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 33 

Abstract 34 

Non-obstructive azoospermia (NOA) belongs to male infertility due to 35 

spermatogenesis failure. However, evidence for cell type-specific abnormalities of 36 

spermatogenesis disorders in NOA remains lacking. We performed single-cell RNA 37 

sequencing (scRNA-seq) and single-cell assay for transposase-accessible chromatin 38 

sequencing (scATAC-seq) on testicular tissues from patients with obstructive 39 

azoospermia(OA) and NOA. HE staining confirmed the structural abnormalities of 40 

the seminiferous tubules in NOA patients. We identified 12 germ cell subtypes 41 

(spermatogonial stem cell-0 (SSC0), SSC1, SSC2, diffing-spermatogonia 42 

(Diffing-SPG), diffed-spermatogonia (Diffed-SPG), pre-leptotene (Pre-Lep), 43 

leptotene-zygotene (L-Z), pachytene (Pa), diplotene (Di), spermatids-1 (SPT1), SPT2, 44 

and SPT3) and 8 Sertoli cell subtypes (SC1-SC8). Among them, three novel Sertoli 45 

cell subtypes phenotypes were identified, namely SC4/immature, SC7/mature, and 46 

SC8/further mature Sertoli cells. For each germ or Sertoli cell subtype, we identified 47 

unique new markers, among which immunofluorescence confirmed co-localization of 48 

ST3GAL4, A2M, ASB9, and TEX19 and DDX4 (classical marker of germ cell). 49 

PRAP1, BST2, and CCDC62 were co-expressed with SOX9 (classical marker of 50 
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Sertoli cell) in testes tissues also confirmed by immunofluorescence. The interaction 51 

between germ cell subtypes and Sertoli cell subtypes exhibits stage-specific-matching 52 

pattern, as evidenced by SC1/2/5/7 involving in SSC0-2 development, SC3 53 

participating in the whole process of spermiogenesis, SC4/6 participating in Diffing 54 

and Diffed-SPG development, and SC8 involving in the final stage of SPT3. This 55 

pattern of specific interactions between subtypes of germ cell and Sertoli cell was 56 

confirmed by immunofluorescence of novel markers in testes tissues. The interaction 57 

was mainly contributed by Notch1/2/3 signaling. Our study profiled the single-cell 58 

transcriptome of human spermatogenesis and provided many potentials molecular 59 

markers for developing testicular puncture specific marker kits for NOA patients. 60 

Keywords: Non-obstructive azoospermia, Single cell RNA-sequencing, Single cell 61 

ATAC-sequencing, Germ cell, Sertoli cell 62 

 63 

Impact statement: The specific interactions between Sertoli cell subtypes and 64 

different stages of germ subgroups maintain normal development of germ cells. SC3 65 

subtype absence may be the key factor leading to NOA. 66 

 67 

Introduction 68 

Infertility is a common disease affecting approximately 15% of couples, and 50% of 69 

cases in infertility is attributed to male factor infertility (Agarwal, Mulgund, Hamada, 70 

& Chyatte, 2015). Male infertility is mainly associated with sexual dysfunction, 71 

endocrine, varicocele, and reproductive system infection(Naz & Kamal, 72 

2017).Azoospermia includes obstructive azoospermia (OA) and non-obstructive 73 

azoospermia (NOA). NOA accounts for about 1% of adult males and 10%-15% of 74 

infertile males (Fakhro et al., 2018). The etiology of NOA is varied, including 75 
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cryptorchidism, post-pubertal mumps orchitis, and prior testicular torsion (Yao et al., 76 

2022). At present, assisted reproductive technology, such as microdissection testicular 77 

sperm extraction and intracytoplasmic sperm injection, has made certain progress, 78 

providing help for patients to obtain biological offspring. At the same time, 79 

spermatogonial stem cell culture and transplantation technology and testicular tissue 80 

transplantation technology has also made some progress, but the clinical application is 81 

still not mature (Gassei & Orwig, 2016). At present, the etiology and mechanism of 82 

many NOA patients are still unknown, which poses a challenge to treatment. 83 

Therefore, it is particularly urgent to further study the molecular mechanisms 84 

affecting spermatogenesis in NOA patients. 85 

The formation of mature spermatozoa can be delineated into three stages: the 86 

proliferation of spermatogonial cells, meiotic division of spermatocytes, and the 87 

maturation of sperm cells (Jegou, 1993). The seminiferous tubule comprises three 88 

distinct cell types: Sertoli cells, extending from the basal membrane to the tubular 89 

lumen; Germ cells of various generations; Peritubular cells, surrounding sertoli cells 90 

and germ cells, isolated from sertoli cells by the extracellular matrix. In most 91 

mammals, germ cells undergo continuous renewal, while sertoli cells cease division 92 

during the pubertal developmental period, forming the seminiferous epithelium. The 93 

lining of the seminiferous epithelium is uniquely intricate within a complex tissue 94 

structure. At any given point in a seminiferous tubule, several generations of germ 95 

cells develop simultaneously in the process of contacting sertoli cells from the basal 96 

epithelium to the apex. The evolution of each generation of germ cells is strictly 97 

synchronized with others, resulting in the formation of specific cell associations or 98 

stages at a particular segment of the tubule. The complete temporal sequence of these 99 

cell associations or stages until the reappearance of the initial association in a defined 100 
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region of the tubule is referred to as the seminiferous epithelial cycle (Hess & Moore, 101 

1993). Adult spermatogonial stem cells are distributed along the basal membrane at 102 

the base of the seminiferous tubule, necessitating a delicate balance between 103 

self-renewal and differentiation. Throughout this process, only sertoli cells 104 

consistently maintain physical contact with sperm cells. Consequently, we posit that 105 

the entire process of spermatogenesis inevitably involves intense information 106 

exchange with the occurrence of sertoli cells. However, the specifics of this 107 

interactive process remain incompletely understood at present. 108 

Single-cell transcriptome sequencing (scRNA-seq) technology is used for 109 

high-throughput molecular detection of a single cell and exploring the whole gene 110 

expression profiles of a single cell (Tan, Song, & Wilkinson, 2020; Zhao et al., 2020). 111 

It can delineate the existence of rare cell subsets and the degree of cellular 112 

heterogeneity (Tirumalasetty, Bhattacharya, Mohiuddin, Baki, & Choubey, 2024; 113 

Vertesy et al., 2018). Liao et al. (2019) performed scRNA-seq analysis on mouse 114 

testicular germ cells at 5.5 days after birth, revealing the heterogeneity of gene 115 

expression in undifferentiated spermatogonial cells. Guo et al. (2018) performed 116 

scRNA-seq of testicular cells from young adults and found that there were five 117 

different spermatogonial states accompanying human spermatogonial differentiation. 118 

In addition, scATAC-seq is a widely used method to obtain a genome-wide snapshot 119 

of chromatin accessibility, signatures of active transcription and transcription factor 120 

(TF) binding (Mimitou et al., 2021). Cellular identity is strongly affected by the 121 

epigenetic wiring of the cell, which is measured by scATAC-seq (Pervolarakis et al., 122 

