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Spermatogenesis is a sophisticated biological process by which spermatogonial stem cells (SSCs) 
undergo self-renewal and differentiation into spermatozoa. Molecular mechanisms underlying fate 
determinations of human SSCs by key genes and signaling pathways remain elusive. Here, we report for 
the first time that Yes1-associated transcriptional regulator (YAP1) is required for fate determinations 
of SSCs and male fertility by interacting with RAD21 and targeting NEDD4 in humans and mice. 
YAP1 was mainly located at cell nuclei of human SSCs. YAP1 silencing resulted in the decreases in 
proliferation and DNA synthesis as well as an enhancement in apoptosis of human SSCs both in vivo 
and in vitro. RNA sequencing and real-time polymerase chain reaction assays identified NEDD4 as a 
target of YAP1, and NEDD4 knockdown inhibited the proliferation of human SSCs and increased their 
apoptosis. Furthermore, YAP1 interacted with RAD21 to regulate NEDD4 transcription in human SSCs. 
Importantly, YAP1 abnormalities were found to be associated with non-obstructive azoospermia (NOA) 
as manifested as lower expression level of YAP1 in testicular tissues of NOA patients and YAP1 single-
nucleotide variants (SNVs) in 777 NOA patients. Finally, Yap1 germline conditional knockout (cKO) mice 
assumed mitotic arrest, low sperm count, and motility. Collectively, these results highlight a critical 
role of YAP1 in determining the fate determinations of human SSCs and male infertility through the 
YAP1/RAD21/NEDD4 pathway. This study provides new insights into the genetic regulatory mechanisms 
underlying human spermatogenesis and the pathogenesis of NOA, and it offers new targets for gene 
therapy of male infertility.

Introduction

   Infertility is a prevalent disease affecting 8% to 12% of cou-
ples around the world [  1 ], and notably, it causes severe 
social, psychosocial, and economic burdens. Male factor 
accounts for around half of these cases, and the incidence 
of infertility has been increased by 0.29% annually [  2 ]. Non-
obstructive azoospermia (NOA), the most severe condition 
of male infertility, represents approximately 60% of azo-
ospermia cases and constitutes 10% of infertile men [  3 ], and 
aberrant spermatogenesis is the most common cause of 
NOA [ 1 ].

   Spermatogenesis is a sophisticated biological process by 
which spermatogonial stem cells (SSCs) undergo self-renewal and 
differentiate into mature spermatozoa. Genetics and epigenetic 
factors regulate the fate determinations of SSCs, including cel-
lular self-renewal, differentiation, and apoptosis [  4 ,  5 ]. Currently, 
there are more than 1,000 genes related to male infertility in 
the mouse genome informatics database of Jackson Laboratory, 
and 435 genes of them are involved in fate determinations of 
mouse SSCs [  6 ], e.g., ID4 [  7 ], Sall4 [  8 ], Mast4 [  9 ], Nanos2 [  10 ], 
﻿Six6os1 [  11 ], Cfap47 [  12 ], and Serbp1 [  13 ]. However, in humans, 
only a small number of genes have been implicated in male 
infertility [  14 ], including DNAH10 [  15 ], MSH5 [  16 ], and 
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﻿TDRD7 [  17 ]. Compared to mouse SSCs, it remains challenging 
to better understand the molecular mechanisms governing 
human SSC fate determinations. This is due to the limited avail-
ability of human testicular tissues for research and notable dif-
ferences in cell types and characteristics between human and 
rodent SSCs. We have recently shown that OIP5 [  18 ], PAK1 
[  19 ], RNF144B [  20 ], USP11 [  21 ], and KLF2 [  22 ] control the 
proliferation and apoptosis of human SSCs. However, the 
molecular mechanisms by which key genes regulate the fate 
determinations of human SSCs and the pathogenesis of NOA 
remain largely elusive.

   We have previously shown that the PAK1/PDK1 pathway 
regulates the proliferation and apoptosis of human SSCs [ 19 ]. 
Interestingly, we observed that YAP1 (Yes1-associated tran-
scriptional regulator) could be decreased by PDK1 knockdown 
in the human SSCs (Fig. S1A to E), implicating that YAP1 may 
play a role in the fate determinations of human SSCs. YAP1, 
first discovered in Drosophila, serves as an important down-
stream effector of the Hippo signaling pathway. This pathway 
regulates organ size and tissue homeostasis by modulating 
stemness, cell proliferation, and apoptosis [  23 ]. Due to lacking 
of DNA-binding domain, YAP1 frequently functions as a coact-
ivator of transcription. Cascade kinases from the Hippo path-
way, including SAV1, MST1/2, MOB1, and LATS1/2, mediate 
the activity of YAP1 as inhibitors [ 23 ,  24 ]. Interestingly, the 
nucleocytoplasmic shuttling of YAP1 is critical for its biological 
activity [  25 ]. When Hippo signaling is blocked, YAP1 trans-
localizes into cell nuclei and binds to transcriptional factors, 
e.g., TEAD, Smad, and p63/p73, which controls the expression 
of its targeting genes. Unlike most of other proteins, YAP1 
undergoes phosphorylation and binds to the 14-3-3 proteins 
in cell cytoplasm, which subsequently triggers the ubiquitina-
tion and degradation of YAP1. It has been indicated that the 
Hippo pathway is necessary for ovarian granulosa cell fate deci-
sion [  26 ,  27 ]. Male infertility has been observed in mice with 
both Mst1 and Mst2 deficiency in the epididymal epithelium 
[  28 ]. Meanwhile, YAP1 participates in the fate determinations 
of various stem cells [  29 ]. However, the functions and molecu-
lar mechanisms of YAP1 in mediating human SSC fate deter-
minations await to be elucidated.

   In this study, we are the first to report that the expression 
level of YAP1 was lower in NOA testicular tissues compared 
to obstructive azoospermia (OA) patients with normal sper-
matogenesis, and notably, there was relevance between single-
nucleotide variants (SNVs) of YAP1 and the risk of NOA. 
Notably, we demonstrated that YAP1 mutation (c.680C>T, 
S227L) led to the protein instability of YAP1, the decrease in 
proliferation, and an increase in apoptosis of human SSCs. We 
next revealed that YAP1 silencing leads to the decrease in the 
proliferation and an enhancement in apoptosis of human SSCs 
both in vivo and in vitro. Furthermore, we found that YAP1 
could bind to RAD21 to regulate the downstream gene NEDD4. 
Additionally, Yap1 conditional knockout mice in the germline 
(Yap1 cKO) exhibited mitosis arrest, the decreases in mature 
sperm count and motility, abnormal sperm morphology, and 
an increase in apoptosis of male germ cells. Collectively, this 
study is of unusual significance, because it provides a novel 
genetic regulatory mechanism and molecular network underly-
ing human SSC fate determinations and the pathology of azo-
ospermia and it offers new biomarkers for gene targeting and 
diagnosis of male infertility.   

