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ABSTRACT
Sertoli cells are highly polarized testicular cells that provide a nurturing environment for germ cell 
development and maturation during spermatogenesis. The class III phosphatidylinositol 3-kinase 
(PtdIns3K) plays core roles in macroautophagy in various cell types; however, its role in Sertoli cells 
remains unclear. Here, we generated a mouse line in which the gene encoding the catalytic subunit, 
Pik3c3, was specifically deleted in Sertoli cells (cKO) and found that after one round of normal 
spermatogenesis, the cKO mice quickly became infertile and showed disruption of Sertoli cell polarity 
and impaired spermiogenesis. Subsequent proteomics and phosphoproteomics analyses enriched 
the F-actin cytoskeleton network involved in the disorganized Sertoli-cell structure in cKO testis 
which we identified a significant increase of the F-actin negative regulator SCIN (scinderin) and the 
reduced phosphorylation of HDAC6, an α-tubulin deacetylase. Our results further demonstrated that 
the accumulation of SCIN in cKO Sertoli cells caused the disorder and disassembly of the F-actin 
cytoskeleton, which was related to the failure of SCIN degradation through the autophagy-lysosome 
pathway. Additionally, we found that the phosphorylation of HDAC6 at site S59 by PIK3C3 was 
essential for its degradation through the ubiquitin-proteasome pathway. As a result, the HDAC6 that 
accumulated in cKO Sertoli cells deacetylated SCIN at site K189 and led to a disorganized F-actin 
cytoskeleton. Taken together, our findings elucidate a new mechanism for PIK3C3 in maintaining the 
polarity of Sertoli cells, in which both its autophagy regulation or protein kinase activities are 
required for the stabilization of the actin cytoskeleton.
Abbreviations: ACTB: actin, beta; AR: androgen receptor; ATG14: autophagy related 14; BafA1: bafilo-
mycin A1; BECN1: beclin 1, autophagy related; BTB: blood-testis barrier; CASP3: caspase 3; CDC42: cell 
division cycle 42; CDH2: cadherin 2; CHX: cycloheximide; CTNNA1: catenin (cadherin associated protein), 
alpha 1; CYP11A1: cytochrome P450, family 11, subfamily A, polypeptide 1; EBSS: Earle’s balanced salt 
solution; ES: ectoplasmic specialization; FITC: fluorescein isothiocyanate; GAPDH: glyceraldehyde-3-phos-
phate dehydrogenase; GCNA: germ cell nuclear acidic protein; GJA1: gap junction protein, alpha 1; H2AX: 
H2A.X variant histone; HDAC6: histone deacetylase 6; KIT: KIT proto-oncogene, receptor tyrosine kinase; 
LAMP1: lysosomal associated membrane protein 1; MAP3K5: mitogen-activated protein kinase kinase 
kinase 5; MAP1LC3B: microtubule associated protein 1 light chain 3 beta; OCLN: occludin; PIK3C3: 
phosphatidylinositol 3-kinase catalytic subunit type 3; PIK3R4: phosphoinositide-3-kinase regulatory 
subunit 4; PNA: arachis hypogaea lectin; RAC1: Rac family small GTPase 1; SCIN: scinderin; SQSTM1/ 
p62: sequestosome 1; SSC: spermatogonia stem cell; STK11: serine/threonine kinase 11; TJP1: tight 
junction protein 1; TubA: tubastatin A; TUBB3: tubulin beta 3 class III; TUNEL: TdT-mediated dUTP nick- 
end labeling; UB: ubiquitin; UVRAG: UV radiation resistance associated gene; VIM: vimentin; WT1: WT1 
transcription factor; ZBTB16: zinc finger and BTB domain containing 16.
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Introduction

Cell polarity, characterized by the asymmetric distribution of 
different morphologies or molecular components across a cell, 
is necessary for diverse cellular processes, such as adhesion, 
migration, differentiation and cell fate determination [1,2]. 
Mature Sertoli cells of the adult mammalian testis are highly 

polarized supporting cells whose functions are to nurture all 
stages of germ cells and support their development from 
prospermatogonia into sperm [3]. They are tall irregular 
columnar-like cells that are arranged perpendicular to the 
basement membrane of the seminiferous epithelium and are 
characterized by many processes that form on their surface
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and different morphologies from the base of the tubule to its 
lumen [4]. The complexity and uniqueness of cell shape are 
consistent with the high degree of apical-basal polarity in 
Sertoli cells, which allows the cells to compartmentalize var-
ious cellular interactions along the seminiferous epithelium 
and ensures that spermatogenesis occurs in a highly organized 
manner both spatially and temporally [5].

