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Unique Epigenetic Programming Distinguishes
Regenerative Spermatogonial Stem Cells
in the Developing Mouse Testis

Keren Cheng,1 I-Chung Chen,1 Ching-Hsun Eric Cheng,1 Kazadi Mutoji,1 Benjamin J. Hale,2 Brian P. Hermann,1

Christopher B. Geyer,2 Jon M. Oatley,3 and John R. McCarrey1,4,*

SUMMARY

Spermatogonial stem cells (SSCs) both self-renew and give rise to progenitors
that initiate spermatogenic differentiation in the mammalian testis. Questions
remain regarding the extent to which the SSC and progenitor states are function-
ally distinct. Here we provide the first multiparametric integrative analysis of
mammalian germ cell epigenomes comparable with that done for >100 somatic
cell types by the ENCODE Project. Differentially expressed genes distinguishing
SSC- and progenitor-enriched spermatogonia showed distinct histone modifica-
tion patterns, particularly for H3K27ac and H3K27me3. Motif analysis predicted
transcription factors thatmay regulate spermatogonial subtype-specific fate, and
immunohistochemistry and gene-specific chromatin immunoprecipitation ana-
lyses confirmed subtype-specific differences in target gene binding of a subset
of these factors. Taken together, these results show that SSCs and progenitors
display distinct epigenetic profiling consistent with these spermatogonial sub-
types being differentially programmed to either self-renew and maintain regen-
erative capacity as SSCs or lose regenerative capacity and initiate lineage
commitment as progenitors.

INTRODUCTION

An average adult humanmale produces 85–100 million sperm per day, all of which emanate from the highly

proliferative seminiferous epithelium in the testis (Johnson et al., 1980). Within this epithelium spermato-

genesis is sustained by spermatogonial stem cells (SSCs), progeny of which either replenish the SSC pool or

contribute to the spermatogenic differentiation pathway as transit-amplifying progenitors that give rise to

differentiating spermatogonia (de Rooij, 2017). SSCs can be functionally distinguished in mice on the basis

of their regenerative capacity measurable by a quantifiable transplantation assay (Brinster and Avarbock,

1994; Kubota and Brinster, 2018) analogous to that reliably used for decades to identify hematopoietic

stem cells (Lewis and Trobaugh, 1964).

In the postnatal mouse testis, prospermatogonia give rise to spermatogonia, exhausting the prosperma-

togonia population by postnatal day 5 (P5) (Drumond et al., 2011; Kluin et al., 1982; Yoshida et al., 2006). By

P6-8, distinct spermatogonial subtypes (SSC, progenitor, differentiating) can be distinguished on the basis

of specificmarker proteins (Buaas et al., 2004; Chan et al., 2014; Valli et al., 2014), lineage tracing (Hara et al.,

2014; Sun et al., 2015), bulk (Helsel et al., 2017), and single-cell (sc) (Chen et al., 2018; Ernst et al., 2019;

Green et al., 2018; Grive et al., 2019; Guo et al., 2018; Hermann et al., 2018; Jung et al., 2019; Law et al.,

2019; Liao et al., 2019; Sohni et al., 2019; Velte et al., 2019) RNA-sequencing (RNA-seq), or transplantation

analysis (McLaren, 2003; Shinohara et al., 2000). SSCs retain regenerative capacity and divide to either self-

renew or generate progenitors that lose regenerative capacity as they become primed to initiate sper-

matogenic differentiation giving rise to differentiating spermatogonia (Drumond et al., 2011; Kluin et al.,

1982; Yang et al., 2013).

In the developing testis of Id4-eGfp transgenicmice, eGFPmarks undifferentiated spermatogonia (Chan et al.,

2014), and selective FACS-based recovery of the brightest (ID4-eGFPBright) and dimmest (ID4-eGFPDim) por-

tions of the ID4-eGFP+ population significantly enriches regenerative SSCs or non-regenerative progenitors,
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respectively (Helsel et al., 2017). Collectively, ID4-eGFPBright spermatogonia from the P6-8 testis display

characteristics of SSCs, including (1) a 5.5-fold higher colonization capacity following transplantation into a

recipient testis (Helsel et al., 2017), (2) a distinct transcriptome that includes elevated expression of known

SSC-expressed genes (Gfra1, Id4, Bcl6b, Etv5) as well as genes encoding factors favoring self-renewal and

maintenance of a stem cell state including SSCmarker transcripts such as Sall4 and genes involved in cell cycle

control and replication such asCcnb1, Cdc20, Cdk1, Mcm5, and Pcna (Helsel et al., 2017; Hermann et al., 2018;

Law et al., 2019; Mutoji et al., 2016), (3) elevated expression of known SSC marker proteins (GFRA1, CDH1,

ZBTB16, ID4) (Chan et al., 2014; Niedenberger et al., 2015), (4) absence of differentiation markers (KIT,

STRA8, RARG, SOHLH2) (Hermann et al., 2015), and (5) insensitivity to induction of differentiation by retinoic

acid (RA) (Velte et al., 2019). In contrast, ID4-eGFPDim spermatogonia at P6-8 are enhanced for characteristics

of progenitors and early differentiating spermatogonia including (1) a significant depletion of transplantable

colonizing capacity (Helsel et al., 2017; Hermann et al., 2018; Law et al., 2019), (2) a transcriptome featuring

elevated expression of genes associated with proliferation and commitment to spermatogenic differentiation

(Neurog3, Lin28a, Sohlh1, Rarg, Kit) (Helsel et al., 2017; Hermann et al., 2018; Mutoji et al., 2016), (3) elevated

expression of proteins unique to spermatogonia committed to differentiation (RARG, KIT, STRA8, SOHLH2,

NDRG4) (Hermann et al., 2015; Lord et al., 2018), and (4) responsiveness to induction of differentiation by

RA (Velte et al., 2019).

These characteristics indicate that progeny of SSCs adopt alternative fates manifest as retention of the SSC

phenotype or adoption of the progenitor phenotype based on differential gene expression. The ENCODE

and NIH Roadmap Epigenomics Mapping consortia reported distinct transcriptomes accompanied by up

to 15 unique cell type-specific epigenetic programming profiles at promoters and enhancers for >100 different

somatic cell types inmammals (ENCODE Project Consortium, 2012; Ernst et al., 2011; Gifford et al., 2013; Kellis

et al., 2014; Ram et al., 2011; Roadmap Epigenomics Consortium et al., 2015; Shema et al., 2019; Zhu et al.,

2013). However, none of these studies examined germ cells. We reasoned that similarly distinguishable epi-

genomic programming profiles should be associated with differentially expressed genes (DEGs) in SSCs

and progenitors. We used FACS to selectively recover ID4-eGFPBright ‘‘SSC-enriched’’ spermatogonia and

ID4-eGFPDim ‘‘progenitor-enriched’’ spermatogonia and performed multiparametric integrative analysis of

genome-wide patterns of DNA methylation, six different histone modifications, and chromatin accessibility

in conjunction with subtype-specific bulk and single-cell transcriptome analyses to identify unique epigenetic

landscapes associatedwith DEGs in each spermatogonial subtype.We then performed de novomotif analysis

followed by immunohistochemistry (IHC) and chromatin immunoprecipitation (ChIP) to identify candidate fac-

tors that may either directly establish or subsequently mediate the effects of differential epigenetic program-

ming of spermatogonial-subtype specific genes. Our results provide unprecedented insight into the multi-

parametric epigenetic programming associated with DEG patterns that distinguish SSC- and progenitor-

enriched spermatogonia and suggest that SSCs represent a unique spermatogonial subtype epigenetically

programmed to retain SSC function, whereas progenitors have transitioned to a subtype associated with line-

age commitment and spermatogenic differentiation.

RESULTS

Triplicate samples of regenerative SSC-enriched and non-regenerative progenitor-enriched spermato-

gonia were selectively recovered from testes of P6 Id4-eGfp transgenic mice by FACS sorting for relative

eGFP epifluorescence as previously described (Helsel et al., 2017). Each epigenomic assay was run on iden-

tical aliquots of each replicate sample of ID4-eGFPBright and ID4-eGFPDim cells to assess genome-wide pat-

terns of DNAmethylation, six different histonemodifications, chromatin accessibility, and gene expression,

rendering results of each assay directly comparable with one another. Importantly, our previous scRNA-seq

data demonstrated that FACS-based recovery of these subpopulations very effectively excluded contam-

ination by somatic cells to <0.2% in the ID4-eGFPBright subpopulation and <1.3% in the ID4-eGFPDim sub-

population (Hermann et al., 2018).

Differential Gene Expression Distinguishes SSC- and Progenitor-Enriched Spermatogonial

Subpopulations

Previous bulk and scRNA-seq analyses of ID4-eGFPBright SSC- and ID4-eGFPDim progenitor/differentiating

spermatogonia-enriched (hereafter referred to as progenitor-enriched) spermatogonial subpopulations

from the developing testis revealed distinct patterns of gene expression in each (Helsel et al., 2017; Her-

mann et al., 2018). Here, we first conducted bulk RNA-seq on aliquots of the same samples on which we

also conducted bulk epigenomics analyses (Figure 1A). The bulk RNA-seq data revealed statistically
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Figure 1. Differential Gene Expression in SSC-Enriched and Progenitor-Enriched Spermatogonial Subpopulations

(A) Differential gene expression profiling of ID4-eGFPBright and ID4-eGFPDim spermatogonia by bulk RNA-seq. Genes

with >1.5 LFC (Log2 Fold Change difference >1.5, p < 0.01) were hierarchically clustered. Red–blue colors indicate high–

low expression levels in Z score. Gene-specific results of bulk RNA-seq can be found in Table S1.

(B) Subpopulations among P6 ID4-eGFPBright and ID4-eGFPDim spermatogonia are revealed in this UMAP display of

single-cell RNA-seq (scRNA-seq) data. Each dot represents a single cell. The cell number in each cluster is indicated via

color coding.

(C) Developmental trajectory of neonatal spermatogonia. A dynamic diffusion map shows the developmental

progression of ID4-eGFPBright to ID4-eGFPDim spermatogonia in pseudotime.

(D) Scaled average expression of selected marker genes and the percentage of cells within each cluster with detectable

expression (dot radius) for each selected marker gene within each cell cluster. The cell cluster order was arranged by

Diffusion Map from top to bottom.

