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Non-obstructive azoospermia (NOA) is one of the most important causes of male infertility. 
It is mainly characterized by the absence of sperm in semen repeatedly or the number of 
sperm is small and not fully developed. At present, its pathogenesis remains largely 
unknown. The goal of this study is to identify hub genes that might affect biomarkers 
related to spermatogenesis. Using the clinically significant transcriptome and single-cell 
sequencing data sets on the Gene Expression Omnibus (GEO) database, we identified 
candidate hub genes related to spermatogenesis. Based on them, we performed Gene 
Ontology (GO) functional enrichment analysis, Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment pathway analyses, protein-protein interaction (PPI) network analysis, 
principal component analysis (PCA), cell cluster analysis, and pseudo-chronological 
analysis. We identified a total of 430 differentially expressed genes, of which three have 
not been reported related to spermatogenesis (C22orf23, TSACC, and TTC25), and the 
expression of these three hub genes was different in each type of sperm cells. The results 
of the pseudo-chronological analysis of the three hub genes indicated that TTC25 was 
in a low expression state during the whole process of sperm development, while the 
expression of C22orf23 had two fluctuations in the differentiating spermatogonia and late 
primary spermatocyte stages, and TSACC showed an upward trend from the 
spermatogonial stem cell stage to the spermatogenesis stage. Our research found that 
the three hub genes were different in the trajectory of sperm development, indicating that 
they might play important roles in different sperm cells. This result is of great significance 
for revealing the pathogenic mechanism of NOA and further research.
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INTRODUCTION

About 10–15% of people of childbearing age are infertile in the 
world, of which male infertility accounts for about 50% (Gifford, 
2015). Male infertility is closely related to sexual dysfunction, 
varicocele, reproductive system infection, endocrine, obstructive 
azoospermia (OA), non-obstructive azoospermia (NOA), etc. 
(Arafat et  al., 2017). The incidence of NOA in men is about 
1%, accounting for 10–15% of infertile men, and it is one of 
the most important causes of male infertility (Wosnitzer et al., 2014).

Non-obstructive azoospermia is a type of male infertility 
caused by spermatogenic dysfunction of testicular tissue. Patients 
with NOA cannot produce sperm or can only produce a very 
small amount of sperm. In patients with NOA, the structure 
of the seminiferous tubules in the testis is disordered, while 
the maturation of spermatogenic cells is blocked, and the meiosis 
of spermatogenic cells is arrested (Kohn and Pastuszak, 2018). 
In recent years, some studies (Vij et  al., 2018) have shown that 
there are focal and heterogeneous tissues in the spermatogenesis 
disorder. Even if sperm are not found in most of the seminiferous 
tubules in the testicular tissue, it cannot be  completely denied 
that there may be  a very small amount of sperm in some 
seminiferous tubules. Studies have confirmed that some sperm 
found from the testis or epididymis in patients whose 
spermatogenic cells stop during meiosis can also be  conceived 
by intracytoplasmic sperm injection (ICSI) diagnosis and treatment 
(Silber et  al., 1996). There are also studies reporting that the 
use of round or long sperm can also enable patients to gain 
fertility (Sofikitis et al., 1998; Ghazzawi et al., 1999). Reproductive 
technology has greatly reduced requirements for sperm quantity 
and sperm maturity compared with natural conception conditions, 
so that it can become a reality for NOA patients to obtain 
genetic offspring (Corona et al., 2019; Song et al., 2020). Because 
reproductive technology bypasses the natural selection mechanism 
in the process of sperm formation, the risk of genetic defects 
being passed to the next generation is also significantly increased. 
Therefore, it is particularly important to grasp the key factors 
that affect the process of sperm development.

At present, the research on NOA mainly focuses on including 
chromosomal abnormalities, Y chromosome microdeletion, and 
epigenetics. However, the spermatogenesis barriers and 
pathogenesis related to gene expression levels are still to 
be  explored (Fang et  al., 2020). In this study, we  mainly used 
the gene expression profile microarray transcriptome data and 
single cell sequencing data in the NCBI Gene Expression 
Comprehensive Database (NCBI-GEO) database. By analyzing 
transcriptome data, we  identified differentially expressed genes 
(DEGs) between patients with and without spermatogenesis 
disorders. Subsequently, we  performed Gene Ontology (GO) 
function enrichment analysis, Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment pathway analysis, protein-
protein interaction (PPI) network analysis, and identification 
of hub genes. By analyzing the sperm single-cell sequencing 
data, we  annotated the cell clusters, revealing the expression 
of the hub gene in the cell clusters, and finally performed a 
pseudo-chronological analysis of the hub gene to reveal the 
role of the hub gene in sperm development.

MATERIALS AND METHODS

Data Source
Gene Expression Omnibus (GEO) is a public genome database 
that provides gene expression data, microarray, and single cell 
sequencing data.1 The transcriptome data of this study were 
from two datasets: GSE108886 and GSE145467. People without 
spermatogenesis disorders were included in the control group, 
including normal people and patients with OA, and patients 
with NOA were included in the disease group. The population 
of the GSE108886 data set consists of one normal person, 
three OA patients and eight NOA patients. The GSE145467 
data set consists of 10 OA patients and 10 NOA patients. The 
single-cell sequencing data were from the GSE109037 data set, 
which contained 11 samples from four sub-data sets 
(spermatogenesis, spermatocytes, spermatogonia, and spermatids) 
during sperm development.