During spermatogenesis, germ cell transport across the 
seminiferous epithelium depends on testis-specific anchoring 
junctions known as ectoplasmic specialization (ES) [6]. There 
are two types of ES in testes: basal ES is restricted to adjacent 
Sertoli cells, which together with tight junctions, form the 
blood-testis barrier (BTB) to provide a unique immune- 
privileged environment that supports the normal develop-
ment of spermatocytes and spermatids within the apical com-
partment; apical ES is limited to the Sertoli cell – elongating 
spermatid interface, where it facilitates the formation of sper-
matid heads, promotes spermatid positioning and prevents 
the release of immature spermatozoa [7,8]. ES consists of 
testis-specific cell—cell actin-based anchoring junction with 
bundles of actin microfilaments lining the Sertoli cell plasma 
membrane in a perpendicular orientation [9]. The activities of 
these F-actin microfilaments, including bundling and 
unbundling, are regulated by three main protein polarity 
complexes: the F2RL2/PAR3-PARD6/PAR6-atypical PRKC 
complex, the CRB/crumbs-PATJ-PALS1 complex, and the 
SCRIB-DLG-LGL complex [10]. The PAR3 and Crumbs com-
plexes promote BTB function, while the SCRIB complex func-
tions when the BTB is disassembled to allow the transition of 
germ cells through the BTB to enter meiosis [11–13]. In 
addition to the three polarity complexes, the family of Rho 
GTPases, which have diverse functions in the regulation of the 
actin cytoskeleton, cell movement and cell adhesion, is also 
linked to the polarity of Sertoli cells [14,15]. The deletion of 
Rho GTPase family members CDC42 and RAC1 in Sertoli 
cells resulted in the loss of cell polarity in adult testes [16,17]. 
Although the pivotal role of Sertoli cell polarity in spermato-
genesis has just been revealed, how polarity is established and 
maintained in Sertoli cells is still poorly understood.

Macroautophagy (called autophagy hereafter) is an evolu-
tionarily conserved membrane trafficking processes involved 
in the lysosomal degradation of cytoplasmic protein and 
damaged organelles, thereby maintaining intracellular meta-
bolic and energetic homeostasis [18]. Stress states such as 
hypoxia or nutrient deprivation cause the recruitment of 
autophagy-related (ATG) proteins to the phagophore assem-
bly site (PAS) and nucleation of a phagophore, followed by 
the gradual expansion and the formation of a double- 
membrane autophagosome. Autophagosomes sequester cyto-
plasmic components and deliver them along cytoskeletal 
structures to lysosomes for degradation [19]. Autophagy is 
involved in a wide range of cellular physiological processes 
such as regulation of cell growth and apoptosis, maintenance 
of epithelial barrier function, and repair of oxidative stress 
damage, but the relation between autophagy and cell polarity 
is poorly known [20–22]. PIK3C3/VPS34 is a component of 
the only class III PtdIns3K; this type of kinase phosphorylates 
phosphatidylinositol to generate phosphatidylinositol-3-phos-
phate (PtdIns3P), a phospholipid that is critical for autophagy

[23]. In yeast or mammalian cells, PIK3C3 together with 
PIK3R4 and BECN1 form the core complex, which exerts 
different functions by binding multiple regulatory proteins 
[24]. PtdIns3K-C1 contains ATG14, which is considered auto-
phagy specific and is involved in autophagosome formation, 
while UVRAG-containing complex 2 (PtdIns3K-C2) func-
tions in late stages of autophagy and endocytic trafficking 
[19,25,26]. Recently, the deletion or knockdown of PIK3C3 
or the core components of the PtdIns3K complex, including 
Drosophila Vps15/PIK3R4 and Atg6/BECN1, each results in 
severe malformation in wing development, with disrupted 
epithelial polarity [27–29]. These studies reveal the potential 
role of PIK3C3 in model organism cell polarity; However, it 
remains unclear whether PIK3C3 participates in the establish-
ment of highly specialized architecture in mammalian cells, 
such as Sertoli cells.