Results
YAP1 is expressed at a lower level in the testes of 
NOA patients than normal men, and SNVs of YAP1 
are associated with NOA
   To investigate the biological relevance of YAP1 and NOA, whole-
exome sequencing (WES) was performed with 777 patients 
diagnosed with NOA (Fig.  1 A). Interestingly, we found that 16 
patients (16/777) had YAP1 (NM_001282101.2) SNVs among 
777 NOA patients, and this incidence of YAP1 by 2.06% was 
remarkably higher when compared to the average gene muta-
tion rate by 0.3%. The minor allele frequencies (MAFs) of all 
the variants were lower than 0.01 in the Genome Aggregation 
Database (gnomAD), 1000 Genomes Project (1000G), and ExAC. 
Notably, among these 16 patients, there were 12 SNVs, including 
6 novel SNVs with absent (YAP1 c.42G>A, YAP1 c.55C>A, 
﻿YAP1 c.134C>T, YAP1 c.1116C>G, YAP1 c.1482G>A, and 
﻿YAP1 c.689-10T>C) and 6 SNVs with extremely low frequency 
(YAP1 c.57G>A, YAP1 c.387A>G, YAP1 c.567C>T, YAP1 
c.680C>T, YAP1 c.879C>T, and YAP1 c.1016C>T) in the 
above databases. Among all SNVs, there was one homozygous 
variant YAP1 (YAP1 c.55C>A) and the remaining variants were 
heterozygous (Table S1). Next, we conducted the correlation 
analyses between the SNV allele frequency of YAP1 gene and 
the risk of NOA. According to the American College of Medical 
Genetics and Genomics (ACMG) guidelines, 6 variants were 
categorized as likely pathogenic (PM2). For the other 6 SNVs 
with extremely low frequency, statistical analyses were per-
formed. The allele frequency of the same locus in the GnomAD 
database was used as the control, and odds ratios (ORs) and 
the confidence interval (CI) around the OR were chosen as the 
indicators for risk assessment. Statistical analysis demonstrated 
that the carriage of G allele at the rs773991529 locus (OR = 
40.445, 95% CI = 4.518 to 362.059), T allele at the rs757399180 
locus (OR = 23.059, 95% CI = 2.835 to 187.526), T allele at the 
rs756175059 locus (OR = 26.926, 95% CI = 3.240 to 223.780), 
and T allele at the rs527326391 locus (OR = 9.685, 95% CI = 
1.007 to 93.171) was found to be associated with increasing 
risk of NOA (PS4), while the carriage of A allele at the 
rs937455182 locus might decrease the risk of NOA (OR = 0.025, 
95% CI = 0.003 to 0.174). There was no correlation between 
the carriage of T at the rs376161041 locus and NOA risk (P > 
0.05). Subsequently, the pathogenicity of missense variants 
of YAP1 was predicted and evaluated using Sorting Intolerant 
from Tolerant (SIFT), PolyPhen-2_HDIV, MutationTaster, 
and M-Cap. As shown in Table S2, c.55C>A, c.134C>T, 
c.680C>T, and c.1016C>T in the YAP1 gene were potentially 
deleterious variants (PP3). In addition, analysis of impact of 
single-nucleotide polymorphisms on protein stability predicted 
from the protein structure (AF-P46937-F1, AlphaFold) was 
conducted using the INPS-MD server (Biocomputing Group) 
and the MAESTROweb server. The S227L mutant appeared 
to remarkably impair protein stability, with an increase in stabil-
ity change (DDGpred) in 1.5 and 0.4 kcal/mol, respectively 
(Fig.  1 B). To verify the prediction results, we constructed 
P45L and S227L mutations of YAP1 (Fig. S2A) in a human 
SSC line [ 19 ]. The human SSC line displayed phenotypic 
characteristics similar to human primary SSCs (Fig. S3A and 
B). The protein stability experiment showed that the stability 
of YAP1 was decreased after YAP1 S227L mutations treated 
with cycloheximide (CHX) in human SSCs (Fig.  1 C).        
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Fig. 1. The expression of YAP1 in the testes of OA patients with normal spermatogenesis and NOA patients and the role of YAP1 S227L mutation in regulating the proliferation 
and apoptosis of human SSCs. (A) Schematic diagram of WES in 777 NOA patients. (B) Influence of YAP1 mutation p.S227L on the structure of YAP1 protein. (C) Protein 
stability experiment of WT and YAP1 S227L mutation. (D and E) Immunofluorescence (D) and immunohistochemical staining (E) showed cellular localization of YAP1 in human 
normal seminiferous tubules. Normal IgG antibody replacing YAP1 was utilized as a negative control. Scale bars in (D), 20 μm. (F) Western blots displayed the expression levels 
of YAP1 in the testes from the OA patients with normal spermatogenesis and NOA patients. *P < 0.05. (G) Immunofluorescence indicated the expression and localization of 
YAP1 in NOA testis tissues. Scale bars, 20 μm. (H and I) EDU incorporation assay displayed DNA replication of human SSCs with the S227L mutation of YAP1 and WT of YAP1. 
Scale bars, 100 μm. (J and K) Annexin V–APC/PI and flow cytometry analysis demonstrated the apoptosis of human SSCs treated with S227L mutation and WT of YAP1.
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   We determined the cellular distribution of YAP1 in normal 
human testicular tissues. Immunohistochemistry via 3,3′- 
diaminobenzidine (DAB) staining indicated that YAP1 was pre-
dominantly localized in cell nuclei of human primary SSCs 
(arrows) around the basement membrane of seminiferous 
tubules in the normal testicular tissues (Fig.  1 D, left panel). A 
few of pachytene spermatocytes and round spermatids were posi-
tive for YAP1 (Fig.  1 D, left panel). Immunohistochemistry via 
immunofluorescence further demonstrated that YAP1 was 
predominantly located in the nuclei of primary SSCs (Fig.  1 E). 
We compared YAP1 expression levels in testes from NOA 
patients and OA patients with normal spermatogenesis. Western 
blots showed a lower level of YAP1 protein in testicular tissues 
from NOA patients compared to OA patients with normal sper-
matogenesis (Fig.  1 F). Immunohistochemistry displayed that 
YAP1 immunostaining could not be seen in NOA patients 
(Fig.  1 G), which was distinct from YAP1 immunostaining in 
OA patients with normal spermatogenesis (Fig.  1 E).

   Whether P45L and S227L mutations of YAP1 affect DNA 
synthesis and apoptosis of human SSC, we performed 5-ethynyl-
2′-deoxyuridine (EDU) incorporation assays and Annexin V/
propidium iodide (PI) staining via flow cytometry. EDU incor-
poration assays showed that S227L mutation of YAP1 decreased 
DNA synthesis of human SSCs (Fig.  1 H and I), and Annexin 
V/PI staining via flow cytometry indicated the increased apop-
tosis in the human SSCs compared to wild type (WT) of YAP1 
(Fig.  1 J and K). However, P45L mutation of YAP1 had no effect 
on DNA synthesis and apoptosis of human SSCs (Fig. S2B and 
E). Collectively, these results implicate that YAP1 SNVs and/or 
lower expression level are associated with the NOA and that 
﻿YAP1 mutations affect the fate determinations of human SSCs.   