(E) Scaled, normalized expression of the 2,000 most variably expressed genes in ID4-eGFPBright and ID4-eGFPDim

spermatogonia. Cells are ordered along their pseudotime developmental progression shown in Figure 1C. The top bar

indicates the progression from ID4-eGFPBright (red) to ID4-eGFPDim (blue) cells based on intensity of ID4-eGFP

expression. The lower bar represents the cell clusters identified according to the color code shown in Figure 1B. These

2,000 most variably expressed genes were hierarchically clustered into six gene sets based on expression patterns

throughout the pseudotime progression. A detailed list of variably expressed genes is provided in Table S1.
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significant (p < 0.01) differential gene expression patterns confirming significant enrichment of SSCs in the

ID4-eGFPBright subpopulation and of progenitors in the ID4-eGFPDim subpopulation that was further

corroborated by differential expression of known marker genes consistent with previous reports (Helsel

et al., 2017; La et al., 2018). SSC marker transcripts including Gfra1, Lhx1, Zbtb16, Etv5, Ret, T, and Bcl6b

were expressed at significantly higher levels in ID4-eGFPBright cells, whereas markers of progenitors

including Sox3, Nanos3, Neurog3, Rarg, and Kit were expressed at higher levels in the ID4-eGFPDim cells

(Figures 1D and S1A). Importantly, the absence of expression of genes recently reported to be markers of

prospermatogonia, including Etv4, Mmp9, and Ttc28 (Tan et al., 2020), supports the contention that, by P5,

essentially all prospermatogonia have transitioned to undifferentiated spermatogonia (Drumond et al.,

2011; Hilscher et al., 1974; Kluin and Rooij, 1981; Roosen-Runge and Leik, 1968; Wartenberg, 1976). A com-

plete list of genes differentially expressed in the ID4-eGFPBright and ID4-eGFPDim subpopulations is pro-

vided in Table S1.

We next mined our previously described scRNA-seq data (Hermann et al., 2018) to further delineate spe-

cific spermatogonial subpopulations among either the ID4-eGFPBright or ID4-eGFPDim populations (Fig-

ure 1B). We delineated 11 different clusters, 5 of which (clusters 1–5) were enriched in ID4-eGFPBright cells

and the other 6 of which (6–11) were enriched in ID4-eGFPDim cells (Figure 1B). These clusters were then

ordered by pseudotime analysis, which indicated that ID4-eGFPBright cells precede ID4-eGFPDim cells

developmentally (Figure 1C). This developmental progression was further confirmed by differential expres-

sion of transcripts encoding markers known to initiate expression in prospermatogonia, SSCs, progenitors,

differentiating spermatogonia, or premeiotic cells (Figure 1D). Finally, in addition to identifying clusters of

spermatogonial subpopulations based on our scRNA-seq data, we also identified six distinct gene sets

distinguished by their expression patterns among the different spermatogonial clusters (Figure 1E).

Together the various approaches to assessing variation among spermatogonia in the developing testis

confirm that this is a developmentally dynamic population of cells that is beginning to subdivide into

distinct spermatogonial subtypes including SSCs and progenitors.

An analysis of the representation of transcripts characteristic of different phases of the cell cycle revealed

some difference in representation of the M and M/G1 phases in ID4-eGFPBright and ID4-eGFPDim cells,

which could potentially reflect differences in cell division rates between SSCs and progenitors (Oatley

and Brinster, 2008). However, we otherwise detected a very similar distribution of transcripts associated

with the G1/S and S phases in these subpopulations (Figure S1E), consistent with previous assessments

of cell cycle phase distributions in ID4-eGFPBright and ID4-eGFPDim spermatogonia in the developing testis

(Mutoji et al., 2016; Hermann et al., 2018). These observations were further corroborated by a cell cycle

phase-specific DNA content analyses of live P6 ID4-eGFPBright and ID4-eGFPDim spermatogonia, which

confirmed that both subpopulations contained cells in all phases of the cell cycle (Figure S1E). This analysis

also detected a small but statistically significant difference in the proportion of cells in G1/G0 in each sub-

population (p = 0.039). Finally, GO analyses of the six differentially expressed gene sets revealed that sets 1

and 2 were enriched with genes related to stem cell maintenance, whereas set 3 was enriched for genes

associated with spermatogenesis, oogenesis, and cell cycle (Figure S1E). Gene sets 4 and 5 were also

enriched for cell cycle genes as well as genes for DNA replication and DNA repair, and gene set 6 was en-

riched for genes involved in epigenetic modifications. Taken together, these data reveal an ordered pro-

gression between SSC- and progenitor-enriched spermatogonial subpopulations that is consistently char-

acterized by differential gene expression patterns related to a variety of cellular functions including stem

cell maintenance, cell cycle, gametogenesis, and epigenetic reprogramming, but no one function appears

to be disproportionately responsible for a majority of the differential gene expression.

Multiparametric Integrative Analysis Delineates Distinct Epigenetic Landscapes in

Spermatogonial Subpopulations

We analyzed aliquots of the same samples of each spermatogonial subtype by (1) ChIP-seq to detect six

different histone modifications—H3K4me1,2,3, H3K9me3, H3K27ac, and H3K27me3; (2) ATAC-seq to

assess chromatin accessibility; and (3) MeDIP-seq to examine DNA methylation (Figure 2A). We chose to

examine all three forms of H3K4 methylation because all tend to inhibit DNA methylation in the same re-

gion, but H3K4me1&2 tend to mark enhancers, whereas H3K4me3 tends to mark promoters. We examined

H3K4me3 and H3K27me3 because the simultaneous presence of these marks is indicative of poised genes

(Guo et al., 2017; Lesch et al., 2013, 2016). We assessed H3K27me3 and H3K27ac because these are repres-

sive and active marks, respectively, that can function as a switch to promote expression or repression of
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Figure 2. Epigenetic Profiling of Genic Regions in ID4-eGFPBright and ID4-eGFPDim Spermatogonial Subpopulations

(A) A heatmap shows peaks of histonemodifications (H3K4me1, H3K4me2, H3K4me3, H3K9me1, H3K27ac, and H3K27me3) deduced by ChIP-seq, chromatin

accessibility deduced by ATAC-seq, and DNA methylation deduced by MeDIP-seq in ID4-eGFPBright and ID4-eGFPDim spermatogonia. Red color indicates

reads from ID4-eGFPBright B cells; blue color indicates reads from ID4-eGFPDim D cells.

(B) A heatmap depicts correlations among individual histone modification patterns in ID4-eGFPBright and ID4-eGFPDim spermatogonia.

(C) Heatmaps of H3K9me3 deposition in four types of repeats—LINEs(L2) and LTRs (ERV1, ERVK, ERVL) in ID4-eGFPBright (red) and ID4-eGFPDim (blue)

spermatogonia.
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transcription (Katoh et al., 2018). Finally, we examined H3K9me3 because it tends to mark regions of the

genome other than promoters or enhancers, especially repeat elements and heterochromatin (Becker

et al., 2016). Assessment of the relationships among these parameters revealed that, as has been observed

in somatic cell epigenomes (ENCODE Project Consortium, 2012; Zacher et al., 2017), patterns of

H3K4me1,2,3 were highly correlated with one another in all spermatogonia, whereas H3K27me3 showed

less correlation with H3K4me1,2,3 and H3K27ac showed higher correlation with H3K4me1,2,3, and high

discordance with H3K27me3 (Figure 2B). Patterns of H3K9me3 peaks showed very little co-localization

with any of the other histone modification peaks, presumably reflecting disparate functions of these mod-

ifications. Indeed, we found H3K9me3 peaks were enriched at repetitive elements such as LINEs, LTRs

(ERV1, ERVK, ERVL) (Figures 2C, S2A, and S2C), and at 50 AND-30 UTRs of transposons, presumably contrib-

uting to repression of transposon mobility (Figure 2D). A majority of histone modifications were found in

distal intergenic regions; however, peaks were also detected at or flanking gene promoters (Figure S2B).

Within genic regions, peaks of chromatin accessibility and absence of DNA methylation correlated with

peaks of H3K4me1,2,3 and H3K27ac, especially at gene promoters (Figures 2D and 2E). These data demon-

strate that spermatogonia utilize complex combinations of epigenetic programming parameters to regu-

late gene expression in a manner similar to those reported to be used in numerous different somatic cell

types by the ENCODE and NIH Roadmap Epigenomics Mapping consortia (ENCODE Project Consortium,

2012; Ernst et al., 2011; Gifford et al., 2013; Kellis et al., 2014; Ram et al., 2011; Roadmap Epigenomics Con-

sortium et al., 2015; Shema et al., 2019; Zhu et al., 2013).

Genic Region Patterns of Chromatin Modifications Distinguish Genes Expressed in SSC- and

Progenitor-Enriched Spermatogonial Subpopulations

K-means clustering of genic region data revealed seven different patterns of histone modifications (Fig-

ure 2E). Four modifications (H3K4me1,2,3 & H3K27ac) were enriched in genes expressed in one or both

spermatogonial subpopulations, predominantly in promoter regions (Figure 2E, clusters 1,2,3,4,6), as

has been observed in multiple somatic cell types (ENCODE Project Consortium, 2012; Zacher et al.,

2017). Genes that were either not expressed or expressed at very low levels in one or both spermatogonial

subpopulations (clusters 5,7) showed enrichment of the repressive H3K27me3 modification and depletion

of the active H3K27ac modification, both within gene bodies (cluster 5) and at promoters (cluster 7).

Repressed genes showed enrichment of H3K4me1,2,3 and H3K27me3 within gene bodies or

downstream genic regions and lacked histone modification peaks at promoter regions. A GO analysis of

gene promoters enriched for either H3K27ac or H3K27me3 was consistent with differential gene expression

favoring enhanced maintenance of the stem cell state in SSCs and of lineage priming in progenitors

(Figure S2D).

Exemplary sets of genes up-regulated in SSC-enriched spermatogonia (Tspan8, Pax7, Lhx1, Egr2,

Gfra1, Id4, Tcl1) and genes up-regulated in progenitor-enriched spermatogonia (Dmrtb1, Neurog3,

Rarg, Kit, Lmo1, Crabp1) illustrate differences in promoter programming associated with spermatogo-

nial subtype-specific gene expression. Collectively, our assessments revealed that, in each respective

spermatogonial subpopulation, promoters of up-regulated genes showed (1) enriched H3K4me1,2,3;

(2) enriched H3K27ac; (3) depleted H3K27me3; (4) enhanced chromatin accessibility; and (5) hypome-

thylated DNA, whereas promoters of down-regulated genes showed (1) decreased H3K4me1,2,3; (2)

depleted H3K27ac; (3) enriched H3K27me3; (4) decreased chromatin accessibility; and (5) hypomethy-

lated DNA (Figures 3, S3A, and S3B). Thus, within genic regions, differential enrichment of H3K27ac or

H3K27me3 in promoter regions correlated most closely with regulation of DEGs distinguishing

ID4-eGFPBright and ID4-eGFPDim spermatogonia (Figures 3I and S3C–S3F). Notably, the correlations

between differential patterns of H3K4me1/2/3 and H3K27me3 in promoters of genes that were up-

or down-regulated in each spermatogonial subtype, respectively, were highly significant (p < 2.2�16)

(Figures S3A and S3B).

Figure 2. Continued

(D) A genome browser snapshot showing sequencing reads of six histone modifications, chromatin accessibility, DNA methylation, and transcript

expression in ID4-eGFPBright (coral colored tracks) and ID4-eGFPDim spermatogonia (green colored tracks). The location of a gene that is expressed in both

ID4-eGFPBright and ID4-eGFPDim spermatogonia (Fam92b) as well as that of repeat elements is shown at the bottom of this browser image.

