complexity of spermatogonial single-cell datasets is high, and although we have 

attempted to judiciously define cell populations based on a robust marker gene set, our effort 

to reduce the complexity necessarily caused us to exclude some cell populations with hybrid 

gene expression profiles. The precise temporal position of these and similar intermediate cell 

populations along the spermatogonial continuum is unclear, highlighting the need to develop 

additional strict phenotypic definitions for cell states supported by functional readouts. 

Because the scRNA-seq methodology underlying our RNA velocity analysis is, by its nature, 

a destructive technique, a limitation of RNA velocity analysis is the inability to definitively 

follow developmental changes over time. Despite this limitation, the velocyto algorithm (and 

others) has been used to infer cell states and metastability (Zywitza et al., 2018; Wang et al., 

2020; Xia et al., 2019; Bergen et al., 2020), including among human spermatogonia (Guo et 

al., 2018). More definitive confirmation of cell-state transitions at the resolution of SSC and 

progenitor subtypes would require future live imaging or genetic lineage tracing. In 

Suzuki et al. Page 9

Cell Rep. Author manuscript; available in PMC 2021 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



particular, the potential for progenitor reversion to SSCs raised by our work in Tex14−/− 

testes lacking spermatogonial clones awaits future examination. Moreover, it is important to 

acknowledge the potential for differential post-transcriptional gene regulation to alter 

protein-level expression patterns implied by mRNA-level patterns.

Conclusions

In this study, we establish a stepwise understanding of SSC fate decisions and the molecular 

logic for undertaking those alternate fates. We propose that this process involves two 

discrete transition states between SSCs and progenitor spermatogonia in mouse testes 

(Figure 4K). First, subsets of SSCs bidirectionally interconvert between quiescent and 

activated cell-cycle states in a manner coincident with MAPK and PI3K/AKT signaling 

activity. We posit that niche-derived GDNF is instructive in SSC cell-cycle activation. 

Subsequently, mTORC1 toggles the fate of activated SSCs to early progenitor clones in a 

manner influenced by RA to initiate differentiation (Figure 4K). Although still not 

definitively resolved, because early progenitor spermatogonia exhibit transcriptome 

signatures that appear to favor transition to either SSCs or late progenitors, it remains 

possible that bidirectional interconversion between SSCs and clones of progenitors 

consistent with clone fragmentation contributes to SSC self-renewal in steady state (Hara et 

al., 2014; Nakagawa et al., 2007, 2010).

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Brian Hermann 

(Brian.Hermann@utsa.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—All datasets (raw and analyzed) produced in the conduct of 

these studies are publically available at NIH GEO and Mendeley Data (see Key resources 

table). The custom GRCm38 (mouse mm10) reference dataset containing the EGFP cDNA 

sequence used for 10x Genomics single-cell analysis is available for download (Mendeley 

Data: https://doi.org/10.17632/xzk2zyymxy.1). There are no restrictions for the use of these 

data or resources in future studies. Previously published and publically available data were 

used for Figures 1 and S1 [GEO: GSE152930; (Hermann et al., 2018)] and Figure S2 [GEO: 

GSE109033, (La et al., 2018b)]. Raw and processed data for Figures 4 and S5 were 

deposited under accession numbers GEO: GSE152930 (see Key resources table). The code 

supporting the content of this study is available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments utilizing animals were approved by the Institutional Animal Care and Use 

Committees of the University of Texas at San Antonio (Assurance A3592–01) and were 

performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals. 

All animals were maintained under conditions of ad libitum water and food with constant 
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light-dark cycles. Mice were treated as follows: (1) a single 100 μL bolus of 7.5 mg/mL all-

transRA (Sigma-Aldrich) as described (Endo et al., 2015) and euthanized 24 hours later, (2) 

four 100 μL injections of 20 mg/mL WIN18,446 (sc-295819A; Santa Cruz Biotechnology) 

as described (Endo et al., 2015) at 12 hour intervals and euthanized 12 hours after the final 

injection, or (3) two 100 μL injections of 0.8 mg/mL rapamycin (Biotang Inc.) as described 

(Hobbs et al., 2010) separated by 24 hours and euthanized 24 hours, 48 hours, or 72 hours 

after the second injection (see Figure 4A). Male C57BL/6 wild-type and Id4-Egfp transgenic 

mice congenic on the C57BL/6 background (Chan et al., 2014) were used as adults (between 

2 and 6 months of age) and male Tex14+/− and Tex14−/− mice (Greenbaum et al., 2006) 

were used at post-natal day 36 when normal spermatogonial populations are still present and 

also as adults (between 2 and 3 months).