YAP1 knockdown inhibits proliferation and DNA 
synthesis of human SSCs, enhances their apoptosis 
in vitro, and suppresses self-renewal of human  
SSCs in vivo
   Subsequently, we investigated the impact of YAP1 silencing on 
human SSC proliferation and apoptosis using RNA interference 
(RNAi). Three small interfering RNAs (siRNAs) were designed 
to target human YAP1 mRNA, and their detailed information 
was listed in Table S5. Cy3-labeled siRNA was employed to 
illustrate that the transfection efficiency of siRNAs in human 
SSCs was more than 90% (Fig. S4A). Compared to control-
siRNA, YAP1-siRNA2 had a higher knockdown efficiency in 
human SSCs via real-time polymerase chain reaction (PCR) 
(Fig. S4B) and Western blots (Fig. S4C and D). As such, YAP1-
siRNA2 was chosen for further studies of YAP1 functions and 
mechanisms. Our cell counting kit-8 (CCK-8) assay showed a 
decrease in the proliferation potential of human SSCs at 48 to 
120 h after transfection with YAP1-siRNA2 and YAP1-siRNA3 
(Fig.  2 A). Western blots indicated a reduction in the level of 
proliferating cell nuclear antigen (PCNA) in human SSCs fol-
lowing treatment with YAP1-siRNA2 (Fig.  2 B and C). In EDU 
incorporation assays, the percentages of EDU-positive cells were 
lower in human SSCs treated with YAP1-siRNA2 than in con-
trol-siRNA (Fig.  2 D and E). Annexin V/PI staining with flow 
cytometry revealed that YAP1-siRNA2 remarkably elevated both 
early and late apoptosis of human SSCs (Fig.  2 F and G). Moreover, 
the proportion of terminal deoxynucleotidyl transferase–mediated 
deoxyuridine triphosphate nick end labeling (TUNEL)-positive 
cells was higher in human SSCs with YAP1-siRNA2 treatment 

than with control-siRNA (Fig.  2 H and I). Considered together, 
these findings imply that YAP1 silencing reduces the proliferation 
and DNA synthesis and enhances the apoptosis of human SSCs.        

   To examine the role of YAP1 in controlling human SSC 
fate determinations in vivo, xenotransplantation with human 
SSCs with control-siRNA and YAP1-siRNA2 was performed. 
At 4 weeks after treatment of busulfan, testicular volumes were 
obviously reduced in mice (Fig. S4E). Hematoxylin and eosin 
(H&E) staining indicated the complete absence of male germ cells 
within the seminiferous tubules of recipient mice, whereas all 
types of male germ cells were observed in the normal mice 
(Fig. S4F). Transplantation of human SSCs with treatment of 
control-siRNA and YAP1-siRNA2 was conducted through the 
efferent ducts (Fig. S4G). Immunohistochemistry of testis sections 
displayed the percentages of human nuclear antigen (HumNuc)-
positive cells and PCNA-positive cells were obviously decreased 
in the recipient mice transplanted with human SSCs treated 
with YAP1-siRNA2 compared to the control mice (Fig.  2 J and 
K). The percentages of HumNuc- and UCHL1-postive cells 
exhibited a similar trend by YAP1-siRNA2 (Fig. S4H). Together, 
these results indicate that YAP1 silencing suppresses the self-
renewal of human SSCs in vivo.   

NEDD4 has been identified as a target of YAP1 in 
human SSCs
   In order to identify the targets of YAP1 in human SSCs, RNA 
sequencing was performed to detect the differentially expressed 
genes (DEGs) of human SSCs between YAP1-siRNA2 and control-
siRNA. To ensure RNA quality, we captured electropherograms 
using the Agilent Bioanalyzer and utilized the RNA integrity 
number (RIN) to evaluate RNA quality. The electropherograms 
of human SSCs with treatment of control-siRNA and YAP1-
siRNA2 displayed flat baselines and sharp peaks (Fig. S5), and 
the RIN of 2 groups was 9.5 and 9.6, respectively, which reflects 
a high integrity of RNA extracted from human SSCs. RNA 
sequencing revealed that 14,747 and 14,754 genes were present 
in human SSCs treated with control-siRNA and YAP1-siRNA2, 
respectively. Based on fold change < 0.5 or fold change > 2, clus-
tered heatmap and volcano plot indicated the DEGs in human 
SSCs treated with YAP1-siRNA2 and control-siRNA (Fig.  3 A 
and B). According to the criteria [3 < fragments per kilobase 
of transcript per million mapped reads (FPKM) values < 50, 
﻿P < 0.01, and fold change < 0.5], Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analyses, NEDD4, 
﻿RNF144B, ARPC5, and UCN were selected as candidate genes 
for further validation. Real-time PCR showed that mRNA levels 
of YAP1, NEDD4, RNF144B, ARPC5, and UCN were decreased 
by YAP1-siRNA2 in human SSCs compared to control-siRNA 
(Fig.  3 C), which was in agreement with our findings using RNA 
sequencing. Moreover, YAP1-siRNA2 remarkably reduced the 
protein level of NEDD4 compared to control-siRNA (Fig.  3 D). 
Likewise, the S227L mutation of YAP1 decreased the NEDD4 
protein level compared to WT of YAP1 (Fig.  3 E). Taken together, 
NEDD4 was identified as a target of YAP1 in human SSCs.           

NEDD4 knockdown suppresses the proliferation 
and DNA synthesis and increases the apoptosis in 
human SSCs
   As a target of YAP1, we investigated whether NEDD4 plays a role in 
regulating human SSC fate determinations. First, real-time PCR and 
Western blots were used to evaluate the knockdown efficiencies 
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Fig. 2. The effect of YAP1 silencing on controlling the proliferation and apoptosis of human SSCs. (A) CCK-8 assay indicated the growth activity of human SSCs after treatment of 
YAP1-siRNA2 and YAP1-siRNA3. (B and C) Western blots demonstrated the expression of PCNA protein in human SSCs after YAP1-siRNA2 and control-siRNA transfection. (D and E) EDU 
incorporation assay displayed the EDU-positive cells in human SSCs affected by YAP1-siRNA2 and control-siRNA. Cell nuclei were stained with Hoechst 33342. Scale bars, 20 μm. 
(F and G) Annexin V–APC/PI and flow cytometry analysis revealed the apoptosis in human SSCs affected by YAP1-siRNA2 and control-siRNA for 48h. (H and I) TUNEL staining showed 
that the number of TUNEL-positive cells in human SSCs transfected by YAP1-siRNA2 and control-siRNA. Scale bars, 20 μm. (J and K) Double immunostaining illustrated coexpression 
of HumNuc and PCNA in seminiferous tubules of the recipient mice transplanted with human SSCs with control-siRNA and YAP1-siRNA2 transfection. Scale bars, 20 μm. *P < 0.05.
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of NEDD4, which reflects the decreases in mRNA (Fig. S6A) 
and protein (Fig. S6B and C) levels of NEDD4 in human SSCs 
treated with NEDD4-siRNA, especially NEDD4-siRNA3.

   Next, CCK-8 assay displayed that cell proliferation was 
suppressed by NEDD4-siRNA2 and NEDD4-siRNA3 in human 
SSCs at 48 to 120 h after transfection (Fig.  4 A). Western blots 
showed the decrease in PCNA protein level in human SSCs 
treated with NEDD4-siRNA2 and NEDD4-siRNA3 (Fig.  4 B 
and C). EDU incorporation assays showed a notable reduction 
in EDU-positive cells in human SSCs upon treatment with 
NEDD4-siRNA3 (Fig.  4 D and E). Moreover, flow cytometry 
and TUNEL assay were used to evaluate the apoptosis. Flow 
cytometry indicated that NEDD4-siRNA3 increased the apop-
tosis in human SSCs compared to control-siRNA (Fig.  4 F and 
G). Similarly, proportion of TUNEL-positive cells in human 
SSCs was enhanced by NEDD4 silencing compared to control-
siRNA (Fig.  4 H and I). Collectively, these results suggest that 
NEDD4 knockdown reduces the proliferation and DNA syn-
thesis of human SSCs and increases their apoptosis.           

