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SUMMARY

The continuous regeneration of spermatogonial stem cells (SSCs) underpins spermatogenesis and lifelong

male fertility, but the developmental origins of the SSC pool remain unclear. Here, we document that

hnRNPU is essential for establishing the SSC pool. In male mice, conditional loss of hnRNPU in pros-

permatogonia (ProSG) arrests spermatogenesis and results in sterility. hnRNPU-deficient ProSG fails to

differentiate and migrate to the basement membrane to establish SSC pool in infancy. Moreover, hnRNPU

deletion leads to the accumulation of ProSG and disrupts the process of T1-ProSG to T2-ProSG transition.

Single-cell transcriptional analyses reveal that germ cells are in a mitotically quiescent state and lose their

unique identity upon hnRNPU depletion. We further show that hnRNPU could bind to Vrk1, Slx4, and Dazl

transcripts that have been identified to suffer aberrant alternative splicing in hnRNPU-deficient testes.

These observations offer important insights into SSC pool establishment and may have translational impli-

cations for male fertility.

INTRODUCTION

In mammals, spermatogonial stem cells (SSCs) can self-renew

to maintain a relatively constant number and differentiate to pro-

duce functional sperm.1,2 SSCs are derived from prospermato-

gonia (ProSG; also named as gonocyte), a limited, transient

cell type that is poorly understood.3 According to mitotic activity,

morphology, and anatomical position, ProSG can be divided into

three types: multiplying ProSG (M-ProSG), primary transitional

ProSG (T1-ProSG), and secondary transitional ProSG (T2-

ProSG).4,5 In mice, accompanied by sex differentiation,

M-ProSG is derived from primordial germ cells (PGCs) and forms

the initial ProSG. M-ProSG generates T1-ProSG and enters a

mitotically silent state. In neonatal mice, T1-ProSG restores the

cell cycle and converts to T2-ProSG, a precursor of SSCs that

can migrate from the center of the lumen to the basement mem-

brane of seminiferous tubules.3,6 Following the migration, ProSG

gives rise directly to both undifferentiated spermatogonia and

differentiating spermatogonia around postnatal day 3 (P3) to

P5, whereby the former becomes the SSCpool in favor of lifelong

male fertility while the latter engages in the first wave of sper-

matogenesis.7–9 Defects in SSC pool establishment usually

result in Sertoli-cell-only syndrome (SCOS) and male steril-

ity.10–13 The establishment of the SSC pool or the transition

from ProSG to SSC is dependent on many factors. Although

several studies have shown that a transcriptional factor

(RHOX10) and epigenetic factor (JMJD1A and JMJD1B) could

transcriptionally regulate the ProSG-to-SSC transition,10,11,14

highlighting the importance of genetic factors in the SSC estab-

lishment, we currently know only the tip of the iceberg of how

ProSG transforms into SSC.

In addition, a hallmark of ProSG is the perinatal mitotic arrest

that occurs prior to postnatal spermatogonial transition.15 After

birth, ProSG differentiates into SSC or differentiating spermato-

gonia andmigrates from the center of seminiferous tubules to the

basement membrane.6,16 Along with the migration and differen-

tiation process, ProSG re-enters the cell cycle. At present,

further elucidation is needed regarding the importance of mitotic

activity in the differentiation andmigration process of ProSG and

the regulatory mechanisms of cell cycle re-entry.
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The heterogeneous nuclear ribonucleoprotein (hnRNP) family

is a group of RNA-binding proteins with more than 20 hnRNP

members from A to U. In addition to the classical role of hnRNPs

in binding to nascent mRNA, the functions of hnRNPs in various

biological processes have been successively confirmed, such as

DNA transcription, pre-mRNA alternative splicing, mRNA stabil-

ity, and protein translation.17 Notably, hnRNPs have been found

to be highly expressed in male germ cells.18 Our previous study

characterized one of hnRNP family members, hnRNPU, as a co-

transcription factor that interacts with WT1 and SOX9 and regu-

lates the transcription of Sox8/9 in mouse Sertoli cells.19Howev-

er, the role of hnRNPU in SSC establishment remains unknown.

In this study, we report that hnRNPU is highly expressed in

perinatal ProSG and spermatogonia and regulates the migration

of spermatogonia to the basement membrane for establishing

SSC pools. In male mice, genetic deficiency of hnRNPU in

ProSG causes defects in the migration of ProSG toward the

SSC niche, leading to SCOS and male infertility. Interestingly,

single-cell RNA sequencing (scRNA-seq) analysis outcomes

identify three known germ-cell subtypes during perinatal male

germ-cell development. Germ cells emerge along a trajectory

path from ProSG to undifferentiate spermatogonia and differen-

tiate spermatogonia, mirroring the chronological order of

perinatal spermatogenesis. In the absence of Hnrnpu expres-

sion, ProSG in amitotically quiescent state fails to restoremitotic

activity, thereby disrupting the process of ProSG-to-SSC

transition. This study highlights the essential role of hnRNPU in

establishing the SSC pool and facilitating male germ-cell differe-

ntiation to ensure male fertility.

RESULTS

hnRNPU expression traverses germ-cell development

and is highly expressed in spermatogonia

Because we previously identified that hnRNPU was highly ex-

pressed in mouse Sertoli cells and male germ cells,19 we as-

sessed the cellular localization of hnRNPU in P56 mouse male

germ cells to explore the role of hnRNPU during spermatogen-

esis. The result showed that hnRNPU was highly expressed in

the nucleus of spermatogonia, pachytene spermatocytes, and

round spermatids in the seminiferous tubules (Figures S1A and

S1B). Further mRNA expression analysis of the Hnrnpu gene in

purified testicular cells confirmed that hnRNPU was highly ex-

pressed in spermatogonia and pachytene spermatocytes

(Figure 1A). To further clarify the cellular localization of hnRNPU

during male germ lineage development, we examined the

expression of hnRNPU perinatally in mouse testes at different

time points, including embryonic day 12.5 (E12.5), E15.5,

E18.5, P3, P7, and P56, and found that hnRNPU was continu-

ously expressed during germ-cell development and localized in

the nucleus of PGCs, ProSG, spermatogonia (SG), and sper-

matocytes (Figure 1B). Consistent with the above results, we

found that hnRNPU was also expressed in the nucleus of both

fetal and adult human germ cells (Figure 1C). To depict the func-

tion of hnRNPU in spermatogonial differentiation, we examined

its expression levels in undifferentiated SG and differentiating

SG. The results showed that hnRNPUwas expressed in both un-

differentiated SG and differentiating SG (Figures 1D, 1E, and

S1C–S1E). Together, these data indicated that hnRNPU is ex-

pressed throughout the male germline, including fetal, neonatal,

and adult germ cells and localized in the nucleus of ProSG, un-

differentiated SG, and differentiating SG (Figure 1F).

Ablation of hnRNPU in ProSG leads to Sertoli-cell-only

syndrome in mice

To investigate the role of hnRNPU in early male germ-cell devel-

opment, we bred the Vasa-Cre mouse line with the previously

described Hnrnpuflox/flox mouse line19 to obtain Vasa-Cre;

Hnrnpuflox/Del conditional knockout mice (herein designated as

Vasa-Cre-cKO or cKO). PCR-based genotyping analyses of

mouse tail and isolated germ cells confirmed the genotype of

Vasa-Cre-cKO (Vasa-Cre; Hnrnpuflox/Del), heterozygous control

(Hnrnpu+/flox), and wild-type (WT) (Hnrnpu+/+) mice genetically

(Figure 2A). Immunofluorescence (IF) assays revealed that

hnRNPU was specifically lost in DDX4-positive germ cells in

Vasa-Cre-cKO testes at P3, whereas hnRNPU was expressed

in the germ cells of littermate controls, indicating that hnRNPU

was successfully knocked out in male germ cells (Figure 2B).

Further analysis revealed that both mRNA and protein expres-

sion levels of hnRNPU were significantly decreased in Vasa-

Cre-cKO testes compared to the control testes (Figures 2C

and 2D).

Subsequently, fertility tests revealed that both Vasa-Cre-cKO

male and female mice were completely infertile (Figure 2E).

Consistent with these sterile phenotypes, both testes and

ovaries of Vasa-Cre-cKO mice at P56 were morphologically

significantly smaller than controls, and the number of DDX4-pos-

itive germ cells in testes and ovaries was also dramatically

decreased in Vasa-Cre-cKO mice (Figures 2F and S1F–S1G).

In addition, the ratio of testis weight to body weight of Vasa-

Cre-cKO mice remarkably reduced from P7 compared with the

control (Figure 2G). Histologic analyses documented that germ

cells were gradually lost from P5, and rarely or no germ cells

were present in the seminiferous tubules at P10 (Figure 2H).

