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Nicole M. Skillen,1 Alyssa J. Lochrin,1 Jera L. Peters,1 and Tessa Lord1,2,6,*

SUMMARY

In this studywe explored the role of hypoxia and the hypoxia-inducible transcription factor EPAS1 in regu-
lating spermatogonial stem cell (SSC) function in the mouse testis. We have demonstrated that SSCs
reside in hypoxic microenvironments in the testis through utilization of the oxygen-sensing probe pimo-
nidazole, and by confirming the stable presence of EPAS1, which is degraded at >5%O2. Through the gen-
eration of a germline-specific Epas1 knockout mouse line, and through modulation of EPAS1 levels in
primary cultures of spermatogonia with the small drug molecule Daprodustat, we have demonstrated
that EPAS1 is required for robust SSC function in regenerative conditions (post-transplantation and
post-chemotherapy), via the regulation of key cellular processes such as metabolism. These findings
shed light on the relationship between hypoxia and male fertility and will potentially facilitate optimiza-
tion of in vitro culture conditions for infertility treatment pipelines using SSCs, such as those directed at
pediatric cancer survivors.

INTRODUCTION

Stem cells rely on a niche microenvironment to provide extrinsic cues that orchestrate self-renewal and maintenance of the population. In a

majority of adult stem cell systems such as those of hematopoietic and neuronal lineages, the niche is relatively well defined, with one distinct

characteristic being low oxygen tension (�1% O2, reviewed by Je�z et al.1). In these stem cells, hypoxia-inducible transcription factors (HIFs)

drive expression of pluripotency genes and key cellular processes such as glycolytic metabolism that are actively required for stem cell main-

tenance (reviewed by Lord and Nixon2). On the other hand, the transition away from a stem cell state toward progenitor formation and dif-

ferentiation is accompanied by cellular relocation to higher-oxygen environments in these tissues (�6–8% O2,
1), which causes a cessation of

HIF signaling.

Within the HIF family of transcription factors, protein stability of the HIF-alpha subunits (HIF1A, HIF2A/EPAS1, and HIF3A) is directly regu-

lated by oxygen availability, while the HIF-beta subunit (ARNT) is stable and ubiquitous.3 In oxygen concentrations R5% or 36 mmHg, HIF-

alpha proteins become hydroxylated (by prolyl hydroxylases, EGLN1-3) and ubiquitinated (facilitated by the vonHippel-Lindau protein [VHL]),

targeting them for degradation by the proteasome.3–5 Dimerization between a HIF-alpha subunit and ARNT is required to achieve promotor/

enhancer binding to hypoxia-responsive elements;6 thus, HIF signaling is ablated with HIF-alpha degradation in ‘‘high oxygen’’ conditions.

Notably, although HIF1A and EPAS1 do share common target genes, they are also known to drive expression of unique sets of genes and

signaling pathways,7 accounting for the differences in associated phenotypes that will be discussed below. HIF3A is dissimilar from HIF1A

and EPAS1 in that it lacks the c-terminal transactivation domain required to recruit co-transcriptional regulators and basal transcriptional

machinery.8

Although a role for hypoxia and HIF signaling in regulating stem cell function is well defined in a number of tissue types, their involvement

in regulating spermatogonial stem cell (SSC) activity is poorly understood. This is, in part, because SSCs reside in an ‘‘open niche’’ microen-

vironment along the perimeter of the basementmembrane, rather than amore traditional ‘‘closed niche’’ structure.9 Despite this, gradients of

oxygen concentration exist based on the distance of cells from vasculature that is interspersed throughout the testis in the interstitial space.

Where the SSCs reside in terms of vicinity to the interstitial space has been the subject of conflicting data (reviewed by Lord and Nixon2) but,
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regardless, is likely an oversimplified readout of oxygen availability when considering the broad range in vasculature size throughout the

testis, and the fact that functional vasculature is not apparent within every segment of the interstitium.10

Encouragingly, several studies have suggested a potential role for HIFs in male fertility and SSC function, particularly EPAS1, for which

global knockout mice (Epas1�/�) exhibit complete infertility.11 In subsequent studies where Epas1 expression was ablated at postnatal

day 2 (Epas1fl/fl, Ubc-CreERT2) to exclude any secondary effects on the phenotype from impaired embryogenesis,12,13 male mice exhibited

a progressive loss of germ cells with age. Although this was attributed to Sertoli cell dysfunction and disruption to the blood-testis-barrier,

assessments of testis histology at 4 and 13 months of age reveal seminiferous tubules that are completely devoid of germ cells, a phenotype

that is reminiscent of an SSC self-renewal defect.14 In the case of HIF1A, inducible knockout at postnatal day 2 did not have any discernible

effects on spermatogenesis,12 and traditional global knockout models are embryonic lethal.15 Thus, given that ARNT ablation phenocopies

EPAS1 ablation with inducible knockout at postnatal day 2,12 it is apparent that EPAS1/ARNT dimerization, rather than HIF1A/ARNT dimer-

ization, drives HIF signaling pathways that are important for spermatogenesis.

In considering evidence for a role for HIF signaling in germline stem cells specifically, our own work utilizing a large-scale RNAi screen

identified this pathway as a candidate for regulating SSC maintenance,16 with knockdown of several auxiliary transcription factors instigating

a loss of Id4-eGfp-expressing putative stem cells.17 Additionally, in a recent review of single-cell RNA sequencing (scRNA-seq) databases that

capture spermatogonia from the mouse and human testis, we revealed that SSCs possess a transcriptomic signature that is reminiscent of a

hypoxic cell,2 expressing elevated levels of genes involved in glycolytic metabolism that are known to contain hypoxia-responsive elements in

their promotor region (e.g.,Aldoa, Pkm,Gapdh). Beyond this, hypoxia has been found to be a factor influencing apoptosis of undifferentiated

spermatogonia in a mouse line carrying a Dead end 1 (Dnd1) mutation that sensitizes germ cells to spermatogenic failure and teratomas.18

Finally, a recent manuscript that used transcriptomics to investigate the SSC expression profile in regenerative conditions identified HIF

signaling as a potential driver of SSC proliferation post-chemotherapy treatment.19

In this study we investigated the notion of a hypoxic stem cell niche in the mouse testis and explored the role of EPAS1 in regulating SSC

function and male fertility. Using an Id4-eGfp transgenic mouse model to identify SSCs,17,20 we were able to assess expression of HIF-alpha

proteins and perform in situ studies with the oxygen-sensing probe pimonidazole to confirm that a vast majority of SSCs (>80%) do reside in

hypoxic conditions in the testis. Coinciding with this, we identified that disruption to normal EPAS1-driven signaling pathways occurs when

maintaining SSCs in culture, and that preventing EPAS1 degradation with the prolyl hydroxylase inhibitor Daprodustat significantly improves

SSC maintenance in vitro. In generating an Epas1 conditional knockout mouse line (EPAS1-cKO) where Epas1 ablation was specific to the

germ cells, it was determined that, although EPAS1 is not absolutely required for SSCmaintenance in steady-state conditions, loss of expres-

sion does instigate a reduction in sperm output, motility, and viability, corresponding with modest reductions in fertility. However, EPAS1

expression was found to be required for SSC function in regenerative conditions, to facilitate unimpaired regeneration of the undifferentiated

spermatogonia pool, and downstream spermatogenesis, post-chemotherapy treatment.

RESULTS

SSCs exist in hypoxic microenvironments in the testis

In a cell population existing in hypoxia, it is expected that at least a subset of HIF-alpha subunits will be expressed to modulate downstream

gene expression and cell survival. To begin to explore HIF expression in SSCs versus downstream spermatogonial subsets, we firstly examined

transcript levels using a previously published scRNA-seq dataset from PD6 mouse testes (Law et al.,21 GEO accession number GSE124904).

SSC, progenitor, and differentiating spermatogonia populationswere identifiedanddelineatedbasedon their well-characterizedgene expres-

sion profiles (Figures S1A and S1B and as published previously.21,22) Specifically, SSCs were identified by the expression of keymarkers such as

Gfra1, Etv5, Id4, and Plvap, progenitors by their expression ofNeurog3, Sohlh1, and Sox3, and differentiating spermatogonia by expression of

Stra8 and Kit (Figure S1B and complete list of cluster identifiers in Data S1). In assessing HIF-alpha genes in SSCs, both Hif1a and Epas1 were

expressed, while expression of Hif3a was negligible. Interestingly, downregulated expression of Epas1 and Hif1a was identified along the tra-

jectory from SSC to differentiating spermatogonia (Figure S1C, upper), a finding that is supported by other previously published scRNA-seq

databases (reviewed previously by Lord and Nixon2), including significant enrichment of Epas1 in undifferentiated spermatogonia in the adult

mouse testis,22 and in primitive SSC populations (‘‘State 0’’) from the adult human testis.23,24 In contrast to HIF expression, expression of genes

that orchestrate the degradation of HIF-alpha proteins in normoxic conditions (Egln1-3, Vhl, and Hifan) showed lowest levels of expression in

the SSC population, with upregulation upon the progenitor and differentiating transitions (Figure S1C, lower).