NEDD4 overexpression counteracts the influence of 
YAP1 knockdown on human SSCs
   To probe whether NEDD4 mediated the influence of YAP1 
knockdown on human SSCs, we performed rescue experiments. 
First, we constructed a NEDD4 overexpression plasmid that 
was verified by DNA sequencing. Real-time PCR and Western 
blots revealed significant increases in the mRNA (Fig. S7A) 

and protein (Fig. S7B and C) levels of NEDD4 in human 
SSCs transfected with the NEDD4 plasmid. Moreover, 
human SSCs overexpressing NEDD4 exhibited an increased 
level of PCNA protein compared to the control vector (Fig. 
S7B and C), which was in contrast with the effect of NEDD4 
knockdown on human SSCs. Notably, NEDD4 overexpres-
sion in human SSCs reversed the reduction in proliferation 
caused by YAP1-siRNA2 (Fig.  5 A). Similarly, NEDD4 over-
expression partially rescued the decrease in PCNA protein 
level caused by YAP1-siRNA2 in human SSCs (Fig.  5 B and 
C). As shown in Fig.  5 D and E, NEDD4 overexpression led 
to an enhancement in EDU-positive cells of human SSCs, 
whereas YAP1-siRNA2 inhibited their DNA synthesis. NEDD4 
overexpression counteracted the effect of YAP1-siRNA2 on 
DNA synthesis of the human SSCs. Moreover, flow cytometry 
(Fig.  5 F and G) and TUNEL assay (Fig.  5 H and I) displayed 
that the impact of YAP1-siRNA2 on apoptosis could be 
reverted by NEDD4 overexpression. Taken together, these 
findings imply that YAP1 silencing leads to decreases in pro-
liferation and DNA synthesis as well as an enhancement in 
the apoptosis via NEDD4 in human SSCs.           

YAP1 modulates NEDD4 in human SSCs via binding 
to RAD21
   YAP1 is a transcriptional coactivator, and it could not bind to 
DNA promoter due to lacking DNA-binding domains. Thus, 
we speculated that YAP1 could interact with transcription factors 

Fig. 3. Identification of target genes of YAP1 in human SSCs. (A and B) The clustered heatmap (A) and volcano plot (B) visualized the DEGs in human SSCs between control-siRNA and YAP1-
siRNA2. The gray dots denoted the not differentially expressed genes. The red and green dots indicated the up-regulated genes and down-regulated genes, respectively. (C) Real-time PCR 
displayed the levels of YAP1, NEDD4, RNF144B, ARPC5, and UCN mRNA in human SSCs transfected with control-siRNA and YAP1-siRNA2. (D) Western blots showed that the expression 
levels of NEDD4 in human SSC transfection with control-siRNA and YAP1-siRNA2. (E) Western blots showed the expression levels of NEDD4 in WT and S227L of YAP1 mutation. *P < 0.05.
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Fig. 4. The roles of NEDD4 silencing in regulating the proliferation and apoptosis of human SSCs. (A) CCK-8 assay showed the proliferation of human SSCs after treatment 
of NEDD4-siRNA2 and NEDD4-siRNA3. (B and C) Western blots revealed level changes of PCNA protein in human SSCs transfected with NEDD4-siRNA2 and NEDD4-siRNA3 
compared to control-siRNA. ACTB was used as a control of loading proteins. (D and E) EDU incorporation assays showed EDU-positive cells in human SSCs with control-siRNA 
and NEDD4-siRNA3 transfection. Scale bars, 50 μm. (F and G) Annexin V–APC/PI and flow cytometry analysis displayed the apoptosis of human SSCs affected by control-
siRNA and NEDD4-siRNA3 for 48 h. (H and I) TUNEL assay showed the number of TUNEL-positive cells in human SSCs transfected by control-siRNA and NEDD4-siRNA3. 
Scale bars, 20 μm. *P < 0.05.
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Fig. 5. Rescue effect of NEDD4 overexpression on proliferation and apoptosis of human SSCs caused by YAP1 silencing. (A) CCK-8 assay illustrated growth in human 
SSCs transfected with YAP1-siRNA2 and NEDD4 overexpression. (B and C) Western blots showed the level of PCNA protein in human SSCs with YAP1 silencing and NEDD4 
overexpression. (D and E) EDU incorporation assay displayed DNA replication of human SSCs with YAP1-siRNA2 and NEDD4 overexpression. Scale bars, 50 μm. (F and 
G) Annexin V–APC/PI and flow cytometry analysis demonstrated apoptosis of human SSCs treated with YAP1-siRNA2 and NEDD4 overexpression. (H and I) TUNEL assay 
showed TUNEL-positive cells in human SSCs with silencing of YAP1 and overexpression of NEDD4. Scale bars, 50 μm. *P < 0.05.
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to regulate the downstream gene NEDD4. In order to screen 
potential transcription factors binding to YAP1 in human SSCs, 
we further conducted co-immunoprecipitation (Co-IP) and 
mass spectrometry (MS). Our MS for YAP1 was shown in Fig. 
 6 A, and our Co-IP and MS identified 956 and 890 proteins in 
human SSCs, respectively. Among them, 518/437 were up-
regulated proteins, whereas 239/254 were down-regulated pro-
teins and 199/207 were unchanged proteins (Fig.  6 B). Our GO 
analysis showed that proteins pulled down by YAP1 were mainly 

enriched in the translation activity (Fig.  6 C). Meanwhile, the 
promoter region of NEDD4 was determined to be from tran-
scription start site (TSS) to position TSS+ 2,000 base pairs in 
human chromosome 15 (Chr15: 55993612-55995612, GRCh38.
p14). Next, human transcription factor database was employed 
to predict the potential transcription factors binding to the pro-
moter of NEDD4. Subsequently, we took the intersection of both 
the up-regulated proteins for Co-IP/MS and the potential tran-
scription factors of NEDD4, and a Venn diagram was plotted. 

Fig. 6. Identification of the transcription factor RAD21 as a target for YAP1 in human SSCs. (A) MS for YAP1 in human SSCs. (B) Histogram showed the number of peptides 
identified by Co-IP/MS in human SSCs. (C) GO analysis illustrated the top 20 enrichment functional terms. (D) Venn diagram displayed the overlaps of proteins coprecipitated 
by YAP1 from Co-IP/MS and predicted transcriptional factors for NEDD4. (E) MS for RAD21 in human SSCs. (F) Co-IP showed that YAP1 and RAD21 was precipitated by each 
other in human SSCs. (G) Double immunostaining showed that YAP1 and NEDD4 were coexpressed in the human SSCs. Scale bars, 20 μm. (H and I) Immunohistochemistry 
and double immunofluorescence exhibited the expression of RAD21 as well as coexpression of RAD21 and UCHL1 in normal human testicular tissues. Scale bars, 20 μm. 
(J) CCK-8 assay displayed growth of human SSCs treated with RAD21–siRNA1-3. (K) A schematic diagram exhibited RAD21 binding site sequence and mutation sequence in 
the NEDD4 promoter region. (L) Dual-luciferase reporter assays displayed the ratio of Firefly and Renilla between the WT and NEDD4 mutations. *P < 0.05.
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There were 9 transcription factors, including RAD21 (RAD21 
cohesin complex component), PRKDC, SMC1A, LMNB1, 
GLYR, TFCP2, MAFG, SMARCC1, and SF1 (Fig.  6 D). To 
uncover the potential binding proteins, we screened the above 
transcription factors based on the localization, expression, and 
bioinformatics analysis with Cistrome Data Brower. Notably, 
RAD21 was identified as the potential intermediate factor that 
links YAP1 and NEDD4 in human SSCs. Our MS for RAD21 
was shown in Fig.  6 E.        