METHOD DETAILS

Immunofluorescence—For whole-mount immunofluorescence, seminiferous tubules 

were mechanically teased apart and rinsed in PBS, fixed with 4% paraformaldehyde (PFA) 

for 3 h at 4°C, washed 3X in PBS, and blocked in PBS containing 0.3% Triton X-100, 10% 

FBS and 2% BSA. Seminiferous tubules were then incubated overnight at 4°C with primary 

antibodies (see list of antibodies and dilutions in Key resources table) diluted in PBS 

supplemented with 1% BSA (PBS/BSA). Note that EGFP signal was from epifluorescence, 

not antibody labeling. After washing three times in PBS for 15 min each, samples were 

incubated in PBS/BSA containing secondary antibodies (see list of antibodies and dilutions 

in Key resources table) for 1 hour at RT. After washing three times in PBS/BSA for 15 min 

each, tubules were mounted in 50% Glycerol. Positive immunoreactivity was validated by 

omission of primary antibody. Fluorescently signal in stained tubules were detected at 63X 

magnification using an AxioImager M1 (Zeiss) and an AxioCam MRm (Zeiss) or a Zeiss 

LSM510 confocal microscope through the UTSA Biophotonics Core.

Analysis of the percentage of quiescent SSCs and activated SSCs in each 
stage—Seminiferous tubule stage in whole-mount was distinguished by adapting a peanut 

agglutinin (PNA) staining method (Nakata et al., 2015). Use of PNA was necessary for 

staging, rather than use of other antibodies, because of multiple antibodies were already 

needed to distinguish quiescent SSCs (PLZF+/SOX3−/Ki67−) from activated SSCs (PLZF+/

SOX3−/Ki67+). We first validated that PNA labeling was sufficient for defining stage 

groups by co-labeling for KIT (Figure S3F), the spermatid morphologies we observed in 

whole mount matched the results from Nakata et al. (2015) in tissue section and separate 

whole-mount staining for KIT (Sharma and Braun, 2018). We were able to reliably discern 

three groups of stages corresponding to early (Stages I-V), mid (Stages VI-IX) and late 

(Stages X-XII) phases of the seminiferous epithelial cycle. To identify quiescent and 

activated SSC numbers by stage, we co-stained for PLZF/SOX3/Ki67/PNA and imaged the 

same segment of each seminiferous tubule at multiple focal planes corresponding to PNA-

labeled spermatids and PLZF/SOX3/Ki67-labeled SSCs. From multiple animals, a total of 

132, 128, and 134 quiescent SSCs (PLZF+/SOX3−/Ki67−) were counted in stages I-V, VI-

IX, and X-X-II, respectably, and the total 27, 38, and 71 of activated SSCs (PLZF+/SOX3−/

Ki67+) were counted in stages I-V, VI-IX, and X-X-II, respectably. The proportion of SSCs 
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that were quiescent (PLZF+/SOX3−/Ki67−) versus activated (PLZF+/SOX3−/Ki67+) was 

calculated in each stage and compared by ANOVA.

Generation of adult mouse seminiferous tubule cell suspensions—Single-cell 

suspensions from adult mouse testes were generated as previously described (Hermann et 

al., 2018), with minor modifications. Briefly, testicular parenchyma from an adult mice were 

digested with 1mg/ml Collagenase Type IV (Sigma) for 15 minutes at 37°C, washed with 

PBS to remove interstitial cells, digested with 0.25% trypsin/EDTA for 3 minutes at 37°C, 

removed 0.25% trypsin/EDTA, stopped by addition of Hank’s Buffered Salt Solution 

(HBSS) containing 1% FBS, and pipetted until the cells were dissociated.