Although themRNA expression profile is informative, the functionality of HIF-alpha pathways is reliant on protein stability, given that these

proteins will be hydroxylated, ubiquitinated, and degraded in O2 conditions R5% or 36 mmHg.3–5 Thus, we next explored expression of

HIF1A and EPAS1 in SSC and progenitor populations, using an Id4-eGfp transgenic mouse line17,20 in which spermatogonia with high levels

of transgene expression (ID4-EGFPBright) have been shown to comprise a veritably pure population of SSCs, while the ID4-EGFPDim/Negative

population largely comprises progenitor spermatogonia.17,20 In assessing testis sections from both PD6 and adult mice, it was observed that

HIF1A had increased protein stability in ID4-EGFPBright-labeled SSCs when compared to progenitor spermatogonia (Figures S1D and S1E).

Specifically, 81% (G15.5) of SSCs in the PD6 testis (Figure S1D) and 89% (G6.1) in the adult testis (Figure S1E) showed HIF1A expression,

compared to 9% (G11.3) and 2.5% (G1.3) of progenitors, respectively (p < 0.05 and p < 0.01). In assessing EPAS1, it was apparent that protein

expression was again almost exclusive to the ID4-EGFP-labeled SSCs (Figures 1A and 1B). In the PD6 testis, 95% (G5.0) of SSCs were EPAS1+,

compared to only 6.5% of progenitors (G1.3) (p < 0.01) (Figure 1A), a trend that was replicated in the adult testis (Figure 1B, 100% versus 4.3%

(G1.8), p < 0.001). Given our particular interest in EPAS1, we further confirmed these results via immunoblotting using ID4-EGFPBright and ID4-
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Figure 1. Spermatogonial stem cells exist in hypoxic microenvironments in the testis

(A) (Left) Immunofluorescence analysis of EPAS1 expression (red) in a PD6 Id4-eGfp transgenic mouse testis. GFP-Bright cells are SSCs (white arrow), and

GFP-Dim cells are progenitor spermatogonia (white asterisk). DAPI (blue) was used as a nuclear stain. Scale bar = 20 mm. (Right) Quantitative assessment of

the percentage of GFP-Bright and GFP-Dim spermatogonia that were found to be expressing EPAS1. Histogram depicts mean G SEM for n = 3 biological

replicates. ** denotes significantly different at p < 0.01 (t test).

(B) (Left) Immunofluorescence analysis of EPAS1 expression (red) in an adult (6–8 week old) Id4-eGfp transgenic mouse testis. GFP-Bright cells are SSCs (white

arrow) and GFP-Dim/negative cells represent the progenitor transition onwards (white asterisk). (Right)Quantitative assessment of the percentage of GFP-Bright

and GFP-Dim/negative spermatogonia that were found to be expressing EPAS1 (n = 4, p < 0.001 (t test)).

(C) Gating parameters for FACS isolation of ID4-EGFP-Bright SSCs and ID4-EGFP-Dim progenitor spermatogonia from a PD6 mouse testes.

(D) (Left) Immunoblot depicting EPAS1 expression (118 kDa) in lysates from FACS sorted ID4-EGFP-Bright SSCs and ID4-EGFP-Dim progenitor spermatogonia

(PD6 testes). Lower is Tubulin loading control. (Right) Densitometry analysis of EPAS1 expression, normalized to Tubulin (n = 4, p < 0.01 (t test)).

(E) (Left) Immunofluorescence analysis of Hypoxyprobe (pimonidazole) adduct formation (red) in a PD6 Id4-eGfp transgenic mouse testis. GFP-Bright cells are

SSCs (white arrow), and GFP-Dim cells are progenitor spermatogonia (white asterisks). (Right) Quantitative assessment of the percentage of GFP-Bright and

GFP-Dim spermatogonia that were found to exhibit high levels of pimonidazole adducts (strong red fluorescence) (n = 3, p < 0.01 (t test)).

(F) (Left) Immunofluorescence analysis of Hypoxyprobe (pimonidazole) adduct formation (red) in an adult Id4-eGfp transgenic mouse testis. GFP-Bright cells are

SSCs (white arrow) and GFP-Dim/negative cells represent the progenitor transition onwards (white asterisk). (Right) Quantitative assessment of pimonidazole

adducts in GFP-Bright and GFP-Dim/negative spermatogonia (n = 3, p < 0.01 (t test)).

(G) (Left) Immunoblot depicting Hypoxyprobe adducts in ID4-EGFP-Bright SSCs and ID4-EGFP-Dim progenitor spermatogonia from PD6 mouse testes. Right

hand panel is a trace analysis of adduct formation. Lower is Tubulin loading control. Images depicting non-pimonidazole injected and whole testis controls are

provided in Figure S1G. (Right) Densitometry analysis of Hypoxyprobe adduct formation, normalized to Tubulin (n = 3, p < 0.05 (t test)).
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Figure 2. HIF signalling pathways are important for normal SSC function and are dysregulated in standard in vitro culture conditions

(A) (Left) Immunoblot depicting EPAS1 expression (118 kDa) in lysates from undifferentiated spermatogonia collected from the testis (ID4-EGFP+ population,

PD6 testis), or from primary culture after 5 or 10 passages. Lower is Tubulin loading control. (Right) Densitometry analysis of EPAS1 expression, normalized to

Tubulin. Histogram depicts mean G SEM for n = 3 biological replicates. ** denotes significantly different at p < 0.01 (ANOVA).

(B) Immunofluorescence images accompanying (A), depicting reduced EPAS1 expression (red) in undifferentiated spermatogonia following 10 passages in

in vitro culture versus undifferentiated spermatogonia collected directly from a PD6 testis. Scale bar = 20 mm.

(C) Immunofluorescence images depicting increased EPAS1 expression (red) in undifferentiated spermatogonia from culture following 24 h exposure to 250 mM

Daprodustat, as compared to a vehicle (DMSO) control. Scale bar = 20 mm.

(D) Quantification of corrected total cell fluorescence (CTCF) of EPAS1 expression comparing undifferentiated spermatogonia from culture following 24 h

exposure to 250 mM Daprodustat (n = 4, p < 0.001 (t test)), as compared to a vehicle (DMSO) control (accompanying images in (C), and dose response

studies in Figure S2).

(E) Cell viability (Live/dead flow cytometry assay) of undifferentiated spermatogonia from culture following 24 h exposure to 250 mM Daprodustat or vehicle

(DMSO control) (n = 4).
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EGFPDim populations that had been isolated via fluorescence-activated cell sorting (FACS) using gating parameters depicted in Figure 1C.

Immunoblotting and accompanying densitometry analyses (normalized to tubulin) depicted a 50% reduction in EPAS1 expression (118 kDa) in

progenitor spermatogonia when compared to SSCs (p < 0.01, Figure 1D).

To further establish the existence of a hypoxic SSC niche in the testis, we also utilized a Hypoxyprobe Kit for in situ analyses. In these an-

alyses, the oxygen-sensing compound pimonidazole (2-nitroimidazole) was administered to Id4-eGfp mice via intraperitoneal injection. Pi-

monidazole becomes reduced only within cells that reside in hypoxic environments (<1.3% O2),
25 forming stable thiol-adducts that can be

detected using an anti-pimonidazole antibody. Immunofluorescence analyses were performed on Id4-eGfp testes from Hypoxyprobe-

treatedmice (Figures 1E and 1F; Figure S1H for control images) and on FACS-isolated spermatogonia populations (Figure S1F). In both cases,

fluorescence associated with Hypoxyprobe adducts was visibly elevated in EGFPBright SSCs. In the PD6 testis, 81.4% (G3.8) of SSCs showed

Hypoxyprobe adducts (Figure 1E, red fluorescence, white arrows), compared to only 9.4% (G0.3) of progenitors (p < 0.01). Similarly, in the

adult testis, 88% (G3.7) of SSCs exhibited Hypoxyprobe adduct formation (Figure 1F), compared to only 6.2% (G0.5) of progenitors

(p < 0.01). FACS-isolated EGFPBright and EGFPDim populations from PD6 Hypoxyprobe-treated males were also assessed using immunoblot-

ting analyses (Figure 1G and Hypoxyprobe versus untreated control images in Figure S1G). Again, significantly higher levels of pimonidazole

adducts (p < 0.05) were identified in SSCs when compared to progenitor spermatogonia (Figure 1G), as depicted by densitometry analysis

normalized to tubulin. Pimonidazole adducts were observed in proteins of all sizes in SSC lysates; however, they were particularly prominent in

proteins of molecular weight 50–170 kDa (Figure 1G). Cumulatively, these results suggest that SSCs in the mouse testis reside in hypoxic mi-

croenvironments and are subjected to HIF1A and EPAS1 signaling pathways, which begin to decline upon the progenitor transition.

