
U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

 

1 

 

Single cell ATAC-Seq reveals cell type-specific transcriptional regulation 

and unique chromatin accessibility in human spermatogenesis 

Xiaolong Wu
1, #,

 Mujun Lu
2, #

, Damin Yun
1
, Sheng Gao

1
, Shitao Chen

3
, Longfei Hu

4
, Yunhao 

Wu
1
, Xiaorong Wang

1
, Enkui Duan

5, *
, C. Yan Cheng

6, *
, Fei Sun

1, * 

 
1
Medical School, Institute of Reproductive Medicine, Nantong University, Nantong 226001, Jiangsu, 

China; 
2
International Peace Maternity and Child Health Hospital, Shanghai Key Laboratory for 

Reproductive Medicine, School of Medicine, Shanghai Jiaotong University, Shanghai 200030, China;
 

3
Department of Urology and Andrology, Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong 

University, Shanghai 200001, China;
 4
Singleron Biotechnologies Ltd., 211 Pubin Road, Nanjing, 

Jiangsu, China; 
5
State Key Laboratory of Stem Cell and Reproductive Biology, Institute of Zoology, 

Chinese Academy of Sciences, Beijing 100101, China; 
6
The Mary M. Wohlford Laboratory for Male 

Contraceptive Research, Center for Biomedical Research, Population Council, 1230 York Ave, New 

York, NY10065 

#
These authors contributed equally to this work. 

*
Correspondence should be addressed to Fei Sun, Medical School, Institute of Reproductive 

Medicine, Nantong University, Nantong 226001, Jiangsu, China. E-mail: sunfei@ntu.edu.cn; 

Tel/fax: 0513-8505 1865; C. Yan Cheng, The Mary M. Wohlford Laboratory for Male 

Contraceptive Research, Center for Biomedical Research, Population Council, 1230 York 

Ave, New York, NY 10065; E-mail: yancheng01@aol.com; or Enkui Duan, State Key 

Laboratory of Stem Cell and Reproductive Biology, Institute of Zoology, Chinese Academy 

of Sciences, Beijing 100101, China. E-mail: duane@ioz.ac.cn. 

  

© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For
Permissions, please email: journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddab006/6089117 by C

entral South U
niversity user on 22 January 2021

mailto:yancheng01@aol.com
mailto:duane@ioz.ac.cn


U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

 

2 

 

Abstract 

During human spermatogenesis, germ cells undergo dynamic changes in chromatin 

organization/re-packaging and in transcriptomes. In order to better understand the underlying 

mechanism(s), scATAC-Seq of 5376 testicular cells from 3 normal men were performed.  Data were 

analyzed in parallel with the scRNA-Seq data of human testicular cells. Ten germ cell types 

associated with spermatogenesis and 6 testicular somatic cell types were identified, along with 

142,024 peaks located in promoter, genebody and CpG Island. We had examined chromatin 

accessibility of all chromosomes, with chromosomes 19 and 17 emerged as the leading chromosomes 

that displayed high chromatin accessibility. In accessible chromatin regions, transcription factor 

(TF)-binding sites were identified and specific motifs with high frequencies at different 

spermatogenesis stages were detected, including CTCF, BORIS, NFY, DMRT6, EN1, ISL1 and 

GLI3. Two most notable observations were noted. First, TLE3 was specifically expressed in 

differentiating spermatogonia. Second, PFN4 was found to be involved in actin cytoskeletal 

organization during meiosis. More important, unique regions upstream of PFN4 and TLE3 were 

shown to display high accessibility, illustrating their significance in supporting human 

spermatogenesis. 
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Introduction 

During spermatogenesis in men, germ cells undergo dynamic chromatin packing/repacking and 

organizational remodeling to facilitate the diverse expression of transcriptomes to support the 

production of functional haploid sperm in particular spermiogenesis (1). On the other hand, 

spermatogonial stem cells (SSCs) undergo active mitotic self-renewal to maintain the SSC population 

since a small pool of SSCs differentiate into meiotic cells periodically at puberty by ~12 years of age 

(2). Using RNA-Seq coupled with 5hmc (5-hydroxymethylcytosine) sequencing to examine 

stage-specific high-resolution profiles in adult germline stem cells (AGSC), including DNA 

methylation and histone modifications, AGSC signaling and chromatin/DNAme strategies emerge as 

the key regulatory mechanisms to maintain the crucial level of vital transcription factors to activate 

DNA-methylation in promoters during spermatogenesis (3). DNA methylation serves as an epigenetic 

marker, and following methylation establishment, spermatogonia begin a mitotic proliferative burst 

and differentiate into sperm (4). A recent study has demonstrated disordered genome methylation 

modification of germ cells in NOA patients, which was considerably different from reproductive 

process-mediated gene expression (5). In order to better understand how human adult SSC (hSSC) 

maintain the intriguing balance between self-renewal and differentiation, a study was performed to 

profile open chromatin (ATAC-Seq), DNA methylation, bulk, and single cell RNA transcriptomes 