Identification of Differentially Expressed 
Genes
The GEO2R online analysis software on GEO database was 
used to identify DEGs,2 and the screening threshold was set 
to |log2 FC|  >  2 and p  <  0.01.

Functional Enrichment Analysis of the 
DEGs
The DAVID online analysis tool was used for GO and KEGG 
enrichment analyses of DEGs.3 We  then use the imageGP tool 
for visual analysis.4 p < 0.05 was considered statistically significant.

Construction of PPI Network and 
Identification of Hub Genes
We use the String database to build the PPI network of DEGs,5 
and set the interaction with combined score to be  greater 
than or equal to 0.4. Subsequently, the data after String analysis 
were imported into Cytoscape software (version 3.6.1) to 
construct the PPI network again. The five calculation methods 
(Degree, DMNC, EPC, MCC, and MNC) in the CytoHubba 
plug-in were used to identify hub genes in the PPI network. 
A total of 50 hub genes (TOP10  in each algorithm) were 
selected to be  involved in the Veen Diagram, and the core 
hub genes were then identified for subsequent analysis.

Cell Clustering and Annotation of Single 
Cell Sequencing Data
We used the Seurat package (version 3.1.5.9915) of the R 
software (version 4.02) to analyze the four sub-sets of GSE109037. 
After a series of data filtering, quality control, and normalization, 
we performed principal component analysis (PCA) and non-linear 
dimensionality reduction UMAP method for cell clustering. 

1 http://www.ncbi.nlm.nih.gov/geo
2 http://www.ncbi.nlm.nih.gov/geo/geo2r/
3 https://david.ncifcrf.gov/
4 http://www.ehbio.com/ImageGP/index.php/Home
5 http://string-db.org
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Through the FindAllMarkers function, we obtained the marker 
genes of the cell clustering, and then we  queried the Human 
Cell Landscape (HPL) database for cell annotation.6 The DotPlot 
and VlnPlot functions were used to draw bubble charts and 
violin charts to visualize the expression of hub genes in different 
cell clusters.

Constructing Trajectories of Hub Genes in 
Single Cell
The monocle3 package (version 0.2.3.0) was used to perform 
pseudotime time analysis to construct the developmental 
trajectory of sperm cells and hub genes. The main functions 
used were learn_graph, label_leaves, label_branch_points, plot_
cells, order_cells, and root_pr_node.

RESULTS

Identification of DEGs
In the GSE108886 data set, a total of 520 DEGs were obtained, 
including 511 downregulated genes and nine upregulated genes 
(Figure  1A), while in the GSE145467 data set, a total of 1,622 
DEGs were obtained, including 1,566 downregulated genes and 
56 upregulated genes (Figure  1B). There were 430 DEGs 
overlapping the two data sets, and all of them were downregulated 
genes (Figures  1C,D).

GO Functional Enrichment Analysis and 
KEGG Pathway Analysis
The results of GO functional enrichment analysis showed that 
the DEGs were mainly enriched in biological processes (BP) 
and cell composition (CC). In the BP category, they were 
mainly enriched in spermatogenesis, multicellular organism 
development, cell differentiation, spermatid development, and 
sperm motility (Figure  2A). In the CC category, they were 
mainly enriched in modile cilium, microtubule, acrosomal 
vesicle, and nucleus (Figure  2B). In KEGG pathway analysis, 
we found that these candidate genes might affect spermatogenesis 
signaling pathways including glycolysis/gluconeogenesis, protein 
processing in endoplasmic reticulum, carbon metabolism, and 
cell cycle (Figure  2C).

Construction of PPI Network of DEGs and 
Identification of Hub Genes
We mapped these DEGs to the STRING database to construct 
a PPI network, and then re-imported these interactive network 
data into Cytoscape software (version 3.6.0), and finally 304 
nodes and 933 edges constituted the PPI network (Figure 3A). 
We  used five algorithms in cytoHubba to obtain the top  10 
hub genes of each algorithm (Figures  3B–F). Then, these hub 
genes were integrated, and 15 of them overlapped in the five 
algorithms (ACTRT2, ADAM32, AKAP4, ALS2CR11, C22orf23, 
CAPZA3, CRISP2, FAM71F1, GKAP1, ODF1, PGK2, PRM2, 

6 http://bis.zju.edu.cn/HCL/

TNP1, TSACC, and TTC25). The 15 hub genes were considered 
to be  key genes (Figure  3G), indicating that they might play 
important roles in spermatogenesis. After consulting relevant 
literature (Choi et  al., 2003; Malcher et  al., 2013; Liu et  al., 
2015; Javadian-Elyaderani et  al., 2016; Malla and Bhandari, 
2017; Park et  al., 2018; Lim et  al., 2019; Tapia Contreras and 
Hoyer-Fender, 2019; Wang et  al., 2019a; Oud et  al., 2020; 
Zhang et  al., 2020), among those 15 genes, we  screened out 
three hub genes (C22orf23, TSACC, and TTC25) that have 
not been reported to be  related to spermatogenesis.