(E) Epigenetic profiles within genic regions (TSS – TES + 3 kb upstream and 3 kb downstream) of all mouse Refseq annotated genes (n = 24,012) in

ID4-eGFPBright (red tracks, B) and ID4-eGFPDim (blue tracks, D) spermatogonia together with corresponding transcript expression tracks. K-means

clustering revealed seven distinct epigenetic profiles, including three that are too small to visually resolve (1–3). The order of genes represented in

these tracks is shown in Table S2.
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Figure 3. Epigenetic Profiling at Promoters in ID4-eGFPBright and ID4-eGFPDim Spermatogonia

(A–H) Scatterplots correlating H3K4me3 (x axis) and H3K27me3 (y axis) enrichments (log2RPKM) at promoters (TSSG500 bp) in ID4-eGFPBright (A–C) and ID4-

eGFPDim (E–G) spermatogonia. Color codes indicate gene expression levels (A, E), H2K27ac enrichment (B and F), and chromatin accessibility (C and G) at

promoters. H3K27ac/H3K27me3 double ChIP-seq signal enrichment correlated with gene expression levels at promoters in ID4-eGFPBright and ID4-eGFPDim

spermatogonia (D and H).

(I) Comparisons of histone modification, chromatin accessibility, and DNA methylation levels (RPKM, Reads Per Kilobase of sequence range per Million

mapped reads) in the most differentially expressed gene sets in ID4-eGFPBright (red trace) and ID4-eGFPDim (blue trace) spermatogonia.
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Figure 4. Epigenetic Profiling at Enhancers in ID4-eGFPBright and ID4-eGFPDim Spermatogonia

(A) Heatmaps show profiles of each set of histone modification, chromatin accessibility, and DNA methylation peaks at sites of intergenic enhancers in ID4-

eGFPBright (red) and ID4-eGFPDim (blue) spermatogonia. Peak profiles are shown for active, poised, and primed enhancers in each spermatogonial subtype.

Genomic coordinates of enhancers shown in this figure are listed in Table S3.

(B–E) Scatterplots showing positive or negative combinatorial enrichment of different histone modifications at enhancers. Dashed lines indicate the

minimum threshold value indicative of enrichment within each bimodal distribution. Each dot is 1 enhancer. (B) Enrichment of the H3K4me3 modification
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Intergenic Enhancers Are Differentially Programmed in SSC- and Progenitor-Enriched

Spermatogonial Subpopulations

ATAC-seq peaks identify open chromatin regions indicative of promoters and enhancers (Buenrostro

et al., 2013). Nearly 50% of accessible chromatin regions resided in distal intergenic regions in both

ID4-eGFPBright and ID4-eGFPDim spermatogonia (Figure S2B), and nearly all intergenic ATAC-seq peaks

co-localized with peaks of H3K4me1,2,3 enrichment and hypomethylated DNA (Figure 2D), indicative of

enhancers (Calo and Wysocka, 2013). We integrated histone ChIP-seq, MeDIP-seq, and ATAC-seq data

to identify three distinct types of enhancers: (1) active enhancers marked by H3K27ac; (2) primed en-

hancers marked by H3K4me1/2; and (3) poised enhancers marked by H3K4me1 and H3K27me3 (Fig-

ure 4A). As at promoters, H3K4me1,2,3 marks co-localized within enhancers (Figures 4B and 4D),

whereas H3K27me3 or H3K27ac marks appeared to be mutually exclusive in both ID4-eGFPBright and

ID4-eGFPDim spermatogonia (Figures 4C and 4E). For each type of enhancer, we observed significant

overlap in ID4-eGFPBright and ID4-eGFPDim spermatogonia, but we also observed active, poised, and

primed enhancers unique to either ID4-eGFPBright or ID4-eGFPDim cells (Figures 4F–4H). We next uti-

lized GREAT for Gene Ontology (GREAT-GO) analysis (McLean et al., 2010) to identify categories of

biological functions of genes predicted to be associated with these different types of enhancers (Fig-

ures 4I–4K). Active enhancers in ID4-eGFPBright spermatogonia were associated with genes that were

enriched for stem cell maintenance functions (e.g., Dappa2, Eomes, Lin28a, Pou5f1, Nodal, and Tcl1)

and other early developmental functions. In ID4-eGFPDim spermatogonia we observed enrichment of

active enhancers associated with differentiation functions plus some enrichment of active enhancers

associated with stem cell maintenance. As expected, genes associated with active enhancers within

each spermatogonial subtype were up-regulated in that subtype (Figure S4). These results confirm

that, as in somatic cells, individual genes in spermatogonia are typically regulated by a single promoter

plus multiple enhancers and that epigenetic programming of enhancers is more variable than that of

promoters (Shen et al., 2012). These results also indicate that differential programming of enhancers

is a primary distinction between SSC-enriched ID4-eGFPBright and progenitor-enriched ID4-eGFPDim

spermatogonia.

Genes Differentially Expressed in SSCs and Progenitor Spermatogonia Show Similarly

Reduced Promoter Region DNA Methylation in Both Spermatogonial Subtypes

OurMeDIP-seq analysis of genic region DNAmethylation patterns revealed constitutively hypomethylated

promoters of DEGs in SSC- and progenitor-enriched spermatogonia, respectively (Figures 3A and 3J). We

observed >300,000 MeDIP-seq peaks genome wide in ID4-eGFPBright and/or ID4-eGFPDim spermatogonia,

of which �62% were common to both spermatogonial subtypes, �25% were unique to ID4-eGFPBright

spermatogonia and the remaining �13% were unique to ID4-eGFPDim spermatogonia (Figure 5A). The

latter two categories reflect the 1,486 differentially methylated regions (DMRs) we observed between

ID4-eGFPBright and ID4-eGFPDim spermatogonia (Figure 5D). In genic regions, DNA methylation occurred

within gene bodies, in both exons and introns (Figure 5B). Genome wide, a majority of the MeDIP-seq

peaks occurred in distal intergenic regions or introns (Figure 5C). GREAT-GO analysis of DMRs showed

that many were predicted to be associated with genes enriched in cell fate commitment and stem cell pop-

ulation maintenance (Figure 5E).

DeNovoMotif Analysis Reveals Potential Regulators of Differential Epigenetic Programming

Associated with Distinct Spermatogonial Subtypes

We performed de novomotif analysis of promoter and enhancer regions associated with genes expressed

differentially or constitutively in each spermatogonial subpopulation (Figure 6). We performed de novo

Figure 4. Continued

correlates positively with enrichment of the H3K4me2 and H3K4me1 modifications. (C) Enrichment of the H3K4me1 modification correlates positively

with enrichment of either the H3K27me3 or the H3K27ac modifications, but enrichment of the H3K27me3 modification correlates negatively with

enrichment of the H3K27ac modification, and vice versa. (D) Enrichment of the H3K4me3 modification correlates positively with enrichment of either the

H3K27me3 or the H3K27ac modifications, but enrichment of the H3K27me3 modification correlates negatively with enrichment of the H3K27ac

modification, and vice versa.

(F–H) Venn diagrams show proportions of active (F), poised (G), and primed (H) enhancers unique to ID4-eGFPBright spermatogonia, common to both ID4-

eGFPBright and ID4-eGFPDim spermatogonia, or unique to ID4-eGFPDim spermatogonia.

(I–K) GREAT GO analysis of functions encoded by genes associated with active (I), poised (J), or primed (K) enhancers in ID4-eGFPBright or ID4-eGFPDim

spermatogonia.
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motif discovery for putative promoter-binding factors enriched in genes in each of the six different sets

described in Figure 1E, for which consensus binding sequences are shown in Figure 6A. Examples of TF

binding sites over-represented in promoters of each gene set include those for CEBPB, BACH2, BCL6B,

and NF-Y in genes differentially up-regulated in SSC-enriched spermatogonia; MXI1, ZBTB3, EBF1/2,

SPI1, and HLTF in genes up-regulated in progenitor-enriched spermatogonia; and NF-Y, IRF5, ZFP711,
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Figure 5. DNA Methylation Profiles in ID4-eGFPBright and ID4-eGFPDim Spermatogonia

(A) Venn diagrams show proportions of DNA methylation peaks unique to ID4-eGFPBright spermatogonia, common to both ID4-eGFPBright and ID4-eGFPDim

spermatogonia, or unique to ID4-eGFPDim spermatogonia.

(B) Genome browser snapshots showing correlations or lack thereof between DNAmethylation and transcript peaks in ID4-eGFPBright (B, orange tracks) and

ID4-eGFPDim (D, green or blue tracks) spermatogonia in regions encompassing a gene that is up-regulated in ID4-eGFPBright spermatogonia (Fut10) and a

gene that is up-regulated in ID4-eGFPDim spermatogonia (Ccng1). Differentially methylated regions within gene bodies, but not at promoters, appear to be

positively correlated with gene expression levels.

(C) The distribution of DNAmethylation peaks in each spermatogonial subtype and DMRs between the two subtypes is shown. DMRs were rare at promoters

but abundant in intra- and intergenic regions.

(D) DMRs were found throughout the autosomes, but, with one exception, not on the sex chromosomes. Genomic coordinates of DMRs are shown in

Table S4.

(E) GREAT-GO analysis of genes associated with DMRs. The color code indicates the enrichment levels of DMR-associated genes (blue–red = low–high).

Dot diameters indicate the number of DMR-associated genes within each GO term.
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SIX4, the E2F family, RELA, and TWIST1 in genes up-regulated in both SSC- and progenitor-enriched sper-

matogonia (Figure 6A). Expression patterns of transcripts encoding each of these factors and others in

ID4-eGFPBright and ID4-eGFPDim spermatogonia are shown in Figure S5A. Interestingly, in addition to

the presence of binding motifs for factors expressed in either SSC- or progenitor-enriched spermatogonia,

or both, in promoters of genes expressed in these subtypes, we also observed binding motifs for several

factors that are not expressed in spermatogonia (Figure S5A). We were surprised to see evidence of

expression of the Mef2a gene in spermatogonia but note that this evidence refers only to transcript-level

expression and does not comment on expression at the protein level.

Similarly, de novo motif analysis revealed over-representation of TF-binding sites present in active en-

hancers including those for FUBP1, KLF5, FOXO3, KLF6, ZBTB17, and FOXC2 in ID4-eGFPBright spermato-

gonia and SOX15, SOX3, SOX10, RREB1, DMRTB1, and EGR1 in ID4-eGFPDim spermatogonia (Figure 6B).

TF-binding sites over-represented in poised enhancers included those for ELF5, ETS2, KLF15, and ETV5

in ID4-eGFPBright spermatogonia and ZNF281, SP3, SP2, EGR1, FOXPs, and EGR2 in ID4-eGFPDim sper-

matogonia (Figure 6C), and those in primed enhancers included sites for SIX4, HOXD13, and ZIC1 in

ID4-eGFPBright spermatogonia and SP3, SP2, DMRT1, KLF153, ZBTB17, and DMRTB1 in ID4-eGFPDim sper-

matogonia (Figure 6D). Expression patterns of transcripts encoding each of these factors and others in

ID4-eGFPBright and ID4-eGFPDim spermatogonia are shown in Figures S5B and S5C.