(RNA-Seq) in hSSCs (6). This has identified four different developmental stages during hSSC 

differentiation and established the dynamic chromatin/transcription landscape operating in hSSCs 

(Guo, et al., 2017). During the mitotic-to-meiosis transition, mitotic-type open chromatin is closed, 

which is followed by the de novo formation of meiotic-type open chromatin.  
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Single cell RNA sequencing (scRNA-Seq) is a powerful tool to identify novel regulators of male germ 

cell development, which has revealed unexpected cell types in the adult testis that support 

spermatogenesis (7). scRNA-Seq also identifies unique molecular signatures in gene expression 

attributed to different development stages of germ cells (8).  Single cell ATAC-Seq (assay for 

transposase-accessible chromatin using sequencing) is a new approach to study open chromatin in 

individual cells and to assess genome-wide chromatin accessibility, which provides insights into 

cell-to-cell variations in chromatin organization by gathering hundreds or thousands of single cells 

data (9). This approach has also been used to profile chromatin accessibility to identity 85 distinct 

patterns across 13 tissues in mice, mapping the regulatory landscape at single-cell resolution (10).  

Relationship between dynamic gene expression, chromatin organization and accessibility in human 

spermatogenesis remains unknown. Hence scATAC-Seq was used to obtain detailed chromatin 

organization and accessibility data from n=3 normal men, and compared to scRNA-Seq data of 

normal men as recently reported (11). These analyses provided detailed assessment regarding the 

dynamic reorganization of open chromatin and transcriptomes during human spermatogenesis. We 

also investigated chromatin accessibility in all chromosomes, with chromosomes 19 and 17 emerged 

as the two chromosomes displaying considerable higher chromatin accessibility during 

spermatogenesis. We also identified the transcription factor (TF)-binding sites and uncovered some 

crucial motifs in high frequencies from accessible chromatin regions at different stages of 

spermatogenesis. TLE3 and PFN4 were shown to be actively involved in human spermatogenesis, 

with regions in their upstream to have high accessibility.  
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Results 

scRNA-Seq data analysis recognize 10 germ cell types and 6 somatic cell types. Seurat 

analysis was used to identify germ and somatic cell types. According to the clustering results, cells 

were classified to 16 cell types based on known markers. Ten of the cell types comprised of different 

germ cell classes distributed continuously and six somatic cell types distributed separately (Fig. 1A). 

Fig. 1B displays the marker genes expression status. Among the continuous cell types, we confirmed 

SSCs, Diff.ingSPG and Diff.edSPG cells by GFRA1, KIT and STRA8, respectively (Fig. 1C). The 

marker gene of meiotic-specific double-strand breaks, SPO11, was noted which expressed specifically 

in leptotene and zygotene clusters. TEX19 is a regulator of SPO11-dependent meiotic recombination 

in leptotene spermatocytes. Combined with the expression of these two genes, we identified leptotene 

spermatocytes. It has been reported that OVOL1 and OVOL2 are zinc finger transcription factors 

involved in pachytene progression and are localized in the XY body of spermatocytes at the pachytene 

and diplotene stages. NME8 expressed through the progress of pachytene to early stage spermatids. 

Using these three genes, the pachytene and diplotene spermatocytes were separated from other cells. 

After cell type determination, zygotene cells were identified by exclusion. Subsequently, round 

spermatids were identified by TXNDC2 and the sperm by TNP1 and PRM1. Through the expression 

pattern of TXNDC2, TNP1 and PRM1 genes, elongate spermatids, which were formed in-between 

round spermatids and sperm in time sequence, were identified. Besides germ cells, six testicular 

somatic cell types were identified. In these cell types, the marker genes used to identify macrophages 

were CD163 and CD14. Endothelial cell marker genes were PECAM1 and VWF. Leydig cell markers 

were VIT, IGF1, and DLK1. Myoid cell markers were GLI1, MYH11, and ACTA2. Sertoli cell 
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markers were PRND, WFDC2, AMH, and SOX9. Pericytes specifically expressed NOTCH3, SLIT3, 

PDGFRB, and MCAM.  

 

Preliminary analysis of scATAC-Seq. Following scATAC-Seq, we checked the promoter ratio 

and UMI (unique molecular identifiers) number and set thresholds to select cells for downstream 

analysis. Fig. 2A shows the selected distribution of cells identified by scRNA-Seq versus the current 

scATAC-Seq data in this report, illustrating scATAC-Seq was a considerably powerful technique. 