HIF signaling pathways are important for normal SSC function and are dysregulated in standard in vitro culture conditions

Upon confirmation that SSCs in the testis reside in hypoxic niches and express HIF-alpha proteins, we next endeavored to explore the influ-

ence of these proteins on SSC gene expression and function. EPAS1 was selected as our candidate of primary interest because 1) EPAS1

expression is conserved in human SSCs23 and 2) Epas1 global knockout male mice have been previously reported to experience infertility,11

while Hif1a deletion does not create a discernible male infertility phenotype.12,26 In concert with our interest in identifying the functional role

of EPAS1 in SSCs, we hypothesized that primary cultures of undifferentiated spermatogonia would be an extremely useful model, given that

they are maintained at 10%–20% O2,
27 which should instigate EPAS1 degradation. Accordingly, we hypothesized that loss of EPAS1 expres-

sion is associated with the decline in SSC function that is observed with prolonged culture time in vitro.27

To confirm that EPAS1 expression was significantly diminished in SSCs in culture, immunoblotting (Figure 2A) and immunofluorescence

(Figure 2B) analyses were performed. As expected, a significant decline in EPAS1 expression was observed when comparing undifferentiated

spermatogonia populations maintained in culture for 5 or 10 passages (5% CO2, 10% O2,
16) to those isolated directly from the testis (ID4-

EGFP+ cells) (Figure 2A, p < 0.01). Upon this confirmation, we endeavored to restore normal EPAS1 signaling in a subset of undifferentiated

spermatogonia in vitro and observe the consequences on SSC function and gene expression. To achieve this, undifferentiated spermato-

gonia that had been cultured for 10+ passages were treated with the prolyl-hydroxylase (EGLN) inhibitor Daprodustat, which instigated a

consistent and significant dose-dependent increase in EPAS1 expression (Figures 2C, 2D and S2A) but not HIF1A expression (Figures S2B

and S2C), with no effect on cell viability (Figure 2E). In alignment with our hypothesis that EPAS1 expression contributes to regulating

stem cell function, Daprodustat treatment caused a significant elevation in the percentage of ID4-EGFP+ cells within the culture well

(p < 0.05, Figure 2F) and the mean fluorescence intensity of EGFP (p < 0.05, Figure 2G) after only 24 h of treatment. Further, transplantation

analyses confirmed a significant increase in the number of SSC-derived colonies of spermatogenesis following transplantation of Daprodu-

stat-treated spermatogonia versus control spermatogonia (3-fold change, p < 0.05, Figure 2H), confirming a role for EPAS1 in the normal func-

tion of SSCs in regenerative conditions.

To identify SSCgenes andmolecularpathways that are regulatedbyEPAS1expression, abulkRNAsequencing (RNA-seq) comparisonof con-

trol and Daprodustat-treated undifferentiated spermatogonia was also performed (n = 4). Imposing a false discovery rate (FDR) cutoff of <0.05,

3,604geneswere found tobedifferentially expressed, 1,759 upregulated followingDaprodustat treatment (582with a fold changeR2) and1,845

downregulated (276 with a fold change% -2) (Figure 2I and Data S2). To provide an overview of key cellular process controlled by these genes,

Gene Ontology (GO) analysis was performed. Within the downregulated gene list, significantly enriched pathways (p < 0.05) were largely asso-

ciated with metabolism (specifically oxidative phosphorylation), protein homeostasis (i.e., prion disease, proteasome, and neurodegeneration),

Figure 2. Continued

(F and G) Assessment of the percentage of ID4-EGFP+ cells (F) and mean fluorescence intensity (MFI) (G) in undifferentiated spermatogonia from culture

following 24 h exposure to 250 mMDaprodustat, as compared to a vehicle (DMSO) control (n = 3–4, p < 0.01 (t test)). FACS plot in (G) shows ID4-EGFP expression

alongside a negative control with no GFP transgene.

(H) Spermatogonial transplantation analysis depicting the number of donor-derived colonies of spermatogenesis formed per 105 cells transplanted (‘‘SSC

number’’) from cultured undifferentiated spermatogonia treated with either DMSO (control) or 250 mM Daprodustat (n = 4, p < 0.05 (t test)).

(I) Bulk RNA-seq analysis comparing undifferentiated spermatogonia from culture treated with either DMSO or 250 M Daprodustat. Downregulated genes

denoted by purple circles and upregulated genes denoted by yellow circles had a false discovery rate (FDR) of p < 0.05.

(J) GeneOntology (GO) analysis of genes that were significantly downregulated following Daprodustat treatment (I). Pathways highlighted here were significantly

enriched at p < 0.05.

(K) GO analysis of genes that were significantly upregulated following Daprodustat treatment (I). Pathways highlighted here were significantly enriched at

p < 0.05.
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and the cell cycle (Figure 2JandDataS2).Within theupregulatedgene list, significantly enrichedpathways (p<0.05) includedHIF signaling,meta-

bolism (specifically glycolysis), insulin signaling, and mammalian target of rapamycin (mTOR) signaling (Figure 2K and Data S2).

Exploring the effects of Epas1 ablation in SSCs in vivo in steady-state conditions

To next investigate the effects of Epas1 ablation on male fertility and SSC function in steady-state conditions, a germline-specific knockout

was generated using previously establishedDdx4(Vasa)-Cre28 and Epas1-fl mouse lines.13 In these EPAS1-cKOmales, exon 2 is deleted from

germ cells (Figures S3A–S3C) from embryonic day �15.5,28 ablating the DNA-binding bHLH domain.13 In observing hematoxylin and eosin

(H&E)-stained testes at PD6, it was confirmed that the spermatogonial pool formed normally in the EPAS1-cKO (Figure S3D). In a breeding

study in which control, heterozygous, and cKO males were paired with control females up to 6 months of age, a significant reduction in the

number of pups sired per male was identified in the cKO as compared to the control (30G 5.4 versus 49.5G 3.7, respectively, p < 0.05, Fig-

ure 3A). There was no significant difference in the number of litters sired permale (Figure 3B). To establish whether any further exacerbation of

this mild sub-fertility defect occurred with age, a longer-term breeding study was performed in which heterozygous and cKO males up to

12 months of age were paired with control females (periodically replaced so they were consistently <6 months of age). No increase in severity

of the phenotypewas identified, although EPAS1-cKOmales again sired less pups over the breeding period (59G 20.3 compared to 85G 2.9

for heterozygous males, p = 0.1, Figure S3E), and the total number of litters produced by cKOmales was reduced (9.7G 1.7 versus 12.5G 0.3

for heterozygous males, p = 0.053, Figure S3F).

In assessing control, heterozygous, and cKOmales at 2 months of age, there was no significant change in body condition or body weight,

as expected (Figure 3C), and no significant difference in testis-to-body weight ratio (Figure 3D), although assessments of testis weight alone

did reveal a significant decline in the cKO (Figure S3G, p < 0.05). For a subset of observed animals, right and left testis weights were compared

to identify any potential differences in phenotype severity, as reported previously;18,29 however, no significant differences were found (Fig-

ure S3G), and all subsequent analyses were conducted via pooling of right and left testis cell populations. In performing quantitative mea-

surements of sperm concentration in the cauda epididymis, a significant reduction was observed in EPAS1-cKO males (p < 0.01, Figure 3E),

although no overt abnormalities were apparent in H&E-stained testis sections (Figure 3F). Assessments of testes from 12-month-old males

uncovered equivalent results (Figures 3G–3I), with no significant difference in testis-to-body weight ratio (Figure 3G) or overt testis histology

(Figure 3I); however, a significant decline in quantitative sperm output (Figure 3H, p < 0.05) was again identified between heterozygous and

cKOmales (an adverse event in the control cohort precluded the inclusion of thesemice in the 12-month-old analyses). As with breeding data,

comparisons of sperm production parameters at 2 and 12 months of age did not reveal any increase in severity of the phenotype with age

(Figures S3H and S3I), as might be expected with an SSC self-renewal defect,14 suggesting that EPAS1 expression is not absolutely required

for SSC function in steady-state spermatogenesis.