Flow cytometry analysis—Dissociated cells were fixed with 4% PFA for 10 min at RT. 

For experiments with Id4-Egfp transgenic mice (Chan et al., 2014), fixed cells were 

incubated in PBS supplemented with 1% FBS (PBS/FBS; 0.5 mL/testis) and Biotin 

conjugated rat anti-CD9 antibodies (1 μg/mL, clone MZ3, BioLegend) for 20 min on ice, 

washed with 1%PBS/FBS, and incubated in PBS/FBS supplemented with APC streptavidin 

(0.08 μg/mL, BioLegend) for 20 min on ice. After washing in PBS/FBS, cells were 

permeabilized by incubation in PBS containing 0.3% Triton X-100 for 10 min RT and then 

washed in PBS. For experiments with adult C57BL/6 mouse testis cells and P36 Tex14+/− 

and Tex14−/− (Greenbaum et al., 2006) mouse testis cells, fixed cells were permeabilized by 

incubation with methanol for 30 min on ice and washed in PBS. Permeabilized adult testis 

cells (Id4-Egfp, C57BL/6, Tex14+/−, or Tex14−/−) were subsequently incubated for 30 min 

at RT in PBS/FBS containing primary antibodies (see list of antibodies and dilutions in Key 

resources table). After washing twice in PBS/FBS, cells were incubated in PBS/BSA 

containing secondary antibodies and conjugated antibodies (see list of antibodies and 

dilutions in Key resources table) for 30 min at RT. After washing in PBS/FBS, fluorescent 

signals were detected with an LSRII cytometer (BD Biosciences) in the UTSA Cell Analysis 

Core and data were analyzed using FlowJo v10 software (BD Biosciences).

ID4-EGFP-bright spermatogonia isolation by FACS—Single-cell suspensions from 

adult Id4-eGFP transgenic mouse testes were generated as described above for flow 

cytometry analysis and subsequently used for FACS as described (Hermann et al., 2018). 

Testes from at least three mice were used for each preparation. Briefly, dissociated 

seminiferous tubule cells were suspended in ice-cold Dulbecco’s phosphate-buffered saline 

(DPBS) containing 10% FBS (DPBS+S) and seminiferous tubule cells were pre-enriched for 

spermatogonia by density centrifugation in DPBS+S over a 30% Percoll cushion (Sigma) for 

8 minutes at 600xg without braking. Pelleted cells were labeled with anti-CD9 antibodies 

(Key resources table) subjected to FACS using a FACS Aria II (BD) in the UTSA Cell 

Analysis Core. Spermatogonia isolated based on gating CD9-bright and ID4-EGFP double-

positive cells and subgating into the brightest 33% EGFP epiflourescent cells. Positive 

antibody labeling was determined by comparison to staining with isotype control antibodies 

(see Key resources table). Positive ID4-EGFP epifluorescence was determined by 

comparison to testis cells from C57BL/6 males. Dead cells were discriminated with 

propidium iodide (Biolegend). All antibodies and their dilution for staining is noted in the 

Key resources table.
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10x Genomics single-cell RNA-seq—Through the UTSA Genomics Core, suspensions 

of ~6,400 ID4-EGFPbright mouse spermatogonia were loaded into Chromium micro-fluidic 

chips with 3′ v3 chemistry and used to generate single-cell gelbead emulsions (GEMs) for 

~4,000 single cells using the Chromium controller (10x Genomics) per manufacturer 

recommendations (Zheng et al., 2017). Reverse transcription was performed in a T100 

Thermal cycler (Bio-Rad) and all subsequent steps to generate single-cell libraries were 

performed according to manufacturer recommendations (User Guide CG000204 Rev D). 