Moreover, no mature sperm were detected in the epididymides,

and the testicular cross-sections had only a layer of Sertoli cells

remaining near the basement membrane of the seminiferous tu-

bules in adult Vasa-Cre-cKO mice (Figures 2I and 2J), which

resembled the SCOS of human infertility.

hnRNPU is essential for establishing the SSC pool

To determine when spermatogonial proportion changed in Vasa-

Cre-cKOmice, we performed immunostaining of DDX4with PLZF

on testicular cross-sections at P1 to P7. The results showed that

the number of both PLZF-positive cells (undifferentiated SG) and

DDX4-positive cells (germ cells) were comparable between Vasa-

Cre-cKO testes and control testes at P1–P3while appearing to be

reduced significantly fromP5 (Figures 3A–3C, S1H, and S1I), sug-

gesting that the proportion of undifferentiated SG affected in the

testis of Vasa-Cre-cKOmice began by P5. In addition, c-KIT-pos-

itive differentiating SG was also significantly decreased in Vasa-

Cre-cKO mouse testes at P7 compared with controls (Figures

3D and 3E). We then stained for Ki67 (a proliferation marker) to

explore the reasons for the loss of spermatogonia. We found

that the percentage of Ki67- and PLZF-double-positive cells per

PLZF-positive spermatogonia was decreased in Vasa-Cre-cKO

2 Cell Reports 43, 114113, April 23, 2024

Article
ll

OPEN ACCESS



testes compared to controls at P3 and P5 (Figures 3F and 3G).

Further analysis by TUNEL staining revealed that the apoptosis

of spermatogonia was most prominent in Vasa-Cre-cKO mice at

P5 (Figures S1J and S1K). These results indicate that the homeo-

stasis of proliferation and apoptosis was disturbed in Vasa-Cre-

cKO undifferentiated SG.

To investigate whether hnRNPU directly impacts the mainte-

nance of SSCs, we generated Hnrnpuflox/flox;Ddx4-CreERT2 male

mice for tamoxifen-induced hnRNPU deletion in germ cells

(referred to as iKO) and collected the testes from control and iKO

mice (35 days post tamoxifen injection) for analyses (Figure S2A).

In iKOmice, the testis size, ratio of testis/body weight, and sperm

numberwere all decreased (Figures S2B–S2D), and periodic acid-

Schiff (PAS) stainingdisplayed severe spermatogenic defectswith

germ-cell loss andmultinuclear cell appearance (Figure S2E). The

co-staining of PLZF or GFRa1 using iKO testis cross-sections

showed that undifferentiated SG (including SSCs) still existed

and that the number of undifferentiated SG was comparable be-

tween iKO and control testes, suggesting the dispensable role of

hnRNPU in SSC maintenance (Figures S2F–S2I). Taken together,

our data indicate that hnRNPU is essential for SSC pool establish-

ment but not for SSC maintenance.

Figure 1. hnRNPU is expressed throughout the male germline

(A) mRNA level of hnRNPU in the isolated mouse spermatogenic cells and Sertoli cells from mouse testes at P56, analyzed by RT-qPCR. n = 3 independent

biological replicates from different mice. Spg, spermatogonia; P, pachytene; Rs, round spermatids; ES, elongating spermatids; Sc, Sertoli cells.

(B) Cross-section of mouse testis with immunostaining for hnRNPU (red) and germ-cell marker DDX4 (green) at embryonic day 12.5 (E12.5), E15.5, E18.5,

postnatal day 3 (P3), P7, and P56. n = 3 biologically independent genital ridges or testes from three different mice. Scale bars, 50 mm. Inset scale bars, 5 mm.

(C) Immunofluorescence of hnRNPU (red) and DDX4 (green) in human fetal testis (24 weeks post conception) and obstructive azoospermia patient testis (45 years

old). Scale bars. 50 mm. Inset scale bars, 5 mm.

(D and E) Whole-mount immunostaining of P56 testes with hnRNPU antibody with PLZF (D) and c-KIT (E), respectively. Enlarged panels show the expression of

hnRNPU in PLZF-positive undifferentiated spermatogonia and c-KIT-positive differentiating spermatogonia. n = 3 biologically independent testes from three

different mice. Scale bars, 50 mm. Inset scale bars, 5 mm.

(F) Schematic depicting the expression profile of commonly used markers for prospermatogonia (ProSG) and spermatogonia (SG). hnRNPU is ubiquitously

expressed within primary transitional T1-ProSG, T2-ProSG, Undiff SG, and Diff SG populations. T1-ProSG, primary transitional ProSG; T2-ProSG, secondary

transitional ProSG; Undiff SG, undifferentiated spermatogonia; Diff SG, differentiating spermatogonia.
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Figure 2. Essential role of hnRNPU in spermatogenesis and male fertility

(A) Representative PCR genotyping images of tails and germ cells from cKO (Vasa-Cre; Hnrnpuflox/Del), Ctrl (control, Hnrnpu+/flox), and WT (wild-type) mice are

shown.

(B) Representative immunofluorescent images indicate that hnRNPU (red) was successfully knocked out in DDX4-positive (green) germ cells of Vasa-Cre-cKO

mice at P3. Scale bars, 50 mm.

(C) Representative western blot images of hnRNPU protein in Ctrl and cKO germ cells at P3 are shown. GAPDH served as a loading control.

(D) RT-qPCR analyses reveal that the mRNA expression level of hnRNPUwas significantly reduced in cKO testes at P3. Data are presented asmean ± SEM, n = 3

biologically independent mice for each genotype; ***p < 0.001.

(E) Quantification of the average number of pups per litter in cKO, Ctrl, and WTmice. Data are presented as mean ± SEM, n = 3 biologically independent mice for

each genotype.

(F) Gross morphology of testis and epididymis from Ctrl and cKO mice at P56.

(G) Comparison of testis weight per body weight ratio of control and Vasa-Cre-cKO mice from P3 to P56. Data are presented as mean ± SEM, n = 3 biologically

independent mice for each genotype; ***p < 0.001.

(H) Testicular PAS staining of control and cKO mice at P3, P5, P7, and P10. Scale bars, 50 mm.

(I) Representative PAS staining images of testis and cauda epididymis from control and cKO mice at P56. Scale bar, 50 mm.

(J) Double immunofluorescence staining for Sertoli-cell marker WT1 (red) and germ-cell marker DDX4 (green) in control and cKO mouse testis sections at P56.

Scale bars, 50 mm.

Data are representative of a minimum of three independent experiments and three biologically independent mice for each genotype.
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Figure 3. Establishment of SSC pool was disrupted in Vasa-Cre-cKO mice

(A) Representative co-immunofluorescent staining images for PLZF (red) and DDX4 (green) on control and cKO mouse testicular sections from P3, P5, and P7

mice, respectively. Scale bars, 50 mm.

(B) Quantification of PLZF-positive undifferentiated spermatogonia for (A). n = 3 biologically independent mice for each genotype. ns, not significant; ***p < 0.001.

(C) Quantification of DDX4-positive undifferentiated spermatogonia for (A) is shown. n = 3 biologically independent mice for each genotype. ns, not significant;

***p < 0.001.

(D) Representative immunofluorescent images of c-KIT (green) co-stained with DDX4 (red) in control and cKO mouse testes at P7. Scale bars, 50 mm.

(E) Quantification of c-KIT-positive differentiating spermatogonia for (D). n = 5 biologically independent mice for each genotype. ***p < 0.001.

(F) Representative immunofluorescent images of co-staining PLZF (red) with proliferation marker Ki67 (green) in control and cKOmouse testicular sections at P3

and P5, respectively. Scale bars, 50 mm.

(G) Histogram showing the proportion of Ki67 and PLZF double-positive proliferating undifferentiated spermatogonia in the PLZF-positive cells in (F). Data are

presented as mean ± SEM, n = 3 biologically independent mice for each genotype; ***p < 0.001.

(H) Representative immunofluorescent images of co-staining TRA98 (red) and Sertoli-cell marker WT1 (green) in control and cKOmouse testes at P3, P5, P7, and

P10, respectively. Dashed lines indicate germ cells located in the center and periphery of seminiferous tubules. Scale bars, 50 mm.