Regardless, weperformedquantitativeanalysesongermcells atdifferent stagesofdevelopment in the testis to further confirmthis (FigureS4).

As expected, there was no significant reduction in the number of ZBTB16 (PLZF)+ undifferentiated spermatogonia per tubule (Figures S4A and

S4B), nor the percentage of undifferentiated spermatogonia in mitosis (ZBTB16+/Ki67+) when comparing control and cKO testes (Figures S4A

and S4C). In assessing the number of STRA8+ differentiating spermatogonia in seminiferous tubules at stage VII/VIII of the cycle of the seminif-

erous epithelium, therewas again no significantdifferencebetweencontrol andEPAS1-cKO testes (Figures S4DandS4E). Contrastingly, reduced

germ cell abundance could be appreciated when quantifying numbers of elongated spermatids using a ‘‘daily sperm production’’ assay30

(p < 0.001), accompanied by representative images in which round and elongated spermatids are stained with fluorescein isothiocyanate

(FITC)-conjugated peanut agglutinin (PNA) lectin (Figures S4F and S4G). These data again suggest that SSC function is not significantly compro-

mised in the EPAS1-cKOmouse in steady-state conditions, albeit modest impairments at the later stages of spermatogenesis are evident.

Finally, an assessment of viability andmotility was performed on spermatozoa collected from the cauda epididymis. A small but significant

reduction in viability was identified when comparing the spermatozoa of control and EPAS1-cKO males (86% G 4.2% versus 70% G 4.1%,

p < 0.05, Figure 3J). This was accompanied by a reduction in total spermmotility that approached statistical significance (53%G 3.8% versus

39% G 4.7%, p = 0.06, Figure 3K), and a significant reduction in progressive motility (36% G 6.9% versus 24% G 5.5%, p < 0.05, Figure 3L).

EPAS1 expression is required for normal SSC function in vivo in regenerative conditions

Gene expression requirements for SSC function are known to be significantly altered in steady-state versus regenerative conditions.19 Given

that our earlier spermatogonial transplantation analyses (Figure 2H) suggested that modulation of EPAS1 expression significantly influences

the regeneration of spermatogenesis by SSCs, and considering that HIFs have been identified as putative regulators of SSC regeneration

post-chemotherapy treatment,19 we next endeavored to explore the consequences of EPAS1 ablation on SSC function in vivo following

low-dose busulfan treatment (Figure 4A). The busulfan treatment regimen was conducted in an equivalent manner to our previous studies16:

treating control and EPAS1-cKOmice (�6 weeks of age) with a one-off intraperitoneal injection at 20mg/kg (Figure 4A). Testes were collected

at 14 days post-busulfan (Figure 4), a time point that has been previously defined to capture undifferentiated spermatogonia within their

active period of regeneration,19,31 and also at 12 weeks post-busulfan to assess long-term effects on spermatogenesis (Figure 5).

At 14 days post-busulfan treatment, a significant reduction in testis-to-body weight ratio was observed (p < 0.01, Figure 4B). This was

accompanied by a significant reduction in the number of undifferentiated spermatogonia detected using an E-cadherin flow cytometry assay

(p < 0.05, Figure 4C). A scRNA-seq analysis was performed on spermatogonia-enriched germ cell populations collected from control and

EPAS1-cKO testes to extrapolate the mechanisms underlying this regeneration defect. Analyses of scRNA-seq results were conducted on

a merged dataset (Butler et al., 2018) containing 1,033 control and 735 cKO germ cells. Unsupervized clustering projected onto uniform
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manifold approximation and projection (UMAP) plots revealed 10 populations (Figure 4D) that could be broadly categorized as undifferen-

tiated spermatogonia (clusters 0, 1, and 2; Zbtb16, Etv5, Gfra1 expression), early-to-mid round spermatids (clusters 6, 7, and 8; Acr, Acrv1),

mid-to-late round spermatids (clusters 3, 4, and 5, Prm1, Gapdhs), and one ‘‘undefined’’ cluster that contained only 18 cells (cluster 9,

Ly86, Cybb) (Figures 4E, 4F, and S5A–S5D). Notably, no differentiating spermatogonia were captured, in line with the known dynamics of

the spermatogonial pool at this time point in regeneration, in which the A to A1 transition has not yet resumed,19,31 with spermatids captured

here being a legacy of the cycle of spermatogenesis that preceded busulfan treatment. In assessing the number of cells associated with these

Figure 3. Exploring the effects of Epas1 ablation in SSCs in steady-state conditions

(A) Number of pups sired per male over the duration of a breeding study. Control, heterozygous or EPAS1-cKO males were paired with control females up until

6 months of age. Histogram depicts meanG SEM for n = 5–6 biological replicates, p < 0.05 (ANOVA). Additional breeding study data are provided in Figure S3.

(B) Total number of litters sired per male over the breeding study (n = 5–6).

(C) A comparison of body weight (grams) of control, heterozygous, and EPAS1-cKO mice at 2 months of age (n = 4–5).

(D) Testis-to-body weight ratio of control, heterozygous, and EPAS1-cKO mice at 2 months of age (n = 4–5). An accompanying left-versus-right testis weight

comparison is provided in Figure S3G.

(E) Sperm concentration in the caudal region of the epididymis of control, heterozygous, and EPAS1-cKO mice at 2 months of age (n = 3–4, p < 0.01 (ANOVA)).

(F) Hematoxylin and eosin (H&E) stained testis sections from control and EPAS1-cKO mice at 2 months of age. Scale bar = 10mm.

(G) Testis-to-body weight ratio of heterozygous, and EPAS1-cKO mice at 12 months of age (n = 3–4).

(H) Epididymal sperm concentration of heterozygous and EPAS1-cKO mice at 12 months of age (n = 3–4, p < 0.05 (t test)).

(I) H&E stained testis sections from heterozygous and EPAS1-cKO mice at 12 months of age. Scale bar = 10mm.

(J) Viability of sperm collected from control, heterozygous, and EPAS1-cKO mice (n = 7–13, p < 0.05 (ANOVA)).

(K) Total motility of sperm collected from control, heterozygous, and EPAS1-cKO mice (n = 7–13, p = 0.0601 (ANOVA)).

(L) Progressive motility of sperm collected from control, heterozygous, and EPAS1-cKO mice (n = 6–10, p < 0.05 (ANOVA)).
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Figure 4. EPAS1 expression is required for normal SSC function in regenerative conditions

(A) (Upper) Timeline depicting the busulfan treatment regime used in this study. Assessments were carried out at 10 days (Figure 4) and 12 weeks (Figure 5) post-

treatment. (Lower) Dynamics of the undifferentiated spermatogonia population following treatment with low-dose busulfan.

(B) Testis-to-body weight ratio for control and EPAS1-cKO males at 10 days post-busulfan treatment. Histogram depicts mean G SEM (normalized) for n = 5

biological replicates. ** denotes significantly different at p < 0.01 (t test).

(C) (Left) Percentage of E-cadherin+ spermatogonia in control and cKO testes at 10 days post-busulfan treatment (n = 4, p < 0.01 (t test)). (Right) Representative

flow cytometry images.

(D) UMAP plots depicting single cell RNA-seq analyses on germ cells from control and EPAS1-cKO testes at 10 days post-busulfan treatment.

(E) Dot plots depicting expression of knownmarkers for undifferentiated spermatogonia, early and late spermatids in clusters 0–9. Dot size represents the percent

of cells in each cluster exhibiting gene expression, dot color represents levels of expression.

(F) Heatmap depicting unique gene expression delineating clusters 0–9. Examples of unique markers for each cluster are listed on the left.

(G) Control and EPAS1-cKO undifferentiated spermatogonia show differential distribution between clusters. Control spermatogonia predominate cluster 0 (‘‘SSC

1’’), whereas cKO spermatogonia predominate cluster 2 (‘‘SSC 2’’).

(H) Violin plots depicting the expression of a subset of genes that are significantly upregulated in cluster 2 (‘‘SSC 2’’, cKO dominated cluster).