Expression of the Hub Genes in Sperm 
Cells
To clarify the expression of these three hub genes in different 
types of sperm cells, we  analyzed the single-cell sequencing data 
covering the whole process of sperm development. Through the 
Seurat package nonlinear dimensionality reduction method (UMAP), 
a total of 13 cell clusters were found (Figure  4A). Next, we  use 
the FindAllMarkers function to identify and visualize the marker 
genes of cell clusters (Figure 4B). By consulting the HPL database 
through the marker gene, 12 types of sperm cells were identified, 
and the relationship between them was shown in a heat map 
(Figure 4C). The analysis results showed that the three hub genes 
were expressed in late primary spermatocyte, round spermatid, 
elongated spermatid, sperm1, and sperm2, while testis-specific 
serine kinase 6 activating co-chaperone (TSACC) had the highest 
expression level among the three hub genes. In early primary 
spermatocyte and differentiating spermatogonia cells, TTC25 was 
almost not expressed, while C22orf23 was slightly expressed, and 
TSACC expression was higher (Figures 4D,E). This result indicated 
that there were differences in the expression of hub genes in the 
development of sperm cells.

Pseudotime Time Analysis of Hub Genes in 
Sperm Cells
The developmental trajectory of sperm cells was constructed 
using monocle 3 software. The results showed that during 
sperm development, the initial cell of sperm development was 
identified as spermatogonial stem cell, and the only branch 
appeared in the elongated spermatid (Figures  5A,B). We 
constructed the trajectory of C22orf23, TSACC, and TTC25 
in sperm development, and found that TTC25 has been 
maintained at a low level, while C22orf23 began to rise from 
the differentiating spermatogonia and the first peak appeared 
in the late primary spermatocyte, and then gradually decreased, 
there was an upward trend in the process from elongated 
spermatid to sperm formation. During the whole process from 
spermatogonial stem cell to the sperm formation, the expression 
of TSACC showed an upward trend (Figure  5C).

DISCUSSION

The process of spermatogenesis is divided into three stages: 
mitosis stage, meiosis stage, and sperm cell forming stage. 
Subsequently, mature sperm are freely released into the lumen 
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of seminiferous tubules, and migrate to the epididymal tissue 
for energy and storage (Neto et al., 2016). In the whole process 
of spermatogenesis, any abnormality in any link can lead to 
NOA, which can lead to male infertility (La and Hobbs, 2019). 
The process of spermatogenesis is a complex process involving 
a variety of regulatory mechanisms, among which the regulation 
of gene transcription level has been a hotspot of research in 
recent years (Singh et  al., 2019).

A number of studies have shown (Jan et  al., 2017; 
Law et al., 2019; Trigg et al., 2019) that changes in transcriptome 

genes can affect the development of different types of sperm 
cells and ultimately lead to the occurrence of NOA. Our analysis 
of GSE108886 and GSE145467 found that 430 DEGs were 
identified in both data sets at the same time and all were 
downregulated. Subsequent GO analysis showed that these genes 
were mainly enriched in BP category including spermatogenesis, 
multicellular organism development, cell differentiation, 
spermatid development, and sperm motility, as well as in CC 
category including motile cilium, microtubule, acrosomal vesicle 
and nucleus. These are also the hotspots of research on male 

A

C D

B

FIGURE 1 | Identification of differentially expressed genes (DEGs). Green dots represent downregulated genes, and red dots represent upregulated genes. (A) The 
volcano map showing DEGs in the GSE108886 data set. (B) The volcano map showing DEGs in the GSE145467 data set. (C) The volcano map showing DEGs 
after data set integration. (D) The Venn diagram showing that there are 430 DEGs overlapping these two data sets.
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infertility from the transcriptome level in recent years (Moye 
et  al., 2019; Wang et  al., 2019b; Yuan et  al., 2019; Goto, et  al., 
2020). KEGG pathway analysis results indicated that the pathways 
that DEGs might affect sperm development were mainly enriched 

in glycolysis/gluconeogenesis, protein processing in endoplasmic 
reticulum, carbon metabolism and cell cycle. Studies have shown 
that One-carbon metabolism may affect spermatogenesis and 
lead to male infertility (Singh and Jaiswal, 2013). The protein 

A

B

C

FIGURE 2 | Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs. (A) The result 
of GO enrichment analysis (biological process). (B) The result of GO enrichment analysis (cellular component). (C) The result of KEGG pathway enrichment analysis.
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processing in endoplasmic reticulum signaling pathway affects 
histone ubiquitination and acetylation during sperm formation, 
which is crucial for sperm development (Kavarthapu et  al., 
2020). In proteomic studies, it was found that the glycolysis/
gluconeogenesis pathway is different between normal people 
and asthenospermia patients (Saraswat et  al., 2017), but till 
now, there is no report on the association between glycolysis/
gluconeogenesis and NOA patients.

In a total of 50 hub genes obtained by five different algorithms 
in the cytoHubba plug-in, we  obtained 15 genes that overlap 
in multiple algorithms. After consulting database documents 
such as NCBI, for the first time, we  identified three genes 
that might be  closely related to spermatogenesis: C22orf23, 
TSACC, and TTC253.