We next used immunohistochemistry to validate the predicted presence of several of these factors in

SSC-enriched ID4-eGFPBright or ID4-eGFPDim spermatogonia in situ (Figure 6F), including detection of

GFRA1 and FOXC2 in SSC-enriched ID4-eGFPBright spermatogonia, FOXO1 and DMRTB1 in progeni-

tor-enriched ID4-eGFPDim spermatogonia, OCT4 in both SSC-enriched ID4-eGFPBright spermatogonia

and progenitor-enriched ID4-eGFPDim spermatogonia (though more prominently in the latter), DMRT1

in progenitor-enriched ID4-eGFPDim spermatogonia and some Sertoli cells but not in ID4-eGFPBright cells,

and EGR1 and REST in both ID4-eGFPBright SSCs and ID4-eGFPDim progenitor/early differentiating sper-

matogonia as well as in some somatic Sertoli cells. We then validated a representative sample of sper-

matogonial-subtype specific differential binding patterns of specific factors to specific enhancers on

the basis of factor/locus-specific ChIP-qPCR, which demonstrated elevated binding of FOXP1 to en-

hancers of three genes, Egr1, Egr2, and Etv5, specifically in SSC-enriched ID4-eGFPBright spermatogonia,

and elevated binding of DMRTB1 to enhancers of two genes, Syce2 and Sohlh2, and of LHX1 to en-

hancers of two genes, Cited2 and Spry4, in progenitor-enriched ID4-eGFPDim spermatogonia (Figure 6E).

Interestingly, transcripts encoding these three transcription factors are also differentially expressed in

ID4-eGFPBright and ID4-eGFPDim spermatogonia, respectively, with those encoding FOXP1 and LHX1 be-

ing expressed at higher levels in ID4-eGFPBright spermatogonia and those encoding DMRTB1 being

expressed at higher levels in D4-eGFPDim spermatogonia. Taken together, these data demonstrate the

power of multiparametric integrative analysis of epigenetic parameters as a means to reveal differential

epigenetic programming of elements potentially regulating differential gene expression in SSC-enriched

ID4-eGFPBright or progenitor-enriched ID4-eGFPDim spermatogonia, respectively. Confirmation of sper-

matogonial subtype-specific binding of specific factors for which motifs are overrepresented in these

elements affords a means to identify candidate regulators that may either establish and/or mediate

this differential epigenetic programming.

Figure 6. Enrichment of Transcription Factor Binding Sites Predicts Cell Type and Gene-Specific Patterns of Expression and Binding of Specific

Transcription Factors in ID4-eGFPBright and ID4-eGFPDim Spermatogonia

(A) De novo motif discovery within promoters of genes most differentially expressed in ID4-eGFPBright and ID4-eGFPDim spermatogonia.

(B–D) Differential enrichment of transcription factor binding motifs within active, poised, or primed enhancers in ID4-eGFPBright (red) and ID4-eGFPDim (blue)

spermatogonia, including active enhancers (B), poised enhancers (C), and primed enhancers (D).

(E) ChIP-qPCR confirms predicted binding patterns of specific transcription factors in ID4-eGFPBright and ID4-eGFPDim spermatogonia. FOXP1 preferentially

binds to promoters of Egr1, Egr2, and Etv5 in ID4-eGFPBright spermatogonia. DMRTB1 preferentially binds to promoters of Syce2 and Sohlh2 in ID4-eGFPDim

spermatogonia. LHX1 preferentially binds to the Cited2 gene promoter (Cited2.p), the Cited2 proximal enhancer (Cited2.e), and the Spry4 enhancer

(Spry4.e).

(F) Immunochemistry staining (IHC) of marker proteins in seminiferous cords in whole-mount sections of P6 mouse testes. GFRA1 and FOXC2 localized

specifically to ID4-eGFPBright SSCs, OCT4 appeared in both ID4-eGFPBright SSCs and progenitor-enriched ID4-eGFPDim spermatogonia but was more

prominent in the latter, FOXO1 and DMRTB1 localized specifically in progenitor-enriched ID4-eGFPDim spermatogonia, DMRT1 appeared in ID4-eGFPDim

spermatogonia and some Sertoli cells, but not in ID4-eGFPBright SSCs, and EGR1 and REST co-localized with both ID4-eGFPBright SSCs and ID4-eGFPDim

progenitor/early differentiating spermatogonia as well as in some somatic Sertoli cells. , ID4-eGFPBright spermatogonium; , ID4-eGFPDim

spermatogonium; , Sertoli cell. Scale bars, 20 mm.
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Differential Fates of ID4-eGFPBright and ID4-eGFPDim Spermatogonia Are Associated with

Coordinated, Multiparametric Programming of Differentially Expressed Genes

Ultimately, it is specific combinations of chromatin parameters defined by epigenetic signatures and spe-

cific TF interactions that drive differential gene expression, which, in turn, establishes distinct fates of

different cell types or subtypes (Ernst and Kellis, 2017). Thus, we integrated our ChIP-seq, MeDIP-seq,

ATAC-seq, and RNA-seq data usingmultivariate HiddenMarkovModel building by ChromHMM to identify

and characterize 15 different chromatin states within the spermatogonial genome in agreement with

ENCODE project methods (Bailey et al., 2013; Landt et al., 2012) (Figure 7A, S6A, and S6B). These 15

different states were assessed in SSC- and progenitor-enriched spermatogonia to compare the extent

to which transitions among each were associated with unique fates of spermatogonial subtypes (Figure 7B).

For instance, the pattern of quiescent enhancers in state 7 showed little or no difference between
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Figure 7. Coordinated Epigenetic Programming Correlates with Differential Gene Expression in ID4-eGFPBright and ID4-eGFPDim Spermatogonia

(A) A heatmap shows that 15 distinct chromatin states are predicted by ChromHMM analysis of unique combinational patterns of eight different epigenetic

parameters.(B) A heatmap reveals spermatogonial-subtype specific transitions among the 15 chromatin states color-coded to match those shown in

Figure 7A.

(C and D) Genome browser views from ID4-eGFPBright spermatogonia (coral colored tracks) and ID4-eGFPDim spermatogonia (green colored tracks) of

epigenetic parameters associated with a gene (Rab4a) up-regulated in ID4-eGFPBright spermatogonia (C), and a gene (Rarg) up-regulated in ID4-eGFPDim

spermatogonia (D). Note the elevated H3K27ac levels associated with both the enhancer and promoter regions of each gene in the spermatogonial subtype

in which the gene is up-regulated and the elevated H3K27me3 levels associated with both the enhancer and promoter regions of each gene in the

spermatogonial subtype in which the gene is down-regulated.
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ID4-eGFPBright and ID4-eGFPDim spermatogonia, likely representing enhancers involved with gene expres-

sion in non-spermatogonial cell types. In contrast, a portion of enhancers displaying either an inactive (state

1) or active (state 6) status in SSC-enriched spermatogonia resolved to a quiescent status (state 5) in

progenitor-enriched spermatogonia (Figure 7B).

Parallel visualization of tracks indicative of read intensities derived from each epigenomic analysis facili-

tated the most direct, comprehensive, locus-specific comparisons of coordinated epigenetic programming

in SSC- and progenitor-enriched spermatogonia, respectively (Figures 7C and 7D). This revealed unique

epigenetic signatures associated with promoters or enhancers of DEGs in these two spermatogonial sub-

types. Thus, as noted above, programming patterns associated with promoters of DEGs up-regulated in

one or the other spermatogonial subpopulation included enriched H3K4me1,2,3 and H3K27ac, depleted

H3K27me3, hypomethylated DNA, and elevated chromatin accessibility (Figures 7C and 7D). Interestingly,

promoters of many genes showed enriched H3K4me1,2,3, hypomethylated DNA and elevated chromatin

accessibility in both spermatogonial subpopulations, despite the fact that these genes were differentially

expressed. However, enrichment of H3K27ac or H3K27me3 varied directly with up- or down-regulation of

these genes in each subpopulation, respectively. This suggests differential enrichment of these two pro-

moter region modifications contributes directly to differential regulation of gene expression in SSCs versus

progenitors. Enhancers of DEGs showed enrichment of H3K27ac and depletion of H3K4me1 for up-regu-

lated genes and enrichment of H3K27me3 and H3K4me1 for down-regulated genes (Figures 7C and 7D).

We augmented these data with those from published reports of genome-wide binding patterns of DMRT1

(Murphy et al., 2015), DMRTB1 (Zhang et al., 2014), and CTCF (Yue et al., 2014) in adult testis tissue. In a

study by Murphy et al. in which no distinction was made between SSC- and progenitor-enriched spermato-

gonia, or even between spermatogenic and somatic cells, it is noteworthy that peaks of DMRT1 and

DMRTB1 binding were detected at enhancers of many of the spermatogonial subtype-specific genes iden-

tified in our study (Figures 7C and 7D) (Murphy et al., 2015). In addition, in a study by Rivero-Hinojosa et al.

binding motifs for CTCF were observed predominantly in distal flanking intergenic regions throughout the

genome consistent with reports that CTCF plays an important role in 3-dimensional organization of the

genome to mediate long-range enhancer-promoter interactions contributing to cell fate determination

(Ren et al., 2017; Rivero-Hinojosa et al., 2017). Finally, using the code shown in Figure 7A, we were able

to predict the arrangement of chromatin states in a linear context in each spermatogonial subtype (Figures

7C, 7D, and S6C), as well as the extent to which these states varied either between genes differentially ex-

pressed in each spermatogonial subtype or within the same genes in each spermatogonial subtype (Fig-

ures 7C and 7D). Additional data regarding the genome-wide distribution of potential regulatory elements

and chromatin states identified by our ChromHMM analysis are shown in Figure S6. These results further

demonstrate the correlation between spermatogonial subtype-specific differential epigenetic program-

ming and spermatogonial subtype-specific differential gene expression.