According to the prediction scores, we isolated 4685 cells from a total of 5376 cells with scores 

greater than 0.3 (Fig. 2B). Human spermatogenesis is comprised of a series of complex cellular 

events, the prediction scores of 10 germ cell types were relatively low, with the exception of SSCs, 

when compared to somatic cells (Fig. 2C). For the cell types identification, SnapATAC was used to 

integrate scRNA-Seq and scATAC-Seq datasets. First, the software was used to perform preprocessing 

of sequencing data including demultiplexing, reads alignments and filtering, duplicate removal and 

barcode selection by SnapTools. Similarity of chromatin accessibility between cells were then 

assessed to resolve the heterogeneity of cell population by the normalize Jaccard similarity matrix, 

which were then used for the following dimensionality reduction. To combine with the annotated 

scRNA-Seq data, we used “snapToSeurat” function in SnapATAC to convert the snap object to Seurat 

object. The two datasets were merged by “FindTransferAnchors” and “TransferData” functions of 

Seurat. In the process of integration, prediction scores were generated. These 4685 cells and their 

corresponding types were shown in Fig. 2D. Cell types in the cell annotation result were analogous to 

the scRNA-Seq analysis as noted in Fig. 1A, including 10 cell types associated with human 

spermatogenesis and 6 testicular somatic cell types. Fig. 2E shows the percentage of different cell 
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types based scRNA-Seq vs. scATAC-Seq. As noted here, using scRNA-Seq, about 25% of the total 

cells were the six somatic cell types and only 75% were germ cells; however, with scATAC-Seq, only 

10% of all cells were somatic cell types and 90% were germ cells (Fig. 2E). Except for sperm1, the 

relative percentage of the different germ cell types were comparable between the two sequence 

methods (Fig. 2E). Unlike scRNA-Seq, the Sertoli cell population was most predominant among the 

somatic cell types in human testes based on scATAC-Seq (Fig. 2E). Findings based on scATAC-Seq 

(Fig. 2E) are more consistent with earlier reports regarding the relative percentage of different somatic 

cell types (e.g., Sertoli cells) and germ cells types in human testes (12, 13), illustrating the 

scATAC-Seq method is a more reliable and robust technique to assess cell type distributions in human 

testes. Using the scATAC-Seq data, statistical analysis of peaks location to have 142,024 peaks (Fig. 

2F). The number of peaks located in genebody were 69,718, about 3 times of the promoter (26,796), 

CpG Islands (21,014) and TEs (24,496). Part of the peaks were overlapping in the three regions. This 

finding is consistent with earlier findings regarding TEs wherein germline was silenced in several 

repressive pathways (14, 15). For example, small RNAs, in particular piRNA and siRNA, are 

produced from transposable elements (TEs), which, in turn, are used to silence TEs (16).  

 

Dynamic chromatin accessibility and its association with chromosomes 17 and 19. As 

shown in Fig.3A, the total peak numbers in different germ cell types during spermatogenesis were 

varied considerably. From SSCs to difgSPG, and diSPG, the numbers of peaks progressively 

increased, suggesting multiple genes began to initiate transcription. This observation is consistent 

with earlier findings that multiple cell types, such as Leydig and Sertoli cells, that support the SSC 

niche to regulate the SSC-renewal and differentiation also become transcriptionally active during 
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postnatal testicular maturation when meiosis I/II begins (17). During meiosis, the number of peaks 

continued to rise, including zygotene and pachytene/diplotene spermatocytes (Fig. 3A), indicating that 

gene expression was robustly activated to support spermatogenesis. However, in the stages of 

RoundS.tids and Elongates.tids, the peak numbers began to decline since gene expression began to 

turn off following the formation of haploid spermatids which began the process of genetic material 

condensation (18). Using coaccessibility enrich analysis (Fig. 3B), the coaccessibility enrichment of 

chr19 was considerably higher than any other chromosomes. The coaccessibility might be due to the 

highest gene density of chr19 in all human chromosomes (19). Chromosome 17 was found to have the 

second highest coaccessibility enrichment (Fig. 3B). This unusual coaccessibility enrichment in chr19 

and chr17 might be correlated with meiosis. Studies have shown that the DSBs (double-strand breaks) 

hotspots specified by PRDM9 protein since DSBs and PRDM9 were shown to be crucial to support 

recombination during meiosis, and PRDM9 evolved rapidly and with a large number of variants (20, 

21). In the process of DSB generation, PRDM9 protein binds to DNA to promote the formation of 

recombination initial complex with the SPO11 in the complex to introduce meiotic DSBs, which in 

turn increased chromatin accessibility of chr 19 and 17. Because of their higher accessibility, chr 17 

and 19 were delected to displayed peaks distribution in cell types of different spermatogenesis stages 

to extract additional information as noted in Fig. 3C, D.  Different stages of spermatogenesis from 

early stage, differentiating spermatogonia, to the late stage, elongate spermatids were sorted by time 

sequence (Fig. 3C, D). In the differentiating spermatogonia of chromosome 19, cells had the highest 

chromatin accessibility than other stages. In contrast, the chr17, which displayed the second highest 

coaccessibility enrichment, had the lower chromatin accessibility in differentiating spermatogonia. 