In order to further study the expression of C22orf23, TSACC, 
and TTC25  in sperm cells, we  used the seurat package of the 
R software to integrate and analyze the corresponding single-
cell sequencing data sets. After comparing the data of the 
HCL database (Han et  al., 2020), we  identified 12 kinds of 
sperm cells. Our research results showed that during 
spermatogenesis, hub genes were expressed in late primary 
spermatocyte, round spermatid, elongated spermatid, and sperm. 
The expression of TSACC was of the highest level. In 
differentiating spermatogonia and early primary spermatocyte 

cells, TTC25 was almost not expressed, while C22orf23 was 
lowly expressed, and expression of TSACC is higher than the 
former two. The above research showed that the expression 
of the three genes was different in the process of sperm 
development, and there might be differences in their mechanisms 
that affect spermatogenesis. The potential mechanisms of 
spermatogenesis mainly include: (1) the functional structure 
and cell composition of spermatogenesis, such as blood testis 
barrier, seminiferous tubules, spermatogenic cells, and testicular 
somatic cells, etc.; (2) the whole process of spermatogenesis 
and sperm kinetics of occurrence; (3) endocrine regulation of 
spermatogenesis; (4) testicular local regulation of spermatogenesis, 
etc. (Caroppo and Colpi, 2021; Park and Pang, 2021; Rodriguez-
Casuriaga and Geisinger, 2021). Differentiating spermatogonia 
and early primary spermatocyte belong to the representative 
cells of spermatogenesis during meiosis, so the difference in 
the expression of these three genes is mainly reflected in the 
meiosis stage.

Sperm cells have clear developmental trajectories. We  used 
the monocle3 package to successfully construct the developmental 
trajectory of sperm cells in the GSE109037 dataset. The 
spematogonial stem cell was recognized as the starting point 
of spermatogenesis, and a branch was found in the elongated 
spermatid. The trajectory of C22orf23, TSACC, and TTC25 

A

D E F G

B C

FIGURE 3 | Protein-protein interaction (PPI) network of DEGs and identification of hub genes. (A) PPI network composed of 304 nodes and 933 edges. (B) Hub 
genes obtained by Degree algorithm. (C) Hub genes obtained by Density of Maximum Neighborhood Component algorithm. (D) Hub genes obtained by Edge 
Percolated component algorithm. (E) Hub genes obtained by Maximal Clique Centrality algorithm. (F) Hub genes obtained by Maximum Neighborhood Component 
algorithm. (G) Venn diagram showing 15 overlapped hub genes.
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genes in sperm development was constructed, and it was found 
that the expression of TTC25 gene was always maintained at 
a low level. The C22orf23 gene showed two uplifts during the 
process from differentiating spermatogonia to sperm production. 
The TSACC gene showed a slow upward trend during the 
whole process from spermatogonial stem cell to sperm formation. 
At present, there are few literatures on the correlation between 
sperm development and C22orf23 gene. However, the TTC25 
gene encodes a tetratricopeptide repeat domain-containing 
protein, which is located in the ciliary axons and plays a role 
in the docking of the outer actin arm with the cilia. Mutations 
in this gene can cause primary ciliary dyskinesia (Wallmeier 
et  al., 2016; Emiralioğlu et  al., 2020), but whether it is related 
to sperm development remains to be  further studied. TSACC 
gene is also called testis-specific serine kinase 6-Activating 
Co-Chaperone Protein (TSSK6-Activating Co-Chaperone), and 
TSSK6 belongs to a member of the testis-specific serine/threonine 
kinase family. Studies have confirmed that TSSK family is 
expressed after meiosis in male germ cells and mature mammalian 
sperm. When TSSK family expression is restricted after meiosis, 
it can affect sperm development through phosphorylation signal 
transduction (Wang et  al., 2015, 2016; Salicioni et  al., 2020). 
Animal experiments have confirmed (Spiridonov et  al., 2005) 
that male mice knocked out of the TSSK6 gene can cause 
spermatogenesis disorders, including decreased sperm count, 
decreased motility and survival rate, and increased number of 
abnormal sperm. Su et al. (2010) studied the relationship 
between TSSK6 gene mutation and human spermatogenesis 
and found that TSSK6 gene polymorphism is closely related 
to male infertility. TSACC is a Co-Chaperone that activates 
TSSK6, and is closely related to the expression of TSSK6. 

Based on our analysis results, we  speculate that TSACC plays 
an important role in germ cell differentiation and/or sperm 
function. TSACC is a Co-Chaperone that specifically activates 
TSSK6 (Spiridonov et  al., 2005). Kula and other scholars (Jha 
et  al., 2010) have shown that TSACC is specifically expressed 
in the testis, and experiments have confirmed that when sperm 
cells undergo reorganization and chromatin condensation, 
TSACC and TSSK6 are in sperm co-localization in the cytoplasm 
of cells, combined with our analysis results, speculate that 
TSACC plays an important role in germ cell differentiation.

Non-obstructive azoospermia is one of the most common 
and important causes of male infertility. Our research used 
existing public databases to integrate gene expression profile 
microarray and single-cell sequencing data for bioinformatics 
analysis. In this way, more reliable and accurate results could 
be  obtained. However, to confirm the relationship between 
these genes and spermatogenesis, molecular biology experiments 
are needed.