   In order to demonstrate the interaction between YAP1 and 
RAD21, we performed the Co-IP analysis. Endogenous Co-IP 
showed that RAD21 was co-precipitated with YAP1 (Fig.  6 F). 
Double immunostaining revealed that YAP1 (green fluores-
cence, nuclei-cytoplasm) and RAD21 (red fluorescence, nuclei) 
are coexpressed in the human SSCs (Fig.  6 G). Intriguingly, 
immunohistochemistry of human testes displayed that RAD21 
was specially located in the nuclei of human primary SSCs along 
with the basement membrane of seminiferous tubules rather 
than other male germ cells in human testicular tissues (Fig.  6 I, 
upper panel). Notably, double immunostaining demonstrated 
that RAD21 was co-expressed with UCHL1, a marker for human 
SSCs, in primary SSCs of human testes (Fig.  6 H). RAD21 has 
been known to be involved in DNA damage repair. We designed 
3 RAD21-siRNAs that could effectively knock down the mRNA 
(Fig. S8A) and protein (Fig. S8B and C) levels of RAD21. CCK-8 
assay exhibited that RAD21 silencing inhibited the proliferation 
of human SSCs (Fig.  6 J). Considered together, these findings 
imply that RAD21 exerts a significant role in maintaining the 
stemness of human SSCs mediated by YAP1.

   Next, we analyzed NEDD4 promoter sequences using the 
hTFtarget database to predict transcription factor binding sites. 
We found that multiple binding sites in the NEDD4 promoter 
sequences may bind to RAD21 (Table S3). We chose 4 binding 
sites with high scores to perform dual-luciferase reporter assay 
(Fig.  6 K). Compared to control plasmid, the NEDD4 promoter 
activity was enhanced by RAD21 in human SSCs (Fig.  6 L). 
When site 2 was mutated, NEDD4 activity enhanced by RAD21 
was reduced in these cells (Fig.  6 L). Collectively, these data sug-
gest that YAP1 binds to RAD21 and targets NEDD4 to mediate 
the proliferation, DNA synthesis, and apoptosis of human SSCs.   

Yap1 cKO inhibits proliferation and enhances 
apoptosis of SSCs in vivo
   To probe the function of YAP1 in controlling SSCs and sper-
matogenesis in vivo, we generated Yap1 cKO mice by crossing 
﻿Yap1 floxed mice and Stra8-EGFP Cre mice. For the Yap1 cKO 
mice, the exon 2 of Yap1 was deleted (Fig.  7 A). Eventually, Yap1 
cKO mice was successfully generated as demonstrated by the 
absence of Yap1 transcription (Fig. S9A) and Yap1 protein (Fig. 
S9B) in testes of mice as shown by reverse transcription PCR 
(RT-PCR) and Western blots, respectively. The adult testis/
weight ratio in the Yap1 cKO mice was lower than that in the 
WT mice (Fig.  7 B and Fig. S9C). Meanwhile, in adult Yap1 cKO 
mice, the count of sperm in the cauda epididymis was remark-
ably fewer compared to control mice (Fig.  7 C, lower and left 
panels). There was almost no active spermatogenesis in the 
seminiferous tubules of Yap1 cKO mice at 6 weeks (Fig.  7 C, 
lower and middle panels). Similarly, H&E staining of the tes-
ticular sections in Yap1 cKO mice revealed a decrease in sper-
matozoa count at 10 weeks (Fig.  7 C, lower and right panels). 
Together, these data indicate that Yap1 cKO results in sper-
matogenesis disorder.        

   To explore the impact of Yap1 knockout on the fate deter-
minations of SSCs in Yap1 cKO mice, we determined the expres-
sion of SSC markers (PLZF and UCHL1) and spermatogonial 
differentiation hallmark (c-Kit) utilizing immunofluorescence. 
Compared with control WT mice, the percentages of PLZF-
positive cells (Fig.  7 D and H) at 7 days after birth (P7), c-Kit-
positive cells (Fig.  7 E and H) at P56, and UCHL1-positive cells 
(Fig.  7 F and H) in Yap1 cKO mice were lower. Meanwhile, we 
detected proliferation and apoptosis of SSCs using immuno-
fluorescence and TUNEL assay. The proportion of PCNA-
positive cells (Fig.  7 G and H) was obviously decreased in the 
seminiferous tubules of Yap1 cKO mice, whereas the percentages 
of TUNEL-positive cells were dramatically increased in Yap1 
cKO mice (Fig.  7 I and J). Taken together, these data implicate 
that Yap1 knockout leads to notable reduction in the prolifera-
tion and a remarkable increase in apoptosis of SSCs in vivo.   

Yap1 cKO causes oligoasthenoteratospermia in mice
   We further analyzed the roles of Yap1 in mediating late stage 
of spermatogenesis in Yap1  cKO mice. Interestingly, computer-
assisted sperm analysis (CASA) revealed significant decreases 
in sperm count and sperm motility parameters, e.g., progressive 
motility, curvilinear velocity, straight-line velocity, and average 
path velocity, in the cauda epididymis of Yap1 cKO mice (Fig. 
 8 A). Sperm morphology was assessed by Papanicolaou stain-
ing. As seen in Fig.  8 B and C, there were a number of sperm 
with aberrant morphology, including abnormal head forma-
tions, acephalic sperm, bent tails, shorted tails, and absent tails. 
The ultrastructural analysis of epididymal sperm was per-
formed with transmission electron microscopy (TEM). In the 
midpiece of most flagella of the Yap1 cKO mice, a disordered 
structure of mitochondrial sheath was observed (Fig.  8 D). In 
the principal piece of numerous sperm tails, we found the dis-
organized microtubule doublets (OD) and outer dense fiber 
(ODF) (Fig.  8 D). Collectively, these findings indicate that Yap1 
depletion causes oligoasthenoteratospermia in mice and Yap1 
is involved in the regulation of spermiogenesis.            

Discussion
   SSCs are the initiating cells for spermatogenesis, and the fate 
determinations of SSCs are regulated by key genes and epigenetic 
factors [ 4 , 5 ]. Nevertheless, the molecular mechanisms underly-
ing human SSC fate determinations and spermatogenesis disor-
ders remain largely unknown. In this study, we investigated an 
important roles of YAP1 in controlling spermatogenesis and the 
association of its abnormality with NOA patients. We found that 
YAP1 levels were obviously lower in the testicular tissues of NOA 
patients than in normal males and that these patients had have 
a higher frequency of YAP1 SNVs using WES analysis. Our find-
ing suggests that YAP1 dysfunction may be linked to the devel-
opment of NOA. Furthermore, we demonstrated that YAP1 
could interact with the transcription factor RAD21 to control 
the self-renewal (the proliferation and DNA synthesis) and the 
apoptosis of human SSCs via targeting NEDD4.