Also, leptotene and zygotene spermatocytes had higher chromatin accessibility than 
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pachytene/diplotene spermatocytes (Fig. 3C), which indicated that at the early stage of meiosis, gene 

expression was more prevalent than the middle and later stage. These results suggest that more genes 

are working to support early and late spermatogenesis on chr19 and on chr17, respectively. Besides 

these two chromosomes, chr1, chr11, chr12, chr16, chr20 and chr22 also present co-accessibility 

enrichment versus other chromosomes.  

 

Motif analysis reveals proteins involved in human spermatogenesis. Motif analysis was 

performed on the eight germ cell types (Fig. 1A). Since at late spermatogenesis, chromatin became 

inaccessible and specific mRNAs required for subsequent transcription were stored in cytoplasmic 

ribonucleoprotein particles, we thus selected only 8 germ cell types for analysis without sperm1 and 2 (22, 

23). In Fig. 4A, some motifs were also found in high frequencies during spermatogenesis, including 

CTCF (zf), BORIS, NYF, DMRT6 (MD), EN1 (Homeobox), DMRT1 (DM), FOXL2 (Forkhead box 

L2), which were enriched in these 8 cell types and were readily identified (Fig. 4A). It was noted that 

most motifs were enriched in Pachytene/Diplotene (Fig. 4 B). The CTCF and BORIS motifs were found in 

seven germ cell types, except SSCs (Fig. 4B). CTCF is a DNA binding protein that regulates higher order 

chromatin structure and genome topology (24). Deletion of Ctcf led to defects of sperm head formation 

and chromatin compaction in mice (25). BORIS (also called CTCFL) is a paralogue of CTCF and 

specifically expressed in the testis, which shares the same exons encoding the 11 ZF domain as of CTCF 

genes. However, the pattern of expression of CTCF and BORIS are in sharp contrast to each other during 

male germ differentiation, correlating with re-setting of methylation marks. For instance, abnormal BORIS 

expression affects the normal function of CTCF including epigenetic dysregulation (26). As a sibling of the 

regulator of imprinted sites with CTCF, BORIS is considered an oncogene, and highly expressed in 
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primary spermatocytes (27). BORIS bound to the CST promoter to activate the regulation of CST, which 

played a critical role in spermatogenesis. NFY (also called CBF and CP1) is a trimeric protein comprised 

of NFYA, NFYB, and NFYC, which is known to bind specifically to CCAAT-box and found in 30% of 

eukaryotic promoters (28). Deletion of CBF-A (corresponding to NFY-B) was shown to influence PRM2 

expression, causing abnormal DNA morphology in high percentage of sperm (29). DMRT are transcription 

factors of a highly conserved family whose members share a unique DNA binding motif. Dmrt6 

coordinated an orderly programming in differentiating spermatogonia to allow mitotic/spermatogonial 

entry to the meiotic/spermatocyte during the epithelial cycle (30). The absence of Dmrt6 disrupted 

spermatogonial differentiation, resulting in a disordered expression of spermatogonial differentiation 

factors, including DMRD1, SHOLH1, SOLHLH2 and STRA8 (a meiotic initiation factor) (31). En1 motif 

proteins were overexpressed in transcription dependencies of triple-negative breast cancer and associated 

with co-activators and transcriptional repressor factor TLE3, which highly expressed in the testis (32). 

However, the role of EN1 in human spermatogenesis is presently unknown. ISL1 and GLI3 were 

restrictively expressed in pachytene/diplotene (Fig.4B). ISL1 (insulin gene enhancer protein) can be 

antagonized by MEIS2 which is a regulator of the retinoic acid pathway (33). Retinoic acid is crucial to 

support sperm maturation in mammals, and it is essential to initiate meiosis in adult testes (34). Thus, ISL1 

may modulate meiosis during spermatogenesis through retinoic acid (34). As a member of the Hedgehog 

(Hh/HH) signaling pathway, GLI3 regulates HH genes by targeting GLI1 promoter (35). GLI1 expression 

was only noted in spermatocytes and round spermatids, but GLI1 was not detected nor highly enriched in 

our data. Forkhead box (FOX) proteins, consisting of FOXL1 and FOXL2, are transcription factors 

involved in cell cycle regulation, including growth, proliferation, differentiation, and longevity. FOXL2 

also regulates sex-determination by repressing SOX9 to inhibit testis formation (36), and the secretion of 
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LH and FSH to modulate spermatogenesis (37), and its disruption leads to male oligozoospermia (38).   