2020). Therefore, scRNA-seq and scATAC-seq can be used to analyze 123 

spermatogenesis. 124 

In this study, we performed an integrative analysis of scRNA-seq and 125 
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scATAC-seq in testicular tissues from two OA and three NOA patients. Cellular 126 

heterogeneity and marker gene identification results were analyzed, and the potential 127 

functional mechanism was inferred. Altogether, our results provide comprehensive 128 

understanding of the maturation of the spermatogenic microenvironment and the 129 

mechanisms underlying pathogenesis, offering novel targets for NOA treatment 130 

strategies. 131 

 132 

Material and methods 133 

Human sample acquisition 134 

Testicular tissues were obtained from two OA patients (OA1-P1 and OA2-P2) and 135 

three NOA patients (NOA1-P3, NOA2-P4, NOA3-P5) using micro-dissection of 136 

testicular sperm extraction separately. Notably, the sperm concentration of the three 137 

NOA patients varied in descending order (NOA1 > NOA2 > NOA3,Table1), with 138 

NOA3 being the patient with complete absence of sperm. Patient clinical and 139 

laboratory characteristics are presented in Table 1. This study was approved by the 140 

Ethics Committee of School of Medicine, Renji Hospital, Shanghai Jiao Tong 141 

University [approval number: KY2020-193]. All patients provided written informed 142 

consent. 143 

Table 1 Patient characteristics in this study. 144 

 OA1-P1 OA2-P2 NOA1-P3 NOA2-P4 NOA3-P5 

Demographi

cs 

     

Age 26 30 32 29 26 

BMI 20.2 25.8 24.2 28.7 25.4 

Ob/Gyn 

History 

No/0 Yes/one son Yes/0 Yes/0 Yes/0 
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Smoking Quit smoking 

for 3 months 

10 years No No Quit smoking 

for 6 months 

Alcohol use Yes Yes Yes No No 

Hormone profile 

FSH 

(mIU/mL) 

2.98 2.2 20.96 30.86 9.21 

LH 

(mIU/mL) 

6.86 4.3 7.64 8.72 5.13 

PRL (mIU) 291 329 - 235.7 257.7 

T (ng/mL) 5.3 13.57 3.46 4.18 1.53 

E2 (pg/mL) 29.35 125.2 31 30.67 31.7 

Volume of testis (mL) 

Left 15.1 13.3 6.9 3.9 5.43 

Right 14.2 16.1 5.3 5.8 6.47 

Spermatic cord 

Left 1.9 mm; 

regurgitation; 3 

s 

Non-regurgitati

on 

1.5 mm; 

Non-regurgitati

on 

2.5 mm; 

regurgitation; 5 

s 

1.5 mm; 

Non-regurgitati

on 

Right 1.5 mm; 

Non-regurgitati

on 

Non-regurgitati

on 

1.5 mm; 

Non-regurgitati

on 

Non-regurgitati

on 

1.5 mm; 

Non-regurgitati

on 

Other      

Ejaculatory 

duct 

Widening 

(inner diameter 

approx. 2mm) 

Normal Normal Normal Normal 

AZF Normal Normal Normal Normal Normal 

 145 

Sample dissociation 146 

Testicular tissues were washed three times in Dulbecco's PBS (Gibco, Waltham, MA, 147 
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USA) and the tunica albugineas of testes were removed. Testicular tissues were cut 148 

into small pieces of 1–2 mm and digested in 10 mL DMEM: F12 media (Gibco, 149 

Waltham, MA, USA) containing 1 mg/mL type IV collagenase for 15 min on a rotor 150 

at 37°C. Subsequently, tubules were washed again and incubated with 10 mL F12 151 

media containing 500 μg/mL DNase I and 200 μg/mL trypsin for 15 minutes at 37°C. 152 

The digestion was stopped with the addition of fetal bovine serum (FBS) (Gibco, 153 

Waltham, MA, USA). The single cells were obtained by filtering through 40 μm 154 

cell-strainer. The cells were resuspended in 1 mL DPBS and 5 mL red blood cell lysis 155 

buffer to remove red blood cells. After that, the cells were washed with DPBS and 156 

cryopreserved in DPBS with 1% FBS (Gibco, Waltham, MA, USA) until further use. 157 

For scRNA-seq and scATAC-seq assay, the cryopreserved cells were thawed and 158 

incubated with a Dead Cell Removal Kit (Miltenyi Biotec) to clear dead/stressed cells 159 

in accordance with manufacturer’s instruction. 160 

scRNA-seq library preparation 161 

scRNA-seq was carried out using 10x Chromium Single Cell 3’ Reagent referring to 162 

manufacturer’s instruction. In brief, viable single cells were resuspended in PBS with 163 

0.04% bovine serum albumin (BSA; Sigma) and counted using the hemocytometer. 164 

Suspensions containing 5000 to 8000 cells cells per sample were mixed with RT-PCR 165 

reaction and loaded into the Single Cell Chip B and processed through the 10x 166 

controller for droplet production. After that, in-drop lysis and reverse transcription 167 

occurs and mRNA transcripts from single cells were barcoded to determine the cell 168 

origin. Following reverse transcription, barcoded cDNAs were purified, amplified by 169 

12 cycles of PCR, end-repaired, and ligated with Illumina adapters. The final libraries 170 

were sequenced on the Illumina Novaseq 6000 platform with paired end 150 bp 171 

sequencing. Each sample was sequenced with depth of 100 G of raw reads. 172 
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scRNA-seq data processing and analysis 173 

The scRNA-seq data produced by Illumina NovaSeq 6000 sequencing were processed 174 

and mapped to human reference genome hg38. After mapping, the outputs were 175 

processed using the Seurat package in R. To filter out low-quality cells, we referred to 176 

the following criteria: cells with few genes per cell (<50) or plenty of molecules per 177 

cell (>20,000); cells with over 30% of mitochondrial genes. Normalization was 178 

carried out in accordance with the package manual (https://satij alab.org/seura t/v3.1/). 179 

We identified cell clusters with Uniform Manifold Approximation and Projection 180 

(UMAP). The differentially expressed genes were analyzed by the FindMarkers 181 

function. Gene set enrichment analysis was carried out using clusterProfiler R 182 

package. Regulatory gene network analysis was carried out by SCENIC. 183 

Pseudo-time analysis 184 

We applied the Single-Cell Trajectories analysis utilizing Monocle2 185 

(http://cole-trapnell-lab.github.io/monocle-release) using DDR-Tree and default 186 

parameter. Before Monocle analysis, we select marker genes of the Seurat clustering 187 

result and raw expression counts of the cell passed filtering. Based on the pseudo-time 188 

analysis, branch expression analysis modeling (BEAM Analysis) was applied for 189 

branch fate determined gene analysis. 190 

Velocity analysis 191 

RNA velocity analysis was conducted using scVelo's (version 0.2.1) generalized 192 

dynamical model. The spliced and unspliced mRNA was quantified by Velocity 193 

(version 0.17.17). 194 

Cell cycle analysis 195 

To quantify the cell cycle phases for individual cell, we employed the 196 

CellCycleScoring function from the Seurat package. This function computes cell 197 
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cycle scores using established marker genes for cell cycle phases as described in a 198 

previous study by Nestorowa et al. (2016). Cells showing a strong expression of 199 

G2/M-phase or S-phase markers were designated as G2/M-phase or S-phase cells, 200 

respectively. Cells that did not exhibit significant expression of markers from either 201 

category were classified as G1-phase cells. 202 

Cell communication analysis 203 

To enable a systematic analysis of cell–cell communication molecules, we applied cell 204 

communication analysis based on the CellPhoneDB, a public repository of ligands, 205 

receptors and their interactions. Membrane, secreted and peripheral proteins of the 206 

cluster of different time point was annotated. Significant mean and Cell 207 

Communication significance (p-value<0.05) was calculated based on the interaction 208 

and the normalized cell matrix achieved by Seurat Normalization. 209 

SCENIC analysis 210 

To assess transcription factor regulation strength, we applied the Single-cell 211 

regulatory network inference and clustering (pySCENIC, v0.9.5) workflow, using the 212 