CONCLUSION

This study identified 430 DEGs in NOA patients, as well as 
their GO functional annotations and signaling pathways, and 
further identified three hub genes that might play important 
roles in sperm development, which deserved further in-depth 
study. These new findings may provide important enlightenment 
for revealing the pathogenesis of NOA. These hub genes  
may be  biomarkers suggesting abnormal spermatogenesis, 
providing novel options for precise diagnosis and precise 
treatment of NOA.

A

D E

B C

FIGURE 4 | The expression of hub genes in sperm cells. (A) Thirteen cell clusters (0–12) of the GSE109037 single-cell sequencing data set. (B) The bubble chart 
showing the marker gene expression of each cell clusters. (C) The heat map showing the correlation between each cell clusters. (D) Distribution of three hub genes 
in cell clusters. (E) The violin diagram showing the expression of three hub genes in various sperm cells.

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


He et al. Novel Key Genes Affect Spermatogenesis

Frontiers in Genetics | www.frontiersin.org 8 February 2021 | Volume 12 | Article 608629

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included 
in the article/Supplementary Material, further inquiries can 
be  directed to the corresponding author.

AUTHOR CONTRIBUTIONS

HH, YZ, XJ, and FY launched the study. HH and FY  
performed the data analysis. WS, KC, LZ, QZ, SL, XY, and 
SC participated in reference collecting. HH, FY, and WS 

A

B

C

FIGURE 5 | The pseudotime time analysis of sperm development. (A) The developmental trajectory of sperm cells. The ① on the white background indicates that 
the development of sperm starts from cluster 0 cells, and the ① on the black background indicates branches that appear in the sperm development trajectory. 
(B) The sperm cells of each developmental stage are marked, the numbers indicate the sequence of each sperm cell’s development trajectory, and words indicate 
the result of annotating the clustered cells. (C) The results of trajectory analysis of the three hub genes in sperm development, which covers the whole process from 
spermatogonial stem cell to sperm formation.

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


He et al. Novel Key Genes Affect Spermatogenesis

Frontiers in Genetics | www.frontiersin.org 9 February 2021 | Volume 12 | Article 608629

completed the manuscript. All authors contributed to the article 
and approved the submitted version.

FUNDING

The study received grants from Research Project in Health 
Care of Bao’an, Shenzhen, Guangdong (no. 2016CX300). The 
study is supported by Shenzhen Hospital of Southern Medical 

University, Research Promotion Funds for the Key Discipline 
Construction Program (no. ZDXKKYTS006).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fgene.2021.608629/
full#supplementary-material

 

REFERENCES

Arafat, M., Har-Vardi, I., Harlev, A., Levitas, E., Zeadna, A., Abofoul-Azab, M., 
et al. (2017). Mutation in TDRD9 causes non-obstructive azoospermia in 
infertile men. J. Med. Genet. 54, 633–639. doi: 10.1136/jmedgenet-2017-104514

Caroppo, E., and Colpi, G. M. (2021). Hormonal treatment of men with 
nonobstructive azoospermia: what does the evidence suggest? J. Clin. Med. 
10:387. doi: 10.3390/jcm10030387

Choi, I., Woo, J. M., Hong, S., Jung, Y. K., and Cho, C. (2003). Identification 
and characterization of ADAM32 with testis-predominant gene expression. 
Gene 304, 151–162. doi: 10.1016/S0378-1119(02)01202-7

Corona, G., Minhas, S., Giwercman, A., Bettocchi, C., Dinkelman-Smit, M., 
Dohle, G., et al. (2019). Sperm recovery and ICSI outcomes in men with 
non-obstructive azoospermia: a systematic review and meta-analysis. Hum. 
Reprod. Update 25, 733–757. doi: 10.1093/humupd/dmz028

Emiralioğlu, N., Taşkıran, E. Z., Koşukcu, C., Bilgiç, E., Atilla, P., Kaya, B., 
et al. (2020). Genotype and phenotype evaluation of patients with primary 
ciliary dyskinesia: first results from Turkey. Pediatr. Pulmonol. 55, 383–393. 
doi: 10.1002/ppul.24583

Fang, F., Li, Z., Zhao, Q., Ye, Z., Gu, X., Pan, F., et al. (2020). Induced pluripotent 
stem cells derived from two idiopathic azoospermia patients display 
compromised differentiation potential for primordial germ cell fate. Front. 
Cell Dev. Biol. 8:432. doi: 10.3389/fcell.2020.602574

Ghazzawi, I. M., Alhasani, S., Taher, M., and Souso, S. (1999). Reproductive 
capacity of round spermatids compared with mature spermatozoa in a 
population of azoospermic men. Hum. Reprod. 14, 736–740. doi: 10.1093/
humrep/14.3.736

Gifford, J. A. (2015). The role of WNT signaling in adult ovarian folliculogenesis. 
Reproduction 150, R137–R148. doi: 10.1530/REP-14-0685

Goto, C., Tamura, K., Nishimaki, S., Maruyama, D., and Hara-Nishimura, I. 
(2020). The nuclear envelope protein KAKU4 determines the migration 
order of the vegetative nucleus and sperm cells in pollen tubes. J. Exp. Bot. 
71, 6273–6281. doi: 10.1093/jxb/eraa367

Han, X., Zhou, Z., Fei, L., Sun, H., Wang, R., Chen, Y., et al. (2020). Construction 
of a human cell landscape at single-cell level. Nature 581, 303–309. doi: 
10.1038/s41586-020-2157-4

Jan, S. Z., Vormer, T. L., Jongejan, A., Röling, M. D., Silber, S. J., de Rooij, D. G., 
et al. (2017). Unraveling transcriptome dynamics in human spermatogenesis. 
Development 144, 3659–3673. doi: 10.1242/dev.152413

Javadian-Elyaderani, S., Ghaedi, K., Tavalaee, M., Rabiee, F., Deemeh, M. R., 
and Nasr-Esfahani, M. H. (2016). Diagnosis of genetic defects through 
parallel assessment of PLCzeta and CAPZA3  in infertile men with history 
of failed oocyte activation. Iran. J. Basic Med. Sci. 19, 281–289.