(legend continued on next page)

Cell Reports 43, 114113, April 23, 2024 5

Article
ll

OPEN ACCESS



hnRNPU is required for ProSG migration

Because ProSG needs to migrate toward the basement mem-

brane and establish the SSC pool around P3–P5,4,7–9 we exam-

ined the efficiency of ProSG migration to the basal membrane of

seminiferous tubules in Vasa-Cre-cKO mice. In control mice,

interestingly we found that about 50% of germ cells migrated

to the basement membrane of seminiferous tubules at P3 and

that almost all germ cells had completed the migration and

were adjacent to the basement membrane at P5, while all sper-

matogonia intermixed with Sertoli cells to locate on the base-

ment membrane at P7 (Figures 3H and 3I). However, in Vasa-

Cre-cKO mice, germ cells were trapped in the center of the

seminiferous tubules from P3 to P7 in comparison to control

mice (Figures 3H and 3I), suggesting the aberrant migration of

ProSG from the center to the peripheral basement membrane

of seminiferous tubules occurred. Since CDH1 (also known as

E-cadherin) is a cell-adhesion factor and marker of undifferenti-

ated SG and its ectopic expression is associated with the frus-

trating migration process of ProSG,13,20 we speculated that the

deregulation of CDH1 contributes to a disrupted migration pro-

cess of ProSG in Vasa-Cre-cKO mice. As expected, both

mRNA and protein expression levels of CDH1 in Vasa-Cre-cKO

testes at P4 were significantly higher than that of the control

testes (Figures 3J–3L). Notably, we found that CDH1 is only ex-

pressed in PLZF germ cells in the control testis cross-sections at

P4, whereas CDH1 is ectopically expressed in TRA98-negative

cells (somatic cells) in Vasa-Cre-cKO testes (Figure 3M).

Together, these results suggest that hnRNPU is essential for

ProSG migration and that loss of hnRNPU in ProSG leads to

an aberrant and ectopic expression of CDH1 in the testes.

Ablation of hnRNPU in ProSG affects the ProSG fate

decision

Given that ProSG failed to migrate to the SSC niche in Vasa-Cre-

cKO mice, we asked whether the differentiation of ProSG and

the efficiency of ProSG-to-spermatogonia transition are disturbed

in Vasa-Cre-cKO mouse testes. It has been reported that ProSG

and spermatogonia can be distinguished according to the subcel-

lular localization of FOXO1, which is when ProSG are transformed

into spermatogonia and FOXO1 is transported from the cytoplasm

to the nucleus.21 To quantify this process, we examined both the

percentage of spermatogonia that share a nuclear localization of

FOXO1 (nFOXO1) and the percentage of ProSG that have a cyto-

plasmic localization of FOXO1 (cFOXO1). In the control testes, the

percentage of spermatogonia (nFOXO1/nFOXO1 + cFOXO1)

increased from 57% at P3 to 70% at P5, and the percentage of

ProSG (cFOXO1/nFOXO1 + cFOXO1) decreased from 43% at

P3 to 30% at P5 (Figures 4A and 4B). In Vasa-Cre-cKO testes,

the percentage of nFOXO1+ spermatogonia is about 31% at P3,

38% at P4, and 39% at P5, which is significantly lower than that

in control testes (Figures 4A and 4B). Correspondingly, the per-

centageof cFOXO1+ProSG inVasa-Cre-cKO testes is remarkably

higher than the control testes (Figures 4A and 4B). Further, we iso-

lated the cytoplasm and nucleus protein of control and Vasa-Cre-

cKO germ cells and found that the nuclear-to-cytoplasm ratio of

FOXO1 was significantly decreased in Vasa-Cre-cKO germ cells

(Figures S3A and S3B), indicating that ProSG failed to transit into

spermatogonia and accumulated in Vasa-Cre-cKO testes. In sup-

port of these observations, we co-stained MIWI2, a recognized

marker for ProSG,22 with TRA98 to further visualize the defects

of ProSG-to-spermatogonia transition. Consistent with the find-

ings, the number of MIWI2-positive ProSG was comparable at

P1 and began to increase from P3 in Vasa-Cre-cKO testes

compared with controls. At P5, MIWI2-positive ProSG were ab-

sent in control testesbut still present inVasa-Cre-cKOtestes, con-

firming that the transition of ProSG to spermatogonia is blocked in

Vasa-Cre-cKOmice (Figures 4C and 4D). These results show that

the deletion of hnRNPU in ProSG leads to the accumulation of

ProSG and the reduction of spermatogonia.

Since T1-ProSG are inactive spermatogonia in themitotic arrest

state,which begin to transform into T2-ProSGatP1 and canprolif-

erate, migrate, and differentiate into spermatogonia,2,23we sought

to investigatewhether thedifferentiationprocess fromT1-ProSGto

T2-ProSG is disrupted. To this end, we used the recently identified

T1-ProSGmarkerDNMT3L toperform IFstainingofVasa-Cre-cKO

mouse testes at P1, P3, andP5.2,24 In controlmice, all TRA98-pos-

itive germ cells were DNMT3L-positive T1-ProSG at P1, about

49.53% of germ cells in the testes of control mice were

DNMT3L-positive at P3, and DNMT3L-positive T1-ProSG disap-

peared at P5 (Figures 4E and 4F). Interestingly, in Vasa-Cre-cKO

mice, the ratio of DNMT3L/TRA98 double-positive cells per total

TRA98-positive cells was comparable to that of littermate control

mice at P1, indicating that the maintenance of T1-ProSG was

normal (Figures 4E and 4F). At P3, DNMT3L-positive cells ac-

counted for 71.67% of germ cells in the testes of Vasa-Cre-cKO

mice, significantly higher than that of control mice (Figures 4E

and 4F). At P5, a more pronounced difference occurred, with

DNMT3L-positive T1-ProSG detectable in Vasa-Cre-cKO mice

but not in control mice, indicating that T1-ProSG is blocked in their

processof differentiation towardT2-ProSGuponhnRNPUdeletion

(Figures 4E and 4F). Moreover, consistent with the key character-

istic of T1-ProSG in which germ cells were in a non-proliferative

state, we found that the number of non-proliferative germ cells

was comparable between Vasa-Cre-cKO and control testes at

P1 (Figures S3C and S3D). To verify the T1- to T2-ProSG transition

defects, we performed co-immunofluorescent staining of TRA98

(I) Quantification of the ratio of basal germ cells (TRA98+) in control and cKO group for (H). % TRA98 positive basal cells = (TRA98-positive germ cells located at

the basement membrane/total TRA98-positive germ cells)3 100%. Data are presented as mean ± SEM, n = 3 biologically independent mice for each genotype;

***p < 0.001.

(J) RT-qPCR shows that mRNA levels of Cdh1 are significantly elevated in cKO testes at P4. Data are presented as mean ± SEM, n = 3 biologically independent

mice for each genotype; ***p < 0.001.

(K) Western blot indicates CDH1 protein levels in Ctrl and cKO testes at P4.

(L) Quantitative analysis of CDH1 protein levels in Ctrl and cKO testes. Data are presented asmean ±SEM, n = 3 biologically independent mice for each genotype;

***p < 0.001.

(M) Representative immunofluorescent images of testicular sections from Ctrl and cKO mice at P4 stained for CDH1, PLZF, and TRA98. Arrow indicates PLZF-

negative and CDH1-positive cells. Arrowheads indicate TRA98-negative somatic cells with ectopic cytoplasmic CDH1 expression. Scale bars, 20 mm.
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Figure 4. hnRNPU deficiency disrupts the process of ProSG-to-spermatogonia transition

(A) Representative co-immunofluorescent staining images for the FOXO1 and DDX4 on control and Vasa-Cre-cKO mouse testes from P3, P4, and P5 mice,

respectively. Scale bars, 50 mm. Enlarged panels on right show the merged channels of FOXO1 (red) and DDX4 (green). Inset scale bars, 10 mm.

(B) Quantifications of the percentage of ProSG and spermatogonia for (A). The percentage of ProSG and spermatogonia was calculated by using the following

formula: % ProSG = cytoplasmic FOXO1+ cells/total FOXO1 + cells; % spermatogonia = nuclear FOXO1+ cells/total FOXO1+ cells. Nu, nuclear; Cyt, cytoplasmic.

Data are presented as mean ± SEM, n = 3 biologically independent mice for each genotype; ***p < 0.001.

(C) Representative co-immunofluorescent staining images for the MIWI2 (green) and TRA98 (red) on control and cKO mouse testes from P1, P3, and P5 mice.

Scale bars, 50 mm.

(D) Quantifications of the percentage of MIWI2-positive ProSG for (C). The ratio of ProSG was calculated as MIWI2- and TRA98-positive cells/total TRA98-

positive cells. Data are presented as mean ± SEM, n = 3 biologically independent mice for each genotype; **p < 0.01, ***p < 0.001.