20-thousand motifs database for RcisTarget and GRNboost. 213 

scATAC-seq library preparation 214 

scATAC-seq was conducted using 10x Chromium Single Cell ATAC Reagent (V1.1 215 

chemistry) in accordance with manufacturer’s instruction. In short, cells were 216 

resuspended in PBS with 0.04% BSA (Sigma) and counted. Next, cells were cultured 217 

with cold lysis buffer on ice for 5 min. Tn5 transposase reaction was performed using 218 

the Tagment DNA Enzyme 1 (Illumina) at 37 °C for 30 min. Cells were processed for 219 

targeting a recovery of 10,000 cells per sample and amplification were performed 220 

with 12 cycles of PCR for library construction. The libraries were sequenced on 221 

Illumina Novaseq 6000 platform and each sample was sequenced with depth of 200M 222 
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raw reads. 223 

scATAC-seq data preprocessing and analysis 224 

The scATAC-seq data analysis was performed as previously described. In brief, the 225 

sequence reads were mapped to the human reference genome hg38. The R package 226 

Signac was used to process the generated outputs. The Latent Semantic indexing 227 

algorithm, T-distributed Stochastic Neighbor Embedding algorithm and Uniform 228 

Manifold Approximation algorithm are used for dimension reduction and information 229 

display. Each Motif of the cell can be annotated by associating identified open 230 

chromatin sites with the JASPAR database. By using CHIPseeker, the distribution of 231 

peak in different functional regions of the genome was annotated and statistically 232 

analyzed. Prediction of results for each cell type in scATAC-seq can be achieved by 233 

combining scRNA-seq data with scATAC-seq using KNN. 234 

Integrating scATAC-seq and scRNA-seq analysis 235 

We primarily utilized Seurat for scRNA-seq data processing and Signac (version 236 

1.13.0) for scATAC-seq data analysis. To establish connections between scRNA-seq 237 

and scATAC-seq datasets, we approximated gene transcriptional activity by 238 

measuring ATAC-seq signals within 2 kb upstream and the gene body regions using 239 

Signac's GeneActivity function. These gene activity scores from scATAC-seq data, 240 

combined with gene expression levels from scRNA-seq, were input for canonical 241 

correlation analysis. Subsequently, we pinpointed anchors between the two datasets 242 

with the FindTransferAnchors function. We proceed to annotate scATAC-seq cells. 243 

For joint visualization in a UMAP plot, we projected RNA expression onto 244 

scATAC-seq cells using the pre-established anchors and integrated the datasets. 245 

Immunofluorescence 246 

The testicular tissues were fixed in 4% paraformaldehyde at room temperature for 247 
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30min, permeabilized with 0.5% Triton X-100, and blocked with 1% bovine serum 248 

albumin (GIBCO, USA). The samples were incubated overnight at 4 °C with primary 249 

antibodies, including ST3GAL4 (13546-1-AP, Proteintech), A2M (ab109422, Abcam), 250 

DDX4 (ab270534, abcam), ASB9 (22728, SAB), TEX19 (AF6319, R&D), TSSK6 251 

(H00083983-M02, Novus), PRAP1 (11932-1-AP, Proteintech), BST2 252 

(H00000684-B02P, Novus), SOX9 (ab185966, Abcam), CCDC62 (25981-1-AP, 253 

Proteintech),TF (ab185966, Abcam), SOX2 (ab92494, Abcam), SPATS1 254 

(NBP2-31037, Novus), C9orf57 (orb156207, Biorbyt), TSC21 (NBP1-91727, Novus), 255 

BEND4 (24711-1-AP, Proteintech), and SMCP (NBP1-81252, Novus). After washing 256 

with PBS, the samples were incubated with a secondary antibody (Abcam) for 1 h at 257 

room temperature. DAPI (Cell Signaling, MA, USA) was used to stain cell nucleus. 258 

After washing 3 time with PBS, the sections were performed for photograph under a 259 

fluorescence microscope (Carl Zeiss, Oberkochen, Germany). 260 

 261 

Results 262 

scRNA-seq analysis of human testicular tissues  263 

Testicular histology was examined by HE staining. In the OA1-P1 group, 264 

seminiferous tubules displayed normal structure with well-organized layers of germ 265 

cells at various stages of spermatogenesis, including mature spermatozoa. In the 266 

OA2-P2 group, germ cells and spermatozoa were present but show disorganized 267 

arrangement, with sloughed cells observed in the lumen. In the NOA1-P3 group, no 268 

spermatozoa were present, but a small number of spermatocytes and spermatogonia 269 

were visible, along with various stages of spermatogenesis. In the NOA2-P4 group, 270 

germ cells and spermatozoa were present but exhibit disordered arrangement, with 271 

sloughed cells in the lumen. In the NOA3-P5 group, only Sertoli cells were observed, 272 
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indicating impaired spermatogenesis (Figure 1A). To characterize the diversity of 273 

testicular cells, we performed scRNA-seq on testicular samples from three NOA 274 

patients and two OA patients (Figure 1B). After removing low quality cells, we 275 

obtained 23889 cells for scRNA-seq (Table S1). Notably, the quantity of annotated 276 

germ cells in patients categorized as NOA1, NOA2, and NOA3 gradually decreased 277 

to zero (Table S1). This observation is in complete accordance with the clinical 278 

features exhibited by the three patients, providing evidence for the reliability of our 279 

scRNA-seq data. UMAP analysis of scRNA-seq revealed 12 major cell types, 280 

including germ cells, Leydig cells, Sertoli cells, endothelial cells, peritubular myoid 281 

cells (PMCs), smooth muscle, schwann cell, macrophage, mast cells, T cells, B cells, 282 

and plasma cells (Figure 1C). A total of 41708 high quality cells were obtained from 283 

scATAC-seq analysis (Table S2), and they were also annotated with B cells, 284 

endothelial cells, PMCs, schwann cell, smooth muscle, T cells, germ cells, Leydig 285 

cells, macrophage, and Sertoli cells, which was similar to the scRNA-seq results 286 

(Figure 1D). Heatmap of marker genes in scRNA-seq data revealed that cell 287 

heterogeneity was obvious (Figure 1E). The well-known cell type markers were 288 

utilized to determine the cell clusters (Figure 1F). For instance, we observed that 289 

sertoli cells, in addition to specifically expressing classical markers AMH and SOX9 290 

(Fröjdman, Harley, Pelliniemi, & biology, 2000; Lasala et al., 2011), also exhibited 291 

strong expression of APOA1 (Figure 1F). Furthermore, we identified that the PMCs 292 

not only expressed the classical marker MYH11 (Lottrup et al., 2014), which is 293 

concurrently highly expressed in smooth muscle cells, displaying limited specificity, 294 

but also demonstrated higher specificity in the expression of DPEP1, suggesting its 295 

potential as a specific marker for PMCs. Similar to the scRNA-seq results, the activity 296 

of these markers was high in the corresponding cell subtypes (Figure S1A). Figure 297 
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S1B showed the chromatin accessibility of these markers within the cells. Integrating 298 

scATAC-seq and scRNA-seq analysis revealed indicated substantial overlap between 299 

the cells profiled in the scRNA-seq and scATAC-seq data, implying that for most cell 300 

populations, shifts in chromatin accessibility were aligned with coordinated 301 

alterations in gene expression levels (Figure S2A). These findings indicate that the 302 

data from this study can serve for cellular classification. 303 

Germ cell subtypes reveal distinct molecular features 304 

To explore the heterogeneity of germ cells during normal development, we 305 

re-clustered the germ cells and identified 12 subpopulations, including spermatogonial 306 

stem cell-0 (SSC0), SSC1, SSC2, and Diffing_SPG, Diffed_SPG, Pre-Leptotene, 307 

Leptotene_Zygotene, Pachytene, Diplotene, SPT1, SPT2, and SPT3 (Figure 2A). 308 

Integrating scATAC-seq and scRNA-seq analysis the distributions between the same 309 

cell types were very alike (Figure S2B). Heatmap of scRNA-seq results showed the 310 

the markers successfully distinguished between different germ cell subpopulations 311 