 

We also explored genes with differential region within 10kb upstream or 1kb downstream of 

transcription initiation site. Overlapped genes for genes annotated by differential accessible regions 

and differential expressed genes in scRNA-Seq were selected, and the correlation between the 

chromatin accessibility and expression of genes was analyzed based on the scATAC-Seq logFC and 

scRNA-Seq avg_logFC. The R-value was 0.48, and the Pearson correlation was significant. The genes 

in quadrant I and quadrant III had the same change trend on scATAC-Seq logFC and scRNA-Seq 

avg_logFC (Fig.4C, D). The expression of these genes was regulated by the accessible regions. The 

expression of genes in the I quadrant was upregulated with higher chromatin accessibility. In the 

Difg.SPG, the genes were upregulated with higher chromatin accessibility, including ZNF207, 

MORF4L1, COPZ1, CBX5, TAF1P, FAF2, TLE3 and others (Fig.4C). For example, ZNF207 controls 

human embryonic stem cell self-renewal and differentiation (39). Also, in the Pachytene/Diplotene 

stage, we found that seven genes were upregulated with higher chromatin accessibility, including 

AMZ2, TMEM38B, RTF1, OIP5, POMP, FAM228A and PFN4 (Fig.4D), illustrating their possible 

involvement in human spermatogenesis. Among these, TLE3 and PFN4 were further analyzed since 

these two genes displayed similar transcriptome expression level based on scRNA-Seq and 

accessibility region peak noted in scATAC-Seq.  

 

GO analysis in Difg.SPG and Pachytene/Diplotene. GO analysis was performed for Difg. SPG 

(Fig. 5) and Pachytene/Diplotene spermatocytes (Fig. 6). For Diff.ed SPG GO analysis, several 

biological processes, cellular components and molecular function pertinent to spermatogenesis were 

noted (Fig. 5A). Based on results of the differentially accessible region, Difg.SPG and 
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Pachytene/Diplotene were selected for further analysis as noted in Fig. 4C, D. In these cells, TLE3 

(Fig. 5B, C) and PFN4 (Fig. 6B, C) were found to be specifically and prominently expressed in 

Difg.SPG and Pachytene/Diplotene, respectively (Fig 5B, C and Fig 6B, C). Further analysis revealed 

some regions in the upstream of TLE3 and PFN4 that displayed high accessibility. TLE3 

(transducin-like enhance of split 3) was highly expressed in difg.SPG (Fig 5B, C). In humans, TLE3 

is a member of the Groucho/Grg/TLE family, which interacts with multiple transcription factors (40). 

Since these transcription factors lack the NDA binding regions, they regulate target gene expression 

through TLE3 by restricting DNA-binding proteins in particular histone acetylation (41). Based on 

scATAC-Seq, motifs were found with high accessibility enriched specifically in Difg.SPG in the 

upstream region close to TLE3 (Fig. 5C). As such, proteins containing these motifs might influence 

the expression of TLE3, such as CCCTC-binding factor (CTCF), a highly conserved zinc-finger 

DNA-protein known to regulate chromatin organization to support spermatogenesis. Deletion of Ctcf 

in mice led to small testes and male infertility with defects in nuclear morphology and chromatin 

compaction (42).  

 

For Pachytene/Diplotene GO analysis, several biological processes, pathways, cellular components, 

and molecular function (MF) were enriched (Fig. 6A). As shown in Fig. 6B and C, PFN4 was notably 

expressed in Pachytene/Diploptene and RoundS.tids. Profilin (pfn) is a small actin-binding protein 

consisting of four isoforms of Pfn1, Pfn2, Pfn3, and Pfn4, known to involve in actin polymerization 

(43, 44). Pfn1 and pfn2, pfn3 and pfn4 are highly expressed in the testis to support spermatogenesis 

(45). Besides serving as an actin binding protein to support actin polymerization, Pfn proteins create a 

hub composed of a complex network of proteins to support molecular interactions (46, 47). For 

instance, pfn interacts with Cdc42, Rac1, Ras, RhoA and Rap that are part of the actin cytoskeleton 

regulatory GTPase network (44). In our scATAC-Seq analysis, CTCT, BORIS (zf), GLI3, and 
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ISL1(homeobox) motif were enriched in the upstream of PFN4 (Fig. 5B), which were also enriched in 

the pachytene/diplotene spermatocytes (Fig 4.B). It is noted that the role of CTCT, BORIS (zf), GLI3, 

and ISL1 in human spermatogenesis are presently unknown. In mouse, BORIS is restrictively 

expressed in germ cells, exclusively detected in the nucleus of spermatocytes and cytoplasmic of 

spermatogonia in early spermatogenesis, and the BORIS promoter is hypomethylated in normal testis 

and completely unmethylated in sperm (27, 48). As a member of Gli proteins family, Gli3 was 

detected in mouse germ cells, crucial to support germ cell development (49).  