In this study, we found that the Sertoli cell-specific knock-
out of Pik3c3 led to the loss of cell polarity and male sterility 
in adult mice. Further study showed that the disorganization 
of the Sertoli cell architecture was related to the defects in 
clearing SCIN and HDAC6, which negatively regulated the 
organization of the F-actin cytoskeleton. Our study provides 
a novel mechanism whereby PIK3C3 contributes to maintain-
ing Sertoli cell polarity and male fertility.

Results

Deletion of the Pik3c3 gene in Sertoli cells results in loss 
of fertility in adult male mice

To determine the role of PIK3C3 in Sertoli cells, pik3c3 con-
ditional knockout mice (Amhr2Cre/+; Pik3c3flox/flox, referred to 
as “cKO” hereafter) were generated in a cross involving 
Amhr2-Cre mice, in which Cre recombinase is expressed in 
the Sertoli cells of male mice. The efficiency of pik3c3 knock-
out was first examined via the immunoblotting of primary 
Sertoli cells isolated from 2-week-old (2 W) mice (Figure 1A 
and Figure S1A). The fertility test was then performed in 
control (Pik3c3flox/flox) and cKO mice starting at 6 W of age, 
and we found that cKO mice were transiently fertile at 6 
W and 7W of age, but their fertility declined rapidly at 8 
W of age and was completely lost at 9 W of age (Figure 1B). 
We then collected the testes of the mice at 5 W, 7 W, and 9 
W of age, and the testis size and testis:body weight ratio of the 
cKO mice progressively decreased with advancing age (Figure 
S1B-C and Figure 1C,D). The abnormal size and weight of the 
cKO testis indicated a potential disturbance of spermatogen-
esis; however, we found dramatically reduced sperm counts 
only in 9 W cKO mice (Figure S1D-E and Figure 1E,F). 
Subsequent in vitro fertilization (IVF) experiments with 
sperm collected from 7 W and 9 W cKO mice further demon-
strated the inability of sperm from 9 W cKO mice to fertilize 
oocytes, while sperm from the epididymis of 7 W mice 
showed normal fertilization, with nearly 80% of fertilized 
oocytes developing to the 2-cell stage (Figure S1F-G and 
Figure 1G,H). Similarly, the analysis of sperm morphology 
in cKO mice at 9 W revealed a significantly higher percentage 
of spermatozoa with head abnormalities (~30%) (Figure S1H- 
I and Figure 1I,J). Furthermore, sperm motility analysis
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Figure 1. Male sterility in pik3c3 cKO mice. (A) Immunoblotting of PIK3C3 in primary Sertoli cells collected from control and cKO mice at 2 W of age. WT1 was 
examined as the Sertoli cell marker and the expression of ACTB was used as the internal control. (B) Fertility tests in control and cKO mice. In each group, four male 
mice were individually mated with one wild-type female mice for one month. (C) Image showing the size of the testes in control and cKO mice. Testes were collected 
from 9 W of control and cKO mice. Bar: 3 mm. (D) Graphs showing the average ratio of testis weight: body weight in 9 W control and cKO mice (n = 4). (E)
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demonstrated severe decreases in the percentage of motile 
sperm, percentage of progressive motile sperm, average path 
velocity (VAP), curve-linear velocity (VCL), straight line velo-
city (VSL), straightness (STR) and beat-cross frequency (BCF) 
(Figure 1K,L and Figure S1J-P). Thus, the decreased sperm 
count and abnormalities in the sperm head and sperm moti-
lity are responsible for the loss of fertility in 9 W cKO mice.