Jha, K. N., Wong, L., Zerfas, P. M., De Silva, R. S., Fan, Y. X., Spiridonov, N. A., 
et al. (2010). Identification of a novel HSP70-binding cochaperone critical 
to HSP90-mediated activation of small serine/threonine kinase. J. Biol. Chem. 
285, 35180–35187. doi: 10.1074/jbc.M110.134767

Kavarthapu, R., Anbazhagan, R., Sharma, A. K., Shiloach, J., and Dufau, M. L. 
(2020). Linking phospho-gonadotropin regulated testicular RNA helicase 
(GRTH/DDX25) to histone ubiquitination and acetylation essential for 
spermatid development during spermiogenesis. Front. Cell Dev. Biol. 8:310. 
doi: 10.3389/fcell.2020.00310

Kohn, T. P., and Pastuszak, A. W. (2018). Non-obstructive azoospermia and 
shortened leukocyte telomere length: further evidence linking poor health 
and infertility. Fertil. Steril. 110, 629–630. doi: 10.1016/j.fertnstert.2018.06.013

La, H. M., and Hobbs, R. M. (2019). Mechanisms regulating mammalian 
spermatogenesis and fertility recovery following germ cell depletion. Cell. 
Mol. Life Sci. 76, 4071–4102. doi: 10.1007/s00018-019-03201-6

Law, N. C., Oatley, M. J., and Oatley, J. M. (2019). Developmental kinetics 
and transcriptome dynamics of stem cell specification in the spermatogenic 
lineage. Nat. Commun. 10:2787. doi: 10.1038/s41467-019-10596-0

Lim, S., Kierzek, M., O’Connor, A. E., Brenker, C., Merriner, D. J., Okuda, H., 
et al. (2019). CRISP2 is a regulator of multiple aspects of sperm function 
and male fertility. Endocrinology 160, 915–924. doi: 10.1210/ 
en.2018-01076

Liu, Y., Guo, Y., Song, N., Fan, Y., Li, K., Teng, X., et al. (2015). Proteomic 
pattern changes associated with obesity-induced asthenozoospermia. Andrology 
3, 247–259. doi: 10.1111/andr.289

Malcher, A., Rozwadowska, N., Stokowy, T., Kolanowski, T., Jedrzejczak, P., 
Zietkowiak, W., et al. (2013). Potential biomarkers of nonobstructive 
azoospermia identified in microarray gene expression analysis. Fertil. Steril. 
100, 1686–1694. doi: 10.1016/j.fertnstert.2013.07.1999

Malla, A. B., and Bhandari, R. (2017). IP6K1 is essential for chromatoid body 
formation and temporal regulation of Tnp2 and Prm2 expression in mouse 
spermatids. J. Cell Sci. 130, 2854–2866. doi: 10.1242/jcs.204966

Moye, A. R., Bedoni, N., Cunningham, J. G., Sanzhaeva, U., Tucker, E. S., 
Mathers, P., et al. (2019). Mutations in ARL2BP, a protein required for 
ciliary microtubule structure, cause syndromic male infertility in humans 
and mice. PLoS Genet. 15:e1008315. doi: 10.1371/journal.pgen.1008315

Neto, F. T., Bach, P. V., Najari, B. B., Li, P. S., and Goldstein, M. (2016). 
Spermatogenesis in humans and its affecting factors. Semin. Cell Dev. Biol. 
59, 10–26. doi: 10.1016/j.semcdb.2016.04.009

Oud, M. S., Okutman, Ö., Hendricks, L. A., de Vries, P. F., Houston, B. J., 
Vissers, L. E., et al. (2020). Exome sequencing reveals novel causes as well 
as new candidate genes for human globozoospermia. Hum. Reprod. 35, 
240–252. doi: 10.1093/humrep/dez246

Park, H. J., Lee, W. Y., Park, C., Hong, K. H., Kim, J. H., and Song, H. (2018). 
Species-specific expression of phosphoglycerate kinase 2 (PGK2) in the 
developing porcine testis. Theriogenology 110, 158–167. doi: 10.1016/j.
theriogenology.2018.01.007

Park, Y. J., and Pang, M. G. (2021). Mitochondrial functionality in male fertility: 
from spermatogenesis to fertilization. Antioxidants 10:98. doi: 10.3390/
antiox10010098

Rodriguez-Casuriaga, R., and Geisinger, A. (2021). Contributions of flow 
cytometry to the molecular study of spermatogenesis in mammals. Int. J. 
Mol. Sci. 22:1151. doi: 10.3390/ijms22031151