 

Discussion 

In this report, we have demonstrated unequivocally that scATAC-Seq is a better analytical tool than 

scRNA-Seq since considerably more information can be extracted from the former approach by 

identifying unique differentially accessible regions, including motifs and GO Enrich, such as in 

chromosomes of Difg.SPG and Pachytene/Diplotene spermatocytes.  In this context, it is of interest 

to note that scRNA-Seq and scATAC-Seq were powerful and reliable bioinformatics tools used in 

different studies and have their advantages. Interestingly, the percentage of cell types obtained by 

scATAC-Seq and scRNA-Seq yielded a slightly different outcomes as noted in Figure 2E. In 

scRNA-Seq, some cells with a small number of transcripts were filtered out. For instance, using 

scRNA-Seq, which targeted the accessible region of chromatin to capture the DNA, fewer Sperm cells 

were detected when compared to scATAC-Seq. More important, the relative percentage of different 

somatic and germ cell types in human testes obtained by scATAC-Seq matched considerably better to 

the earlier published morphometric data from human testes (12, 13, 50, 51) when compared to 

scRNA-Seq as noted in Figure 2E.  Thus, the influence generated by the small amounts of expressed 
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genes in Sperm1 based on scATAC-Seq was almost negligible when compared to scRNA-Seq. Thus, 

comparing to the traditional bulk ATAC-Seq and scRNA-Seq technique, scATAC-seq is a more 

powerful technique. Furthermore, based on scATAC-Seq analysis, we detected reorganization in 

accessible chromatin during human spermatogenesis, with considerable accessibility enrichment in 

chr19 and chr17.  Studies have shown that chr19 has the highest gene density among all 

chromosomes (19). On the other hand, there are numerous DSBs hotpots in chr 17 (52). Interestingly, 

scATAC-Seq analysis has shown that the accessibility of chr19 and 17 are different at different stages 

of spermatogenesis. For instance, chr19 has the highest chromatin accessibility in Difg.SPG, but 

lowest in chr17, illustrating that genes on chr19 and chr17 function differently in supporting specific 

stages of spermatogenesis. Spermatogonia probably require core pluripotency transcription factors, 

such as NANOG and more open chromatin structure for successful transition to meiosis as earlier 

reported (53). As such, a higher accessibility of chr19 in Difg.SPG supports this earlier concept, yet 

chr17 does not present more chromatin accessibility in this germ cell stage. An earlier study that 

investigates chromatin organization during mitotic-to-meiosis transition has shown that chromatin 

structure is closed in mitotic state, but it is open to prepare for meiosis (54). The lower accessibility in 

Difg. SPG and higher accessibility in Diff.ed SPG of chr17 may suggest it plays a more prominent 

role in supporting mitosis to meiosis transition. On the other hand, the higher accessibility of chr 19 in 

Difg.SPG shows that it is necessary to support differentiating spermatogonia and the subsequent 

transformation during human spermatogenesis. Taken collectively, our findings are consistent with 

earlier reports, illustrating that chr 19 and chr 17 function differently to support human 

spermatogenesis. In brief, this change of chromatin accessibility suggests that these two chromosomes 

play different roles in different processes of spermatogenesis. During spermatogenesis, gene 
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expression was dynamic, and some crucial genes require unique expression at different stages of the 

epithelial cycle. However, the functional and structural relationship between open regions and gene 

expression remain unknown. Our results demonstrate that high open regions contribute to more gene 

expression, such as meiosis. Begin with round spermatids, the genetic material undergoes extreme 

chromatin condensation and a series of dramatic morphological changes to become mature sperm, 

resulting a considerable decline of overall gene expression (1). 

 

According to the analysis reported here, TLE3 and PFN4, whose function in supporting human 

spermatogenesis remains unexplored, is considerably enriched in Difg. SPG and pachytene/diplotene, 

respectively. As described above, TLE3 is expressed in spermatogonia, spermatids, and Sertoli cell in 

the mouse testis. Earlier study has reported that TLE3 regulates the balance between osteoblast and 

adipocyte formation from bone marrow mesenchymal stem cell (55). More important, besides its high 

level of expression in Difg. SPG, there is a special region with high chromatin accessibility upstream 

of TLE3, which enriched the CTCF motif and it is essential for genome organization and cell 

differentiation (56). We speculate that TLE3 plays a key role to regulate spermatogonial stem cell 

differentiation to maintain the critical balance between SSCs and Diff.edSPG. Nonetheless, further 

studies are needed to confirm this possibility. In the mouse testis, TLE3 was highly expressed in 

spermatogonia, spermatids, and Sertoli cells, but not spermatocytes. In Sertoli cells, TLE3 was also 

found to play an important role in Sertoli cell differentiation and cell proliferation by regulating 

specific genes during testicular development (57). As a member of actin-binding proteins, our results 

have shown that PFN4 is enriched in the pachytene/diplotene and RoundS.tids. It is generally 

accepted that actin filaments are involved in spindle migration, protecting meiotic cells from 
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chromosome segregation errors that lead to aneuploidy. Also, in human oocytes, spindle assembly is 

regelated by actin-microtubule interplay coordination (58). During spermatogenesis, regulation of 

actin dynamics is a complex and sophisticated progress (59). Herein, the open regions upstream of the 