(Figure S3A). Violin plots showed germ cell subtype marker gene expression in 312 

different germ cells (Figure S3B). Heatmap of germ cell markers and motifs in 313 

scATAC-seq results were shown in Figure S4A and Figure S4B. Subsequently, we 314 

attempted to characterize the sequential developmental relationships among 12 germ 315 

cell subpopulations through pseudotime analysis, approaching this issue from a 316 

developmental perspective. As shown in Figure 2B, germ cells could be divided into 317 

three states, which was in accordance with the biological sequence of continuous 318 

transition of spermatogenesis. States 2 and 3 primarily consist of SSC-Diffed SPG 319 

cells, and these cells are not completely segregated in terms of the cell states, 320 

particularly with SSC0-SSC3 positioned at two initial branches without complete 321 

separation (Figure 2B, Figure S3C). This suggests a potential cyclical and 322 
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self-renewing state that is not entirely independent between SSC1 and SSC2. Cells 323 

from the Pre-L to SPT3 stages all belong to state 1, following the developmental 324 

chronological order of sperm generation. Therefore, the phenomenon of distinct 325 

subpopulations existing independently while sharing markers with other 326 

subpopulations suggests that germ cells from different subtypes may not have fully 327 

differentiated into mature states during the course of evolution, remaining in an 328 

intermediate state of continuous differentiation. 329 

Furthermore, we presented the expression distribution of markers for different 330 

subpopulations across three developmental stages in the chronological order of germ 331 

cell maturation (Figure 2C). Interestingly, the positions of different subpopulations of 332 

markers on UMAP show a trend of right-to-left panning as the arrows point to the 333 

temporal developmental order of sperm cells, which was supported by RNA velocity 334 

stream UMAP (Figure 2D). Among them, SPT1 cells can be clearly distinguished 335 

from SPT2-3 cells using FAM24A, but between SPT2 and SPT3 cells, there is no 336 

precise and specific marker that completely segregates these two cell types. We 337 

speculate that this lack of differentiation may be due to the intense morphological 338 

changes occurring in the sperm cells during this period, resulting in relatively minor 339 

differences in gene expression. 340 

Finally, to further validate the reliability of the identified new potential markers of 341 

germ cells, we co-stained them with a classical marker DDX4 using 342 

immunofluorescence. We discovered that ST3GAL4, A2M, and DDX4 were 343 

co-expressed in testes tissues. ASB9 and TEX19 were also co-expressed with DDX4 344 

were in testes tissues. TSSK6 exhibited similar expression pattern to that of DDX4 in 345 

testes tissues (Figure 2E). In addition, closely resembled their expression patterns in 346 

different subpopulations, we found that the region transcription start/promoter site to 347 
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A2M and ASB9 was accessible in the SSC0, SSC2, and Diffing_SPG but was not 348 

accessible in other cell subtypes, with much higher levels of openness (Figure 2F). 349 

The region transcription start site to TEX19 was accessible in the Diffed_SPG but was 350 

not accessible in other cell subtypes, which also closely resembled TEX19 expression 351 

pattern. Collectively, these results suggest that these new markers localize to testicular 352 

tissue and have the same ability to label sperm cells as DDX4. 353 

Cell cycle and transcriptional dynamics analysis of germ cell differentiation 354 

Most adult tissues are sustained by resident adult stem cells responsible for 355 

maintaining tissue function and integrity. As aging or damaged cells undergo 356 

apoptosis, resident adult stem cells are activated to generate new cells. Within various 357 

tissues, a dichotomy exists between rapidly cycling (involved in tissue repair, EOMES358 

－GFRA1+) and quiescent stem cells (reserve cells, EOMES+GFRA1+) (Sharma et al., 359 

2018). To investigate the cellular developmental states of distinct sperm 360 

subpopulations, we conducted an analysis of the cell cycle in sperm cells. As shown in 361 

Figure 3A and 3B, SSC0/1 and SSC2 were quiescent stem cells and rapidly cycling 362 

cells, respectively. Furthermore, to explore the biological function of germ cells, we 363 

used transcriptional dynamics to analyze the important events and time points in the 364 

whole transcriptional process of spermatogenesis. Maintenance of SSC pluripotency, 365 

whether in the G0/G1 phase and G2/M arrest SSC0/SSC1, or rapid cycling SSC2, are 366 

transcriptionally governed by the downregulation of ID4 (Figure 3C). The pivotal 367 

driving genes promoting the transition of SSC2 into differentiating Diffing SPG cells 368 

and progressing through mitosis are upregulated DMRT1 and PABPC4 (Figure 3C). 369 

As BEND2 takes the central regulatory position, germ cell development officially 370 

proceeds into meiosis, marking the transitioned cells (Diffed SPG) in a mixed 371 

transitional state concurrently undergoing both mitosis and meiosis (Figure 3C). The 372 
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molecular markers distinguishing between the PreLep and SPT3 subpopulations 373 

included C18orf63, MNS1, CCDC42, LDHC, TMIGD3, AC113189.2, and FLJ40194 374 

(Figure 3C). Results showed that there is no distinctly discernible regulatory factor 375 

between PreLep and L-Z, with C18orf63 being a crucial differentiator, upregulated in 376 

PreLep and downregulated in L-Z. Finally, we summarized the spermatogenesis at 377 

each stage and major events in the cell cycle (Figure 3D). 378 

 Subsequently, Beam analysis was performed to unveil the critical transcription 379 

factors involved in sperm differentiation. Figure S5A hierarchically clustered the top 380 

50 transcription factors into three groups, presenting an expression heatmap of 381 

fate-determining genes associated with the differentiation from SSC0 to SPG state. 382 

The expression pattern of transcription factors within cluster 1 gradually increased 383 

along the temporal trajectory (Figure S5B), predominantly involved in cytoplasmic 384 

translation GO functions (Figure S5C); Cluster 2 exhibited an initial increase 385 

followed by a decline (Figure S5B), governing positive regulation of translation and 386 

regulation of G2M transition of mitotic cell cycle (Figure S5C); transcription factors 387 

within cluster 3 showed a sustained decrease in expression (Figure S5B) and were 388 

enriched in cell cycle and meiotic cell cycle-related GO terms (Figure S5C). As 389 

shown in Figure 3E, PIWIL4, C19orf84 and ST3GAL4 were specifically expressed in 390 

SSC0 (belong to cluster 2). ID4, TCF3 and UTF1 were specifically expressed in 391 

SSC1 (belong to cluster 2). DMRT1, ASB9 and NANOS3 were the main specifically 392 

expressed genes in SSC2 (belong to cluster 3). DYNLL1, APRT and MKI67 were 393 

specifically expressed in Diffing-SPG (belong to cluster 1/2/3). CTCFL, TEX19 and 394 