Libraries were sequenced on an Illumina NovaSeq instrument (NovoGene, Inc.) using 

PE150 chemistry. Trimmed FASTQ files [Read 1 - (28bp Cell barcode & UMI), 10bp i7 

index, and Read2 - 90bp) were generated using CellRanger mkfastq. Primary data analysis 

(alignment, filtering, and UMI counting) to determine transcript counts per cell (producing a 

gene-barcode matrix), quality control, clustering and statistical analysis were performed 

using CellRanger v3.1.0 (10x Genomics) using default settings and a customized GRCm38 

(mouse mm10) reference dataset containing the EGFP cDNA sequence (see Key resources 

table). Quality control metrics from these new single-cell data are found in Table S6.

QUANTIFICATION AND STATISTICAL ANALYSIS

Raw read count matrices obtained from each dataset using CellRanger 3.1.0 (10x Genomics) 

were used to generate a log-normalized [log10(TPM+1)] expression matriz using edgeR 

(Robinson et al., 2010) and was used for cell clustering and t-distributed stochastic neighbor 

embedding (tSNE) projections. Cell clustering using a K-Nearest-Neighbor-Pooling 

Matching (KNNPM) method and projection/visualization (tSNE plots) RNA velocity was 

performed with velocyto.R (La Manno et al., 2018; Svensson and Pachter, 2018) following 

the Mouse BM/dropEst tutorial (http://pklab.med.harvard.edu/velocyto/notebooks/R/

SCG71.nb.html) with default parameters after filtering cells with fewer than 1800 genes, and 

genes with fewer than 10 reads and detected in only five or fewer cells. Differential gene 

expression analysis was performed using TCC (Deseq2) (Sun et al., 2013) using a FDR q-

value cutoff (< 0.01). Gene ontology analysis was performed using Enrichr (https://

maayanlab.cloud/Enrichr/) (Chen et al., 2013; Kuleshov et al., 2016). Bioinformatic cell 

cycle analysis was performed as previously described (http://jdblischak.github.io/

singleCellSeq/analysis) (Whitfield et al., 2002). Quantitative flow cytometry and cell counts 

from whole-mount stained seminiferous tubule are presented as mean ± s.e.m and significant 

differences between groups was determined by two-tailed Student’s t test or ANOVA 

(Microsoft Excel), as specified in the figure legends. The number of replicate animals per 

group is specified in figure legends (n = number of mice).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• RNA velocity identifies subsets of adult mouse SSCs and progenitor 

spermatogonia

• Quiescent and cell-cycle-activated SSCs interconvert based on PI3K/MAPK 

signaling

• Steady-state mTORC1 signaling drives activated SSCs to produce progenitor 

clones

• mTORC1 inhibition blocks the SSC-to-progenitor transition
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Figure 1. RNA velocity analysis predicts heterogeneous cell-cycle states and fate among adult 
SSCs and progenitors
(A) RNA velocity clustering of individual adult ID4-EGFPBright spermatogonia projected 

onto a t-distributed stochastic neighbor embedding (tSNE) plot. Clusters are color coded and 

numbered.

(B) Heatmap of marker gene expression collapsed from each cluster, with mRNA levels 

according to the Z score scale.

(C) RNA velocity vector fields indicate the observed (dots) and extrapolated future (arrows) 

states of adult ID4-EGFPBright spermatogonia. Cell types are noted with dashed ovals and 

labels.

(D) GO analysis of differentially expressed genes (DEGs) (Table S1) in SSCs from cluster 7 

versus cluster 1.
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(E) Cell-cycle phase analysis of adult ID4-EGFPBright spermatogonia.

(F) Proportion of cells in each cell-cycle phase grouping for clusters 1, 7, 5, 2/6, and 3/9/11.
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Figure 2. Cell-cycle-activated and quiescent SSCs are present throughout the cycle of the 
seminiferous epithelium in vivo
(A) Whole-mount immunofluorescence (WM-IIF) of SOX3 (white) and Ki67 (red), together 

with ID4-EGFP epifluorescence (green) in seminiferous tubules from adult Id4-Egfp mice. 

Scale bar, 20 μm. Arrowhead, quiescent SSCs (ID4-EGFPBright/SOX3−/Ki67−); asterisk, 

late progenitors (ID4-EGFPDim/SOX3+/Ki67−).