PFN4 have identified four important motifs which are also enriched, including CTCT, BORIS(zf), 

GLI3, and ISL1. Collectively, these findings thus support the notion that PFN4 is a crucial factor in 

regulating meiosis, possibly through its effects on actin cytoskeletal dynamics during human 

spermatogenesis. 

 

In summary, the use of scATAC-Seq has illustrated dynamic chromatin changes in human 

spermatogenesis, which include changes in chromatin accessibility and expression. Also, TLE3 is a 

marker gene of Difg. SPG and it is likely to be involved in stem cell differentiation. PFN4 plays a role 

in actin cytoskeletal organization in meiosis during human spermatogenesis.  

 

Materials and Methods 

scRNA-Seq analysis. Dataset (GSE120508) (~6500 testicular cells from n=3 young human adults) 

quality control was performed using Seurat (V3.0.1). Cells with greater than 50% mitochondrial reads 

were excluded from the analysis. Number of detected genes per cell, and number of UMIs expressed 

per cell using following threshold parameters: nGene (200-5000), nUMI (0-30000). Resolution used 

to cluster is 1.5. Cell labeling was performed after clustering based on marker genes. 

 

Human testis samples for scATAC-seq library preparation.  
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Adult human testicular biopsy samples for scATAC-Seq were obtained from three healthy men (donor 

#1: 31 years old; donor #2: 33 years old; donor #3: 36 years old) without notable underlying 

pathological conditions including signs of infertility and normal andrology parameters. These samples 

were obtained in the Male Clinic at the Nantong University Medical School (Nantong, China) with 

patients’ consent for research (IRB Approved Protocol: TDLS-2020-36) entitled: Understanding the 

mechanism of modification of chromatin and RNA in male infertility. Testicular tissue was initially 

digested to suspension as earlier described (60). Cell nuclei were isolated and prepared for sequencing 

as outlined in the 10X Genomics Chromium single cell (sc) ATAC-Seq solution protocol (10). Nuclei 

were loaded with a capture target of 10,000 nuclei per sample. scATAC-Seq libraries were prepared 

for sequencing following the 10X Genomics single cell ATAC-Seq solution using protocol supplied 

by the manufacturer. scATAC-Seq libraries were sequenced using PE50 sequencing on an Illumina 

NovaSeq. 

 

Single cell ATAC-Seq analysis. Data analysis was performed by Cell Ranger ATAC (1.2.0). 

Genome used in our analysis was GRCh38. For the downstream analysis, SnapATAC was used to 

convert data format based on fragments data. Thereafter, we picked out cells used in cell clustering 

step, utilizing diffusion map for data dimensionality reduction. The first 30 dimensionalities were 

selected to calculate Euclidean Distance to create KNN cluster (default k=15) of each cell. Cell 

clustering was carried out based on the graph that drawn by data calculated above. Uniform Manifold 

Approximation and Projection (umap) was subsequently applied to the results and to perform 

hierarchical clustering analysis between clusters. Cell annotation was added to the result of 

scATAC-Seq analysis, according to the annotation result of scRNA after identifying cell types. 
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Following this, FindTransferAnchors and TransferData (Seurat) were used to merge the two types of 

omics data, using the differential genes identified by scRNA-Seq analysis as medium. Then cells with 

prediction scores greater than 0.3 were selected for the following analyses. Also, the relative 

percentage of different germ cell types versus different somatic cell types obtained by scATAC-Seq 

and scRNA-Seq were compared.  

 

Peak calling and Motif analysis. Peak calling and peak merge of predicted cell types were 

performed by MACS2 (cell types with cells more than 50). The default threshold of q value used by 

MACS2 was at 0.05. This thus generated a cell X peak matrix. Peaks located in gene functional region 

was counted by bedtools. The reads distribution of every cell type was displayed by IGV. We 

identified differentially accessible peaks by SnapATAC. SnapATAC selected closer cell clusters 

automatically to compare with each other. Through the exact test, differentially accessible peaks were 

identified. Peaks whose logFC > 0 were selected and sorted by p value from high to low. The top 200 

of the selected peaks were then used in the following analysis. Motif analysis of differential accessible 

peaks selected before was carried out by HOMER. Motifs with p value < 0.05 of each cell type were 

used to draw the statistical graph.  