   YAP1 is a crucial downstream effector of the Hippo signal-
ing pathway, and it is regulated by nucleocytoplasmic shuttling 
[ 25 ]. In this study, we revealed that YAP1 was mainly located 
at the nuclei of both human SSC line and human primary SSCs. 
This cellular localization of YAP1 in human SSCs was consistent 
with other cell types, e.g., granulosa cells [  30 ], hepatocytes [  31 ], 
and epidermal stem cells [  32 ]. Using bioinformatics predictions 
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Fig. 7. Yap1 cKO inhibits proliferation and enhances apoptosis of SSCs in vivo. (A) Hybrid scheme was used to generate the Yap1 flox/Δ;Stra8-Cre (Yap1 cKO) mice. (B) Gross 
morphology of testes from control WT mice and Yap1 cKO mice at 10 weeks. (C) H&E staining of testes and epididymis from control WT mice and Yap1 cKO mice. (D to 
H) Immunohistochemistry revealed the expression profiles of PLZF (D), c-Kit (E), UCHL1 (F), PCNA (G), and (H) statistical histograms displaying the number of positive cells 
in each seminiferous tubule and in the seminiferous tubules of WT mice and Yap1 cKO mice. Scale bars, 20 μm. (I and J) TUNEL assay showed the number of TUNEL-positive 
cells in seminiferous tubules of WT mice (upper panel) and Yap1 cKO mice (lower panel).
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and protein stability experiments, we demonstrated that the 
S227L variant of YAP1 affected the stability of the YAP1 protein. 
Furthermore, we showed that YAP1 silencing led to the decrease 
in proliferation of human SSCs and an increase of their apoptosis 
and that YAP1 S227L variant had the same functions. These 

results underscore the important role of YAP1 and its variants 
in regulating the fate determinations of human SSCs in vitro. 
In addition, xenotransplantation model was used to examine 
the influence of YAP1 on SSC fate determinations. We found 
that YAP1 silencing suppressed the self-renewal of human SSCs 

Fig. 8. The functions of YAP1 in mediating spermatogenesis in vivo. (A) Sperm analysis in control WT mice and Yap1 cKO mice by CASA. (B and C) Sperm morphology examined 
by Papanicolaou staining and percentages of abnormal sperm in the Yap1 cKO mice and control WT mice. Scale bars, 50 μm. (D) Ultrastructure of sperm detected by TEM. 
Scale bars, 500 nm (head) and 200 nm (tail).
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in vivo. In previous studies, YAP1 plays a crucial role in govern-
ing the fate determinations of various stem cell populations [  33 ], 
e.g., muscle stem cells [  34 ], retinal progenitor cells [  35 ], and 
neural progenitors [  36 ]. Yap1/Taz signaling in mesenchymal 
progenitor indirectly enhances the proliferation of muscle stem 
cells [ 34 ]. At a high cell density, YAP1 also promotes their pro-
liferation in porcine muscle stem cells [  37 ]. In bone marrow 
mesenchymal stem cells (BMSCs), when Yap1 is activated, the 
mitochondrial pathway enhances their apoptosis. In the hypoxia 
microenvironment, hypoxia-inducible factor 1α (HIF1α) binds 
to the dephosphorylated Yap1 in the cell nuclei to form a com-
plex, which transactivates the target genes responsible for the 
survival of BMSCs and thus inhibits the apoptosis [  38 ]. In the 
present study, we have demonstrated that YAP1 silencing 
results in decreases in the self-renewal as well as an enhance-
ment in the apoptosis of human SSCs in vivo and in vitro. This 
study highlights an essential role of YAP1 in male reproduction 
and its significance in the pathogenesis of NOA. Therefore, 
YAP1 might have significant applications in both reproductive 
medicine and regenerative medicine.

   Nuclear YAP1, the active form of YAP1, acts as a transcrip-
tion cofactor by binding to transcription factors [  39 ], e.g., TEAD 
and Smad, which regulates downstream target genes. In this 
study, NEDD4 was recognized as a downstream target gene. 
Nevertheless, NEDD4 is a ubiquitinated protein and it cannot 
bind to YAP1 directly. Therefore, we performed Co-IP/MS with 
anti-YAP1 and identified transcription factors regulating NEDD4 
through bioinformatics tools online. Although TEAD, a known 
transcription factor of YAP1, has been discovered via Co-IP/
MS in human SSCs, it was not a direct transcription factor of 
NEDD4. Double immunostaining and overexpression or silenc-
ing of TEAD could be employed to demonstrate whether there 
is an interaction of NEDD4 and TEAD. Interestingly, RAD21 
was identified by us as an intermediate factor linking YAP1 
and NEDD4 in human SSCs, as shown by our Co-IP and YAP1 
and NEDD4 silencing. Notably, our double immuno staining 
revealed that RAD21 was highly coexpressed with UCHL1 in 
human SSCs within the seminiferous tubules of human testes, 
which reflects the significance of RAD21 in governing fate 
determinations of human SSCs. RAD21 is one of the compo-
nents of the cohesin complex, including SMC1A, SMC3, REC8, 
and STAG, which mediates the sister chromosome segregation, 
recombination, DNA replication, and transcriptional regulation 
in mitosis and meiosis [  40 –  43 ]. Previous studies have reported 
the key roles of cohesin, especially RAD21, in the regulation of 
transcriptional processes and reproduction [  44 –  46 ]. RAD21 is 
specifically expressed in testis and ovary of Chinese mitten crab 
﻿Eriocheir sinensis [  47 ]. The mutations of STAG3 cohesin cause 
male infertility via meiotic arrest [  48 ]. The absence of REC8 
cohesion leads to germ cell failure and female mouse sterility 
[  49 ]. Significantly, we have identified, for the first time, that 
RAD21 was an intermediate factor between YAP1 and NEDD4 
in mediating the mitosis of human SSCs. This was consistent 
with a recent study showing that the RAD21–YAP complex 
modulates immune response in ovarian cancer [  50 ].

  Notably , we constructed cKO Yap1 mice that assumed mito-
sis arrest of SSCs, abnormal sperm morphology, and poor 
sperm progressive motility, which indicates that YAP1 affects 
not only the division of SSCs but also spermiogenesis and spermatid 
function. Double deficiency of Mst1 and Mst2, upstream effec-
tors of YAP1, has been observed in male infertility [ 28 ], and 
the Hippo pathway may affect male reproduction development, 

except for YAP1, MST1, and MST2. Furthermore, YAP1 in 
oocytes is associated with the zygotic genome activation. 
Maternal Yap1 knockout embryos exhibit a prolonged 2-cell 
stage and develop into the 4-cell stage at a slower pace than the 
WT [  51 ,  52 ]. It is interesting to further explore the impact of 
LAST1/2 on reproductive function.   

Conclusion
   In summary, we have found that YAP1 is localized predomi-
nantly at the nuclei of human SSCs in human testes. We further 
reveal that YAP1 can interact with the transcription factor 
RAD21 to control the self-renewal (proliferation and DNA 
synthesis) and the apoptosis of human SSCs via targeting 
NEDD4. YAP1 SNVs and/or lower level might be associated 
with the risk of NOA. Notably, Yap1 cKO leads to mitosis arrest 
of SSCs, the decreases in the number and motility of mature 
sperm, abnormal sperm morphology, and an increase of apop-
tosis in male germ cells. Collectively, we are the first to dem-
onstrate that the YAP1/RAD21/NEDD4 pathway mediates the 
fate determinations of human SSCs and abnormality or muta-
tions of YAP1 are associated with male infertility (Fig.  9 ). As 
such, this study presents a novel genetic regulatory network 
that controls the fate determinations of human SSCs and con-
tributes to the understanding of NOA etiology. Notably, this 
study identifies new biomarkers for genetic intervention in 
patients with male infertility.           