DISCUSSION

The ENCODE (ENCODE Project Consortium, 2012), NIH Roadmap Epigenomics Mapping Consortium

(Zacher et al., 2017) and related (Ernst et al., 2011) studies characterized the variable epigenetic states of

key regulatory elements throughout the genomes of >100 different somatic cell types on the basis of multi-

parametric integrative methodology (Ernst and Kellis, 2017) but did not examine any germ cell types. One

previous study (Hajkova et al., 2008) provided an initial characterization of histone modifications in fetal

mouse prospermatogonia, but did not examine postnatal germ cells, and therefore did not characterize

epigenetic programming distinguishing SSCs from progenitors. Fetal and postnatal spermatogenic cell

types have been assessed for poised genes, but those studies were restricted to a limited set of histone

modifications (Lesch et al., 2013). Several other studies assessed one or a few different epigenetic param-

eters in various spermatogenic cell types, including SSCs (Gaysinskaya et al., 2018; Hammoud et al., 2015,

2014; Kubo et al., 2015; Lambrot et al., 2019; Maezawa et al., 2018a, 2018b), but these were too limited in

scope to facilitate integrative profiling analogous to that developed by the ENCODE and NIH Roadmap

Epigenomics Mapping consortia (ENCODE Project Consortium, 2012; Ernst et al., 2011; Gifford et al.,

2013; Kellis et al., 2014; Ram et al., 2011; Roadmap Epigenomics Consortium et al., 2015; Shema et al.,

2019; Zhu et al., 2013). Our simultaneous analysis of nine different parameters in aliquots of the same sam-

ples of SSC- or progenitor-enriched spermatogonial subpopulations yielded combinatorial data sufficient

to distinguish the same 15 different chromatin states that were described for somatic cell types by the

ENCODE study (ENCODE Project Consortium, 2012).
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Results from transplantation studies have shown that regenerative SSC capacity resides in a small subpop-

ulation of undifferentiated spermatogonia (Kubota and Brinster, 2018); however, the advent of the

Id4-eGfp transgenic mouse has facilitated selective recovery of spermatogonial subpopulations

highly enriched for, or significantly depleted of, this capacity (Chan et al., 2014; Helsel et al., 2017).

Importantly, the fact that these different spermatogonial subpopulations are recovered from the

intact testis in a similar manner but then display consistent, significant differences in regenerative

capacity suggests that this reflects an inherent distinction between SSCs and progenitors rather than

any sort of artifactual effect imposed by the isolation, dissociation, or transplantation of these cells. Indeed,

use of the Id4-eGfp transgenic mouse and the transplantation assay to subdivide and validate regenerative

capacity among different spermatogonial subpopulations or subtypes affords a robust, objective means by

which to monitor regenerative capacity characteristic of SSCs and typically absent from progenitors.

Our bulk and single-cell RNA-seq data corroborate multiple recent studies confirming consistent differ-

ences in gene expression patterns in SSC- and progenitor-enriched subpopulations (Green et al., 2018;

Guo et al., 2018; Helsel et al., 2017; Hermann et al., 2018; Law et al., 2019; Mutoji et al., 2016), indicating

these spermatogonial subtypes represent the emergence of distinct cell fates driven by distinct transcrip-

tomes. Here, we have extended these analyses by conducting the first comprehensive analysis of epige-

netic programming associated with spermatogonial-subtype specific DEGs. This revealed distinct epige-

netic landscapes associated with DEGs in SSCs and progenitors, which we further mined to identify

binding motifs for specific factors that may either direct establishment of this differential epigenetic pro-

gramming or mediate its effects to coordinate subsequent differential expression of genes required to

either maintain the SSC phenotype or transition to the progenitor phenotype.

Among the parameters we measured, differential enrichment of H3K27me3 and H3K27ac at gene pro-

moters and related intergenic enhancers correlated most closely with differential spermatogonial sub-

type-specific gene expression patterns. Specifically, elevated representation of H3K27me3 was associated

with down-regulated DEGs in each spermatogonial subtype, whereas that of H3K27ac was associated with

up-regulated DEGs in each case. Interestingly, several other chromatin parameters, including patterns of

H3K4me1,2,3, chromatin accessibility and DNA methylation at promoters, and those of H3K4me2,3 and

chromatin accessibility at enhancers, showed no significant variation among DEGs regardless of whether

the gene was expressed in both or only one spermatogonial subpopulation. Collectively, this is consistent

with the concept that development of distinct cell fates from a common lineage involves an ordered series

of changes in epigenetic programming to first initiate and subsequently stabilize differential gene expres-

sion. Similar results regarding DNA methylation and chromatin accessibility patterns have been reported

for undifferentiated and differentiating human spermatogonia (Guo et al., 2017, 2020).

Previous reports have described epigenetic poising of genes (promoters simultaneously marked with

H3K4me3 and H3K27me3) in the spermatogenic lineage that appears to predispose the capacity of the

paternal genome to rapidly transition to an embryonic transcriptome following fertilization (Guo et al.,

2017; Lesch et al., 2013, 2016). We found that many non-poised genes expressed in SSC-enriched sper-

matogonia become poised and repressed in progenitor-enriched spermatogonia. This raises the

intriguing possibility that, in addition to marking initiation of commitment to the spermatogenic differen-

tiation pathway, the SSC-progenitor transition may also demarcate initiation of a final phase of epigenetic

programming to prepare the paternal genome for post-fertilization functions.

Enhancers are rich in transcription factor binding sites (Stadler et al., 2011), and it has been shown that

transcription factors act as key drivers of differential states of activity or inactivity at enhancers (Zentner

and of Chemistry, 2012). Our de novo motif analysis revealed many binding sites common to regulatory

regions in both spermatogonial subtypes. However, we also identified differential enrichment of certain

motifs in promoters or enhancers regulating DEGs in ID4-eGFPbright and ID4-eGFPdim spermatogonia,

and these formed the basis for testable predictions of differential expression and/or binding of specific

transcription factors in these spermatogonial subpopulations. We confirmed the predicted differential

expression of eight different TFs (FOXC2, OCT4, FOXO1, EGR1, REST, DMRT1, DMRTB1, EZH2) and

the predicted differential, locus-specific binding of three TFs (FOXP1, DMRTB1, LHX1). Thus, we vali-

dated spermatogonial subpopulation-specific differences in TF expression at the RNA level, preva-

lence/intracellular location at the protein level, and binding to enhancers of target DEGs at the genomic

level. Interestingly, we observed enrichment of binding motifs for six factors that were also identified by
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de novo motif analysis of regulatory regions in human SSCs (Guo et al., 2017) including CTCF, DMRT1,

CTCFL, NFY, FOXP1, and SOX3.

Our results reveal that SSC- and progenitor-enriched spermatogonia manifest distinct patterns of epige-

netic programming associated with consistent differential patterns of gene expression distinguishing these

spermatogonial subtypes. We suggest this differential epigenetic programming drives cell fate divergence

between SSCs and progenitors, thereby directing a significant developmental switch between retention of

SSC fate and initiation of spermatogenic differentiation, respectively. We have identified specific epige-

netic parameters that correlate with these states that can now be monitored within the normal develop-

mental context of spermatogenesis.

Limitations of the Study

Our multiparametric integrative analysis showed that differential gene expression is accompanied by

differential epigenetic programming in SSCs and progenitors and that SSCs maintain expression of

stemness genes while progenitors initiate expression of spermatogenic differentiation genes. However,

the extent to which progenitors derived from SSCs retain the potential to reverse these differences

in epigenetic programming and gene expression and transition back into SSCs remains unclear, as

does the identity of regulators of the differential epigenetic programming that distinguishes SSCs

and progenitors. Also unknown is the extent to which differential epigenetic programming regulating

changes in gene expression required to promote developmental progression from one cell fate to

the next becomes primed earlier in the lineage, prior to transcriptional activation of cell fate-specific

genes.
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Supplementary Figures and Legends 

 
 



Figure S1. Differential gene expression in ID4-eGFPBright and ID4-eGFPDim spermatogonia. 
Related to Figure 1 and Table S1. 
(A) A heatmap showing expression of selected marker genes in ID4-eGFPBright and ID4-eGFPDim 
spermatogonia. Color indicates library-size normalized FPKM (fragments per kilobase/million) (red – 
blue = high – low). 
(B) Id4, Pou5f1 and Kit expression patterns revealed by scRNA-seq of P6 ID4-eGFPBright and ID4-
eGFPDim spermatogonia.  
(C, D) Cell cycle analysis based on scRNA-seq. The percentage of cells in each different cell cycle phase 
is detected by UMAP analysis (C) and quantitatively summarized in a bar graph (D).   
(E) Cell cycle analysis based on DNA content. Stacked bars show percentages of cells in different cell 
cycle phases. *Significant difference (p<0.05).  
(F) GO analyses of the six differentially expressed gene sets described in Figure1e. Particularly relevant 
GO terms are highlighted in red, and detailed GO results can be found in Table S1.  



 
Figure S2. Genomic distributions of histone modifications in ID4-eGFPBright and ID4-eGFPDim 
spermatogonia. Related to Figure 2. 
(A) Genomic annotation of H3K9me3 peaks. H3K9me3 peaks were enriched at LINEs, LTRs, intergenic 
regions, introns, SINEs, and simple repeats. 
(B) Proportional genomic distribution of histone modification, chromatin accessibility and DNA 
methylation peaks.  



(C) Heatmaps showing enrichment of H3K9me3 on repetitive elements. Red color indicates ID4-
eGFPBright spermatogonia, and blue color indicates ID4-eGFPDim spermatogonia. 
(D) Comparison of KEGG analyses showing the function of genes with different epigenetic patterns 
shown in Figure 2C. 
  



 
Figure S3. Related to Figure 3. 
(A, B) – 3-Dimensional correlations of histone modification and transcript levels (RPKM) at 
promoters of up-regulated genes in ID4-eGFPBright (A) and ID4-eGFPDim (B) spermatogonia. In 
each spermatogonial subtype, up-regulated genes show elevated H3K4me1,2,3 levels relative to 



H3K27me3 levels, while down-regulated genes show elevated H3K27me3 levels relative to 
H3K4me1,2,3 levels.  
(C, D) Heatmaps show relative abundancies of specific histone modifications associated with 
enhancers of genes up- (C) or down- (D) regulated in each spermatogonial subtype. 
(E, F) Genome browser screenshots for promoters of up-regulated and down-regulated genes, 
showing the epigenetic status. 
  



 
Figure S4: Differential expression of enhancer-associated genes. Related to Figure 4. 
(A, B) Enhancer-associated genes in ID4-eGFPBright (A) and ID4-eGFPDim (B) spermatogonia. Many genes 
are associated with more than one enhancer, and those enhancers can be in different states. Venn 
diagrams show the distribution of different types of enhancers associated with individual genes, including 
the number of enhancers of each type uniquely associated with individual genes and the number of 
enhancers of different types jointly associated with individual genes.   
(C, D) Genes associated with active enhancers show higher expression than those associated with poised 
or primed enhancers. Overall, genes associated with poised enhancers display very low expression levels 
similar to those of randomly selected genes. 
  



 
Figure S5. Related to Figure 6. 
(A) The expression in ID4-eGFPBright and ID4-eGFPDim spermatogonia of TFs predicted by de novo motif 
discovery as described in Figure6A. The color code indicates the library size normalized FPKM for each 
transcript in each replicate sample of each spermatogonial subpopulation. The color code is indicative of 



relative levels of transcript detection. White = undetectable or negligible/background transcript levels, 
light – dark red = increasingly higher transcript levels above background.  
(B) Overall de novo motif analysis of different kinds of enhancers. Rows (Enhancers) and columns 
(Motifs) are hierarchically clustered. Bottom bars indicate the normalized expression of corresponding 
matched TFs. The color code indicates the library size normalized FPKM.  
(C) An enlarged version of the gene expression data from the clustered heatmap shown in part b grouped 
per the hierarchical clusters shown in part b. B = ID4-eGFPBright cells and D = ID4-eGFPDim cells.    
  