(legend continued on next page)
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with ETV4, a recently identified marker for T2-ProSG.2 The results

showed that the percentage of ETV4-positive cells was decreased

in Vasa-Cre-cKO in P4 testes, confirming that T1-ProSG failed to

restore proliferation in Vasa-Cre-cKO mice (Figures S3E and

S3F). Together, these data demonstrate that hnRNPU is required

for the process of differentiation and transition of ProSG to

spermatogonia.

scRNA-seq defines the defects during ProSG-to-SG

transition in Vasa-Cre-cKO mice

To detect molecular changes during the ProSG-to-SG transition

process in Vasa-Cre-cKO mice, we performed scRNA-seq on

whole testicular cells from control and Vasa-Cre-cKO testes at

P5. Subsequent analysis was based on control (9,674 cells)

and Vasa-Cre-cKO (15,238 cells) datasets within 2,651 genes

and 2,582 median genes detected per cell, respectively. Clus-

tering analysis of the total cells from testes across all genotypes

identified 23 major cell clusters (Figure S4A and Table S1). Con-

trol and Vasa-Cre-cKO testicular cells exhibited similar cell dis-

tributions, and testicular cells of these two genotypes were

evenly distributed in each cluster (Figure S4B). To assign the

cell types of each cluster, we used previously reported testicular

markers: germ cells (Dazl, Ddx4), Sertoli cells (Amh, Wt1, and

Sox9), Leydig cells (Hsd3b1, Cyp11a1), peritubular myoid cells

(Acta2, Myh11), stroma cells (Wnt5a), macrophage cells (Cd68,

Lyz2), and endothelial cells (Pecm1, Esam)2,25–27 (Figures S4C

and S4D). Followed by the analyses, a total of seven known

types of testicular cell clusters and one unknown cluster were

identified (Figure S4E). Moreover, scRNA-seq revealed that

hnRNPU was ubiquitously expressed in all types of testicular

cells, including germ-cell and somatic-cell clusters (Figure S4F),

consistent with its expression pattern at the protein level (Fig-

ure 1). The proportions of testicular cell subtypes were counted

separately to detect the differences between control and Vasa-

Cre-cKO testicular cells. The results showed that the number

of germ cells was reduced in Vasa-Cre-cKO mouse testes

compared with controls (Figures S4G and S4H). Interestingly,

the unknown cells were increased in Vasa-Cre-cKO testicular

cells compared with the controls (Figures S4G and S4H), sug-

gesting that some cells lost their unique identity upon hnRNPU

ablation in germ cells.

To better clarify the cellular heterogeneity of germ cells, re-

clustering analysis was performed on germ-cell clusters

(including clusters 6, 9, and 10), and a total of seven subgroups

(clusters 0–6) of germ cells was identified (Figure S5A); 99.4%

of reclustered cells are located in clusters 1–5, while cluster 6

contains only 0.6% of reclustered cells and is separated from

clusters 0–5 (Figure S5A). Further analysis revealed that a

germ-cell marker (Dazl) was detected in clusters 0–5 and not

in cluster 6, indicating that cluster 6 might not be germ cells

(Figure S5B). Thus, cluster 6 was removed and clusters 0–5

were used for the subsequent analyses (Figure 5A). In all,

testicular cells of Vasa-Cre-cKO mice were mainly distributed

in cluster 0, partially in clusters 1, 2, and 4, and rarely in cluster

3, indicating that the distribution of germ-cell subtypes was un-

even between control and Vasa-Cre-cKO mouse testes (Fig-

ure 5B). Cluster 3 was characterized by markers of differenti-

ating spermatogonia (e.g., Dmrtb1, Kit, Rhox13, Stra8, or

Dnmt3b) and was tentatively classified as differentiating sper-

matogonia (Diff SG) (Figures 5C, 5D, and S5C). Undifferentiated

spermatogonia (containing SSCs and progenitors) markers

manifested expression peaks in cluster 4; thus, cluster 4 was

named undifferentiated spermatogonia (Undiff SG) (Figures 5C,

5D, and S5C). Cells in clusters 0 and 5 were categorized as

ProSG, expressing ProSG markers (e.g., Id1, Id2, Klf4)24 with

little or no detection of either Undiff SG markers (Gfra1, Etv5,

Nanos3, Egr4, or Neurog3)2,24,26,28 or Diff SG markers (Dmrtb1,

Kit, Rhox13, Stra8, or Dnmt3b)2,24,26 (Figures 5C, 5D, and S5C).

Since clusters 1 and 2 could not be defined by any of the

known germ-cell subtype marker genes, we tentatively desig-

nated them as ‘‘transitional SG’’ according to their transcriptome

signatures. Clusters 1 and 2 (transitional SG) shared similar tran-

scriptome signatures of both Undiff SG and Diff SG (Figure 5E

and Table S2). For instance, Uchl1, a marker gene for SSC,29

was highly expressed in clusters 1 and 2 (Figure S5D). Further,

the signature genes of clusters 1 and 2 (transitional SG) were en-

riched in gene ontology (GO) terms such as ‘‘metabolism of

RNA,’’ ‘‘chromatin organization,’’ and ‘‘cell proliferation’’ (Fig-

ure S5E), suggesting that clusters 1 and 2 were involved in the

regulation of cell proliferation. We then performed a pseudotime

analysis based on the germ-cell cluster transcriptomes to mirror

the chronological order of perinatally male gametogenesis.

Germ cells emerged along a trajectory path from ProSG (clusters

0 and 5) to transitional SG (clusters 1 and 2) to Undiff SG (cluster

4) and Diff SG (cluster 3), suggesting that clusters 1 and 2 might

act as the intermediate cell state during this process (Figures 5F,

5G, and S5F).

Interestingly, testicular cells from Vasa-Cre-cKO mice were

more likely to be present in the early phase of the pseudotime tra-

jectory characterized by the presence of ProSG and lost in late

germ-cell clusters that represent spermatogonia (Figure 5H).

Consistent with the above findings from IF analyses, a large pro-

portion of Vasa-Cre-cKO germ cells were defined as ProSG (Fig-

ure 5I), suggesting thatProSGcould not differentiate and triggered

the accumulation of ProSG in the Vasa-Cre-cKO testes. Differen-

tially expressed genes (DEGs) between control and Vasa-Cre-

cKO for eachclusterwere thenanalyzed (TableS3).DEGs involved

incell-cycle regulationwereamong the topGOterms in theProSG,

transitional SG, and Undiff SG clusters (Figure S6A). In addition,

GO analyses revealed that the reproductive process enriched for

ProSGand transitional SG, germ-cell proliferation enriched forUn-

diff SG, andmeiosis I enriched for Diff SG (Figure S6A), suggesting

that the transcriptome network of the reproductive process was

disturbed upon hnRNPU depletion in ProSG.

Considering that the cell cycle was disturbed in Vasa-Cre-cKO

germ cells, germ cells were categorized as discrete cell-cycle

(E) Representative co-immunofluorescent staining images for the DNMT3L (red) and TRA98 (green) on control and cKO mouse testes from P1, P3, and P5 mice.

Arrowhead indicates DNMT3L-positive cells in P5 cKO testes. Scale bars, 50 mm.

(F) Quantification of the percentage of T1-ProSG for (E). The percentage of T1-ProSG was calculated as both DNMT3L- and TRA98-positive cells/total TRA98-

positive cells. Data are presented as mean ± SEM, representative of n = 3 biologically independent mice for each genotype; ***p < 0.001.
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phases based on the uniform manifold approximation and pro-

jection (UMAP) plot to further describe their cell-cycle signature.

We found that clusters 1 and 2 (transitional SG), cluster 4 (Undiff

SG), and cluster 3 (Diff SG) were sorted into cell-cycle-active (G1,

S, or G2/M) phases, while clusters 0 and 5 (ProSG) were in the G1

state, indicative of G0 arrest and quiescence (Figure 5J), sug-

gesting that ProSG cluster was in cell-cycle quiescence and

SG cluster was in a proliferative state. Subsequently, we per-

formed a statistical analysis of the proportion of germ cells at

each phase in the control and Vasa-Cre-cKO samples, respec-

tively. The percentage of germ cells in G1, S, and G2/M phases

was as follows (Ctrl vs. cKO): G1 (28.9% vs. 65.4%), S (37.0%

vs. 20.0%), G2/M (34.1% vs. 14.6%) (Figure 5K). In Vasa-Cre-

cKO germ cells, the proportion of germ cells in G1 phase

increased (Figure 5K), indicating that mitotic activation was hin-

dered upon hnRNPUdeletion and that germ cells were in amitot-

ically quiescent state.

hnRNPU regulates alternative splicing of cell-cycle-

related genes

To fully understand the molecular mechanism of how hnRNPU

regulates spermatogonial development, we performed RNA-

seq on control and Vasa-Cre-cKO mouse testes at P4, at which

time point the cell population is comparable between control and

Vasa-Cre-cKO testes (Table S4). Compared to the testes of con-

trol mice, a total of 317 and 198 genes were identified as upregu-

lated and downregulated, respectively, in the testes of Vasa-

Cre-cKO mice (Figure S6B). GO-term analysis showed that the

DEGs were mainly enriched in spermatogenesis, reproduction,

cell migration, and cell differentiation (Figures S6C and S6D).