PIK3C3 is required for the progression of 
spermatogenesis

We next evaluated the structure of the seminiferous tubules 
during spermatogenesis based on specific markers in control 
and cKO mice at 5 W, 7 W and 9 W of age. The seminiferous 
tubule structure was normal in cKO mice at 5 W, while at 7 
W, nearly 50% of the seminiferous tubules were disorganized 
and showed large vacuoles in the seminiferous epithelium. In 
9 W cKO testis, vacuolation had extended to nearly all 
tubules, large numbers of cells were lost, and the tubules 
decreased in size (Figure S2A-B). Germ cells and the acro-
somes of spermatids were then labeled with DDX4 (DEAD 
box helicase 4) and arachis hypogaea lectin (PNA), respec-
tively, to evaluate the seminiferous epithelium cycle [30,31]. 
In 7 W cKO testes, spermatogenesis from stage IV-IX could 
still be well classified in some tubules; however, it was very 
difficult to distinguish in 9 W cKO testis (Figure S2C-D). To 
determine the cell type responsible for the large amount of 
cell loss in cKO mice, we labeled germ cells and Sertoli cells 
with GCNA (germ cell nuclear acidic protein) and WT1 
(WT1 transcription factor), respectively [32,33]. We found 
that germ cell loss, but not Sertoli cell loss, induced the 
progressive degeneration of the seminiferous epithelium 
(Figure S2E-G and Figure 2A–C). Different germ cell types 
in multiple stages of spermatogenesis were also checked by 
using ZBTB16 (zinc finger and BTB domain containing 16) 
and KIT (KIT proto-oncogene receptor tyrosine kinase) to 
label undifferentiated (spermatogonia stem cell, SSC, 
ZBTB16+ KIT −) and A1–A4-differentiating spermatogonia 
(ZBTB16+ KIT+) and using H2AX (H2A.X variant histone) 
and PNA to label primary spermatocytes (H2AX+) and round 
spermatids (PNA+ with round nuclei), respectively [34,35]. 
The results showed that all examined germ cell types dis-
played a decreasing trend starting at 7 W, especially in the 9 
W cKO testes, and we found a significant decrease in primary 
spermatocytes (H2AX+) and round spermatids (PNA+). 
Moreover, it was difficult to identify elongated spermatids in 
the cKO tubules (Figure S2H-M and Figure 2D–I). This was 
consistent with the dramatic reduction in the sperm count 
and the abnormalities of sperm morphology and motility 
observed in the epididymis of 9 W cKO mice. TUNEL and 
cleaved CASP3 staining further demonstrated a significant 
increase in cellular apoptosis in cKO mice at 7 W and 9 
W of age (Figure S2N-Q and Figure 2J–M). These results

suggest that the deletion of Pik3c3 in Sertoli cells causes 
a progressive loss of germ cells and defective spermiogenesis 
in mice.

PIK3C3 is essential for the maintenance of Sertoli cell 
polarity

The loss of Sertoli cell polarity can lead to an impairment of 
seminiferous tubules and apoptosis of germ cells. Although 
comparable Sertoli cell numbers were observed in cKO testes, 
we noted the detachment of Sertoli cells from the basal mem-
brane along with the vacuolation of seminiferous tubules 
(Figure 2A). This suggests a change in the cellular structure 
after the deletion of Pik3c3 in Sertoli cells. Based on the 
differences in spermatogenesis and tubule morphology 
between 7 W and 9 W cKO testes, we chose the testis at 8 
W mice to evaluate the change in Sertoli cell polarity. We 
examined the specialized structures of Sertoli cells, such as the 
BTB or aES, and the distribution of the cytoskeleton in cKO 
testes by using different molecular markers. In mammals, the 
BTB structure contains tight junctions (TJs), bESs and gap 
junctions [36]. We first examined the distribution of TJP1 
(tight junction protein 1), a marker of TJs, and CTNNA1 
(catenin (cadherin associated protein), alpha 1), a marker of 
bES, in seminiferous tubules. As shown in Figure 3A, both 
TJP1 and CTNNA1 were limited specifically at the BTB near 
the basement of the control tubules, but in cKO mice, these 
proteins were localized throughout the Sertoli cells. We then 
measured the distance traveled by TJP1 and CTNNA1 beyond 
the BTB near the basement membrane (D TJP1 and DCTNNA1) 
and compared the D TJP1 and DCTNNA1 results against the 
radius of the seminiferous tubules (DSTr) (Figure 3B). The 
results demonstrated significantly higher DTJP1:DSTr and 
DCTNNA1:DSTr ratios in cKO testes than in control mice 
[37]. We also labeled gap junctions with GJA1/connexin 43 
(gap junction protein, alpha 1), germ cells with GCNA and 
Sertoli cells with VIM (vimentin) to observe intercellular 
communication in seminiferous tubules. In control testes, 
GJA1 was restricted to the Sertoli cell-Sertoli cell interface, 
Sertoli cell-germ cell interface and germ cell-germ cell inter-
face, whereas the localization of GJA1 at the Sertoli cell inter-
face completely disappeared in cKO mice (Figure 3C). The 
results suggest the impairment of intercellular communica-
tions both between Sertoli cells themselves and between 
Sertoli cells and germ cells. Transparent electron microscopy 
(TEM) showed typical BTB features in control testis, charac-
terized by ordered F-actin between the cisternae of the ER and 
plasma membrane, with electron-rich areas representing TJs 
between adjacent Sertoli cell membranes, while in the cKO 
testis, such typical structures were not observed (Figure 3D). 
The barrier function of the BTB was also assessed via the tail 
vein injection of a FITC (fluorescein isothiocyanate) tracer 
[38]. However, fluorescence was only found to be enriched in