SMC1B were specifically expressed in Diffed-SPG (belong to cluster 1). Heatmaps of 395 

transcription factors showed that the transcription of SSC1 and SSC2 was very active 396 

during reproductive development (Figure S5D). In contrast, SPT2/3 was almost 397 
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transcribed in silence. Diffing/ed served as a connecting link between the preceding 398 

and the following, but its transcriptional state was closer to SSC (Figure S5D). In 399 

conclusion, we obtained 50 transcription factors that are closely related to sperm 400 

differentiation. 401 

Sertoli cells from human testicular tissues are composed of heterogeneity 402 

population 403 

To explore the heterogeneity of Sertoli cells, we re-clustered the Sertoli cells and 404 

identified 8 subclusters (Figure 4A). Integrating scATAC-seq and scRNA-seq analysis 405 

the distributions between the same cell types were very alike (Figure S2C). The top 406 

differentially expressed genes were utilized to determine the Sertoli cell clusters using 407 

heatmap (Figure 4B) and violin plots (Figure 4C). Of note, no cluster-specific 408 

distinctive features were identified in SC1, as the marker genes (TF, SLC16A1 and 409 

CCNL1) of SC1 were also highly expressed in other Sertoli cells subclusters (Figure 410 

4C). SOX2, NF1B and COL27A1 were preferentially expressed in SC2. SPATS1, 411 

LINC01120 and LINC01206 were specifically expressed in SC3. BEND2, PRAP1 412 

and TEX1 were specifically expressed in SC4. PLPP2, BEND4 and RHOXF1 were 413 

specifically expressed in SC5. MLC1, SMCP and NUPR2 were highly expressed in 414 

SC6. FLRT2, CFH and BST2 were specifically expressed in SC7. TMIGD3, PGAM2 415 

and CCDC62 were specifically expressed in SC8.  416 

Cell differentiation is accompanied by the expression of genes controlled by 417 

cis-regulatory elements, which must be in an accessible state to function properly. 418 

Therefore, scATAC-seq analysis was performed on the same Sertoli cells as those 419 

used in scRNA-seq analysis, and a chromatin accessibility landscape for individual 420 

cell marker was delineated (Figure 4D). Because the number of cells in the SC4-SC8 421 

subpopulation was too small to calculate a peak plot, only the peak plots of markers in 422 
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the SC1-SC3 subpopulations are displayed. The promoter regions of TF were all 423 

highly accessible in the SC1-SC3 subpopulations, and relatively higher openness was 424 

observed for SOX2 in the SC2 subgroup. In addition to the high openness we 425 

observed in the promoter region of the SPATS1, there were also multiple accessible 426 

regions within the gene in the SC1-SC3 subpopulations. 427 

Developmental trajectories of Sertoli cells and identified three novel 428 

subpopulations 429 

To analyze the origin and maturation process of Sertoli cells, pseudotime 430 

trajectory analysis was carried out. The trajectory was determined to initiate with 431 

State 3 as beginning and reached a terminally differentiate state of State 2 and State 1 432 

(Figure 5A). According to Figure 5B, State 1 mainly included SC3/4/5 clusters, State 433 

2 mainly included SC2/6/8 clusters, State 3 mainly included SC1/7 clusters. Figure 5C 434 

demonstrated RNA velocity heatmap of dynamic evolutionary Sertoli cells on the 435 

three States. Although most studies have categorized the development of Sertoli cells 436 

after birth into two stages: immature and mature, the existence of an intermediate or 437 

transitional state remains largely unknown. However, in this study, we identified three 438 

distinct states of Sertoli cells, with State 1 expressing markers EGR3, CTSL, PCNA, 439 

MK167, and KRT18 associated with immature Sertoli cells (Zhao et al., 2020), while 440 

State 3 expressed markers, such as TF, HOPX, and DEF119, indicative of mature 441 

Sertoli cells (Zhao et al., 2020). Consequently, we defined State 1 and State 3 as 442 

immature and mature Sertoli cells, respectively. State 2, falling between immature and 443 

mature states, does not belong to either category. Therefore, it is defined as a further 444 

maturation Sertoli cells, aligning with previously reported findings in the literature 445 

(Guo et al., 2021; Zhao et al., 2020). According to the latent time of RNA rate, the 446 

differentiation process is SC3, SC4, SC5, SC2, SC6, SC8, SC1 and SC7 (Figure 5D). 447 
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Based on the above result, we identified three novel Sertoli cell subtypes (namely 448 

SC4/7/8) and their specific markers, and defined SC4 (PRAP1) as immature, SC7 449 

(BST2) as mature, and SC8 (CCDC62) as further mature (Figure 5D). To validate 450 

these novel identified markers in Sertoli cells, we co-stained them with SOX9, a 451 

classical marker of Sertoli cells. As shown in Figure 5E, we discovered that PRAP1, 452 

BST2, and CCDC62 were co-expressed with SOX9 in testes tissues. 453 

GO analysis of Sertoli cells in different states was shown in Figure S5E. Sertoli 454 

cells in state 1 were mainly involved in cell cycle, meiotic cell cycle and 455 

spermatogenesis. Sertoli cells in state 2 were mainly involved in platelet 456 

degranulation, lipid metabolic process and steroid biosynthetic process. Sertoli cells in 457 

state 3 were mainly involved in extracellular matrix organization, SRP-dependent 458 

cotranslational protein targeting to membrane and viral transcription. Further Qusage 459 

analysis was performed for Sertoli cells (Figure S5F). Sertoli cells in state 1 was 460 

mainly involved in Cell cycle, DNA replication, and Mismatch repair. Sertoli cells in 461 

state 2 was involved in D−Glutamine and D−glutamate metabolism, Ribosome, and 462 

Valine, leucine and isoleucine biosynthesis. Sertoli cells in state 3 participated in 463 

ECM−receptor interaction, and Protein digestion and absorption. Overall, Sertoli cells 464 

performed different functions at different stages. 465 

The existence of Sertoli cell subtypes is more crucial for spermatogenesis than its 466 

quantity  467 

The highly interdependent structural relationship between Sertoli cells and germ 468 

cells has long been considered evidence of their close functional association 469 

(Griswold, 1995). For instance, some germ cells, due to their structural affinity with 470 

Sertoli cells, cannot be fully separated, when cultured independently in vitro, these 471 

germ cells exhibit very short survival times, however, the addition of Sertoli cells or 472 
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the use of Sertoli cells-conditioned medium significantly improves the survival of 473 

germ cells (La et al., 2018; Mohammadi-Sardoo et al., 2021; Risley & Morse-Gaudio, 474 

1992). To determine which subtype of Sertoli cells is more closely involved in 475 

spermatogenesis, we analyzed spermatogenesis and Sertoli cells distribution in NOA 476 

(experimental group) and OA (control group) groups (Figure 6). The number 477 

proportion of germ cell subsets in NOA1/2 and OA1/2 was shown in Figure 6A. The 478 

number of germ cells in NOA3 patients was 0. The proportion of Sertoli cell subsets 479 

in NOA1/2/3 and OA1/2 was shown in Figure 6B. It can be seen that the number of 480 

Sertoli cells in NOA2 samples is higher than that in NOA3 samples, but the number 481 

of Sertoli cells in three NOA samples were lower than that in OA samples, indicating 482 

that the number of Sertoli cells is somewhat correlated with spermatogenesis. 483 

Moreover, interestingly, we observed a complete absence of immature Sertoli 484 

cells, especially SC3, in the testicular tissue of patients with NOA3 who exhibited a 485 

total absence of sperm, with only a small population of mature SC7 cells present 486 