Further, we analyzed the length of 30 UTR and observed that

the genes with dysregulated 30 UTRwere enriched in mRNA pro-

cessing (Figures S6E and S6F), suggesting that hnRNPU might

regulate the length of gene 30 UTR.

Since hnRNPU could participate in alternative splicing (AS)

events of precursor mRNA in tissues such as the heart,30,31 we

used rMATS software (replicatemultivariate analysis of transcript

splicing) to analyze the AS events from theRNA-seq data. The re-

sults showed that compared to the control group, 955 differen-

tially AS events occurred in the testis of Vasa-Cre-cKO mice,

most of which were skipped exon events, accounting for 79.5%

(759 out of 955) of the total AS events (Figure 6A and Table S5).

Other differentially AS events included mutually exclusive

exon (153/955), alternative 5’ splice site (14/955), alternative 30

splice site (23/955), and retained intron (6/955) (Figure 6A and

Table S5). Further, GO-term analysis revealed that genes with

differentially AS events are enriched in the mitotic cell-cycle pro-

cess (Figure 6B). Subsequently, we selected three genes (Vrk1,

Slx4, and Zfp207) related to cell cycle to visualize based on

RNA-seq analysis. Loss of hnRNPU resulted in differential

expression of exon 13 in Vrk1 (increased exon skipping), exon 3

inSlx4 (increasedexonskipping), andexon9 inZfp207 (increased

exon inclusion) (Figure 6C). Interestingly,we identified exon-skip-

ping events at exon 8 of theDazl gene (Figure 6C), amaster trans-

lational regulator gene for spermatogonial development and

spermatogenesis in mice.32 PCR further confirmed these differ-

entially AS events in testes and germcells isolated fromP4 testes

(Figures 6D and S6G). In addition, we analyzed the RNA exp-

ression levels of Vrk1, Slx4, Zfp207, and Dazl and found no sig-

nificant changes in the expression of these four genes (Fig-

ure S6H). Conclusively, these bioinformatics analyses suggest

that hnRNPU couldmodulate the development of spermatogonia

by regulating the gene network of spermatogonial development

and alternative splicing of genes related to the cell cycle.

We next asked whether hnRNPU could bind to precursor

mRNA in mouse germ cells. To this end, we performed RNA-

binding protein co-immunoprecipitation coupled with sequen-

cing (RIP-seq) in isolated germ cells from P4 testes to detect

hnRNPU protein-bound RNA (Figures S7A and S7B). GO-term

analyses revealed that hnRNPU-binding transcripts were en-

riched on cell cycle and cell division (Figure 7A). We further vali-

dated the enrichment of pre-mRNAs related to cell cycle and

spermatogonial development, such as Vrk1,33 Slx4,34 Dazl,32

Ptpn11,35 Ddx5,36,37 and Dmrt1.38 RIP-qPCR and the peak dia-

gram of RIP-seq indicated that hnRNPU binds to these six genes

(Figures 7B, S7C, and S7D). Strikingly, Vrk1, Slx4, and Dazl also

suffered alternative splicing (Figures 6C and 6D), indicating that

hnRNPU might directly regulate the alternative splicing of Vrk1,

Slx4, and Dazl.

Furthermore, the motif analyses showed that the mapped

hnRNPU-binding sites are distributed among the intron regions

(�38.99%) (Figure 7C), which was consistent with previous

studies.30,31 Interestingly, we also detected hnRNPU binding to

exon (�27.98%) and 30 UTR (24.06%) (Figure 7C). RNA-binding

motif analysis revealed that hnRNPU preferred GU-, UGGG-, or

GUUUU-rich tracts of RNA (Figure 7D), consistent with the char-

acteristic of hnRNPU with high-affinity binding to G or U homo-

polymers.30,31 Further analysis by comparing RNA-seq and

RIP-seq data revealed that the transcripts of �20.37% (166

out of 815) AS-changed genes were bound by hnRNPU, and

Figure 5. scRNA-seq defines aberrant ProSG-to-SSC progression in Vasa-Cre-cKO mice

(A) Reclustering analysis of combined control and Vasa-Cre-cKO germ cells projected onto UMAP plot.

(B) UMAP plots of individual libraries for germ cells isolated from control and Vasa-Cre-cKO testicular samples.

(C) UMAP plot shows clustering analysis of combined control and Vasa-Cre-cKO germ cells.

(D) Mean expression levels of ProSG, Diff SG, and Undiff SG marker genes to each cluster on the violin plots. Diff SG, differentiated spermatogonia; Undiff SG,

undifferentiated spermatogonia.

(E) Heatmap showing the top differentially expressed genes (DEGs) of each cluster.

(F and G) Pseudotime ordering of combined control and Vasa-Cre-cKO mouse germ cells documented following the trajectory timeline of ProSG, Undiff SG,

transitional SG, and Diff SG.

(H) Pseudotime trajectory analysis of control and Vasa-Cre-cKO mouse germ cells. cKO germ cells tend to be distributed early and decrease over time.

(I) Proportion of ProSG, transitional SG, Undiff SG, and Diff SG in control and Vasa-Cre-cKO samples.

(J) UMAP plot shows cell-cycle phase analysis of germ cells.

(K) Quantification of cells at each cell-cycle phase in Ctrl and cKO testicular cells.
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these overlapping transcripts were enriched in cell migration, cell

cycle, and cell division (Figures 7E and S7E). Interestingly,

hnRNPU was also enriched on �29.47% (183 out of 621) differ-

entially expressed transcripts (Figure S7F), suggesting that

hnRNPU also regulates gene expression in a splicing-indepen-

dent mechanism.

Figure 6. hnRNPU regulates alternative splicing post-transcriptionally

(A) Number of alternative splicing events occurring in Vasa-Cre-cKO testes at P4.

(B) GO-term enrichment analysis of genes with differentially alternative splicing events at P4.

(C) Sashimi plot showing differentially alternative splicing events of selected genes (Vrk1, Slx4, Zfp207, and Dazl) between control and Vasa-Cre-cKO mouse

testes detected by RNA-seq.

(D) PCR validation of the selected candidate genes in isolated germ cells from P4 control and Vasa-Cre-cKO mice. Differentially spliced exons are denoted by

‘‘Dn’’ (n being exon number). Below is a schematic representation of alternatively spliced exons. Bar plot on the right is the percentage of exons included (PSI), the

values being expressed as mean ± SEM, n = 3 biologically independent mice for each genotype; ***p < 0.001.
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Figure 7. hnRNPU binds to pre-mRNA and interacts with RNA-binding proteins

(A) GO terms of hnRNPU-binding transcripts.

(B) RIP-qPCR shows that hnRNPU protein interacts with the mRNA of Slx4, Vrk1, Dazl, Ddx5, Dmrt1, and Ptpn11 in isolated germ cells. Data are presented as

mean ± SEM, n = 3 biological repeats; **p < 0.01, ***p < 0.001.

(legend continued on next page)
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To further elucidate the regulatory network of hnRNPU in sper-

matogonia development, we studied the hnRNPU-interactive

protein network by reanalyzing our previous published immuno-

precipitation-mass spectrometry (IP-MS) data from P5 mouse

testes19 and identified many hnRNPU candidate interaction pro-

teins (Figure 7F). Further GO-term and Kyoto Encyclopedia of

Genes andGenomes (KEGG)analysis of these interacting proteins

showed that the top three pathways were mRNA binding, mRNA

processing, and RNA splicing (Figure 7G). To verify the reliability

of these interacting proteins identified by MS, we selected three

proteins containing DDX5 (related to alternative splicing and sper-

matogonial development),36,37 SRSF3 (related to alternative

splicing and spermatogenesis),39,40 and TRIM28 (related to sper-

matogonial development)41 to perform co-immunoprecipitation

coupled with western blot in isolated germ cells from P5 testes

toconfirm that hnRNPUdoes interactwith theseproteins inmouse

germ cells (Figures S7G and S7H). Interestingly, previous studies

have shown that DDX5 regulates the exon 8 skipping of Dazl,36

which is consistent with the function of hnRNPU. Thus, we further

analyzed the cooperation role between hnRNPU and DDX5. We

compared IP-MS data of hnRNPU and DDX5 and found 156 com-

mon interacting proteins (Figure7H). Further analysis revealed that

these common interacting proteins were enriched in RNA

metabolism, mRNA processing, regulation of mRNA metabolic

process, mRNA splicing—major pathway, and RNA localization

(Figure 7I). Altogether, these data indicate that hnRNPU could

interact with RNA-binding protein and bind to precursor mRNA

to regulate its alternative splicing during spermatogonial develop-

ment (Figure 7J).