Representative cross-sections of the cauda epididymis from 9 W control and cKO mice. Bar: 60 μm. (F) Sperm counts in 9 W control and cKO mice (n = 4). (G) 
Representative micrograph of 2-cells formed after in vitro fertilization (IVF) with sperm from 9 W control and cKO mice. Bar: 150 μm. (H) Graph showing the 2-cell rate 
after IVF (n = 4). (I) Sperm morphology after immunofluorescence with the acrosome-specific marker PNA. Bar: 5 μm. (J-L) Graphs showing the percentages of 
abnormal spermatozoa (J), motile spermatozoa (K) and progressive spermatozoa (L) in 9 W control and cKO mice (n = 4). ***P < 0.01; ns, not significant.
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Figure 2. Deletion of Pik3c3 in Sertoli cells resulted in progressive loss of germ cells. (A) Immunofluorescence of WT1 and GCNA in control and cKO mice testis at 9 
W of age. (B-C) Graph showing the number of germ cells (B) or Sertoli cells (C) per seminiferous tubule. (D) Immunofluorescence of ZBTB16 and KIT in control and 
cKO mice testis at 9 W of age. Filled triangles, SSCs; hollow triangles, A1-A4 differentiating spermatogonia. (E-F) Graph showing the number of SSCs (ZBTB16+ KIT −) 
(E) or differentiating spermatogonia (ZBTB16+ KIT +) (F) per seminiferous tubule. (G) Immunofluorescence of H2AX and PNA in control and cKO mice testis at 9 W of 
age. Filled triangles, primary spermatocytes; hollow triangles, spermatids. (H-I) Graph showing the number of spermatocytes (H2AX+) (H) or round spermatids (PNA+)
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the seminiferous tubules of cKO testes (Figure 3E). The 
results further indicated the disturbance of BTB function 
after the deletion of Pik3c3 in Sertoli cells. Based on the 
importance of the cytoskeleton in establishing and maintain-
ing cellular polarity, we examined the distribution of micro-
tubules and microfilaments in Sertoli cells with the markers 
TUBB3 (tubulin beta 3 class III) and F-actin, respectively. 
Figure 3F shows TUBB3 oriented in linear arrays parallel to 
the long axis from the base to the top of the Sertoli cells; 
however, this polarized distribution of microtubules disap-
peared in cKO mice, accompanied by detachment of the 
nucleus from the basement membrane. In control tubules, 
the microfilament marker F-actin labeled with phalloidin 
was located in the BTB at the basement membrane and 
around the spermatid head, where it showed aES (apical 
ectoplasmic specialization) between elongating/elongated 
spermatids and Sertoli cells (Figure 3G); however, the char-
acterized features of F-actin in both the BTB and aES disap-
peared in cKO mice (Figure 3G). The TEM analysis of aES 
structure in cKO testes also showed diffuse F-actin bundles at 
the Sertoli cell-spermatid interface (Figure 3H). 
Immunoblotting further demonstrated altered protein levels 
of the cellular junction markers TJP1 and OCLN (occludin) 
(TJ), CDH2 (cadherin 2) and CTNNA1 (bES marker), and 
GJA1 (gap junction marker) between control and cKO testis 
(Figure 3I,J). Overall, the deletion of Pik3c3 in Sertoli cells 
leads to the loss of cell polarity, with extensive impairment of 
cell junctions and a disordered cytoskeleton. The disorganiza-
tion of the BTB and aES causes germ cell loss and defective 
spermatogenesis in cKO mice.