(B) Flow cytometry analysis of adult Id4-Egfp mouse seminiferous tubule cells sequentially 

gated for SSC-enriched CD9Bright/ID4-EGFPBright spermatogonia (left) and SOX3 and 

RARγ staining (right). Figure S3H shows negative controls.

(C) Quadrant statistics from the right panel of (B). Data are mean ± SEM (n = 3 adult Id4-
Egfp mice).
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(D) Quantification of Ki67 staining intensity in cells from (B) grouped by ID4-EGFPBright/

SOX3low/RARγlow (SSCs) or ID4-EGFPBright/SOX3high/RARγlow (early progenitors). Data 

are mean ± SEM. Two-tailed Student’s t test (**p < 0.01).

(E–G) WM-IIF of PLZF (green), SOX3 (red), Ki67 (white), and peanut agglutinin (PNA) in 

adult C57BL/6 mice (n = 4). Scale bar, 20 μm. Arrowhead, quiescent SSCs (PLZF+/SOX3−/

Ki67−); arrow, activated SSCs (PLZF+/SOX3−/Ki67+).

(H) Proportion of quiescent SSCs and activated SSCs in each stage from (E) and (F). Data 

are mean ± SEM. The proportion of Ki67+ SSCs was not significantly different according to 

ANOVA (p = 0.093).

Suzuki et al. Page 23

Cell Rep. Author manuscript; available in PMC 2021 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Signaling pathways that regulate transitions in cell state among mouse SSCs and 
progenitors
(A–C) Phosphorylated MAPK (phospho-MAPK) (A), phosphorylated AKT (phospho-AKT) 

(B), and p-RPS6 (C) levels in isolated seminiferous tubule cells from adult Id4-Egfp mice 

gated for quiescent SSCs (ID4-EGFPBright/SOX3low/Ki67low, orange), activated SSCs (ID4-

EGFPBright/SOX3low/Ki67high, green), and early progenitors (ID4-EGFPBright/SOX3high, 

red) compared with unstained negative control cells (gray). Gating controls are in Figure 

S3H.

(D) Quantification of flow cytometry from (A)–(C) (n = 3 adult Id4-Egfp mice). Dot size, 

proportion of undifferentiated spermatogonia; color, percentage that are marker positive.

(E) WM-IIF of PLZF (green, spermatogonia), p-RPS6 (red, mTORC1 activity), SOX3 

(white, early/late progenitors), and Ki67 (blue, proliferation) in adult C57BL/6 mice. 
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Arrowhead, quiescent SSCs (PLZF+/SOX3−/Ki67−); circle, early progenitors (PLZF+/

SOX3+/Ki67+). Scale bar, 20 μm.

(F) Quantification of p-RPS6 levels in quiescent SSCs (ID4-EGFPBright/SOX3low/Ki67low), 

activated SSCs (ID4-EGFPBright/SOX3low/Ki67high), and early progenitors (ID4-EGFPBright/

SOX3high) in untreated and rapamycin-treated adult Id4-Egfp mice (n = 3 adult Id4-Egfp 
mice). Dot size, proportion of undifferentiated spermatogonia; color, percentage marker 

positive.

(G) Proportion of SSCs (KIT−/PLZFlow/SOX3low/RARγlow), early progenitors (KIT−/

PLZFlow/SOX3high/RARγlow), and late progenitors (KIT−/PLZFhigh/SOX3high/RARγhigh) 

in untreated and rapamycin-treated adult C57BL/6 mice (see controls in Figure S3J). Data 

are mean ± SEM. Two-tailed Student’s t test (*p < 0.05, **p < 0.01, and ***p < 0.001).

(H) Quantification of flow cytometry analysis of Ki67 levels in untreated (n = 3) and 

rapamycin-treated (n = 3) adult C57BL/6 mice gated for SSCs (KIT−/PLZFlow/SOX3low/

RARγlow), early progenitors (KIT−/PLZFlow/SOX3high/RARγlow), and late progenitors 

(KIT−/PLZFhigh/SOX3high/RARγhigh). Gating controls are in Figure S3J. Data are mean ± 

SEM. Two-tailed Student’s t test (*p < 0.05 and **p < 0.01).
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Figure 4. mTORC1 signaling regulates the balance between SSC self-renewal and commitment 
to spermatogonial differentiation
(A) Experimental design cartoon. Blue arrowheads indicate rapamycin treatments, and black 

arrows indicate analysis points.