(Figure 6C and 6D), suggesting that the absence of sperm in NOA3 patients may be 487 

associated with Sertoli cells SC3. For NOA2 samples, although the number of Sertoli 488 

cells was less than that of NOA3, SC3 was not missing in NOA2, so spermatogenesis 489 

was only partially affected (Figure 6C – 6F). In conclusion, these data suggested that 490 

whether or not the critical subtype SC3 is missing is more important for 491 

spermatogenesis than the number of Sertoli cells.  492 

Co-localization of subpopulations of Sertoli cells and germ cells 493 

To determine the interaction between Sertoli cells and spermatogenesis, we applied 494 

Cell-PhoneDB to infer cellular interactions according to ligand-receptor signalling 495 

database. As shown in Figure 6G, compared with other cell types, germ cells were 496 

mainly interacted with Sertoli cells. We futher performed Spearman correlation 497 
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analysis to determine the relationship between Sertoli cells and germ cells. As shown 498 

in Figure 6H, State 1 SC3/4/5 were tended to be associated with PreLep, SSC0/1/2, 499 

and Diffing and Diffed-SPG sperm cells (R > 0.72). Interestingly, SC3 was 500 

significantly positively correlated with all sperm subpopulations (R > 0.5), suggesting 501 

an important role for SC3 in spermatogenesis and that SC3 is involved in the entire 502 

process of spermatogenesis. Subsequently, to understand whether the functions of 503 

germ cells and Sertoli cells correspond to each other, GO term enrichment analysis of 504 

germ cells and sertoli cells was carried out (Figure S6, S7). We found that the 505 

functions could be divided into 8 categories, namely, material energy metabolism, cell 506 

cycle activity, the final stage of sperm cell formation, chemical reaction, signal 507 

communication, cell adhesion and migration, stem cells and sex differentiation 508 

activity, and stress reaction. These different events were labeled with different colors 509 

in order to quickly capture the important events occurring in the cells at each stage. As 510 

shown in Figure S6, we discovered that SSC0/1/2 was involved in SRP-dependent 511 

cotranslational protein targeting to membrane, and cytoplasmic translation; Diffing 512 

SPG was involved in cell division and cell cycle; Diffied SPG was involved in cell 513 

cycle and RNA splicing; Pre-Leptotene was involved in cell cycle and meiotic cell 514 

cycle; Leptotene_Zygotene was involved in cell cycle and meiotic cell cycle; 515 

Pachytene was involved in cilium assembly and spermatogenesis; Diplotene was 516 

involved in spermatogenesis and cilium assembly; SPT1 was involved in cilium 517 

assembly and flagellated sperm motility; SPT2 was involved in spermatid 518 

development and flagellated sperm motility; SPT3 was involved in spermatid 519 

development and spermatogenesis. As shown in Figure S7, SC1 were mainly involved 520 

in cell differentiation, cell adhesion and cell communication; SC2 were involved in 521 

cell migration, and cell adhesion; SC3 were involved in spermatogenesis, and meiotic 522 
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cell cycle; SC4 were involved in meiotic cell cycle, and positive regulation of stem 523 

cell proliferation; SC5 were involved in cell cycle, and cell division; SC6 were 524 

involved in obsolete oxidation−reduction process, and glutathione derivative 525 

biosynthetic process; SC7 were involved in viral transcription and translational 526 

initiation; SC8 were involved in spermatogenesis and sperm capacitation. The above 527 

analysis indicated that the functions of 8 Sertoli cell subtypes and 12 germ cell 528 

subtypes were closely related. 529 

To further verify that Sertoli cell subtypes have "stage specificity" for each stage 530 

of sperm development, we firstly performed HE staining using testicular tissues from 531 

OA3-P6, NOA4-P7 and NOA5-P8 samples. The results showed that the OA3-P6 532 

group showed some sperm, with reduced spermatogenesis, thickened basement 533 

membranes, and a high number of sertoli cells without spermatogenic cells. The 534 

NOA4-P7 group had no sperm initially, but a few malformed sperm were observed 535 

after sampling, leading to the removal of affected seminiferous tubules. The 536 

NOA5-P8 group showed no sperm in situ (Figure 7A). Immunofluorescence staining 537 

in Figure 7B was performed using these tissues for validation. ASB9 (SSC2) was 538 

primarily expressed in a wreath-like pattern around the basement membrane of 539 

testicular tissue, particularly in the OA group, while ASB9 was barely detectable in 540 

the NOA group. SOX2 (SC2) was scattered around SSC2 (ASB9), with nuclear 541 

staining, while TF (SC1) expression was not prominent. In NOA patients, SPATS1 542 

(SC3) expression was significantly reduced. C9orf57 (Pa) showed nuclear expression 543 

in testicular tissues, primarily extending along the basement membrane toward the 544 

spermatogenic center, and was positioned closer to the center than DDX4, suggesting 545 

its involvement in germ cell development or differentiation. BEND4, identified as a 546 

marker fo SC5, showed a developmental trajectory from the basement membrane 547 
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toward the spermatogenic center. ST3GAL4 was expressed in the nucleus, forming a 548 

circular pattern around the basement membrane, similar to A2M (SSC1), though A2M 549 

was more concentrated around the outer edge of the basement membrane, creating a 550 

more distinct wreath-like arrangement. In cases of impaired spermatogenesis, this 551 

arrangement becomes disorganized and loses its original structure. SMCP (SC6) was 552 

concentrated in the midpiece region of the bright blue sperm cell tail. In the OA group, 553 

SSC1 (A2M) was sparsely arranged in a rosette pattern around the basement 554 

membrane, but in the NOA group, it appeared more scattered. SSC2 (ASB9) 555 

expression was not prominent. BST2 (SC7) was a transmembrane protein primarily 556 

localized on the cell membrane. In the OA group, A2M (SSC1) was distinctly 557 

arranged in a wreath-like pattern around the basement membrane, with expression 558 

levels significantly higher than ASB9 (SSC2). TSSK6 (SPT3) was primarily 559 

expressed in OA3-P6, while CCDC62 (SC8) was more abundantly expressed in 560 

NOA4-P7, with ASB9 (SCC2) showing minimal expression. Taken together, germ 561 

cells of a particular stage tended to co-localize with Sertoli cells of the corresponding 562 

stages. Germ cells and sertoli cells at each differentiation stage were functionally 563 

heterogeneous and stage-specific (Figure 8). This suggests that each stage of sperm 564 

development requires the assistance of sertoli cells to complete the corresponding 565 

stage of sperm development. 566 

Notch1/2/3 signaling participate in the interaction between Sertoli cells and germ 567 

cells 568 

To explore the mechanism of interaction between Sertoli cells and germ cells, we 569 

conducted Cell Phone analysis. Results showed that Notch1/2/3 signaling were 570 

involved in the interaction between Sertoli cells and germ cells (Figure S8A). 571 

Interestingly, a chromatin accessibility landscape in scATAC-seq data showed that 572 
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promoter regions of Notch1 only accessible in the SC1-SC3 subpopulations not in 573 

germ cells (Figure S8B), suggesting that Notch1 may be expressed by germ cells. The 574 

openness of promoter region of Notch2 was observed not only in germ cells but also 575 

in SSC2 and Pachytene celltypes. Notch3 accessibility was only observed within the 576 

gene in different cell subtypes. Overall, Notch1/2/3 signaling are involved in the 577 

interaction between Sertoli cells and germ cells. 578 

Leydig cell heterogeneity and development 579 

Leydig cells are the main source of androgens and exist in the interstitial space 580 

between the seminiferous tubules (Shima et al., 2013). Studies have shown that 581 