 
Figure S6. Differential chromatin states are associated with spermatogonial subtype-
specific differential gene expression. Related to Figure 7. 
(A, B) The relative genome-wide distribution of each of the 15 chromatin states shown in Figure 7a as a 
function of specific genomic features in ID4-eGFPBright (A) and ID4-eGFPDim (B) spermatogonial 
subtypes.  
(C) Browser views of ChromHMM genome annotations representative of the 15 different chromatin 
states described in Figure 7A and in parts Fig.S6A and Fig.S6B above. Data is shown for one gene 
(Dmrt1) expressed at similar levels in ID4-eGFPBright and ID4-eGFPDim spermatogonia, two genes (Tcl1 & 



Gfra1) up-regulated in ID4-eGFPBright spermatogonia, and three genes (Dmrtb1, 4930502E18Rik & 
1700013H16Rik) up-regulated in ID4-eGFPDim spermatogonia. Color coding of chromatin states is as 
shown in Figure 7A. 
 
 
  



Transparent Methods 
Key Resources Table 
 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

Rabbit anti-Histone H3 (mono methyl K4)  Abcam Cat#ab8895, 
RRID:AB_306847 

Rabbit anti-Histone H3 (di methyl K4) Abcam Cat#ab7766, 
RRID:AB_2560996 

Rabbit anti-Histone H3 (tri methyl K4) Abcam Cat#ab8580, 
RRID:AB_306649 

Rabbit anti-Histone H3 (tri methyl K9) Abcam Cat#ab8898,  
RRID:AB_306848 

Rabbit anti-Histone H3K27ac Active Motif Cat#39133, 
RRID:AB_2561016 

Rabbit anti-Histone H3 (tri methyl K27) Abcam Cat#ab6002, 
RRID:AB_305237 

Mouse anti-5-methylcytosine (5-mC) clone 33D3 Diagenode Cat#C15200081-100 
RRID:AB_2572207 

Rabbit anti-FOXP1 Abcam Cat#ab16645, 
RRID:AB_732428 

Rabbit anti-DMRTB1 1:200 Abcam Cat#ab241275 
Mouse anti-LHX1 Santa Cruz Biotechnology Cat#sc-515631 

Mouse IgG Abcam Cat#ab18413, 
RRID:AB_2631983 

Rabbit IgG Abcam Cat#ab171870, 
RRID:AB_2687657 

Goat anti-GFRA1 1:250 R&D Systems Cat#AF560, 
RRID:AB_2110307 

Goat anti-FOXC2 1:100 R&D Systems Cat#AF6989, 
RRID:AB_10973139 

Rabbit anti-OCT4 1:200 Abcam Cat#ab19857, 
RRID:AB_445175 

Mouse anti-DMRT1 1:100 Santa Cruz Biotechnology Cat#sc-377167 
Rabbit anti-EGR1 Novus Biologicals Cat#NBP2-56100 

Rabbit anti-FOXO1 Abcam Cat#ab39670, 
RRID:AB_732421 

Rabbit anti-REST Abcam Cat#ab202962 
Donkey anti-Goat IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor Plus 594 Invitrogen Cat#A32758, 

RRID:AB_2762828 
Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor Plus 647 Invitrogen Cat#A32795, 

RRID:AB_2762835 
Donkey anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor 546 Invitrogen Cat#A10036, 

RRID:AB_2534012 
Chemicals, Peptides, and Recombinant Proteins 
DPBS, no calcium, no magnesium Gibco Cat#14190250 
Hank's Balanced Salt Solution Gibco Cat#14170112 
HEPES (1 M) Gibco Cat#15630080 
Fetal Bovine Serum Gibco Cat#10082147 
Trypsin-EDTA (0.25%), phenol red Gibco Cat#25200056 
Deoxyribonuclease I Sigma-Aldrich  Cat#DN25-10MG 
Propidium Iodide Invitrogen Cat#P1304MP 



Dihydrochloride Invitrogen Cat#D1306 
Micrococcal Nuclease New England Biolabs Cat#M0247S 
UltraPure™ 1M Tris-HCI, pH 8.0 Invitrogen Cat#15568025 
UltraPure™ 0.5M EDTA, pH 8.0 Invitrogen Cat#15575020 
cOmplete™ Protease Inhibitor Cocktail Roche Cat#11697498001 
NP-40 Thermo Scientific Cat#28324 
Sodium dodecyl sulfate Sigma-Aldrich Cat#71725 
Bovine Serum Albumin Sigma-Aldrich Cat#A2058 
Triton™ X-100 Sigma-Aldrich Cat#T8787 
Sodium deoxycholate Sigma-Aldrich Cat#30970 
Sodium chloride Sigma-Aldrich Cat#S3014 
Sodium bicarbonate Sigma-Aldrich Cat#S5761 
Digitonin Sigma-Aldrich Cat#D141 
TWEEN® 20 Sigma-Aldrich Cat#P9416 
UltraPure™ Phenol:Chloroform:Isoamyl Alcohol 
(25:24:1, v/v) Invitrogen Cat#15593031 

T4 DNA Polymerase New England Biolabs Cat#M0203S 
DNA Polymerase I, Large (Klenow) Fragment New England Biolabs Cat#M0210S 
Klenow Fragment (3'→5' exo-) New England Biolabs Cat#M0212S 
NEBNext® Multiplex Oligos for Illumina® (Dual 
Index Primers Set 1) New England Biolabs Cat#E7600S 

AMPure XP Beckman Coulter Cat#A63881 
Proteinase K VIOGENE Cat#PK0100 
NEB buffer 2 New England Biolabs Cat#B7002S 
Lambda DNA New England Biolabs Cat#N3011S 
Sodium phosphate dibasic Sigma-Aldrich Cat#S0876 
Sodium phosphate monobasic Sigma-Aldrich Cat#S3139 
NEBNext Ultra II Q5 Master Mix New England Biolabs Cat#M0544 
Luna® Universal qPCR Master Mix New England Biolabs Cat# M3003L 
Critical Commercial Assays 
Nextera DNA Sample Preparation Kit Illumina Cat#FC-121-1031 
Nextera XT DNA Library Preparation Kit Illumina Cat#FC-131-1002 
Nuclei Isolation Kit Sigma-Aldrich Cat#NUC101-1KT 
Quick Ligation™ Kit New England Biolabs Cat#M2200L 
SMART-Seq™ v4 Ultra Low Input RNA Kit  Clontech Laboratories Cat#634888 
Zymo DNA Clean and Concentrator-5 Kit Zymo research Cat#D4014 
Qubit dsDNA HS Assay Kit Invitrogen Cat#Q32854 
Dynabeads™ Protein A Immunoprecipitation Kit Invitrogen Cat#10006D 
Dynabeads™ Protein G Immunoprecipitation Kit Invitrogen Cat#10007D 
   
Deposited Data 
Raw and analyzed data  This paper GEO:GSE131657 
RNA-seq This paper GEO:GSE131653 
ChIP-seq This paper GEO:GSE131657 
ATAC-seq This paper GEO:GSE131655 
MeDIP-seq This paper GEO:GSE131654 
Single Cell RNA-seq (Hermann et al., 2018) GEO:GSE109049 
CTCF ChIP-seq (Yue et al., 2014) GEO:GSM918711 
DMRT1 ChIP-seq (Murphy et al., 2015) GEO:GSE64892 



DMRTB1 RNA-seq (Zhang et al., 2014) GEO:GSM1480189 
Experimental Models: Organisms/Strains  
Mus Musculus: Strain Id4-eGfp (LT-11B6) (Chan et al., 2014) N/A 
Mus Musculus: Strain C57Bl6/JJ The Jackson Laboratory Cat#000664 
Mus Musculus: Strain Rosa26-lacZ The Jackson Laboratory Cat#002073 
Oligonucleotides 
Primer: Negative Control primer1  Forward: 
GCTCTGAAGAAATGCCCAGC This paper N/A 

Primer: Negative Control primer1  Reverse: 
AGCCAGCAACGTTTCACCTA This paper N/A 

Primer: Negative Control primer1  Forward: 
GGTTCAGTTCTCAGCACCCA This paper N/A 

Primer: Negative Control primer1  Reverse: 
GGATTCCCCTCTCAGCTGTC This paper N/A 

Primer: FOXP1 binds to Egr1 Forward: 
TCAGCCTGAGTCCTTACCCA This paper N/A 

Primer: FOXP1 binds to Egr1 Reverse: 
CAGCCCGAAGCAGAACAAAC This paper N/A 

Primer: FOXP1 binds to Egr2 Forward: 
CGGAATGGCTCCCAAACAAG This paper N/A 

Primer: FOXP1 binds to Egr2 Reverse: 
GGAGGAATTCCGGTTCTCCG This paper N/A 

Primer: FOXP1 binds to Etv5 Forward: 
TTAAGAGTCGCGGAGCGTTT This paper N/A 

Primer: FOXP1 binds to Etv5 Reverse: 
TACAGAAGCGGGGTGCAAG This paper N/A 

Primer: LHX1 binds to Spry4 enhancer Forward: 
CTGGATGTAGAGATTTGGGGTGA This paper N/A 

Primer: LHX1 binds to Spry4 enhancer Reverse: 
ACAACATCCTGTTCTTTTGTGAGAC This paper N/A 

Primer: LHX1 binds to Cited2 promoter Forward: 
AGAAATCGCAAAGACGGAAGGT This paper N/A 

Primer: LHX1 binds to Cited2 promoter Reverse: 
GCACATCCTGTTGTTATTCCCC This paper N/A 

Primer: LHX1 binds to Cited2 enhancer Forward: 
ATGTAACTATCAGCGGTCACCC This paper N/A 

Primer: LHX1 binds to Cited2 enhancer Reverse: 
CCTTGCTAAGTTGTTGGGCTTT This paper N/A 

Primer: DMRTB1 binds to Syce2 Forward: 
CGAGTTCGCCGCCCCC This paper N/A 

Primer: DMRTB1 binds to Syce2 Reverse: 
CTCACTCCGTGGCGCTC This paper N/A 

Primer: DMRTB1 binds to Sohlh2 Forward: 
GTGTTCAAGTGAGCTGCG This paper N/A 
Primer: DMRTB1 binds to Sohlh2 Reverse: 
TATTCAGCCCTGGTTCAG This paper N/A 
Primer: Lambda DNA unmethylated primer Forward: 
GGCTAGAACTGACCAGACAGAC This paper N/A 
Primer: Lambda DNA unmethylated primer Reverse: 
ATCTGTAGCCAATCCTAGAGCA This paper N//A 
Primer: Lambda DNA methylated primer Forward: 
CATGGCCCACAAAGTAATAAAA This paper N/A 
Primer: Lambda DNA methylated primer Reverse: 
AACGACTTACAACGAGCTCAAA This paper N/A 