(B–G) RNA velocity clustering of adult ID4-EGFPBright spermatogonia from (B) untreated 

control mice, (D) day 2 rapamycin-treated mice, or (F) day 3 rapamycin-release mice (1 day 

washout of rapamycin). Clusters are color coded and numbered. Dotted ovals denote 

quiescent SSCs, activated SSC, early progenitors, late progenitors, and differentiating 

spermatogonia. (C, E, and G) Heatmaps depict cell-type-specific DEGs defined in Figure 

S1I. (C) Untreated control mice. (E) Day 2 rapamycin-treated mice. (G) Day 3 rapamycin-

release mice. See Figure S5.
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(H–J) RNA velocity vector fields indicate the observed (dots) and extrapolated future states 

(arrows) in spermatogonia from (H) control, (I) rapamycin-treated, or (J) rapamycin-release 

testes.

(K) Model showing MAPK/AKT signaling activation associated with the interconversion 

between quiescent SSCs and activated SSCs, and an mTORC1-dependent switch promoting 

a reversible transition from activated SSCs to SOX3high/RARγlow early progenitors. 

Retinoic acid (RA) enhances the proliferation of early progenitors, and acquisition of a 

SOX3high/RARγhigh late progenitor phenotype coincides with exit from the cell cycle. RA 

stimulates late progenitors to produce KIT-positive differentiating spermatogonia.

(L) Venn diagram depicting the overlap of downregulated genes (above) and upregulated 

genes (below) in rapamycin-treated spermatogonial populations. *, DEGs downregulated in 

all rapamycin-treated spermatogonia; ‡, unique DEGs downregulated in rapamycin-treated 

quiescent SSCs; †, unique DEGs downregulated in rapamycin-treated activated SSCs; @, 

unique DEGs downregulated in rapamycin-treated early progenitors; #, unique DEGs 

downregulated in rapamycin-treated late progenitors.
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Figure 5. mTORC1 inhibition fails to drive activated SSC accumulation and early progenitor 
depletion in the absence of intercellular bridges
(A and B) WM-IIF of PLZF (green, spermatogonia), RARγ (red, late progenitors), SOX3 

(white, early/late progenitors) or KIT (white, differentiating spermatogonia), and Ki67 (blue, 

proliferation) in seminiferous tubules from P36 Tex14−/− mice. Arrowhead, quiescent SSCs 

(PLZF+/SOX3−/RARγ/Ki67−) or early progenitors (PLZF+/KIT−/RARγ−/Ki67−); arrow, 

activated SSCs (PLZF+/SOX3−/RARγ−/Ki67+) or early progenitors (PLZF+/KIT−/RARγ
−/Ki67+); circle, early progenitors (PLZF+/SOX3+/RARγ−/Ki67+); asterisk, late 

progenitors (PLZF+/SOX3+ or KIT−/RARγ+/Ki67−). Scale bar, 20 μm.

(C) Proportion of SSCs (KIT−/PLZFlow/SOX3low/RARγlow), early progenitors (KIT−/

PLZFlow/SOX3high/RARγlow), and late progenitors (KIT−/PLZFhigh/SOX3high/RARγhigh) 

in seminiferous tubule cells from control (n = 3) and rapamycin-treated (n = 3) Tex14−/− 
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mice at P36 (see controls in Figure S3J). Data are mean ± SEM. (D) Ki67 staining intensity 

in SSCs (KIT−/PLZFlow/SOX3low/RARγlow), early progenitors (KIT−/PLZFlow/SOX3high/

RARγlow), and late progenitors (KIT−/PLZFhigh/SOX3high/RARγhigh) in seminiferous 

tubule cells from Tex14+/−, Tex14−/−, and rapamycin-treated Tex14−/− mice (n = 3 each) at 

P36 (see controls in Figure S3J). Data are mean ± SEM. Two-tailed Student’s t test (***p < 

0.001).