(I) GO analysis of unique cluster markers for clusters 0 (‘‘SSC 1), 1 (‘‘Transitional Undifferentiated’’) and 2 (‘‘SSC 2’’). Dot size corresponds to gene count for each

biological process, dot color corresponds with adjusted p value.
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Figure 5. EPAS1 expression is required for normal recovery of spermatogenesis following busulfan treatment

(A) (Left) Immunofluorescence images depicting ZBTB16 (PLZF; green) expression in control and EPAS1-cKO testes at 12 weeks post-busulfan treatment. DAPI

(blue) was used as a nuclear stain. White arrows depict ZBTB16+ spermatogonia. ‘‘X’’ depicts an empty tubule. Scale bar = 20 mm. (Right) Counts depicting the

number of ZBTB16+ cells per tubule in control and EPAS1-cKO testes. Histogram depicts mean G SEM for n = 4–6 biological replicates. p = 0.0580 (t test).

(B) (Left) Immunofluorescence images depicting ZBTB16 (green) and Ki67 (red) expression in control and EPAS1-cKO testes at 12 weeks post-busulfan treatment.

White arrows depict ZBTB16+/Ki67+ cells, white asterisks depict ZBTB16+/Ki67-cells. Scale bar = 20 mm. (Right) Percentage of ZBTB16+ cells that are also Ki67+

(i.e., in mitosis) (n = 4–6, p < 0.01 (t test)).

(C) (Left) Immunofluorescence images depicting STRA8 (red) expression in control and EPAS1-cKO testes at 12 weeks post-busulfan treatment. DAPI (blue) was

used as a nuclear stain. Scale bar = 50 mm. (Right) Counts depicting the number of STRA8+ cells per tubule (stage VII-VIII) in control and EPAS1-cKO testes (n =

3–4, p < 0.001 (t test)).

(D) Testis-to-body weight ratio for control and EPAS1-cKO mice at 12 weeks post-busulfan treatment (n = 4–8).

(E) Daily sperm production in control and EPAS1-cKO mice at 12 weeks post-busulfan treatment (n = 4–7, p < 0.01 (t test)).
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broader population identities, the number of spermatids captured from the control versus EPAS1-cKO testis was largely equivalent (331 for

control versus 380 for cKO); however, the number of undifferentiated spermatogonia capturedwas reducedby�30% in the EPAS1-cKO (1,033

in control versus 735 in cKO) (Figure S5B) in alignment with our initial E-cadherin flow cytometry analyses (Figure 4C) and further suggesting a

regeneration impairment in SSCs.Within these broader cell identities, each cluster was delineated by uniquemarker expression (summarized

in heatmap in Figure 4F and listed in Data S3) and unique enrichment of biological processes (GO analysis, Figures 4I and S5D).

In assessing the distribution of cells between clusters, distinct differences were apparent between genotypes (p < 0.0001, Figures 4D, 4G,

and S5C). For undifferentiated spermatogonia (Figures 4G–4I), it could immediately be appreciated that EPAS1-cKO cells preferentially local-

ized to different clusters than control spermatogonia (Figure 4D). For control undifferentiated spermatogonia, 57% were residing in cluster 0,

30% in cluster 1, and 13% in cluster 2 (Figure 4G). Contrastingly, for cKO spermatogonia, only 14% were residing in cluster 0, 29% in cluster 1,

and 56% in cluster 2 (Figure 4G). In assigning identities to these clusters, we referred to the recently published scRNA-seq analyses of sper-

matogonial sub-populations in regenerative conditions to look for analogous marker expression.19 Cluster 1, which was equivalently popu-

lated by both control and cKO cells, was identified to be in a ‘‘Transitional’’ undifferentiated state, with reduced expression of key stem cell

genes such as Gfra1 and Etv5 (Figure 4E) and elevated expression of progenitor-associated genes such as Sox3 (Figure 4E), alongside the

expression of previously definedmarkers for ‘‘Transitional’’ regenerative spermatogonia, such asHist1h2ap,Hist1h4d, and Brca119 (Figure 4F

and Data S3). Cluster 0 and 2, which were primarily populated by either control or cKO spermatogonia, respectively, were identified as SSCs,

exhibiting high levels of expression of Id4, Gfra1, Etv5, and Lhx1 (Figures 4E and 4F; Data S3). In aligning cluster markers with the previously

published regenerative SSC states, clusters 0 and 2 spanned transcriptional states that La et al. labeled as ‘‘Primitive’’ SSCs (Etv5, Egr2,

Dusp6), and ‘‘Proliferative’’ SSCs (Epcam, Hes1, and Ptgr1) (Figure 4F and Data S3), perhaps a reflection of differences in the resolution of

clustering and overall cell number betweenour studies. Regardless, in exploring changes in gene expression in the cKO-dominant SSC cluster

(cluster 2) that could contribute to impaired SSC regeneration, multiple genes were significantly upregulated (Crisp2,Meig1, and Ldhc) (Fig-

ure 4H) that were hallmark genes of an ‘‘Undefined Undifferentiated’’ population of cells that La et al. (2022) found were not actively contrib-

uting to the SSC or progenitor populations using RNA velocity analyses.19 Our own GO analyses also revealed alterations such as reduced

histone binding in cluster 2 and increased oxidoreduction activity (Figure 4I). Additionally, in comparing differentially expressed genes (DEGs)

of all control versus all cKO undifferentiated spermatogonia, GO analysis identified the enrichment of pathways previously identified in our

Daprodustat bulk RNA-seq analysis (Figures 2I–2K, Data S2), including metabolism, processes associated with proteostasis, and cell cycle.

Finally, to establish whether these changes in gene expression and regeneration of SSCs in the EPAS1-cKO testis had long-term effects on

spermatogenesis, we assessed testes at 12 weeks post-busulfan treatment (allowing for 2 rounds of spermatogenesis to ensue from exposed

SSCs). Firstly, we determined that numbers of undifferentiated spermatogonia (ZBTB16+ cells per tubule) were lower in the cKO (p = 0.0580,

Figure 5A), and the percentageof ZBTB16+ cells that were inmitosis (Ki67+) was significantly reduced (p < 0.01, Figure 5B), remaining at levels

equivalent to that seen in steady-state conditions (Figure S4C). Contrastingly, proliferation in control undifferentiated spermatogonia in

regenerative conditions was double that seen in steady state, again supporting the notion of a defective transition into ‘‘Proliferative SSC’’

or ‘‘Progenitor’’ states in the EPAS1-cKO. In cohesion with this, a significant reduction in the number of STRA8+differentiating spermatogonia

per tubule (stages VII-VIII) was also identified in the EPAS1-cKO (Figure 5C, p < 0.001). Although the testis-to-body weight ratio was largely

restored at this time point (Figure 5D), daily sperm production (p < 0.01, Figure 5E) and epididymal sperm concentration (p < 0.05, Figure 5F)

were significantly lower in the EPAS1-cKO, as was the number of tubules that had complete restoration of spermatogenesis (p < 0.001, Fig-

ure 5G). Overall, these analyses confirm that EPAS1 expression is important for the normal function of SSCs in regenerative conditions,

including following exposure to chemotherapeutic reagents, and after spermatogonial transplantation.

DISCUSSION

Understanding a role for hypoxia and HIFs in regulating SSC function has important implications for understanding pathologies that affect

male fertility, and for the development of treatment pipelines to reverse infertility. Here we have identified that SSCs reside in hypoxic niches

in the testis and require expression of EPAS1 for normal SSC function, particularly in regenerative conditions such as following chemotherapy

treatment. Additionally, we have provided insight intomolecular pathways that are controlled by EPAS1 signaling in SSCs and have presented

a novel methodology for improving SSC maintenance in vitro by modulating EPAS1 expression.

Our experiments using theoxygen-sensingprobepimonidazole and exploringHIF-alphaprotein expression in SSCs andprogenitors not only

provided evidence for hypoxic SSC niches in the testis but also suggest that the transition into a progenitor state is accompanied by relocation

into higher oxygen segments of the tubule. This finding has recently been supported by another research group that compared the broader

spermatogonial populations of ‘‘undifferentiated’’ (CDH1+) and ‘‘differentiating’’ (KIT+) spermatogonia using pimonidazole/Hypoxyprobe,

but similarly found that the differentiating spermatogonia had significantly lower percentages of Hypoxyprobe adduct formation.26 Although

the currentmanuscript has primarily focused on themechanism bywhich hypoxia regulates the stem cell state, these findings infer the possibility

that transition into higher oxygen environments and subsequent degradation of HIFs could release a ‘‘handbrake’’ that would otherwise prevent

spermatogonial differentiation (as is the case in some other stem cell types32). In support of this theory, a recent study by Li and Yang33 that

Figure 5. Continued

(F) Concentration of sperm in the cauda epididymis, comparing control and EPAS1-cKO mice at 12 weeks post-busulfan treatment (n = 5, p < 0.05 (t test)).