Software and Algorithms 

ImageJ (Schneider et al., 2012) https://imagej.nih.go
v/ij/ 

FastQC v0.11.6 Babraham Institute 
https://www.bioinfor
matics.babraham.ac.
uk/projects/fastqc/ 

Samtools v1.19 (Li et al., 2009) http://samtools.sourc
eforge.net/ 

Picard Broad Institute https://broadinstitute.
github.io/picard/ 

MACS2 (Zhang et al., 2008) 
https://github.com/hb
ctraining/Intro-to-
ChIPseq 

ChIPseeker v1.24 (Yu et al., 2015) 

https://www.biocond
uctor.org/packages/r
elease/bioc/html/ChI
Pseeker.html 

DAVID v6.8 (Huang et al., 2009) https://david.ncifcrf.g
ov/ 

GREAT v3.00 (McLean et al., 2010) http://great.stanford.
edu/public/html/ 

clusterProfiler v3.16 (Yu, 2018) 

https://bioconductor.
org/packages/releas
e/bioc/html/clusterPr
ofiler.html 

HOMER v4.11 (Heinz et al., 2010) http://homer.ucsd.ed
u/homer/index.html 

MEME Suite v5.1.1  http://meme-
suite.org/ 

ChromHMM v1.20 (Ernst and Kellis, 2017) http://compbio.mit.ed
u/ChromHMM/ 

Primer-BLAST  
https://www.ncbi.nlm
.nih.gov/tools/primer-
blast/ 

Rsubread v2.2.2 (Liao et al., 2019) 
RRID:SCR_016945; 
http://bioconductor.o
rg/packages/Rsubre
ad/ 

QuasR v1.28.0 (Gaidatzis et al., 2015) 

http://bioconductor.o
rg/packages/release/
bioc/html/QuasR.htm
l 

edgeR v3.29 (Robinson et al., 2010) 

https://www.biocond
uctor.org/packages/r
elease/bioc/html/edg
eR.html 

MEDIPS v1.40 (Lienhard et al., 2013) 

https://www.biocond
uctor.org/packages/r
elease/bioc/html/ME
DIPS.html 

Mclust v5.4.6 (Scrucca et al., 2016) 

https://cran.r-
project.org/web/pack
ages/mclust/index.ht
ml 



deepTools v2.0 (Ramirez et al., 2016) 
https://deeptools.rea
dthedocs.io/en/devel
op/ 

ngs.plot v2.61 (Shen et al., 2014) https://github.com/sh
enlab-sinai/ngsplot 

pyGenomeTracks v3.2 (Ramirez et al., 2018) 
https://github.com/de
eptools/pyGenomeTr
acks 

pheatmap v1.0.12 (Kolde, 2015) 
https://cran.r-
project.org/web/pack
ages/pheatmap/inde
x.html 

ggplot2 v3.1.0 (Wickham, 2011) 

RRID:SCR_014601; 
https://cran.r-
project.org/web/pack
ages/ggplot2/index.h
tml 

Seurat v3.0 (Butler et al., 2018) 

https://cran.r-
project.org/web/pack
ages/Seurat/index.ht
ml 

Destiny v3.2.0 (Angerer et al., 2016) 

https://bioconductor.
org/packages/releas
e/bioc/html/destiny.h
tml 

R Project for Statistical Computing v3.5.0 
 (Team, 2013) http://www.r-

project.org/ 
 
 
 
Mice and cells 
All experiments utilizing animals were preapproved by the Institutional Animal Care and Use 
Committee of the University of Texas at San Antonio (Assurance A3592-01) and were performed 
in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of 
Laboratory Animals. Testes were recovered from 6-day old (P6) F1 male offspring of a cross 
between Id4-eGfp (LT-11B6) and either C57Bl6/JJ or Rosa26-lacZ (The Jackson Laboratory 
#000664, #002073) mice and used to generate suspensions of cells by enzymatic digestion as 
described28. Briefly, ID4-eGFP+ testes were distinguished by fluorescence microscopy and then 
subjected to dissociation and FACS sorting. After removing the tunica albuginea, testes were 
digested with DNAaseI + trypsin (0.05% trypsin, 10 µg/ml Dnase I in HBSS with 0.5 mM EDTA) 
to generate a single cell suspension. The resulting dissociated cells were washed and resuspended 
in Dulbecco's phosphate-buffered saline (DPBS) + 10% FBS, filtered through a 40 micron strainer 
to remove Sertoli cells and cell clumps prior to being subjected to fluorescence-activated cell 
sorting (FACS) as previously described28. Cells at a concentration of approximately 15×106 
cells/ml DPBS + 10% FBS were subjected to flow cytometry using BD FACS Aria. Propidium 
iodide (PI) was added to discriminate dead cells at 5µl/106 cells. Positive ID4-eGFP 
epifluorescence was determined by comparison to testis cells from testes of wild-type mice lacking 
the P6 Id4-eGfp transgene. The gating area of eGFP positive was subdivided into thirds to define 
the ID4-eGFP+ subsets as being Dim (lower third) or Bright (upper third) by fluorescent intensity 
as described(Helsel et al., 2017, Hermann et al., 2018). 
 



Bulk RNA-seq  
Aliquots of cells from each of three replicate samples of each spermatogonial subpopulation were 
used for separate bulk RNA-seq analyses to catalogue gene expression in each spermatogonial 
subtype. Populations of at least ³ 1000 ID4-eGFPBright or ID4-eGFPDim cells recovered by FACS 
sorting were counted, pelleted, and subjected to direct cDNA synthesis using the SMART-Seq v4 
ultra Low Input RNA Kit for Sequencing (Clontech Laboratories #634888). Approximately 250pg 
of cDNA was used for preparation of dual-indexed libraries using the Nextera XT DNA Library 
Preparation Kit (Illumina # FC-131-1002) following the manufacturer’s procedures.  
 
ChIP-seq  
Aliquots of cells from each of three replicate samples of each spermatogonial subpopulation were 
used for separate ChIP-seq analyses to detect genome-wide enrichment patterns of six different 
histone modifications – H3K4me1, H3K4me2, H3K4me3, H3K9me3, H3K27me3 and H3K27ac. 
Approximately 1×106 cells were used for each immunoprecipitation (IP). ULI-NChIP-seq was 
performed as previously described(Brind’Amour et al., 2015). Briefly, FACS-sorted cells were 
pelleted and re-suspended in nuclear isolation buffer (Sigma #NUC101-1KT). Depending on input 
size, chromatin was fragmented for 5-7.5 min using MNase, and diluted in NChIP 
immunoprecipitation buffer (20mM Tris-HCl pH 8.0, 2mM EDTA, 15 mM NaCl, 0.1% Triton X-
100, 1×EDTA-free protease inhibitor cocktail and 1mM phenylmethanesulfonyl fluoride). 10% of 
each sample was reserved as input control. Chromatin was pre-cleared with 5 or 10 µl of 1:1 
protein A:G Dynabeads (Life Technologies #10015D) and immunoprecipitated with H3K4me1 
(Abcam #ab8895), H3K4me2 (Abcam #ab7766), H3K4me3 (Abcam #ab8580), H3K9me3 
(Abcam #ab8898), H3K27ac (Active Motif #39133) and H3K27me3 (Abcam #ab6002) antibody-
bead complexes overnight at 4°C. IPed complexes were washed twice with 400 µl of ChIP wash 
buffer I (20 mM Tris-HCl, pH 8.0, 0.1% SDS, 1% Triton X-100, 0.1% deoxycholate, 2 mM EDTA 
and 150mM NaCl) and twice with 400 µl of ChIP wash buffer II (20mM Tris-HCl (pH 8.0), 0.1% 
SDS, 1% Triton X-100, 0.1% deoxycholate, 2mM EDTA and 500mM NaCl). Protein-DNA 
complexes were eluted in 30 µl of ChIP elution buffer (100mM NaHCO3 and 1% SDS) for 2h at 
68°C. IPed material was purified by Phenol:Chloroform:Isoamyl Alcohol (PCI), 25:24:1 V/V 
(Invitrogen #15593031), ethanol-precipitated and raw ChIP material was resuspended in 10 mM 
Tris-HCl pH 8.0. Fragment length was confirmed using a Bioanalyzer (Aglient Technology), and 
DNA concentration was determined by the Qubit dsDNA HS Assay Kit (Invitrogen #Q32854). 
Illumina libraries were constructed using a modified custom paired-end protocol. In brief, samples 
were end-repaired in 1×T4 DNA ligase buffer, 0.4 mM dNTP mix, 2.25U T4 DNA polymerase, 
0.75U Klenow DNA polymerase and 7.5U T4 polynucleotide kinase for 30 min at 21-25°C, then 
A-tailed in 1×NEB buffer 2, 0.4 mM dNTPs and 3.75U of Klenow(exo-) for 30 min at 37°C and 
then ligated in 1×rapid DNA ligation buffer plus 1mM Illumina PE adapters and 1,600U DNA 
ligase for 1-8h at 21-25°C. Ligated fragments were amplified using dual-indexed primers for 
Illumina (NEB #E7600S) for 8-10 PCR cycles. DNA was purified with 1.8×volume Ampure XP 
DNA purification beads (Beckman Coulter #A63881) between each step. Fragment length was 
again checked by Bioanalyzer (Aglient Technology), and DNA concentration was determined 
using the Qubit dsDNA HS Assay Kit (Invitrogen #Q32854).  
 
ATAC-seq  
After FACS sorting, each aliqout of fresh cells (~50,000 cells/aliquot) was pelleted and re-
suspended in transposition mix (25µl 2×TD buffer, 2.5 µl Tn5 transposase (100 nM final), 16.5µl 



PBS, 0.5 µl 1% Digitonin, 0.5µl 10% Tween-20, 5µl H2O) and incubated at 37°C for 30 min in a 
thermomixer. The mix was then cleanuped with a Zymo DNA Clean and Concentrator-5 Kit 
(Zymo research #D4014). Transposed fragments were amplified for 5 cycles using 25 µl NEB Q5 
master mix, 2.5 µl Illumina i5 index primer and 2.5µl Illumina i7 index primer. Cycling conditions 
was 72°C for 5 min, 98°C for 10 sec, then 5 cycles of 98°C for 10 sec, 63°C for 30 sec, 72°C for 
1 min. qPCR of amplified products was determined to add appropriate additional cycles. 
 