Leydig cell differentiation undergoes immature-mature stage (Zhou et al., 2019). We 582 

also identified immature and mature Leydig cells. Re-clustering of Leydig cells 583 

generated twelve distinct cell clusters, including ten iLeydig cells and two Leydig 584 

cells (Figure S9A). Heatmap showed specific expression of markers in Leydig cells 585 

(Figure S9B). RSPO3 and MYOCD were highly expressed in iLeydig cells. 586 

CYP17A1 and CCDC69 were highly expressed in Leydig cells. Leydig cells in 587 

different samples are shown in Figure S9C. OA samples had more iLeydig cells than 588 

NOA samples (Figure S9D). 589 

Peritubular myoid cells (PMCs) heterogeneity and development 590 

PMCs are the key cellular components of the wall of seminiferous tubules and they 591 

are thought to be of great importance for the intratesticular transport of immotile 592 

sperm (Wang, Chen, & Liu, 2018). Re-clustering of PMCs revealed that there were 10 593 

PMCs subclusters (Figure S10A). Heatmap showed specific expression of markers in 594 

PMCs (Figure S10B). PMCs cells in different samples are shown in Figure S10C. 595 

NOA samples had more PMCs-1 than OA samples (Figure S10D). PMCs-1 might 596 

play an important role in spermatogenesis. 597 
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Macrophage heterogeneity and development 598 

Macrophages play an important role in spermatogenesis and can produce 599 

25-hydroxycholesterol within the testosterone biosynthetic pathway, thus contributing 600 

to the testosterone production process (Potter & DeFalco, 2017). Re-clustering of 601 

macrophage revealed that there were five macrophage subclusters (Figure S11A). 602 

Heatmap showed specific expression of markers in macrophage (Figure S11B). 603 

Macrophage cells in different samples are shown in Figure S11C. NOA samples had 604 

more macrophage-2 than OA samples (Figure S11D). Macrophage-2 might play a key 605 

part in spermatogenesis. 606 

 607 

Discussion 608 

NOA is due to pretesticular factors or testicular factors, usually abnormal 609 

spermatogenesis, which cannot be cured by surgery (Zarezadeh et al., 2021). 610 

Therefore, it is particularly important to study the etiology of NOA. Spermatogenesis 611 

is a complex developmental process that requires coordinated differentiation of 612 

multiple cell lines. In present study, we performed scRNA-seq and scATAC-seq to 613 

assess the heterogeneity of germ cells and somatic cells. We identified 12 subtypes for 614 

germ cells, 8 subtypes for Sertoli cells, 12 subtypes for Leydig cells, 10 subtypes for 615 

PMCs, 8 subtypes for macrophage and marker genes of specific cell type. The process 616 

of spermatogenesis was determined based on the cell trajectory analysis. Collectively, 617 

our results provide rich resources for exploring the potential mechanism of 618 

spermiogenesis. 619 

In this study, some specific marker genes for germ cells were screened. We found 620 

that UTF1 and ID4 were specifically expressed in SSC1, and DMRT1 was 621 

specifically expressed in Diffing SPG. ID4 was a key regulator of SSC and ID4 also 622 
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marked SSCs in the mouse testis (Sun, Xu, Zhao, & Degui Chen, 2015). UTF1 was 623 

reported to be a marker for SSCs in stallions (Jung, Roser, & Yoon, 2014). UTF1 was 624 

discovered to play an important part in germ cell development, spermatogenesis, and 625 

male fertility in mice (Raina, Dey, Thool, Sudhagar, & Thummer, 2021). DMRT1 is 626 

necessary for male sexual development (Zhang, Oatley, Bardwell, & Zarkower, 2016). 627 

The mechanism and expression pattern of these marker genes still need further 628 

research. 629 

SSC are adult stem cells in the testis of mammals that maintain spermatogenesis 630 

and are essential for male fertility, but the mechanisms remain elusive. UTF1 is a 631 

transcription factor expressed in SSC1, which plays a definite role in the proliferation 632 

and differentiation of pluripotent stem cells (Tan & Wilkinson, 2019). Dmrt1 belongs 633 

to a family of conserved transcriptional regulators that control several key processes 634 

in mammalian testis, including germ cells and somatic cells. A recent discovery 635 

suggested that DMRT1 was essential for the formation of SSC and had 636 

gonadal-specific and amphoteric dimorphic expression patterns (Sohni et al., 2019). 637 

NANOS3 is a member of the highly conservative NANOS family. The decrease in 638 

NANOS3 expression could result in a decrease in the number of germ cells (Julaton & 639 

Reijo Pera, 2011). In this study, UTF1 was specifically expressed in SSC1, and 640 

DMRT1 and NANOS3 were the main specifically expressed genes in SSC2. 641 

Therefore, UTF1, DMRT1 and NANOS3 might promote SSC proliferation and was 642 

necessary for SSC differentiation. 643 

Spermatogenesis consists of three processes: mitosis of spermatogonia, meiosis 644 

of spermatocyte and deformation of spermatocyte. Abnormalities in any of these 645 

stages can result in spermatogenesis disorders. During this process, the testicular 646 

microenvironment in which spermatogenic cells are located plays an important role. 647 
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In addition to Sertoli cells, the testicular microenvironment also includes myoid cells 648 

and mesenchymal cells and their secreted factors (Zhou et al., 2019). In this study, we 649 

clustered four somatic cell types: Sertoli cells, Leydig cells, PMCs and macrophages. 650 

Sertoli cells play an important role in normal spermatogenesis (Zomer & Reddi, 2020). 651 

They provide the physical framework that supports the survival of germ cells and 652 

secrete unique growth factors and cytokines to assist in the development of germ cells 653 

(O'Donnell, Smith, & Rebourcet, 2022; Wu, Yan, Ge, & Cheng, 2020). In our study, 654 

the NOA3 group had the least number of sperm cells due to the lack of SC3/8, and the 655 

NOA2 group had a smaller number of SC3 cells than the normal OA group, so the 656 

number of sperm cells in the NOA2 group was between the NOA3 and OA groups. 657 

Although NOA2 did not have SC8 to participate in the formation of SPT3, this 658 

process was compensated by SC3, which was involved in cell formation throughout 659 

all stages of sperm development, and its function was particularly important. These 660 

data suggested that the association between germ cells and Sertoli cells was 661 

stage-specific, but this "specificity" is not entirely isolated.  662 

Notch receptors have been reported to play an important role in cell fate 663 

determination, maintenance and differentiation of stem cells (Huang, Rivas, & 664 

Agoulnik, 2013). Notch signaling components have been discovered to express in 665 

Sertoli and germ cells in the developing and mature testis (Garcia, DeFalco, Capel, & 666 

Hofmann, 2013). In mice, a breakdown of Notch signaling can lead to abnormal cell 667 

differentiation and early embryonic lethality (McCright et al., 2001; Swiatek, Lindsell, 668 

del Amo, Weinmaster, & Gridley, 1994). Murta et al. (2014) also found notch 669 

signaling disrupt results in abnormal spermatogenesis in the mouse. Notch signaling 670 

was reported to be a key pathway regulating Sertoli cell physiology, and its changes 671 

may disturb reaction of Sertoli cells to androgens (Kaminska et al., 2020). Notch 672 
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signaling in Sertoli cells is indirectly associated with germ cell development (Lu et al., 673 

2019). The upregulation of notch signaling in Sertoli cells induced the transformation 674 

the quiescence to differentiation and meiosis in germ cells (Garcia & Hofmann, 2013). 675 