Salicioni, A. M., Gervasi, M. G., Sosnik, J., Tourzani, D. A., Nayyab, S., 
Caraballo, D. A., et al. (2020). Testis-specific serine kinase protein family 
in male fertility and as targets for non-hormonal male contraceptiondagger. 
Biol. Reprod. 103, 264–274. doi: 10.1093/biolre/ioaa064

Saraswat, M., Joenväärä, S., Jain, T., Tomar, A. K., Sinha, A., Singh, S., et al. 
(2017). Human spermatozoa quantitative proteomic signature classifies 
normo‐ and asthenozoospermia. Mol. Cell. Proteomics 16, 57–72. doi: 10.1074/
mcp.M116.061028

Silber, S. J., Van Steirteghem, A., Nagy, Z., Liu, J., Tournaye, H., and Devroey, P. 
(1996). Normal pregnancies resulting from testicular sperm extraction and 
intracytoplasmic sperm injection for azoospermia due to maturation arrest. 
Fertil. Steril. 66, 110–117. doi: 10.1016/S0015-0282(16)58396-4

Singh, K., and Jaiswal, D. (2013). One-carbon metabolism, spermatogenesis, 
and male infertility. Reprod. Sci. 20, 622–630. doi: 10.1177/1933719112459232

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/articles/10.3389/fgene.2021.608629/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.608629/full#supplementary-material
https://doi.org/10.1136/jmedgenet-2017-104514
https://doi.org/10.3390/jcm10030387
https://doi.org/10.1016/S0378-1119(02)01202-7
https://doi.org/10.1093/humupd/dmz028
https://doi.org/10.1002/ppul.24583
https://doi.org/10.3389/fcell.2020.602574
https://doi.org/10.1093/humrep/14.3.736
https://doi.org/10.1093/humrep/14.3.736
https://doi.org/10.1530/REP-14-0685
https://doi.org/10.1093/jxb/eraa367
https://doi.org/10.1038/s41586-020-2157-4
https://doi.org/10.1242/dev.152413
https://doi.org/10.1074/jbc.M110.134767
https://doi.org/10.3389/fcell.2020.00310
https://doi.org/10.1016/j.fertnstert.2018.06.013
https://doi.org/10.1007/s00018-019-03201-6
https://doi.org/10.1038/s41467-019-10596-0
https://doi.org/10.1210/en.2018-01076
https://doi.org/10.1210/en.2018-01076
https://doi.org/10.1111/andr.289
https://doi.org/10.1016/j.fertnstert.2013.07.1999
https://doi.org/10.1242/jcs.204966
https://doi.org/10.1371/journal.pgen.1008315
https://doi.org/10.1016/j.semcdb.2016.04.009
https://doi.org/10.1093/humrep/dez246
https://doi.org/10.1016/j.theriogenology.2018.01.007
https://doi.org/10.1016/j.theriogenology.2018.01.007
https://doi.org/10.3390/antiox10010098
https://doi.org/10.3390/antiox10010098
https://doi.org/10.3390/ijms22031151
https://doi.org/10.1093/biolre/ioaa064
https://doi.org/10.1074/mcp.M116.061028
https://doi.org/10.1074/mcp.M116.061028
https://doi.org/10.1016/S0015-0282(16)58396-4
https://doi.org/10.1177/1933719112459232


He et al. Novel Key Genes Affect Spermatogenesis

Frontiers in Genetics | www.frontiersin.org 10 February 2021 | Volume 12 | Article 608629

Singh, V., Jaiswal, D., Singh, K., Trivedi, S., Agrawal, N. K., Gupta, G., et al. 
(2019). Azoospermic infertility is associated with altered expression of DNA 
repair genes. DNA Repair 75, 39–47. doi: 10.1016/j.dnarep.2019.01.006

Sofikitis, N. V., Yamamoto, Y., Miyagawa, I., Mekras, G., Mio, Y., Toda, T., et al. 
(1998). Ooplasmic injection of elongating spermatids for the treatment of non-
obstructive azoospermia. Hum. Reprod. 13, 709–714. doi: 10.1093/humrep/13.3.709

Song, J., Gu, L., Ren, X., Liu, Y., Qian, K., Lan, R., et al. (2020). Prediction model 
for clinical pregnancy for ICSI after surgical sperm retrieval in different types 
of azoospermia. Hum. Reprod. 35, 1972–1982. doi: 10.1093/humrep/deaa163

Spiridonov, N. A., Wong, L., Zerfas, P. M., Starost, M. F., Pack, S. D., Paweletz, C. P., 
et al. (2005). Identification and characterization of SSTK, a serine/threonine 
protein kinase essential for male fertility. Mol. Cell. Biol. 25, 4250–4261. 
doi: 10.1128/MCB.25.10.4250-4261.2005

Su, D., Zhang, W., Yang, Y., Zhang, H., Liu, Y. Q., Bai, G., et al. (2010). 
c.822+126T>G/C: a novel triallelic polymorphism of the TSSK6 gene associated 
with spermatogenic impairment in a Chinese population. Asian J. Androl. 
12, 234–239. doi: 10.1038/aja.2009.80