SCIN accumulation in pik3c3 cKO Sertoli cells leads to the 
disassembly of the F-actin cytoskeleton

To investigate the potential protein targets through which 
PIK3C3 regulates the polarity of Sertoli cells, control and 
cKO testes were collected at 8 W of age to perform TMT- 
labeled quantitative proteomics. Compared to control testes, 
a total of 1608 proteins were found to be significantly differ-
entially expressed (≥1.3-fold or ≤ 0.769-fold) in cKO testes, 
among which 892 proteins were upregulated and 716 were 
downregulated (Figure 4A and Table S1). KEGG pathway 
enrichment analysis revealed that the differentially expressed 
proteins were associated with processes such as the regulation 
of the actin cytoskeleton, tight junctions, or autophagy, which 
was consistent with the disorganization of the Sertoli cells 
observed in cKO testis (Figure 4B). The top 20 differentially 
expressed proteins enriched in the three pathways are shown 
in Figure 4C, among which we identified SCIN, a Ca2+- 
activated actin filament-severing protein that regulates corti-
cal F-actin disassembly [39], showing a 3.871-fold increase in 
the cKO testis (Figure 4C). Immunostaining further demon-
strated increased expression of SCIN in cKO seminiferous 

tubules (Figure 4D). We next isolated and cultured primary 
Sertoli cells from control and cKO mice at 8 W of age to 
determine the effect of SCIN on actin microfilaments. 
Western blot analysis first showed increased expression of 
SCIN in primary Sertoli cells isolated from cKO mice 
(Figure 4E,F). Since AMHR2 is also expressed in Leydig 
cells of adult mice, we isolated Leydig cells from control and 
cKO mice at 8 W of age and examined PIK3C3 expression. 
Similar as previous reports about the cell type that the Amhr2- 
Cre recombinase functioned in testis [40,41], we did not 
observe altered PIK3C3 and SCIN expressions between the 
two groups (Figure S3A). Same result was also observed in 
germ cells isolated from 8 W control and cKO testis (Figure 
S3B) which means the specificity of PIK3C3 on the expression 
of SCIN in Sertoli cells. The disorder and disassembly of the 
F-actin cytoskeleton was then observed by phalloidin staining 
(Figure 4G,H) and quantified based on the ratio of polymer-
ized F-actin to monomeric G-actin in 8 W cKO Sertoli cells. 
After differential sedimentation to separate F- and G-actin, 
our results revealed a significant reduction in F-actin levels, 
and the F-:G-actin ratio decreased 31.93 ± 6.5% in cKO Sertoli 
cells (Figure 4I,J). We further overexpressed SCIN in control 
primary Sertoli cells and found a significant increase in Sertoli 
cells with a disordered F-actin cytoskeleton (Figure 4K,L). 
Moreover, the ratio of F-:G-actin also decreased significantly 
in SCIN-overexpressing Sertoli cells (Figure 4M,N). 
Therefore, SCIN accumulation in Sertoli cells leads to the 
disorder and disassembly of the F-actin cytoskeleton.

SCIN is degraded through the autophagy—lysosome 
pathway in Sertoli cells

To investigate the mechanism of the abnormal accumulation 
of SCIN induced by pik3c3 deletion, we performed 
a cycloheximide (CHX) chase assay to measure the half-life 
of SCIN in control and cKO Sertoli cells, and the results 
showed delayed degradation of SCIN in cKO Sertoli cells 
(Figure 5A). In mammalian cells, protein degradation is 
mainly mediated by two proteolytic systems: the ubiquitin- 
proteasome system (UPS) and the autophagy-lysosome system 
[42]. We first treated primary Sertoli cells with MG132, 
a pivotal inhibitor of the UPS. As shown in Figure 5B, the 
blockage of the UPS was proven by the gradually increase in 
UB (ubiquitin) expression with increasing treatment time; 
however, the protein levels of SCIN were not affected and 
remained constant during the treatment. This result suggests 
that the degradation of SCIN in Sertoli cells is independent of 
the UPS. We then activated the autophagy pathway in Sertoli 
cells through the starvation of cells with Earle’s balanced salt 
solution (EBSS) [43]. In contrast to what was observed follow-
ing the blockage of the UPS pathway, the expression of SCIN 
and autophagy receptor protein SQSTM1/p62 (sequesto-
some 1) decreased gradually with the extension of the EBSS