In this study, we found Notch signaling were involved in the interaction between germ 676 

cells and Sertoli cells. Therefore, Notch signaling might function in spermatogenesis. 677 

In conclusion, our results revealed 12 germ cell subtypes and 8 Sertoli cell 678 

subtypes. We determined the process of spermatogenesis and found that SC3 subtypes 679 

(marked by SPATS1) of Sertoli cell played an important role in this process. The 680 

interaction between germ cells and sertoli cells at each differentiation stage were 681 

stage-specific. Notch1/2/3 signaling were discovered to be involved in germ 682 

cell-Sertoli cell interaction. Our results not only give us a comprehensive insight into 683 

human spermatogenesis, but also pave the way for determining molecules participated 684 

in the development of male germ cells, offering a powerful tool for further study on 685 

NOA. 686 
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 861 

Figure Legends 862 

Figure 1. Overview of major cell types and cellular attributes of testes of OA and 863 

NOA patients. (A) Representative images of HE staining of testicular tissues of OA 864 

and NOA patients. (B) Schematic of the experimental design for scRNA-seq and 865 

scATAC-seq. (C) UMAP analysis of human testicular cells in scRNA-seq results. (D) 866 

UMAP analysis of human testicular cells in scATAC-seq results. (E) Heatmap of 867 

expression of markers for the 12 cell types. (F) UMAP analysis of testicular cell 868 

population.  869 

Figure 2. Identification of germ cell subtypes. (A) UMAP analysis of 12 germ cell 870 

subsets in scRNA-seq results. (B) Pseudotime analysis of 12 germ cell subpopulations. 871 

(C) Gene expression patterns of marker genes on UMAP plots. (D) State of germ cell 872 

subsets using pseudotime analysis. (E) Immunofluorescence double staining of 873 

markers of newly identified spermatocyte subpopulations with the classical marker 874 

DDX4. (F) Accessibility peak plots of markers for newly identified germ cell 875 

subpopulations.  876 

Figure 3. Analysis of germ cells at different stages. (A) Germ cell subsets at 877 
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different stages of the cell cycle. (B) Heatmap of cell cycle in germ cells. (C) 878 

Transcriptional dynamics of driver genes of germ cell subtypes. (D) The main stage of 879 

spermatogenesis. (E) Beam analysis of differentially expressed genes at different 880 

stages of SSC. 881 

Figure 4. Identification of Sertoli cell subtypes and epigenetic analysis. (A) 882 

UMAP analysis showed 8 Sertoli cell subsets in scRNA-seq results. (B) Heatmap of 883 

markers of differentially expressed genes in eight Sertoli cell subsets. (C) Gene 884 

expression patterns of Sertoli cell subtype marker genes on violin plots. (D) 885 

Accessibility peak plots of markers for newly identified Sertoli cell subpopulations. 886 

Figure 5. The development of Sertoli cells. (A) State of Sertoli cells using 887 

pseudotime analysis. (B) Distribution of Sertoli cell subtypes in different states. (C) 888 

Potential temporal differentiation of SC subgroups using RNA velocity. (D) Sertoli 889 

cells division diagram and representative markers. (E) Immunofluorescence of Sertoli 890 

cell subtype markers in testicular tissues from OA patients. The scale bar represents 891 

20 μm. 892 

Figure 6. Correlation analysis of germ and Sertoli cell expression in different 893 

groups. (A) Cell proportion of germ cell subtypes in different groups. (B) Cell 894 

proportion of Sertoli cell subtypes in different groups. (B) Pseudotime analysis of 895 

germ cell subtypes in different groups. (D) Pseudotime analysis of Sertoli cell 896 

subtypes in different groups. (E) Distribution map of germ cell subtypes in different 897 

samples. (F) Distribution map of Sertoli cell subtypes in different samples. (G) The 898 

interaction between germ cells and other cells. (H) Spearman correlation between 899 

germ and Sertoli cells. 900 

Figure 7. Co-localization of subpopulations of Sertoli cells and germ cells. (A) 901 

Representative images of HE staining of testicular tissues of OA and NOA patients. 902 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 13, 2025. ; https://doi.org/10.1101/2024.04.09.588807doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.09.588807
http://creativecommons.org/licenses/by-nd/4.0/


39 

 

(B) Immunofluorescence analysis of germ cell and Sertoli cell subtype markers in 903 

testicular tissues. Blue DAPI indicates nuclei. The colors of the markers and cells 904 

indicate the fluorescent color of the corresponding antibody. The scale bar represents 905 

20 μm. 906 

Figure 8. Schematic diagram of spermatogenesis and stage specificity of sertoli 907 

cell subtypes. 908 

Supplementary Information 909 

Figure S1. scATAC-seq analysis of the entire cell subpopulation. (A) UMAP 910 

analysis of 10 cell subsets in scATAC-seq results. (B) Accessibility peak plots of 911 

markers for cell subpopulations. 912 

Figure S2. Integrating scRNA-seq and scATAC-seq analysis. (A-C) Integrating all 913 

cell types (A), germ cell types (B), Sertoli cell types (C) from scRNA-seq and 914 

scATAC-seq by UMAP plot. 915 

Figure S3. Analysis of germ cell markers in spermatogenesis. (A) Heatmap 916 

showed marker gene expression of germ cell subtypes. (B) Gene expression patterns 917 

of germ cell markers on violin plots. (C) Distribution diagram of germ cell subsets 918 

using pseudotime analysis. 919 

Figure S4. scATAC-Seq Clustering. (A) Heatmap of germ cell markers in 920 

scATAC-seq results. (B) Heatmap of motifs in scATAC-seq results. 921 

Figure S5. Germ cell function analysis and epigenetic analysis. (A-C) Analysis of 922 

beam cluster transcription factors and its GO term. (D) Heatmap of transcription 923 

factors in germ cells. (E) GO analysis of different states of Sertoli cells. (F) Qusage 924 

analysis of different states of Sertoli cells.  925 

Figure S6. GO analysis of germ cells. 926 

Figure S7. GO analysis of Sertoli cells.  927 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 13, 2025. ; https://doi.org/10.1101/2024.04.09.588807doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.09.588807
http://creativecommons.org/licenses/by-nd/4.0/


40 

 

Figure S8. Correlation analysis of germ and Sertoli cell expression. (A) The 928 

interaction between germ cells and Sertoli cells through Notch signaling pathway. (B) 929 

Accessibility peak plots of NOTCH1/2/3. 930 

Figure S9. Identification of Leydig cell types in the testis. (A) Clustering on the 931 

Leydig cells revealed 12 different cell types. (B) Heatmap showed Leydig cell 932 

subtype specific maker genes. (C) The distribution of Leydig cells in different 933 

samples. (D) Proportion of Leydig cell subtypes in each sample. 934 

Figure S10. Identification of PMCs types in the testis. (A) Clustering on the PMCs 935 

revealed 8 different cell types. (B) Heatmap showed PMCs subtype specific maker 936 

genes. (C) The distribution of PMCs in different samples. (D) Proportion of PMCs 937 

subtypes in each sample. 938 

Figure S11. Identification of macrophage types in the testis. (A) Clustering on the 939 

macrophage revealed 6 different cell types. (B) Heatmap showed macrophage subtype 940 

specific maker genes. (C) The distribution of macrophage in different samples. (D) 941 

Proportion of macrophage subtypes in each sample. 942 

Table S1 The number of different kinds of cells in five samples in scRNA-seq. 943 

Table S2 The number of different kinds of cells in five samples in scATAC-seq. 944 
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