(G) (Left) Representative images of H&E stained testis sections from control and EPAS1-cKOmice at 12 weeks post-busulfan treatment. Asterisks denote tubules

with incomplete spermatogenesis. (Right) The percentage of tubules that displayed complete spermatogenesis at 12 weeks post-busulfan treatment (n = 4–6,

p < 0.001 (t test)).
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assessed germ cell populations inmice that had spent 4 weeks in a hypobaric hypoxic chamber demonstrated that, while SSC number remained

unchanged (as assessed by spermatogonial transplantation), the overall number of undifferentiated spermatogonia (LIN28+) was reduced, sug-

gesting an impairment in the SSC-to-progenitor transition. These findings are also potentially intertwined with previous studies where impair-

ment of mitochondrial function in spermatogonia prevented the differentiating transition,34 given that our RNA-seq analyses demonstrated

increased expression of proteins involved in mitochondrial metabolism when EPAS1 was degraded.

In considering the association between EPAS1 signaling and improved SSC function in in vitro culture, this is also likely to be intercon-

nected with the regulation of metabolism. Indeed, after only 24 h of Daprodustat treatment, we detected a significant increase in the expres-

sion of 19 genes associated with glycolysis. Such changes were accompanied by a 3-fold increase in colony formation after spermatogonial

transplantation. These findings complement previous studies that have driven glycolytic metabolism to improve SSC maintenance in vitro,

either by overexpression of Myc,35 or by lowering O2 concentration from 20% to 10%.27 However, it is important to note that even in these

glycolysis-promoting conditions, a stem cell decline was still evident over time.27 We propose that this response is linked with continuing

EPAS1 degradation under these non-hypoxic conditions (as demonstrated in Figures 2A and 2B), meaning that other downstream pathways

(such as those highlighted in Figures 2J and 2K) that are normally active in SSCs in vivo become dysregulated. We also propose that our Dap-

rodustat treatment regimen successfully improves SSC function by correcting this dysregulation via short-term treatment in the absence of

feeder cells, while previous attempts to instigate hypoxic signaling in SSCs in culture were not successful because of detrimental impacts to

the feeder cells resulting from long-term exposure to hypoxic conditions (cultured at 1%–5%O2 on mouse embryonic fibroblast [MEF] feeder

cells for 7 days).26 These findings should be taken into consideration for the future optimization of SSC culture techniques, particularly in a

clinical setting, as improved capacity for expansion of human SSCs in vitro could be a key component for the development of spermatogonial

transplantation pipelines to reverse male infertility, particularly in survivors of pediatric cancers.36

An association between hypoxia (environmental and pathological) and reduced sperm output has long been appreciated; however, data

produced from our EPAS1-cKOmouse model depict the requirement for a delicate balance of oxygen tension in the testis to ensure normal

spermatogenesis. Patients and animal models that have pathological hypoxia (i.e., sleep apnea, sickle cell disease) and that are exposed to

hypobaric hypoxia (i.e., high altitude) have been shown to have reduced spermoutput andmotility, which is largely restoredwhen the hypoxic

state is reversed (reviewed by Li et al.37). Based on our findings and those of others33 we can hypothesize that this is because SSCs have adapt-

ed to reside in low-oxygenmicroenvironments and thus are not detrimentally affected. Rather, there is likely to be an impairment in the sper-

matogonial transition toward differentiation, which would reduce sperm output in pathological hypoxic conditions, but could ‘‘restart’’ robust

sperm production when normal oxygen conditions are restored. On the other hand, our data suggest that hypoxic microenvironments and

HIF signaling are involved in regulating the normal function of SSCs in the testis, with EPAS1 ablation in germ cells also resulting in reduced

sperm output, motility, and viability, accompanied by a modest reduction in fertility (Figure 3). Although beyond the scope of this study, one

could speculate that the detriment to functional parameters of mature sperm could be linked with mitochondrial abnormalities and oxidative

stress acquired at the earlier stages of germ cell development, given that these were common pathologies in other cell types in the Epas1

global knockout mouse line.11 Beyond this, we have demonstrated that EPAS1 signaling is required for the normal regeneration of spermato-

genesis by SSCs following either transplantation or chemotherapy treatment (Figures 4 and 5). Thus, in looking at this through the lens of

human fertility, any dysregulation to the EPAS1 signaling pathway, through either genetic mutation38 or the administration of EPAS1-target-

ing medications (such as Belzutifan39), could be highly problematic for male fertility, particularly when SSCs are diverted into a regenerative

state. Again, a delicate balance of hypoxia and HIF signaling seems to be required for optimal male fertility.

In conclusion, this study has generated a novel EPAS1-cKO mouse line and transcriptomic databases (both RNA-seq and scRNA-seq) to

improve our understanding of the role of hypoxia and HIF signaling pathways in SSCs. We have concluded that, as is the case for a number of

other stem cell types, SSCs reside in hypoxic microenvironments in the testis, while the transition to a progenitor state is accompanied by a

shift toward higher-oxygen segments of the seminiferous tubule. The expression of EPAS1was shown to be important for robust SSC function,

both in in vitro culture and in the testis, particularly following chemotherapeutic exposure. These findings make an important contribution to

our understanding of the relationship between male fertility/infertility and hypoxia, and how this relates to SSC function.

Limitations of the study

Although this study demonstrates that SSCs reside in hypoxic environments in the testis and show phenotypic differences following germline

ablation of the hypoxia-inducible factor Epas1, equivalent experiments have not yet been performed forHif1a, which is also expressed within

the SSC population. Given that EPAS1 and HIF1A are known to share a subset of target genes (in addition to a suite of individual unique gene

targets), in future studies it would be informative to create an Epas1/Hif1a double-germline knockout to uncover the full extent of hypoxia-

driven pathways in regulating SSC function.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit pAb to EPAS1 Novus Biologicals NB100-122; RRID: AB_10002593

Rabbit pAb to HIF1A Invitrogen PA1-16601; RRID: AB_2117128

Goat pAb to GFP Abcam ab6673; RRID: AB_305643

Mouse mAb to alpha-Tubulin Sigma Aldrich T5168; RRID: AB_477579

Rabbit pAb to pimonidazole Hypoxyprobe PAb2627AP; RRID: AB_2811309

Mouse mAb to PLZF Santa Cruz sc-28319; RRID: AB_2218941

Rabbit pAB to Ki67 Abcam ab15580; RRID: AB_443209

Rabbit pAB to STRA8 Abcam ab49405; RRID: AB_945677

Mouse mAB to SALL4 Abcam ab57577; RRID: AB_2183366

Rat mAB to E-Cadherin, APC-conjugated Biolegend #147311; RRID: AB_2750300

Rat mAB to CD49f, Biotin-conjugated Miltenyi 130-097-243; RRID: AB_2658557

Anti-Biotin microbeads Miltenyi 130-090-485; RRID: AB_244365

Deposited data

RNA-seq data (control versus Daprodustat

treated spermatogonia)

GEO database GSE235319 (GSE235531 Super series)

scRNA-seq data (control versus EPAS1-cKO

germ cells)

GEO database GSE235453 (GSE235531 Super series)

Previously published scRNA-seq data (postnatal

day 6 mouse testis, published by Law et al.21)

GEO database GSE124904

Experimental models: Organisms/strains

Mouse: Id4-eGfp: Id4-eGfp hemizygous A gift from Professor Jon M. Oatley

at Washington State University20
N/A

Mouse: Rosa26-LacZ: Rosa26-LacZ homozygous Jackson Laboratories 112073

Mouse: Ddx4 (Vasa)-Cre: Ddx4 (Vasa)-Cre

heterozygous

Jackson Laboratories 006954

Mouse: Epas1-loxP: Epas1-loxP homozygous Jackson Laboratories 008407

Oligonucleotides

Ddx4-Cre genotyping primers ThermoFisher Scientific Internal positive control:

Fwd: 50 CTA GGC CAC AGA ATT GAA AGA TCT 30

Rev: 50 GTA GGT GGA AAT TCT AGC ATC ATC C 30

Transgene:

Fwd: 50 CAC GTG CAG CCG TTT AAG CCG CGT 30

Rev: 50 TTC CCA TTC TAA ACA ACA CCC TGA A 30

Epas1-fl genotyping primers ThermoFisher Scientific Fwd: 50 CAG GCA GTA TGC CTG GCT AAT

TCC AGT T 30

Rev 1: 50 CTT CTT CCA TCA TCT GGG ATC

TGG GAC T 30

Rev 2: 50 GCT AAC ACT GTA CTG TCT

GAA AGA GTA GC 30

Software and algorithms

GraphPad Prism GraphPad v9.5.1
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr Tessa Lord

(Tessa.lord@newcastle.edu.au).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data: Transcriptome (RNA-seq and scRNA-seq) data generated and analyzed in this study are available from theGEOdatabase (acces-

sion number GSE235531). Previously published scRNA-seq databases that were accessed and mined for this study are as follows, PD6

mouse spermatogonia: GSE124904.21

� Code: This paper does not report original code.

� Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal studies

All procedures involving animal use were approved by the University of Newcastle Animal Care and Ethics Committee (ACEC, approval num-

ber A-2019-907). The Id4-eGfpmouse line20 was a gift fromDr JonOatley, and also carried the Rosa26-LacZ transgene (Jackson Laboratories,

stock number 112073) to provide a donor cell population for spermatogonial transplantation experiments (P6-8 and adult (>6 weeks) male

mice). C57BL/63CBA F1males were used as recipients for spermatogonial transplantation (produced by the University of Newcastle Animal

Services Unit (ASU)). Recipients were pre-treatedwith 45mg/kg busulfan at 5–8weeks of age (SigmaAldrich,MO, USA) to ablate endogenous

spermatogenesis, as described previously.40

Ddx4 (Vasa)-Cre28 and Epas1-loxP13 mouse lines were obtained from Jackson Laboratories (stock numbers 006954 and 008407, respec-

tively). Ddx4-Cre, Epas1�/+ males (5–10 weeks of age) were bred with Epas1fl/fl females to generate conditional knockout (cKO) animals

(Ddx4-Cre, Epas1fl/-) and control littermates. Primer sequences used for genotyping have been provided in Table S1. To instigate regener-

ative conditions in the testes of EPAS1-cKO males and accompanying controls, mice were treated with a one-off intraperitoneal injection of

busulfan (20 mg/kg), in alignment with previously described protocols.16,19

Primary cultures of undifferentiated spermatogonia

Primary cultures were established from the ID4-eGFP+ population of undifferentiated spermatogonia from PD6-8 mouse testes and were

maintained as described previously.16 Briefly, cultures were maintained in 10% O2, 5% CO2 at 37
�C mouse serum-fee medium (mSFM) sup-

plemented with the growth factors GDNF (20 ng/mL; R&D systems, MN, USA) and fibroblast growth factor (FGF2) (1 ng/mL; Sigma Aldrich).

Cultures were seeded on a feeder layer of mitotically inactivated SNL76/7 mouse embryonic fibroblasts (ATCC, VA, USA). Cells were

passaged every 6–8 days onto fresh feeders, and media was replaced every second day.

For experiments where undifferentiated spermatogonia in culture were treated with the prolyl-hydroxylase inhibitor Daprodustat (250 mM;

MedChemExpress, NJ, USA), spermatogonia were dislodged from the feeder layer using gentle pipetting. Isolated spermatogonia were then

treatedwith Daprodustat or vehicle (DMSO) overnight (24 h) inmSFMplus growth factors. Spermatogonia were thenwashed inmSFM, before

continuing with experimentation (i.e., flow cytometry, spermatogonial transplantation, or RNA-seq).

METHODS DETAILS

Flow cytometric analysis and cell sorting

Fluorescence-activated cell sorting (FACS) of ID4-eGFPBright and ID4-eGFPDim populations of spermatogonia from PD6-8 testes was conduct-

ed using a BD FACS AriaIIu using previously described gating parameters (Helsel et al.,17; Figure 1C). For flow cytometric assessment of cell

viability and ID4-eGFPpopulations in primary cultures of spermatogonia, cells were loadedwith a LIVE/DEAD Fixable Far RedDeadCell Stain

(ThermoFisher Scientific, MA, USA) and analyzed on a BD FACS Canto IIA machine using parameters described previously.16

To assess numbers of undifferentiated spermatogonia in control and EPAS1-cKO testes at 14 days post-busulfan treatment, an APC-con-

jugated E-Cadherin antibody (Biolegend, CA, USA; #147311, Table S2) was utilised, as per previously published methodologies.19 Briefly, a

single cell suspension was generated via a 5 min incubation in Collagenase IA at 37�C (Sigma Aldrich), followed by a 5 min 37�C incubation

with pipetting in 0.25% Trypsin-EDTA containing 7mg DNase I (Sigma Aldrich). From herein, the single cell suspension was kept on ice in

Phosphate Buffered Saline (PBS, Sigma Aldrich) containing 10% Fetal Bovine Serum (FBS, Cell Sera Australia, NSW, Australia). The anti-

E-Cadherin antibody was used at a 1:250 dilution (Table S2) and incubated with cells for 30 min on ice. Cells were washed once in PBS/

FBS solution before assessment on the flow cytometer.
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Hypoxyprobe analyses

A Hypoxyprobe Omni Kit was utilised as per the manufacturer’s instructions (Hypoxyprobe, MA, USA) to perform an in situ assessment of

oxygen concentration experienced by SSCs and progenitor spermatogonia in the testis. Specifically, adult and PD6 mice were dosed with

60 mg/kg pimonidazole via intraperitoneal injection. Thirty minutes later, mice were culled and testes were collected for fixation or trypsin

digestion to create a single cell suspension from which Id4-Gfp spermatogonia were isolated. To generate a positive control, testes were

incubated with pimonidazole in 5% O2 for 2 h before fixation. In order to detect pimonidazole adducts, an anti-Hypoxyprobe antibody

was used (Table S2), following procedures described below for immunofluorescence staining and immunoblotting analysis. Given that Hypo-

xyprobe generates diffuse staining throughout the testis (Figure S1H), only cells with bright Hypoxyprobe fluorescence (white arrows in

Figures 1E and 1F) were counted as having a positive signal.

Immunofluorescence staining

For immunofluorescence analysis on testis sections, adult or PD6 mouse testes were fixed in 4% paraformaldehyde (Sigma Aldrich) or Bouins

solution (Sigma Aldrich) and embedded in paraffin. Sections were cut at 5 mm thickness and placed on microscope slides. Slides were moved

through a series of xylene and ethanol washes (100%, 75% and 50% ethanol in H2O) to achieve dewaxing and rehydration, respectively. An-

tigen retrieval was conducted via a 10 min incubation in boiling 10 mM sodium citrate buffer (pH 6). Prior to antibody incubations, sections

were blocked in 3% Bovine Serum Albumin (BSA; Sigma Aldrich) in PBS and 10% goat serum (Sigma Aldrich) for 1 h. Primary antibodies and

the concentrations at which they were utilised are listed in Table S2. Incubation in primary antibody was conducted overnight at 4�C. Sections
were then washed three times in 1% BSA/PBS before administration of secondary antibodies (Alexa Fluor 488 and 594; ThermoFisher) for 1 h

at room temperature at a concentration of 1/1000 in 1% BSA/PBS. For slides counterstained with FITC-conjugated PNA lectin (Sigma Aldrich,

#L7381), sections were incubatedwith 5 mg/mL PNA for 20min at 37�C, as described previously.41 Staging of spermatogenesis was conducted

based on PNA staining patterns previously depicted in Nakata et al.42 Finally, all slides were counterstained with the nuclear stain DAPI (1/

1000, Sigma Aldrich)), mounted in Mowiol containing 1,4-diazabicyclo[2.2.2]octane (DABCO) (Sigma Aldrich) and imaged on Zeiss Axio A.2

fluorescence microscope (Carl Zeiss Micro Imaging GmbH, Jena, Thuringia, Germany). For analyses where the percentage of positively

stained cells was quantified, cells within at least 50 tubules per replicate were counted, with up to 100 tubules being counted for rare cell

populations. Where the number of positively stained cells per tubule was calculated, elongated tubules (i.e., those not cut in transverse)

were excluded.

For immunocytochemistry analyses, cells were fixed in 4% paraformaldehyde for 30 min and settled on poly-L-lysine coated coverslips.

Cells were permeabilised in 0.2% Triton X-(Sigma Aldrich) in PBS for 10 min at room temperature, then blocked for 1 h in 10% goat serum

in 3% BSA/PBS. Primary antibodies were used at concentrations denoted in Table S2, and incubated with cells overnight at 4�C. After three
washes in 1% BSA/PBS, cells were incubated in secondary antibody (Alexa Fluor 488 and 594) at a concentration of 1/1000 for 1 h at room

temperature. Coverslips were mounted on slides using Mowiol and were imaged on a Zeiss Axio A.2 fluorescence microscope or an

FV1000 confocal microscope (Olympus, Tokyo, Japan). For analysis of corrected total cell fluorescence (CTCF), the public sector image-pro-

cessing program ImageJ was utilised (version 1.53k; National Institutes of Health).