DISCUSSION

In our previous study, we conditionally knocked out hnRNPU in

mouse Sertoli cells and observed that ablation of hnRNPU in Ser-

toli cells leads to severe testicular atrophy and failure of spermato-

gonia migration and proliferation.19 In the current study, we

demonstrated that loss of hnRNPU in germ cells leads to Ser-

toli-cell-only phenotype and that hnRNPU is able to regulate the

differentiation and migration of ProSG and SSC pool establish-

ment. Interestingly, knockout of hnRNPU in germ cells or somatic

cells triggers similar phenotype defects in spermatogonial devel-

opment. Additionally, loss of hnRNPU in Sertoli cells not only af-

fects germ-cell development but also leads to rapid depletion of

Sertoli cells, implying that hnRNPU in Sertoli cells is essential for

both germ-cell and Sertoli-cell development. Sertoli cells sustain

a relatively constant number in Vasa-Cre-cKO seminiferous tu-

bules, indicating that hnRNPU in germ cells is not essential for

the development of Sertoli cells. Therefore, the phenotype of

germ-cell developmental defects observed in Sertoli-cell-specific

knockout of hnRNPU mice possibly might occur due to the

indirect effect of hnRNPU on spermatogenesis by affecting Ser-

toli-cell development and the spermatogenic microenvironment

established by Sertoli cells. Consistently, germ-cell-specific or

Sertoli-cell-specific knockout of Aip1 could affect the migration

of ProSG and spermatogonial maintenance,13 which is similar to

the regulatory role of hnRNPU during germ-cell development,

suggesting that hnRNPU and AIP1 have a similar function in regu-

lating spermatogenesis.

Of note, migration and cell-cycle changes are two important

events during ProSG-to-spermatogonia transformation. In the

current study, we found that hnRNPU-deficient ProSG failed to

migrate to the basement membrane of seminiferous tubules to

establish an SSC pool. This observation is consistent with recent

studies reporting that intraluminal ProSG could converse to typeA

spermatogonia after injection of retinoic acid into the testis prior to

migration.42 It is worth noting that the number of undifferentiated

spermatogonia and differentiating spermatogonia was reduced

in Vasa-Cre-cKO mice, and no germ cells were observed in the

seminiferous tubules at P10, indicating that the differentiation of

T2-ProSG was disrupted and differentiating spermatogonia failed

to enter the meiotic stage to become spermatocytes and ulti-

mately fulfill the first wave of spermatogenesis. In addition,

although ProSG in the center of seminiferous tubules can differen-

tiate, they will undergo apoptosis,43 and this was confirmed by

TUNEL-staining analysis of Vasa-Cre-cKO mice.

Due to the high heterogeneity and low cell number of ProSG

and Undiff SG, it is challenging to study their characteristics.2,12

Although several studies have been devoted to distinguishing

their subtypes and identifying some subtypes of ProSG and Un-

diff SG, much is still unknown about their subtypes.2,24,44–47 In

this study, we identified four cell types using the scRNA-seq

technique: ProSG, transitional SG, Undiff SG, and Diff SG. It

should be notated that clusters 1 and 2 could not be annotated

by existing markers of germ-cell subtypes. By analyzing their

highly variable gene, GO term, pseudotime trajectory, cell pro-

portion, and cell cycle, we found their characteristics to be

consistent with SG and thus were tentatively named transitional

SG. Since ProSG resumes the cell cycle and transforms into SG

after birth, we speculate that transitional SG may be a group of

cells that have just resumed proliferation and have not yet fully

transformed into Undiff SG or Diff SG. Interestingly, we also iden-

tified an unknown cluster, which is an independent cell type, ac-

counting for 0.6% of the total germ cells. We tried to use a variety

of marker genes to define it; however, the unknown cluster was

(C) Genomic distribution of hnRNPU-binding regions of transcripts.

(D) The four most enriched motifs identified from RIP-seq.

(E) Venn diagrams showing the overlap of hnRNPU-binding transcripts from RIP-seq and abnormal alternative splicing genes from RNA-seq.

(F) A list of ten hnRNPU-interacting candidates in mouse testes at P5 identified by IP-MS. Analysis is derived from our previous published data.19

(G) GO andKEGGenrichment analysis of hnRNPU-interacting proteins identified by IP-MS. hnRNPU-interacting proteins weremainly enriched onmRNAbinding,

mRNA processing, and spliceosome-related proteins.

(H) Venn diagrams showing the overlap of hnRNPU-binding proteins and DDX5-binding proteins from IP-MS.

(I) GO-term analyses of 156 overlapped binding proteins between DDX5 and hnRNPU.

(J) Model of hnRNPU-mediated gene regulation in ProSG and spermatogonia. hnRNPU functions as a post-transcriptional regulator, interacting with other RNA-

binding proteins (such as DDX5 and SRSF3) to co-regulate the alternative splicing of Vrk1, Slx4, and Dazl for maintaining cell cycle in neonatal testes, thereby

controlling ProSG fate decision.
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not expressed germ-cell markers and weakly expressed stroma

cell, peritubular myoid cell, and Sertoli-cell markers, suggesting

that this cluster may comprise disturbed somatic cells. It is

reasonable that a small proportion of unknown cells appear dur-

ing testicular cell clustering because one recent article has also

shown another/mixture of an unknown cluster in testicular

scRNA-seq analyses.48 For the analysis of AS using RNA-seq

data generated from whole testes, we cannot rule out the tech-

nical limitation that the aberrant AS identified may be induced

by the alteration of testicular cell subtypes. To eliminate the inter-

ference of somatic cells, we reverified the AS genes using iso-

lated germ cells from Vasa-Cre-cKO and control mice at P4.

Interestingly, AS abnormalities seem more obvious in germ-cell

suspensions than in whole testes, which further confirmed that

the aberrant AS of these genes is caused by the loss of hnRNPU

rather than uneven cell subtypes.

In summary, our investigations introduce hnRNPU as a critical

regulator and that hnRNPU drives the initial establishment of the

SSC pool by promoting the migration of ProSGs into the SSC

niche and their specific differentiation into SSCs. In this regard,

hnRNPU conditional knockout mice could serve as an excellent

model to study the process of ProSG-to-SSC transition. The find-

ings in this study provide insights into the molecular mechanism

that regulates SSC pool establishment and extends knowledge

toward a better understanding of male germline stem cell biology,

which may translate to the treatment of human male infertility.

Limitations of the study

In this study, we found that hnRNPU deficiency in mouse ProSG

results in failure of ProSG differentiation and migration, leading

to SCOS. Interestingly, we found that hnRNPU and DDX5 share

156 interacting proteins and that either hnRNPU or DDX5 may

regulate exon 8 skipping of the Dazl gene. However, we cannot

exclude that hnRNPU plays an important role in DNA transcrip-

tion and other RNA metabolism-related events during the

ProSG-to-SG transition process. Thus, it remains unknown

whether other functions of hnRNPU in the ProSG-to-SG process

are transcriptional or post-transcriptional. In addition, although

the advent of single-cell sequencing technology has provided

important clues to the definition of their subgroups, the classifi-

cation of their subgroups is still controversial. Different

sequencing methods, samples, and pipeline analyses can yield

different results. Some sequencing methods themselves have

limitations. For example, analysis using DDRTree in monocle2

often results in a few cells deviating from the cell clustering.
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Rabbit - anti- Histone-H3 Proteintech 17168-1-AP

Rabbit- anti-GAPDH Proteintech 10494-1-AP

IFKineTM Green Donkey Anti-Mouse IgG Abbkine A24211

IFKineTM Red Donkey Anti-Mouse IgG Abbkine A24411

IFKineTM Green Donkey Anti-Rabbit IgG Proteintech A24221

IFKineTM Red Donkey Anti-Rabbit IgG Abbkine A24421

IFKineTM Green Donkey Anti-Goat IgG Abbkine A24231

HRP Goat anti-rabbit IgG Abbkine A21020

HRP Goat anti-mouse IgG Abbkine A21010

Chemicals, peptides, and recombinant proteins

NaCl Sinopharm 10019318

protease inhibitor cocktail MCE HY-K0010

Critical commercial assays

PBS Servicebio G4202

IP lysis buffer Beyotime P0013

protein A/G magnetic beads MCE HY-K0202

RNase A Beyotime ST578

53SDS-PAGE protein loading buffer Yeasen 20315ES20

skim milk Biosharp BS102

ECL reagent mixture Bio-Rad 1705061

antifade mounting medium Abbkine BMU104-CN

Bouin’s solution Sigma-Aldrich HT10132

Periodic Acid-Schiff Staining Kit Beyotime C0142S

(Continued on next page)
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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. Shui-

qiao Yuan (shuiqiaoyuan@hust.edu.cn).