Methods

Acquirement of human testicular tissues
   Testicular tissues were collected from patients diagnosed with 
OA and NOA undergoing testicular biopsy or surgical resection 
at The Third Xiangya Hospital of Central South University and 
Hunan Cancer Hospital. The tissues were rinsed with phosphate-
buffered solution (PBS) supplemented with 4% penicillin and 
streptomycin. Some testicular tissues were preserved in Bouin’s 
fixative (Servicebio) for paraffin-embedded sections, while the 
remaining tissues were utilized for RNA and protein extraction. 
Human testicular tissues were used for research only and 
approved by the Ethics Committee of Hunan Normal University.   

Culture of human SSC line
   Human SSC line was cultured in Dulbecco’s modified Eagle’s 
medium (DMEM)/F12 (Gibco), supplemented with 10% fetal 
bovine serum (FBS) (Gibco), 100 units/ml penicillin (Gibco), 
and 100 g/ml streptomycin (Gibco) in a humidified atmosphere 
incubator of 5% CO2 at 34 °C. This cell line was characterized 
using RT-PCR and immunocytochemistry to identify as human 
primary SSCs.   

Xenotransplantation of human SSCs  
to testes of mice
   BALB/c male mice at 6 weeks old were obtained from Hunan 
Slake Jingda Experimental Animal Co. Ltd. (Changsha, China), 
and they were housed in the specific pathogen-free (SPF) ani-
mal facility. Busulfan (40 mg/kg body weight) was intraperito-
neally injected into mice to remove male germ cells. After 4 weeks 
for busulfan injection, human SSC line transfected with YAP1-
siRNA2 or control-siRNA was transplanted into seminiferous 
tubules of mice pursuant to the previously described method 
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[ 19 ]. Four weeks after cell transplantation, testicular tissues 
were obtained from recipient mice for further studies. The animal 
experiments were ethically approved by the Ethics Committee 
of Hunan Normal University.   

Generation of Yap1 cKO mice
   Yap1 floxed mice were provided by J. Wu from Xiamen 
University, and Stra8-EGFP-Cre mice with C57BL/6J back-
ground were obtained from Saiye Biotechnology Co. Ltd. 
(Jiangsu, China). First, Yap1flox/wt﻿ mice were bred with each 
other to obtain Yap1flox/flox﻿ mice. Next, the Yap1 homozygous 
mice were crossed with Stra8-Cre mice to generate Yap1flox/wt﻿; 
Stra8-Cre mice that were then crossed with Yap1flox/flox﻿ mice 
to acquire Yap1 flox/﻿;Stra8-Cre mice (designated as Yap1 cKO 
mice). Genotyping of Yap1 cKO mice was conducted via PCR 
using genomic DNA extracted from tail samples. The gene 
primers for genotyping were shown in Table S6. The animal 
experiments were conducted in accordance with the ethical 
standards and guidelines approved by the Ethics Committee of 
Hunan Normal University.   

Immunocytochemistry and immunohistochemistry
   For immunocytochemistry, human SSCs treated with different 
siRNAs were harvested with trypsinization and resuspended in 
PBS. These cells were attached to the glass slides using cytospin 
(Cence) at 1,700 rpm for 1 min, and fixation was performed 
with 4% paraformaldehyde (PFA) for 15 min. After cold PBS 
washing, cells underwent 15 min of permeabilization at room 
temperature with 1% Triton. Subsequently, they were blocked 
with 5% bovine serum albumin for 1 h at room temperature, 
followed by overnight incubation with primary antibodies at 
4 °C and 1-h incubation with fluorescent secondary antibodies 
at room temperature. Cell nuclei were stained with 4′,6-diamidino-
2-phenylindole (DAPI), and the images were acquired using a 
confocal microscope (Leica TCS SP8 SR) or fluorescence micro-
scope (Leica DM3000LED).

   For immunohistochemistry, paraffin sections of testes were 
dewaxed at 65 °C for 90 min and dehydrated with gradient 
alcohol. Antigen retrieval was conducted through a 20-min 
boiling process in 1× sodium citrate buffer, and blocking of 
endogenous peroxidase was conducted with 3% hydrogen 

Fig. 9. The functions and mechanisms of YAP1 and its dysfunction in mediating fate determinations of SSCs and spermatogenesis. YAP1 interacts with RAD21 to control the 
self-renewal and apoptosis of human SSCs through targeting NEDD4. YAP1 SNVs and/or lower level is associated with risk of NOA. Yap1 cKO results in abnormal spermatogenesis 
and male infertility.
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peroxide. The procedures of blocking, antibody incubation, and 
imaging capture were similar to the method as described in 
immunocytochemistry. The detailed information on the anti-
bodies used in immunocytochemistry and immunohistochem-
istry, including the dilution and concentrations, was shown in 
Table S4.   

Transfection of siRNAs and plasmids  
into human SSCs
   The siRNAs for silencing PDK1, YAP1, NEDD4, and RAD21 
were synthesized by GenePharma, while a nontargeting control-
siRNA was employed as the negative control. The sequences of 
all siRNAs were listed in Table S5. The NEDD4-overexpressing 
plasmid carrying a red fluorescent (Cherry) was constructed 
by Shanghai Jikai Gene Technology Company, while empty 
vector was utilized for the negative control. According to the 
manufacturer’s protocol, cells were transfected with siRNAs or 
plasmids using Lipofectamine 3000 (Invitrogen). The relative 
gene and protein levels were analyzed via real-time PCR and 
Western blots at 48 h after transfection, respectively.   

Total RNA isolation, RT-PCR, and real-time PCR
   Total RNA was extracted using Trizol reagent (Invitrogen) in 
terms of the manufacturer’s protocol. Subsequently, the con-
centration and quality of total RNA were determined with 
NanoDrop One (Thermo Fisher Scientific). Next, Evo M-MLV 
RT Premix (Accurate Biology) was used to reverse transcribe 
the total RNA into cDNA, which was then used for PCR and 
real-time PCR of genes, respectively. ACTB, a housekeeping 
gene, was chosen to detect the loading RNA, while negative 
control did not contain any cDNA.

   PCR was carried out in accordance with the protocol as 
described previously [  53 ], and the reaction conditions comprised 
an initial denaturation at 95 °C for 5 min and followed by 35 
cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 
30 s, and elongation at 72 °C for 5 min. The PCR products were 
separated on 2% agarose gels stained with GoldView.

   Real-time PCR was conducted utilizing 2× SYBR Green 
Premix Pro Taq HS qPCR Kit (Accurate Biology) in 20-μl reac-
tion via the Bio-Rad CFX system. The gene expression was 
normalized to ACTB using the 2−ΔΔCT method. The sequences 
of gene primers synthesized by Shenggong Biotech were listed 
in Table S6.   

Isolation of YAP1 cytosolic and nuclear proteins, and 
Western blots
   Protein extraction was performed by radioimmunoprecipita-
tion assay (RIPA) supplemented with 0.1 mM phenylmethyl-
sulfonyl fluoride and protease inhibitor cocktail (Thermo Fisher 
Scientific). The cytoplasmic and nuclear proteins were extracted 
using a nucleocytoplasmic protein extraction kit (Beyotime). 
The protein supernatant was combined with 5× sodium dodecyl 
sulfate (SDS)-loading buffer and denatured by boiling at 99 °C 
for 10 min.

   Following separation via 10% SDS-polyacrylamide gel elec-
trophoresis gel electrophoresis, proteins were transferred onto 
polyvinylidene difluoride membranes with 0.45-μm pore sizes 
(Millipore). After blocking with QuickBlock Blocking Buffer 
(Beyotime) for 30 min, primary antibodies were applied and 
incubated overnight at 4 °C. Horseradish peroxidase-conjugated 
secondary antibodies were used, and protein bands were visualized 

with enhanced chemiluminescence reagents and analyzed using 
ImageJ software. The detailed information on antibody dilution 
concentrations and specifics was shown in Table S7.   