SDS-PAGE and Western blot analysis

Procedures for SDS-PAGE and Western blotting were performed as described previously,43 however will be briefly recounted here. Protein

extraction was achieved via a 5 min incubation at 100�C in SDS extraction buffer (2% [w/v] SDS and 10% [w/v] sucrose in 0.1875 M Tris, pH 6.8)

containing protease inhibitor cocktail (Roche, Basel, Switzerland). Protein lysates were resolved on a 4–20% precast polyacrylamide gel

(BioRad, CA, USA), prior to Western transfer onto nitrocellulose membrane using standard techniques. Membranes were subjected to a

1 h blocking step, using 5% skim milk diluted in Tris-Buffered Saline with 0.1% Tween (TBST). Incubation in primary antibody was conducted

overnight at 4�C, and antibody concentrations used can be found in Table S2. Membranes were then washed three times TBST before a 1 h

incubation in secondary antibody (goat anti-rabbit or goat anti-mouse IgG HRP). Signal was developed using ECL prime chemiluminescence

detection reagent (GE Healthcare, IL, USA) and blots were visualised on a LAS4000 imager (GE Healthcare). Densitometry was performed

using ImageJ, and values were normalised to the loading control (alpha-tubulin).

Spermatogonial transplantation

Spermatogonial transplantation was conducted using methods described previously44–46 to compare SSC numbers in undifferentiated cul-

tures of spermatogonia treated with Daprodustat (i.e., with increased stability of EPAS1) versus control (DMSO treated) cells. Approximately

10,000 cells were injected into each recipient testis via the efferent duct, and each treatment was injected into the testes of 4 mice per repli-

cate, with the contralateral testis receiving the alternate treatment. Recipient mice were culled at 2-month post-transplantation, and testes

were collected and fixed. The number of LacZ expressing donor derived colonies of spermatogenesis was assessed using X-gal staining. ‘SSC

number’ was reported as the number of colonies counter per 100,000 cells injected.

Assessment of epididymal sperm concentration, motility, and viability

To quantify sperm production and compare sperm quality (motility and viability) between untreated control and EPAS1-cKO mice, sperma-

tozoa were collected from the caudal region of the epididymis using retrograde perfusion, as described previously.47 Equal volumes of sperm
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were collected from each mouse, then released into 1 mL of fixative and the number of sperm per mL calculated to produce a relative value

that allowed for direct comparison between animals. For busulfan treated animals, retrograde perfusionwas not possible due to the small size

of the epididymides. For these experiments, the cauda epididymis was placed into 750 mL of modified Biggers Whitten, and Whittingham

(BWW) media48 containing 91.5 mM NaCl, 4.6 mM KCl, 1.7 mM CaCl22H2O, 1.2 mM KH2PO4, 1.2 mM MgSO47H2O, 25 mM NaHCO3,

5.6 mM D-glucose, 0.27 mM sodium pyruvate, 44 mM sodium lactate, 5 U/mL penicillin, 5 mg/mL streptomycin, 20 mM HEPES buffer, and

3.0 mg/mL BSA) (pH 7.4; osmolarity 300 mOsm/kg). Three incisions were made, and sperm were allowed to ‘swim out’ for a 20 min period

at 37�C, before collection, fixation, and quantification.

For the assessment of spermparameters in untreated control and EPAS1-cKOmice, spermwere incubated in BWW for 20min at 37�C, and
total sperm motility, progressive motility, and viability were assessed. Total motility was assessed via microscope analysis, while progressive

motility was assessed using Computer-Assisted Sperm Analysis (CASA), as previously described.49 Total sperm viability was calculated via an

eosin exclusion assay.

Daily sperm production assay

A daily sperm production (DSP) assay was conducted as described previously30 to provide a quantitative measure of spermatogenesis to

accompany epididymal sperm counts (described above). Briefly, snap-frozen mouse testes were solubilised using a detergent solution

(0.9% sodium chloride, 0.01% azide, and 0.05% Triton X-100, all from Sigma Aldrich) and sonication, causing lysis to all cells except for the

detergent-resistant elongated spermatids. Spermatid nuclei were then counted using a haemocytometer, and the number of sperm per

gram of testis weight calculated. This value was then divided by 4.84 (the number of days that developing spermatids spend in the testis)

to produce the DSP value.

Bulk RNA-seq

Undifferentiated spermatogonia from four independent cultures were treated with either vehicle (DMSO) or 250 mM Daprodustat, as

described above (in ‘primary cultures of undifferentiated spermatogonia’), before resuspension in Trizol reagent (ThermoFisher). Total

RNA was extracted using a Direct-zol RNA Microprep kit (Zymo Research, CA, USA). Next, cDNA libraries were generated using Illumina

poly(A) enrichment, and sequencing was performed using an Illumina NovaSeq 6000 at the Australian Genome Research Facility (AGRF,

VIC, Australia). For each sample, 20–30 million reads of 150 base pairs in length were generated and aligned to the Mus musculus genome

(mm39) using STAR aligner. Rawgene counts were calculated, and transcripts were assembledwith the StringTie tool (v 2.1.4). EdgeR (v 3.38.4)

was used to perform differential expression analysis. Gene expression is reported as average log count per million (logCPM) for the gene

across all samples. Genes with a False Discovery Rate (FDR) value of <0.05 were considered to be significantly different between treatments.

Gene Ontology analysis was performed on differentially expressed gene lists using DAVID Bioinformatics Resources (V6.8).50,51

Single cell RNA sequencing

To generate a scRNA-seq comparison of control and EPAS1-cKO spermatogonia in regenerative conditions, 23 control and 23 cKO male

mice (6 weeks old) were pre-treated with low-dose busulfan (20 mg/kg). Testes were collected at 14 days post-busulfan treatment to capture

undifferentiated spermatogonia within the window of time that they are known to be actively regenerating (Figure 4A).19,31 A single cell sus-

pension was created using Collagenase IA and 0.25% Trypsin-EDTA (as described above in ‘flow cytometric analysis and cell sorting’). Enrich-

ment of the undifferentiated spermatogonia population was then achieved via Magnetic Activated Cell Sorting (MACS) using a CD49f

(a6-integrin) biotin-conjugated antibody (Miltenyi, North Rhine-Westphalia, Germany; #130-097-243, Table S2) paired with anti-biotin mi-

crobeads (Miltenyi, #130-090-485, Table S2). Immediately prior to the preparation of single-cell cDNA libraries, equal numbers of cells

from each replicate were pooled to create a single control and a cKO population for analysis. Live cell populations were loaded into a Chro-

mium Controller (10x Genomics Inc., CA, USA), and single-cell cDNA libraries were generated using v3 chemistry as per the manufacturer’s

instructions. Control and cKO libraries were then combined and sequenced in a single lane on an Illumina NovaSeq 6000 (Ramaciotti Center

for Genomics, University of New South Wales, NSW, Australia). Raw base call files were demultiplexed using the RNA STARsolo pipeline and

aligned to the mouse mm10 transcriptome.

Control and EPAS1-cKO transcriptomes were imported into Seurat and merged into a single object.52 To ensure high quality data, cells

with unique feature counts below 200 or above 8000 were excluded from further analysis. Testicular somatic cells that were carried over from

the germ cell preparation were also excluded from further analyses, following their identification using well definedmarkers.22 Merged germ

cell datasets were then normalised and scaled using Seurat. The ‘‘FindVariableGenes’’ function was used to identify variable genes for prin-

cipal component analysis. For clustering and UMAP graphing, 7 significant principal components were used (resolution set to 0.5). Gene

Ontology was performed using the clusterProfiler package.53,54

Mining of previously published scRNA-seq datasets

To assess transcript levels of hypoxia-responsive transcription factors in spermatogonial sub-populations from the testis, analyses were con-

ducted on a previously published scRNA-seq dataset containing spermatogonia from a PD6 mouse, which were isolated using a Rosa26-

tdTomatoflox_STOP_flox transgene driven by Blimp-Cre expression (Law et al.,21 GEO accession number GSE124904). The PD6 spermatogonia

library was imported into Seurat, and the dataset was normalised and scaled, and the ‘‘FindVariableGenes’’ function was used to identify
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variable genes for use in principal component analysis. For clustering and t-SNE graphing, 15 significant principal components were used

(resolution set to 0.5).

QUANTIFICATION AND STATISTICAL ANALYSIS

Experiments were conducted a minimum of three times on biologically independent samples unless otherwise stated. Data are presented as

MeanG SEM. Statistical differences were established using the ANOVA or t-test function in GraphPad Prism 9 software. A value of p < 0.05

was considered to be statistically significant.
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