(E) Proportion of SSCs (KIT−/PLZFlow/SOX3low/RARγlow), early progenitors (KIT−/

PLZFlow/SOX3high/RARγlow), and late progenitors (KIT−/PLZFhigh/SOX3high/RARγhigh) 

in seminiferous tubule cells from adult control (n = 3) and rapamycin-treated (n = 3) 

Tex14−/− mice (see controls in Figure S3J). Data are mean ± SEM. Two-tailed Student’s t 

test (***p < 0.001).

(F) Ki67 staining intensity in SSCs (KIT−/PLZFlow/SOX3low/RARγlow), early progenitors 

(KIT−/PLZFlow/SOX3high/RARγlow), and late progenitors (KIT−/PLZFhigh/SOX3high/

RARγhigh) in seminiferous tubule cells from adult (>60 days) control (n = 3) and 

rapamycin-treated (n = 3) Tex14−/− mice (see controls in Figure S3J. Data are mean ± SEM. 

Two-tailed Student’s t test (***p < 0.001).

(G) Model positing that the transition between activated SSCs and clones of early 

progenitors is dependent upon mTORC1 activity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-SOX3 antibody (0.8 μg/mL); Figures 2, 3, 5, and S3–S5 R&D Systems RRID: AB_2239933 Cat# AF2569

Goat anti-c-KIT antibody (4 μg/mL); Figures 5 and S3–S5 R&D Systems RRID: AB_354750 Cat# AF1356

Mouse anti-PLZF antibody (Clone 2A9; 4 μg/mL); Figures 2, 3, 4, 
5, and S3–S5

Active Motif RRID: AB_213280 Cat# 39988

Rabbit anti-RARγl antibody (Clone D3A4; 4.536 μg/mL); Figures 
3, 4, 5, and S3–S5

Cell Signaling Technology RRID: AB_10998934 Cat# 8965

Rabbit anti-phospho-p44/42 MAPK (Thr202/Tyr204) (0.18 μg/mL); 
Figure 4

Cell Signaling Technology RRID: AB_331646 Cat# 9101

Rabbit anti- anti-phospho-pan-AKT (Ser473) (0.354 μg/mL); Figure 
4

Cell Signaling Technology RRID: AB_2315049 Cat# 4060

Rabbit anti-phospho-RPS6 (Ser235/236) antibody (Clone D57.2.2E; 
0.118 μg/mL); Figure 4

Cell Signaling Technology RRID: AB_916156 Cat# 4858

Rat anti-Ki67 (Clone SolA15; 2 μg/mL); Figures 2, 3, 5, S3, and S4 ThermoFisher RRID: AB_10854564 Cat# 14-5698-82

Biotin anti-mouse CD9 Antibody (Clone MZ3; 1 μg/ml); Figures 2 
and 4

Biolegend RRID: AB_2275863 Cat# 124804

APC-conjugated rat anti-c-KIT (Clone 2B8; 4μg/ml); Figures 3, 5, 
and S3–S5

Biolegend RRID: AB_313221 Cat# 105812

APC-conjugated Rat IgG2b kappa Isotype Ctrl Antibody (Clone 
eB149/10H5; 4μg/ml); Figure S3

ThermoFisher RRID: AB_470176 Cat# 17-4031-82

Alexa Flour 700-conjugated Rat IgG2b kappa Isotype Ctrl Antibody 
(Clone RTK4530; 2μg/ml); Figure S3

Biolegend RRID: AB_493783 Cat# 400628

Biotin Mouse IgG1 K Isotype Control (Clone MOPC-21; 1μg/ml); 
Figure S3

BD PharMingen RRID: AB_396089 Cat# 555747

Alexa Flour 700-conjugated rat anti-Ki67 (Clone SolA15; 2μg/ml); 
Figures 2, 3, 5, and S3–S5

ThermoFisher RRID: AB_2637480 Cat# 56-5698-82

Alexa Fluor 488 Donkey anti-mouse IgG (2 μg/mL); Figures 2, 3, 5, 
and S3–S5

ThermoFisher RRID: AB_141607 Cat# A-21202

Alexa Fluor 488 Donkey anti-goat IgG (2 μg/mL); Figures 2 and S4 ThermoFisher RRID: AB_2762838 Cat# A-32814