Materials availability

Reagents describe in this paper are available from the lead contact upon request with a completed Material Transfer Agreement.

Data and code availability

d RNA-seq, scRNA-seq, and RIP-seq data have been deposited in the NCBI SRA (Sequence Read Achieve) database and are

publicly available. Accession numbers are listed in the key resources table.

d The codes used for analysis in this study are available at GitHub repository: https://github.com/chengkeren/hnRNPU.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Generation of Hnrnpu gene conditional knockout mice

Mice carrying floxed hnRNPU alleles were a gift from Dr. Tom Maniatis’s lab at Columbia University and have been previously

described.19TheVasa-Cre andDdx4-CreERT2micewere purchased fromJackson Laboratory. Vasa-Cre-CKO (Vasa-Cre;Hnrnpuflox/Del)

wereobtainedbymatting femaleHnrnpuflox/floxmicewithVasa-Cre;Hnrnpu+/floxmalemice. hnRNPU-iKO (DDX4-CreERT2;Hnrnpuflox/flox)

micewere obtained bymatting femaleHnrnpuflox/floxmicewithDdx4-CreERT2;Hnrnpuflox/floxmalemice. For inducible deletion ofHnrnpu

in iKO mice, tamoxifen (Sigma T5648) was suspended with corn oil (Sigma C8267) and injected intraperitoneally daily into 8-week-old

Ddx4-CreERT2; Hnrnpuflox/flox males (2mg / 30g body weight) for 5 consecutive days. Hnrnpuflox/flox males treated with tamoxifen were

usedas controls. Testeswere harvested for analysis at 35dayspost-tamoxifen treatment (dpt). The PCRprimer sequences for genotyp-

ing are listed in Table S6.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

O.C.T. Sakura Finetek 4583

Deposited data

sc-RNA-seq This paper NCBI database:

PRJNA896932 PRJNA897864

RIP-seq This paper NCBI database:

PRJNA1058363

Experimental models: Organisms/strains

floxed-Hnrnpu mice A gift from Dr. Tom Maniatis at

Columbia University College of

Physicians and Surgeons

N/A

Vasa-Cre mice The Jackson Laboratory RRID:IMSR_JAX:006954

Ddx4-CreERT2 mice The Jackson Laboratory RRID:IMSR_JAX:024760

Oligonucleotides

List of Oligonucleotides used This study Table S6

Software and algorithms

Metascape https://metascape.org/ N/A

STRING https://cn.string-db.org/ N/A

Photoshop Adobe N/A

Prism GraphPad N/A

Image J NIH https://imagej.nih.gov/ij/

exomePeak Version 3.8 N/A N/A

deepTools Version 2.4.1 N/A N/A

Biorender https://app.biorender.com/ N/A
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Animal

All mice used in this study were C57BL/6J gene background and housed in a specific pathogen-free (SPF) conditions at 20-26�C and

40-70%humidity in the Laboratory Animal Center of Tongji Medical College, Huazhong University of Science and Technology, China.

All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Tongji Medical College. Y.W.

and L.Y. were responsible for the feeding of mice.

Human testicular samples

Human testicular samples were obtained from aborted fetuses and obstructive azoospermia patients. All experiments were conduct-

ed following the protocols approved by theMedical Ethics Committee of the ReproductiveMedicine Center of Tongji Medical College

of Huazhong University of Science and Technology. All participating patients consented to the research process for this work and

granted this permission with informed written authorization.

METHOD DETAILS

Purification of spermatogenic cells, Sertoli cells, and neonatal germ cells

STA-PUT velocity sedimentation was used to separate different types of germ cells as we have previously described, including sper-

matogonia, pachytene spermatocytes, round spermatids, and elongating spermatids.49 To obtain single testicular cell suspension,

mouse testes at P56were treated with collagenase IV (Sigma, Cat. No. C5138-100mg) and trypsin (Sigma, Cat. No. 9002-07-7). After

washing with PBS, the heterogeneous testicular cell suspension was filtered and dispersed in a linear BSA gradient in a group of

specialized glassware. The sedimentation velocity of individual cell types varies with cell size, enabling fractions enriched for specific

cell types to be collected. The isolated spermatogenic cells withR90% purity were used for RT-qPCR analyses.

Sertoli cell isolation was performed as described previously.19 In brief, the testes were decapsulated and digested into single-cell

suspension, and then testicular cell suspension was cultured in the DMEM/F12medium containing 10%FBS and 1%P/S. After over-

night culture, the suspended cells and non-attached cells were removed by Tris-HCl (PH = 7.4) solution. Then the firmly attached

Sertoli cells were digested from the cell culture dish for subsequent experiments.

For the neonatal testicular germ cell purification, more than 100 neonatal mouse testes were obtained from P4 mice and dissoci-

ated with single cells as previously described.50 In short, testicular cells were collected by two-step enzymatic digestion. Testicular

samples were digested with collagenase IV (1 mg/ml), washed with PBS, and centrifuged at 500 g. Then, the pellet was digested

again with trypsin containing DNase I (1mg/ml) to prepare a single-cell suspension. Then the single-cell suspension was plated on

0.1% gelatin-coated plates and incubated overnight. During overnight plating, somatic cells adhered to the culture plates and

germ cells remained non-attached. The next day, germ cells were enriched by gelatin selection by collecting the non-attached cells.

Germ cells were judged bymorphology and larger size compared to Sertoli cells by phase contrast microscopy. In addition, fractions

containing germ cells were centrifuged and collected for immunoprecipitation, RNA immunoprecipitation, and RNA extraction.

Histology and immunofluorescence

Mouse testes and epididymides were fixed in Bouin’s solution (Lot#SLBJ3855V, Sigma) or 4% paraformaldehyde (PFA) solution

(Sigma, P6148) overnight at 4�C with tilting and rotation. For histology analyses, the samples were dehydrated in ethanol and

embedded in paraffin. 5 mm sections were cut and stained with a periodic acid-Schiff (PAS) kit according to the manufacturer’s in-

structions. Immunofluorescence assay was performed as described previously with minor modifications.51 Briefly, the cryosections

were subjected to antigen retrieval and blocked with 5% donkey serum for 1h at RT. Then, the sections were incubated with primary

antibodies overnight at 4�C and incubated with secondary antibodies for 1-2h at RT. After being washed with PBS, sections were

mounted with Vectashield mounting medium containing DAPI (H1200, Vector laboratories) and imaged using a Zeiss Axio

Scope.A1 microscope (Zeiss, Germany) equipped with a digital camera (MSX2, Micro-shot Technology Limited, China).

For whole-mount staining, freshly isolated seminiferous tubules were fixed in 4% PFA and 0.5 mM CaCl2 overnight at 4
�C, dehy-

drated in a graded ethanol series (25%, 50%, 75%, and 100%) in PBST at 4�C. After rehydrating in PBST, the seminiferous tubules

were permeabilized in blocking buffer containing 4% donkey serum and 1% BSA in PBST for 1 h at RT and then incubated with pri-

mary antibodies overnight at 4�C. Secondary antibodies conjugated to Alexa Fluor Dyeswere incubatedwith seminiferous tubules for

1 h at RT. After washing in PBST, the seminiferous tubules were stained with DAPI and mounted with PBS on the slides. Then fluo-

rescent images were captured using a Zeiss Axio Scope.A1 microscope (Zeiss, Germany) equipped with a digital camera (MSX2,

Micro-shot Technology Limited, China). The antibodies used are listed in the key resources table in the STAR Methods.

TUNEL analyses

TUNEL assay was performed with One Step TUNEL Apoptosis Assay Kit (Meilunbio, MA0223) following the manufacturer’s instruc-

tions using testis cryosections.

Chromatin fractionation

Testes were harvested from control and Vasa-Cre-cKOmice at P5 and used for chromatin fractionation assay according to the man-

ufacturer’s procedure (Beyotime, P0027). Briefly, testes were homogenized thoroughly and stewed in themixture of buffer A and B at
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4�C. After centrifugation at 1,500g for 5min at 4�C, the supernatant containing the cytoplasmwas transferred to a cold tube, while the

sediment was vortexed vigorously in buffer A and then placed on ice for 15 min. Buffer B was added to the suspension, and after two

vigorous vortices and one centrifugation, the supernatant was transferred to the tube containing cytoplasm. To obtain chromatin pro-

teins, the sediment was rinsed in the nuclear protein extraction reagent with the addition of PMSF and vortexed at high speed for 15-

30s every 1-2 min for a total of 30 min. After centrifugation at 16,000g for 10 min at 4�C, the supernatant containing nuclear proteins

was transferred to a cold tube for subsequent experiments.