Protein stability assay
   Cells were seeded in 6-well plates, and CHX was added into 
each well at a concentration of 200 μg/ml to block new protein 
synthesis. Cells were harvested at 0, 6, and 12 h after CHX 
treatment. Total protein was extracted using RIPA lysis buffer. 
Protein samples were used for Western blotting pursuant to the 
method as described above.   

Co-immunoprecipitation (Co-IP)
   The Pierce IP/Co-IP kit (Thermo Fisher Scientific) protocol 
was utilized for proteins’ interaction assay. Human SSCs were 
cultured in 10-cm dishes until they reached 85% confluence, 
and they were lysed using 500 μl of binging/washing buffer. 
The cell lysates were added with 10 μg of antibodies, including 
YAP1 or RAD21, and incubated overnight at 4 °C. Next, the 
antibody–lysate complexes were subjected to IP using 25 μl of 
protein A/G beads and constantly rotated for 2 h at room tem-
perature. The magnetic rack was employed to gather the mag-
netic bead–immune complex, and washing buffer and rinsing 
with ultrapure water were conducted. Subsequently, the antigen–
antibody–bead complexes were eluted with elution buffer and 
denatured for Western blots.   

Whole-exome sequencing (WES)
   DNA extraction kit (QIAGEN) was utilized to extract genomic 
DNA from peripheral blood of OA and NOA patients accord-
ing to the manufacturer’s instructions. DNA concentration and 
purity were evaluated, and construction of the whole exome 
library was conducted, followed by sequencing on the Illumina 
HiSeq 2000 or NovaSeq 6000 sequencing platforms (Illumina). 
The raw reads underwent alignment to GRCh37/hg19 using 
the Burrows–Wheeler Aligner. Genetic variations, e.g., SNVs, 
deletions, and small insertions, were analyzed, annotated, and 
filtered by various public databases and in silico tools, including 
1000G, gnomAD, ExAC, SIFT, PolyPhen-2, and MutationTaster.   

CCK-8 assays
   Human SSCs were seeded into 96-well plates, with subsequent 
treatment with various kinds of siRNAs or control-siRNA. CCK-8 
assays were conducted using CCK-8 (Dojindo) after siRNA trans-
fection from 24 to 120 h. Following the manufacturer’s guide-
lines, each well was received 10 μl of CCK-8 solution and 90 μl 
of DMEM/F12 with a 4-h incubation at 34 °C. Absorbance mea-
surements were performed at a wavelength of 450 nm.   

EDU incorporation assays
   The Cell-Light EDU Apollo Kit (Ribobio) was utilized to con-
duct EDU incorporation assays pursuant to the manufacturer’s 
instructions. Briefly, EDU solution was diluted at a ratio of 
1:2,000 with DMEM/F12 medium and added into wells of 
human SSCs (100 μl/well) for overnight. The cells were sub-
jected to fixation with 4% PFA for 30 min at room temperature 
and followed by neutralization with 2 mg/ml glycine for 5 min 
and permeabilization with 0.5% Triton X-100 for 10 min. 
Staining of EDU was conducted by incubating the cells with 
Apollo staining buffer in the dark for 30 min. After staining the 
nuclear DNA with DAPI or Hoechst 33342, the images were 
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captured under a fluorescence microscope (Olympus). The 
ratio of EDU-positive cells was calculated from at least 500 cells 
with ImageJ.   

Flow cytometry with APC Annexin V/PI staining
   Flow cytometry with APC Annexin V/PI staining was used to 
analyze apoptosis in human SSCs treated with different siRNAs 
in terms of a previously described method [ 20 ]. Briefly, human 
SSCs in 6-well plates were digested with trypsin without EDTA 
after siRNA transfection for 48 h. The cells were harvested, 
rinsed with PBS, centrifuged, and then suspended in 100 μl of 
Annexin V Binding Buffer (BioLegend). Next, 5 μl of APC 
Annexin V and 10 μl of PI (BioLegend) were added to cell 
suspension and followed by a 15-min incubation at room tem-
perature in the dark. Flow cytometry (BD Biosciences) was 
utilized to quantify apoptotic cells.   

RNA sequencing
   Human SSCs were received 24-h treatment of either control-
siRNA or YAP1-siRNAs and followed by total RNA extraction 
for RNA sequencing. RNA quality was assessed with the Agilent 
Bioanalyzer, while construction and sequencing of RNA librar-
ies were conducted using the Illumina HiSeq X Ten platform. 
For data analysis, raw reads were performed for quality control, 
aligned, and annotated, and FPKM values were calculated using 
cufflinks2 software. The count of each sample was normalized 
using DESeq software. The fold changes were calculated, and 
a significance test was conducted to identify the DEGs based 
on the criteria of fold change >2.0 or <0.5 and P < 0.05.   

Co-IP/mass spectrometry (MS)
   IP with anti-PDK1, anti-YAP1, anti-RAD21 antibodies and 
normal immunoglobulin G (IgG) (Table S7) were used for MS. 
The magnetic bead samples were eluted, reduced with dithio-
threitol, alkylated with iodoacetamide, and digested into poly-
peptides with trypsin. After desalting, the polypeptides were 
measured on a liquid chromatography–MS system compris-
ing UltiMate 3000 RSLCnano (Thermo Fisher Scientific) and 
Q-Exactive Plus (Thermo Fisher Scientific). Raw data were 
analyzed with ProteomeDiscover software and identified via 
the UniProt-Human database. The identified proteins were 
employed for subsequent MS analysis.   

Double-luciferase reporter assay
   The plasmids of pGL3-NEDD4, pcDNA3.1, pcDNA3.1-RAD21, 
pGL3-NEDD4 MUT1, pGL3-NEDD4 MUT2, pGL3-NEDD4 
MUT3, and pGL3-NEDD4 MUT4 (Miaoling Biology, China) 
were transfected into human SSCs using Lipofectamine 3000. 
After 48 h of transfection, the cells were treated and subjected 
to luciferase activity detection using the Dual-Glo Luciferase 
Reporter Assay System (E2920, Promega) by the tube lumi-
nometer (Berthold, Germany).   

Sperm analysis
   The cauda epididymis was isolated from Yap1 cKO mice, sec-
tioned into multiple pieces, and immersed in preheated G-IVF 
Plus (Vitrolife, Gothenburg, Sweden, LOT509784) at 34 °C for 
30 min. In total, 10 μl of the supernatant was used to detect 
sperm motility by the CASA system. For estimation of sperm 
morphology, 5 μl of the supernatant was spread over slides, 
dried, and fixed in 95% ethanol for the modified Papanicolaou 
staining.

   After fixation with 2.5% glutaraldehyde and osmium tetrox-
ide, the cauda epididymis underwent dehydration in acetone 
followed by embedding in Epon 812. The morphology of sperm 
from Yap1 cKO mice was observed under a light microscope 
after staining the semithin sections with methylene blue. After 
being stained with uranyl acetate and lead citrate, the ultrathin 
sections underwent ultrastructure examination under a JEM-
1400-FLASH TEM.   

Statistical analyses
   SPSS (IBM SPSS Statistics, version 23.0) was utilized for all 
statistical analyses. The mean ± standard deviation was calcu-
lated from data from 3 independent experiments. One-way 
analysis of variance (ANOVA) was conducted to assess the 
significance between groups.    
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