 

Coaccessibility analysis 

To get the information of the relationship among peaks, we performed coaccessibility analysis to get 

the scores of peaks by Cicero. Select peaks with score > 0.5 to do chromosome enrichment statistic.  

𝑐𝑜𝑎𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =

𝑐ℎ𝑟 𝐶𝑜𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑛𝑢𝑚𝑏𝑒𝑟
𝑡𝑜𝑡𝑎𝑙 𝐶𝑜𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦

𝑐ℎ𝑟𝑙𝑒𝑛𝑔𝑡ℎ
𝑎𝑙𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑠𝑢𝑚
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Differential accessible regions and differential expressed genes analysis.  Genes with 

differential region within 10kb upstream or 1kb downstream were regarded as those annotated by 

differential accessible regions. Next, the overlapped genes between genes annotated by differential 

accessible regions and differential expressed genes in scRNA-Seq were selected, and the correlation 

between the chromatin accessibility and expression of genes were analyzed based on the scATAC 

logFC and scRNA avg_logFC. The genes in quadrant I and quadrant III had the same change trend on 

scATAC logFC and scRNA avg_logFC.  Expressions of these genes were regulated by the accessible 

regions. Expression of genes in I quadrant were upregulated with higher chromatin accessibility. 

 

GO pathway analysis. After differential peaks were obtained, GO pathway analysis was performed 

by R package, rGREAT, to confirm peaks enriching pathway.   
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Figure Legends 

 

Figure 1. Results of scRNA-Seq data analysis. (A) Umap plot of adult human testicular cells. 

Colors based on cell types we identified are shown. (B) Expression of marker genes in different cell 

types (dot plot). The dot size and dot color represent expression percentage and expression average, 

correspondingly. (C) Expression patterns (violin plots) of partial marker genes.  
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Figure 2. Cell selection and preliminary analysis combining data of scATAC-Seq and 

scRNA-Seq. (A) Umap plot of cells. Different colors represent cells from scATAC-Seq and 

scRNA-Seq. (B) Cell number of different scATAC-Seq cell prediction scores displayed by bar plot. 

We set 0.3 as threshold (red dashed line) to select cells for the following analysis. There are 4685 

cells in whole 5376 cells satisfied our condition. (C) scATAC-Seq cell prediction score of different 

stage cell types from (B). (D) Umap plot of cells from (A). Cell types are shown by different colors. 

(E) Percentage of different cell types in cells selected frrm (B) classified by scRNA-Seq and 

scATAC-Seq.  (F) Number of peaks in different locations displayed by bar plot.  

  

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddab006/6089117 by C

entral South U
niversity user on 22 January 2021



U
N

CO
RRE

CTE
D

 M
A
N

U
SC

RIP
T

 

30 

 

 

Figure 3. Open regions in spermatogenesis and the result of accessibility analysis in different 

chromosomes. (A) Peak number in different stage of spermatogenesis. (B) The dashed horizontal line 

represents 1.0 of the coaccessiblity enrich in the plot. (C) and (D) display accessibility peaks 

enrichment distribution of chr19 and chr17 for different germ cell types during spermatogenesis.  
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Figure 4. Cell selection and motif analysis. (A) Different motifs were enriched in 8 different germ 

cell types. The motif and sequence logo are corresponding to the point on their left. (B) Detailed cell 

types of motifs enriching. Motifs displayed on the left enrich in the germ cell types where the red lines 

indicate the expression of the corresponding genes. (C) and (D) show the correlation between 

chromatin accessibility and expression of genes which were analyzed based on the scATAC logFC 

and scRNA avg_logFC. X-axis, (scATAC logFC): >0 means open regions and <0 means closed 

regions. Y-axis, (scRNA avg logFC): >0 means expression and <0 means inhibit expression. 

Abbreviations used: Difg. SPG and Pachytene/Diplotene) 
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Figure 5. GO analysis of Difg. SPG. (A) Enriched GO terms including biological process, cellular 

component and molecular function in Difg. SPG. (B) Regions of enriching peaks in Difg. SPG on 

upstream of TLE3 (Chr16). Motifs located in this region are annotated. (C) Expression pattern of 

TLE3 in 8 germ cell types during spermatogenesis (violin plot). 
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Figure 6. GO analysis of Pachytene/Diplotene spermatocytes. (A) Enriched GO terms including 

biological process, cellular component and molecular function in Pachytene/Diplotene spermatocytes. 

(B) Regions of enriching peaks in Pachytene/Diplotene on upstream of PFN4 (Chr2). Motifs located 

in this region are annotated. (C) Expression pattern of PFN4 in 8 germ cell types during 

spermatogenesis (violin plot). 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/advance-article/doi/10.1093/hm
g/ddab006/6089117 by C

entral South U
niversity user on 22 January 2021