Western blotting

Testes were removed from the tunica albuginea and lysed with RIPA buffer (CWBIO, Cat# 01408) plus 13 proteinase inhibitor in a

1.5 ml Eppendorf tube. The lysates were sonicated and clarified by centrifugation, analyzed on SDS/PAGE gel, and followed by elec-

troblotted onto PVDF membrane (Bio-Rad). The membranes were incubated with primary antibody diluted with 5% non-fat milk and

were probed with secondary antibody immediately at RT for 1-2 h. The signals were visualized using the Luminol/enhancer solution

and Peroxide solution (ClarityTMWestern ECL Substrate, Bio-Rad) and photographed using the ChemiDoc XRS+ system (Bio-Rad).

The antibodies used are listed in the key resources table in the STAR Methods. All original uncropped gels of Western blotting are

shown in Data S1.

Immunoprecipitation

Isolated germ cells were used were homogenized in iced lysis buffer (20 mMHEPES, 150mMNaCl, 2 mMmagnesium acetate, 0.2%

NP-40, 1 mM DTT, pH = 7.3) and were then clarified by centrifugation at 12,000 X g. Immunoprecipitation was performed using Pro-

tein A beads or Protein G beads (Bio-Rad) according to themanufacturer’s instructions, andwestern blots were performed according

to the above western blotting protocols. 10 mg of antibody was used for each experiment. The antibodies used are listed in the key

resources table in the STAR Methods.

Quantitative real-time PCR (RT-qPCR)

Total RNAwas prepared from testes using TRIzol reagent (Invitrogen, 15596-025) following themanufacturer’s procedure. Formicro-

cellular RNA extraction and reverse transcription: RNA from isolated germ cells from neonatal control and Vasa-Cre-cKO testes were

extracted and reverse transcribed using a single-cell sequence-specific amplification kit (P621, Vazyme). The operation steps are

carried out under the manufacturer’s instructions. qRT-PCRwas performed using SYBR green master mix with gene-specific primer

sets in a Step One Plus machine (Applied Biosystems, 4309155) on an equal amount of total RNA from testes of each genotype and

analyzed using the 2�DDCt method with GAPDH as an internal control. The primers used are listed in Table S6.

RNA-immunoprecipitation and sequencing analyses

Spermatogonia were roughly isolated from 40 testes from P5 mice and homogenized in ice-cold lysis buffer (50mM Tris-HCl pH 7.4,

100mMNaCl, 0.5% NP-40, 1:100 protease inhibitors cocktail, RNase inhibitor). After incubating on ice for 20 min to lysis the cell, the

lysate was centrifuged at 15,000g for 10 min at 4�C. The 10% lysis sample was stored for ‘‘input’’, and the remaining was used in

immunoprecipitation reactions with an anti-hnRNPU antibody and rabbit IgG, respectively. The RNA of input and RIP was extracted

using TRIzol reagent (Invitrogen). KC-DigitalTM Stranded mRNA Library Prep Kit for Illumina� was used to construct the stranded

RNA sequencing library following the manufacturer’s instructions. The Kit eliminates duplication bias in PCR and sequencing by us-

ing a unique molecular identifier (UMI) to label the pre-amplified cDNA molecules. The library products corresponding to 200 bps

were enriched, quantified, and sequenced on a Novaseq 6000 sequencer (Illumina) with a PE150 model.

Trim-galore was used to filter the raw sequencing data, discarding low-quality reads and trimming reads contaminated with

adaptor sequences. The de-duplicated consensus sequences were mapped to the UCSC mouse genome reference (mm10) using

STAR software with default parameters. Peak calling was performed using ExomePeak software, and annotation was performed us-

ing bedtools. Sequence motifs enriched in peak regions were identified using STREME_V2. Gene ontology (GO) analysis for anno-

tated genes was performed using Metascape with a corrected P-value cutoff of 0.05 to assess statistically significant enrichment.

The primers used are listed in Table S6.

RNA-seq and analyses

Total RNAs were extracted from P4 control and Vasa-Cre-cKOmice using TRIzol reagent (Invitrogen). Then, a total amount of 2 mg of

RNA per sample was used to prepare mRNA libraries using TruSeq Stranded mRNA Library Preparation Kit Set A (Cat. No. RS-122-

2101, Illumina) according to the manufacturer’s instructions and base pairs (raw data) were generated by the Illumina HiSeq 4000

platform. The FASTX-Toolkit was used to remove adaptor sequences, and low-quality reads from the sequencing data. Then we

used Tophat2 and Cufflinks to assemble the sequencing reads based on the UCSC MM10 mouse genome.

rMATS was used to analyze the alternative splicing events between control and Vasa-Cre-cKO testes. To detect valid alternative

splicing events, those with a false discovery rate (FDR) <0.05 and |OPSI| >10% were categorized as differential alternative splicing

events based on raw read counts.

To predict APA events, the quantification of APA (QAPA) algorithm, a faster andmore sensitive approach to quantitatively infer APA

from conventional RNA-seq data based on a greatly expanded resource of poly(A) site annotations, was used to verify APA events
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predicted by DaPars. Distal poly(A) site usage (DPAU) was defined as the relative expression of distal 30UTR isoforms to the total

expression of all detected 30UTR isoforms. The median change in DPAU (DDPAU, DN-control) between DN and control was calcu-

lated. Genes with DDPAU > 10 and P-value% 0.05 were deemed to have lengthening 30UTRs, while DDPAU < �10 and P-value%

0.05 were considered as 30UTRs shortening.

Single-cell RNA-seq analyses

For the preparation of single-cell suspensions, testes at P5 were digested in a collagenase solution comprising 1mg/mL collagenase

IV (Sigma, Cat. No. C5138-100 mg) in RPMI1640 medium at 37�C on a shaker for 15 min. Then the loosened seminiferous tubules

were further digested in trypsin solution comprising 2.5 mg/ml trypsin-EDTA and 0.5 mg/mL Deoxyribonuclease I in RPMI1640 me-

diumwith occasional pipetting at 37�C for 10min. The cell suspensionwas then filteredwith a 40 mmpore-size nylonmesh and centri-

fuged at 300 g for 10 min at 4�C. Subsequently, testicular cells were sorted into PBS following the 103 Genomics protocol. The re-

sulting cell suspension was loaded into a ChromiumController (10x Genomics), and single-cell cDNA libraries were then constructed

using Chromium Single Cell 30 Reagent kits (v2) following the manufacturer’s protocols. The libraries were quantified by digital PCR

and subjected to 150 bp paired-end sequencing on an Illumina NovaSeq 6000 platform (Illumina). Raw base call files were demulti-

plexed using the 10x Genomics Cell Ranger pipeline and aligned to the mouse mm10 transcriptome. Raw gene expression matrices

were imported into R (version 4.1.2). Seurat package was used for cell filtration, normalization of data, reduction of dimensionality

reduction, cell cluster, and differentially expressed gene identified.52 Cells with less than 200 genes and more than 8000 genes or

mitochondrial genes of more than 15 were excluded for subsequent data analysis. ‘FindVariableFeatures’ was used to identify the

top 2000 most hypervariable genes, and these genes were selected for principal component analysis (PCA) and linear dimension

reduction. The original Louvain algorithm (FindClusters) with a clustering resolution of 0.5 was performed to cluster the cells. Differ-

entially expressed genes of each sample were conducted using a Wilcoxon rank-sum test with p-value < 0.05, log(fc.threshold) =

0.25. Cell types were allocated to each cluster using the known marker genes as described previously. Monocle 2 packages were

used to construct single-cell pseudotime trajectories according to the provided documentation.53 Objects used for cell cycle score

analysis were from Seurat objects that had been quality-controlled and standardized in the previous step. G1, S, and G2/M phase

genes are derived from the cc.genes list of the CellCycleScoring function of Seurate (https://satijalab.org/seurat/archive/v3.1/cell_

cycle_vignette.html). All single-cell data analyses were performed in the R environment. Metascape (http://metascape.org) was

applied for functional enrichment analysis.54

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitative data are presented as mean ± SEM. Differences between experimental groups were determined statistically using

one-way ANOVA or Student’s t-test using the SPSS19.0 software. P-values are denoted in figures by *P < 0.05; **P < 0.01; and

***P < 0.001. Go ontology and protein-protein interaction network were analyzed online by using Metascape (https://metascape.

org/) or STRING (https://cn.string-db.org/). Images and data quantitation were processed by Image J or GraphPad Prism software,

respectively. Graphical abstract was created with BioRender.com.
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