Tapia Contreras, C., and Hoyer-Fender, S. (2019). CCDC42 localizes to manchette, 
HTCA and tail and interacts with ODF1 and ODF2  in the formation of the 
male germ cell cytoskeleton. Front. Cell Dev. Biol. 7:151. doi: 10.3389/fcell.2019.00151

Trigg, N. A., Eamens, A. L., and Nixon, B. (2019). The contribution of 
epididymosomes to the sperm small RNA profile. Reproduction 157, R209–R223. 
doi: 10.1530/REP-18-0480

Vij, S. C.,  Sabanegh, E. Jr., and Agarwal, A. (2018). Biological therapy for 
non-obstructive azoospermia. Expert Opin. Biol. Ther. 18, 19–23. doi: 
10.1080/14712598.2018.1380622

Wallmeier, J., Shiratori, H., Dougherty, G. W., Edelbusch, C., Hjeij, R., Loges, N. T., 
et al. (2016). TTC25 deficiency results in defects of the outer dynein arm 
docking machinery and primary ciliary dyskinesia with left-right body asymmetry 
randomization. Am. J. Hum. Genet. 99, 460–469. doi: 10.1016/j.ajhg.2016.06.014

Wang, X., Li, H., Fu, G., Wang, Y., Du, S., Yu, L., et al. (2016). Testis-specific 
serine/threonine protein kinase 4 (Tssk4) phosphorylates Odf2 at Ser-76. 
Sci. Rep. 6:22861. doi: 10.1038/srep22861

Wang, W., Tu, C., Nie, H., Meng, L., Li, Y., Yuan, S., et al. (2019b). Biallelic 
mutations in CFAP65 lead to severe asthenoteratospermia due to acrosome 
hypoplasia and flagellum malformations. J. Med. Genet. 56, 750–757. doi: 
10.1136/jmedgenet-2019-106031

Wang, H., Wang, G., Dai, Y., Li, Z., Zhu, Y., and Sun, F. (2019a). Functional 
role of GKAP1  in the regulation of male germ cell spontaneous apoptosis 
and sperm number. Mol. Reprod. Dev. 86, 1199–1209. doi: 10.1002/mrd.23236

Wang, X. L., Wei, Y. H., Fu, G. L., and Yu, L. (2015). Testis specific serine/
threonine protein kinase 4 (TSSK4) leads to cell apoptosis relying on its 
kinase activity. J. Huazhong Univ. Sci. Technolog. Med. Sci. 35, 235–240. doi: 
10.1007/s11596-015-1417-2

Wosnitzer, M., Goldstein, M., and Hardy, M. P. (2014). Review of azoospermia. 
Spermatogenesis 4:e28218. doi: 10.4161/spmg.28218

Yuan, S., Liu, Y., Peng, H., Tang, C., Hennig, G. W., Wang, Z., et al. (2019). 
Motile cilia of the male reproductive system require miR-34/miR-449 for 
development and function to generate luminal turbulence. Proc. Natl. Acad. 
Sci. U. S. A. 116, 3584–3593. doi: 10.1073/pnas.1817018116

Zhang, A. L., Tang, S. F., Yang, Y., Li, C. Z., Ding, X. J., Zhao, H., et al. 
(2020). Histone demethylase JHDM2A regulates H3K9 dimethylation in 
response to arsenic-induced DNA damage and repair in normal human 
liver cells. J. Appl. Toxicol. 40, 1661–1672. doi: 10.1002/jat.4026

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Copyright © 2021 He, Yu, Shen, Chen, Zhang, Lou, Zhang, Chen, Yuan, Jia and 
Zhou. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) and the copyright owner(s) 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1016/j.dnarep.2019.01.006
https://doi.org/10.1093/humrep/13.3.709
https://doi.org/10.1093/humrep/deaa163
https://doi.org/10.1128/MCB.25.10.4250-4261.2005
https://doi.org/10.1038/aja.2009.80
https://doi.org/10.3389/fcell.2019.00151
https://doi.org/10.1530/REP-18-0480
https://doi.org/10.1080/14712598.2018.1380622
https://doi.org/10.1016/j.ajhg.2016.06.014
https://doi.org/10.1038/srep22861
https://doi.org/10.1136/jmedgenet-2019-106031
https://doi.org/10.1002/mrd.23236
https://doi.org/10.1007/s11596-015-1417-2
https://doi.org/10.4161/spmg.28218
https://doi.org/10.1073/pnas.1817018116
https://doi.org/10.1002/jat.4026
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The Novel Key Genes of Non-obstructive Azoospermia Affect Spermatogenesis: Transcriptomic Analysis Based on RNA-Seq and scRNA-Seq Data
	Introduction 
	Materials and Methods 
	Data Source
	Identification of Differentially Expressed Genes
	Functional Enrichment Analysis of the DEGs
	Construction of PPI Network and Identification of Hub Genes
	Cell Clustering and Annotation of Single Cell Sequencing Data
	Constructing Trajectories of Hub Genes in Single Cell

	Results
	Identification of DEGs
	GO Functional Enrichment Analysis and KEGG Pathway Analysis
	Construction of PPI Network of DEGs and Identification of Hub Genes
	Expression of the Hub Genes in Sperm Cells
	Pseudotime Time Analysis of Hub Genes in Sperm Cells

	Discussion
	Conclusion
	Data Availability Statement 
	Author Contributions 
	Supplementary Material 

	References