Alexa Fluor 568 Donkey anti-rabbit IgG (4 μg/mL); Figures 2, 3, 5, 
and S3–S5

ThermoFisher RRID: AB_2534017 Cat# A-10042

Alexa Fluor 568 Donkey anti-mouse IgG (2 μg/mL); Figures 2 and 
S4

ThermoFisher RRID: AB_2534013 Cat# A-10037

Alexa Fluor 405 Donkey anti-rat IgG (8 μg/mL); Figures 2 and S4 Abcam Cat# ab175670

Alexa Fluor 405 Donkey anti-goat IgG (8 μg/mL); Figures 2, 3, 5, 
and S3–S5

Abcam RRID: AB_2313502 Cat# ab175664

Alexa Fluor 568 Donkey anti-rat IgG (4 μg/mL); Figures 2 and S4 Abcam RRID: AB_2636887 Cat# ab175475

Alexa Fluor 647 Donkey anti-rat IgG (8 μg/mL); Figures 3, 5, and 
S3–S5

Abcam RRID: AB_2813835 Cat# ab150155

Chemicals, peptides, and recombinant proteins

Lectin PNA From Arachis hypogaea (peanut), Alexa Fluor 647 
Conjugate (4 μg/mL); Figure 2

Invitrogen Cat# L32460

Streptavidin-APC (0.08mg/ml); Figures 2, 4, and 5 Biolegend Cat# 405207

all-transRA (100 μL injections of 7.5 mg/mL) Sigma-Aldrich Cat# R2625

WIN18,446 (100 μL injections of 20 mg/mL) Santa Cruz Biotechnology Cat# sc-295819A

Rapamycin (100 μL injections of 0.8 mg/mL) Biotang Inc. Cat# 53123-88-9

Critical commercial assays
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chromium Single Cell 3’ v3 Reagent Kits & Chip Kits 10x Genomics Cat# PN-1000075

Deposited data

Raw and analyzed 10x Genomics scRNA-seq datasets from Adult 
ID4-EGFP-bright spermatogonia from Control, Rapamycin-treated 
and Rapamycin-release testes

This paper GEO: GSE152930

Raw and analyzed Adult Mouse spermatogenic cell 10x Genomics 
scRNA-seq data

Hermann et al., 2018 GEO: GSE109033

Raw and analyzed Adult Mouse spermatogonia 10x Genomics 
scRNA-seq data

La et al., 2018b GEO: GSE107256

Custom Mouse reference dataset GRCm38 (mm10) containing 
EGFP cDNA required for Cell Ranger, v3.1.0

This paper Mendeley Data: https://doi.org/10.17632/
xzk2zyymxy.1

Experimental models: organisms/strains

Mouse: C57BL/6J The Jackson Laboratory RRID:IMSR_JAX:000664

Mouse: B6-Cg-Id4-Egfp(LT-11) Chan et al., 2014 N/A

Mouse: B6;129S-Tex14 Greenbaum et al., 2006 RRID:MGI:3624029

Software and algorithms

FlowJo v9 FlowJo, LLC https://www.fiowjo.com/solutions/fiowjo/
downloads/v9

AxioVision 4.8.2 Zeiss https://www.micro-shop.zeiss.com/en/us/
system/software+axiovision-axiovision
+program-software/10221/

velocyto.R (v0.6) Svensson and Pachter, 
2018; La Manno et al., 
2018

https://github.com/velocyto-team/
velocyto.R

edgeR (v3.22.3) Robinson et al., 2010 https://bioconductor.org/packages/
release/bioc/html/edgeR.html

Cell cycle analysis Whitfield et al., 2002 http://jdblischak.github.io/singleCellSeq/
analysis

TCC (Deseq2) (v1.20.1) Sun et al., 2013 https://bioc.ism.ac.jp/packages/3.3/bioc/
html/TCC.html

Cell Ranger v3.1.0 10x Genomics https://support.10xgenomics.com/single-
cell-gene-expression/software/
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