MeDIP-seq 
MeDIP-seq libraries were constructed as previously described(Taiwo et al., 2012). After FACS 
sorting, each aliqout (~50,000) of fresh cells was pelleted and re-suspended in lysis buffer (50mM 
Tris pH 8.0, 10 mM EDTA, 100 mM NaCl, 1% SDS, 0.5 mg/ml proteinase K) and incubated at 
55°C for 5h. Genomic DNA was isolated using PCI, and sheared using a Bioruptor (Diagenode 
UCD-200). 10% raw sheared DNA was retained to serve as input control. Samples were end-
repaired in 1×T4 DNA ligase buffer, 0.4mM dNTP mix, 2.25U T4 DNA polymerase, 0.75U 
Klenow DNA polymerase and 7.5U T4 polynucleotide kinase for 30 min at 21-25°C, then A-tailed 
in 1×NEB buffer 2, 0.4mM dNTPs and 3.75U of Klenow(exo-) for 30 min at 37°C, and then ligated 
in 1×rapid DNA ligation buffer, 1mM Illumina PE adapters and 1,600U DNA ligase for 1-8 h at 
21-25°C. Samples were denatured at 95°C for 10 min, then transfered immediately to ice to prevent 
re-annealing. 0.2pM λ-DNA fragments (50% methylated) were used as a spike-in control. MeDIP 
on purified adapter-ligated DNA with spike-in was performed in 0.1 M Na2HPO4/NaH2PO4, 35μl 
of 2 M NaCl, 2.5 μl of 10% Triton X-100 and 1μl of anti-methylcytidine antibody (1 mg/ml 
Diagenode #MAb-081-100) overnight. DNA-IgG complexes were captured by protein A/G 
agarose beads. DNA was extracted by PCI. Recovery (%) of MeDIP was calculated as 
2^amplification efficiency(Adjusted InputCt - MeDIPCt) ×100%. Specificity of MeDIP is calculated as: 
Specificity = 1-(unmeth recovery/meth recovery). Only libraries with specificity ≥95% and 
unmethylated recovery of < 1% were used for further analysis.  
 
Next Generation DNA Sequencing 
Libraries were quantified by PCR using the NEBNext Library Quant Kit from Illumina (NEB 
#E7630L). After quantification, libraries were pooled in equal molar concentrations. RNA-seq 
libraries were sequenced on an Illumina HiSeq 2000 (PE100) at the University of Texas 
Southwestern Medical Center Sequencing Core. ChIP-seq, ATAC-seq and MeDIP-seq libraries 
were sequenced on an Illumina Hiseq 3000 sequencer (PE100) at the University of Texas Health 
Science Center at San Antonio Sequencing Core according to standard Illumina protocols. 
 
Bioinformatics Analyses  
Sequencing and Alignments: All raw fastq files were mapped to the UCSC mm10 genome 
reference using Rsubread(Liao et al., 2019) or QuasR(Gaidatzis et al., 2015).  
RNA-seq analysis: Count matrices assigned to genes were obtained using featureCounts(Liao et 
al., 2014). Differential expression was inferred using edgeR(Robinson et al., 2010). Genes with p 
< 0.01 and LFC >1.5 were considered significantly differentially expressed.  
Single cell RNA-seq analysis: Raw count table of P6 ID4-eGFP Bright/Dim spermatogonia were 
downloaded from GEO:GSE109049. Seurat and Diffusion Map were used for analyzing scRNA-
seq data. 
ChIP-seq analysis: RPKM of histone H3 modifications including H3K4me1, H3K4me2, 
H3K4me3, H3K9me3, H3K27ac and H3K27me3 on promoters (TSS ± 500bp ) were determined, 



log-transformed and defined as positive if their enrichment value was ≥ a threshold established 
by fitting a two-component Gaussian mixture model using Mclust(Scrucca et al., 2016). Read 
coverage, K-means clustering and heatmap visualization were performed by deepTools(Ramirez 
et al., 2016) and ngs.plot.r(Shen et al., 2014). Repeat element annotations (RepeatMasker) were 
downloaded from the UCSC table browser (mm10)(Haeussler et al., 2019). Repeat consensus 
sequences were downloaded from Dfam3.1(Hubley et al., 2016). 
ATAC-seq analysis: To identify potential enhancer loci, sequence within +/– 1kb from each 
ATAC-seq peak was examined. All ATAC-peaks not overlapping with promoters, known gene 
bodies, or extended transcription end sites were examined. The histone enrichment in these regions 
was determined by fitting a two-component Gaussian mixture model using Mclust(Scrucca et al., 
2016).  
MeDIP-seq analysis: Genome-wide differential coverage analysis of MeDIP-seq data was 
conducted using MEDIPS(Lienhard et al., 2013). Differentially methylated regions were annotated 
by ChIPseeker and interpreted by GREAT(McLean et al., 2010).  
Peak calling: Duplicated reads were removed by Picard (http://broadinstitute.github.io/picard/). 
Regions enriched for H3K9me3 or H3K27me3 were determined using MACS2 peak callers on 
non-duplicated, uniquely aligned reads(Zhang et al., 2008). Broad peaks (H3K9me3, H3K37me3) 
were identified using MACS2 broadpeaks (p < 1×10-6, FDR < 0.01) and narrow peaks (H3K4me1, 
H3K4me2, H3K4me3, H3K27ac, ATAC-seq and MeDIP-seq) were identified with MACS2 (p < 
1×10-6, FDR < 0.01). Peaks closer than 2 kb apart were merged and peaks larger than 0.5 kb were 
included in our analysis. Peaks were compared and annotated using ChIPseeker(Yu et al., 2015).  
Gene Ontology analysis: GO analysis were determined using DAVID(Huang et al., 2009) or 
clusterProfiler(Yu, 2018). Functional interpretation of enhancer-like regions was performed using 
GREAT using default parameters(McLean et al., 2010).  
Motif analysis: Promoter de novo motif discovery was performed by using HOMER(Heinz et al., 
2010). De novo motif analysis within enhancer regions was analyzed with MEME-suit with default 
parameters(Bailey et al., 2009). All known motifs used in our study were defined by HOMER and 
HOCOMOCO mouse full V11(Kulakovskiy et al., 2018).  
Integrating chromatin states: Chromatin states, were assigned after the mouse genome was 
discretized into 200bp bins and subjected to a 15-state Hidden Markov modeling analyses using 
the ChromHMM method with default parameters(Ernst and Kellis, 2017). CTCF(Rivero-Hinojosa 
et al., 2017), DMRT1(Murphy et al., 2015) and DMRTB1(Zhang et al., 2014) ChIP-seq coverage 
from published studies of adult mouse testes and data from our analyses of P6 mouse testes were 
integrated and visualized by pyGenomeTracks and UCSC genome browser(Kent et al., 2002).   
Cell cycle analyses. These analyses were done as described previously (Mutoji et al., 2016). 
Briefly, cells from P6 Id4-eGfp+ mouse testes were suspended in DPBS+S and treated with 50µM 
verapamil (Sigma-Aldrich) for 5 min at 37°C, labeled with 5-10µM Vybrant® DyeCycle™ Violet 
Stain (ThermoFisher Scientific) for an additional 30 minutes at 37 ˚C, and then cooled on ice for 
5 minutes. Evaluation of cell staining was performed utilizing an LSRII cytometer and cell cycle 
state was determined from these data using FlowJo v.10.0.7 with the Cell Cycle Univariate analysis 
(Watson et al., 1987). Results were from four independent labeling experiments. 
 
Factor/Gene-Specific ChIP and Real-time PCR 
FACS-sorted populations of P6 ID4-eGFPBright and ID4-eGFPDim spermatogonia were fixed in 
freshly prepared cross-linking buffer (0.1M NaCl, 1mM EDTA, 0.5mM EGTA, 50mM HEPES 
(pH 8.0), 11% Formaldehyde). Cells were lysed in buffer L1 (140mM NaCl, 1mM EDTA, 50mM 



HEPES, 10% Glycerol, 0.5% NP-40, 0.25% Triton X-100) and nuclei were isolated using buffer 
L2 (200mM NaCl, 1mM EDTA, 0.5mM EGTA, 10mM Tris). Chromatin was sheared to average 
size of 500bp using a Bioruptor (Diagenode UCD-200). FOXP1 (Abcam #ab16645), DMRTB1 
(Abcam #ab241275), LHX1 (Santa Cruz Biotechnology #sc-515631) and IgG ( Abcam #ab37355 
& ab171870) antibodies were coupled to DynBeads in DPBS (5 mg/ml BSA) by incubating 
overnight on a rotating platform at 4˚C. Chromatin was precipitated by antibody-bead complexes 
in IP buffer (1% TritonX-100, 0.1% deoxycholate sodium salt, 1× Complete protease inhibitor, 
10mM Tris-Cl (pH 8.0), 1mM EDTA) overnight on a rotating platform at 4˚C. DNA-antibody-
bead complexes were washed 10 times using freshly prepared RIPA buffer (50mM HEPES, 1 mM 
EDTA, 1% NP-40, 0.7% deoxycholate sodium salt, 0.5M LiCl, 1× complete protease inhibitor). 
DNA was eluted in elution buffer (10 mM Tris (pH 8.0), 1mM EDTA, 1% SDS) and cross-linkages 
were reversed overnight at 65˚C. After proteinase K digestion, DNA was purified with PCI. ChIP-
qPCR was performed on QuantStudio 3 instrument (Applied Biosystems) using Luna® Universal 
qPCR Master Mix (NEB #M3003S) following instructions in the reagent manual. ChIP DNA and 
control DNA were used as templates. Primers flanking potential factor-binding sites were designed 
by Primer-BLAST90. Fold Enrichment was calculated by 2-ΔΔCt.  
 
Immunohistochemistry 
Immunolabeling was done as previously described(Serra et al., 2017). Briefly, testes were 
immersion-fixed in fresh 4% paraformaldehyde, washed in PBS, incubated overnight in 30% 
sucrose at 4°C, and frozen in O.C.T. Five micrometer sections were incubated in blocking reagent 
(PBS containing 3% BSA and 0.1% Triton X-100) for 30 min at room temperature. Primary 
antibodies were used against GFRA1 (R&D Systems #AF560, 1:250), FOXC2 (R&D Systems 
#AF6989, 1:100), POU5F1 (Abcam #ab19857, 1:200), DMRT1 (Santa Cruz Biotechnology #sc-
377167, 1:200), DMRTB1 (Abcam #ab241275, 1:200), EGR1 (Novus Biologicals #NBP2-56100, 
1:100), FOXO1 (Abcam #ab39670, 1:500), REST (Abcam #ab202962, 1:200). Primary antibodies 
were diluted with blocking reagent and incubated on tissue sections for 1 h at room temperature. 
Primary antibody was omitted as a negative control. Following stringency washes, sections were 
incubated in secondary antibody (1:500, Donkey anti-Goat IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor Plus 594, Invitrogen #A32758; Donkey anti-Rabbit IgG (H+L) 
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 647, Invitrogen #A32795) with 
phalloidin-405 (at 1:500, Invitrogen) for 1h at room temperature. Blocking and antibody 
incubations were done in PBS containing 3% BSA and 0.1% TritonX-100, and stringency washes 
were done with PBS and 0.1% TritonX-100. Cover slips were mounted with Vectastain containing 
DAPI (Vector Laboratories #H-1200), and images obtained using a confocal laser-scanning 
microscope (ZEISS 710), processing with ImageJ(Schneider et al., 2012). 
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