(I) per seminiferous tubule. (J-K) Apoptosis evaluated by TUNEL assay and cleaved CASP3 staining in control and cKO mice testis at 9 W of age. (L-M) Graph showing 
the number of TUNEL+ (L) or cleaved CASP3+ (M) apoptotic cells per seminiferous tubule. The largest cross-section of each testis was used for staining and cell 
counting (n = 6). All Bar: 50 μm. ***P < 0.01; ns, not significant.
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Figure 3. Deletion of Pik3c3 in Sertoli cells resulted in impaired Sertoli cell polarity. (A) Immunofluorescence of TJP1 or CTNNA1 in control and cKO mice testis at 8 W of age. Bar: 
50 μm. (B) Graph showing the distance traveled by TJP1 or CTNNA1 beyond the BTB near the basement membrane (DTJP1 or DCTNNA1) versus the radius of the seminiferous tubule 
(DSTr) per seminiferous tubule. The largest cross-section of each testis was used for staining and cell counting (n = 6). ***P < 0.01. (C) Immunofluorescence of VIM, GCNA and GJA1. 
Filled triangles, gap junctions localized between Sertoli cells and germ cells. Bars: 10 μm. (D) TEM showed the BTB structure in control and cKO testis. Filled triangles, electron rich 
areas referred as tight junctions. Bars: 400 nm. (E) Immunofluorescence of FITC showed the disturbed BTB structure in cKO testis. FITC was injected into the control and cKO mice 
and testes were isolated 1 h later for cryosection. Bar: 50 μm. (F) Immunofluorescence of WT1 and TUBB3. Filled triangles, Sertoli cell nuclei traveled away from the basement 
membrane of seminiferous tubule. Bar: 50 μm. (G) Immunofluorescence of phalloidin. Bar: 5 μm. (H) TEM of aES structure. Filled triangles, actin bundles. Bar: 300 nm. (I-J) 
Immunoblotting of TJP1, CDH2, CTNNA1, OCLN and GJA1 proteins. The expression of ACTB was used as internal control (I). The relative intensity of TJP1, CDH2, CTNNA1, OCLN 
and GJA1 was shown as compared to the expression of ACTB (J).
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incubation time (Figure 5C). To further clarify whether the 
degradation of SCIN occurs through the autophagy-lysosome 
pathway, we performed an immunoprecipitation assay to 
observe the interaction between SCIN and MAP1LC3B 
(microtubule associated protein 1 light chain 3 beta), an 
autophagy marker that localizes to the inner sheath of auto-
phagosomes, and the results confirmed their interactions not 
only in primary Sertoli cells but also in HEK293 cells exogen-
ously expressing SCIN-EGFP-FLAG and MAP1LC3B-HA 
(Figure S3C and Figure 5D). The deletion of Pik3c3 in MEFs 
or the liver has been reported to block starvation-induced 
autophagosome formation [44]. Similarly, we observed the 
interruption of autophagy flux in pik3c3-deleted Sertoli cells, 
as shown by the increased expression of SQSTM1 and 
MAP1LC3B II (Figure 5E). Immunostaining with antibodies 
against SCIN and LAMP1 (lysosomal-associated membrane 
protein 1), a lysosome marker, then demonstrated that EBSS 
starvation induced SCIN aggregation and colocalization with 
lysosomes in control Sertoli cells, while in cKO Sertoli cells, it 
was difficult to observe the colocalization of the two proteins 
(Figure 5F,G). These results suggest that defective autophagy 
in pik3c3-deleted Sertoli cells leads to the failure of SCIN 
degradation through the autophagy-lysosome pathway. In 
addition, when SCIN was knocked down by siScin transfec-
tion in cKO Sertoli cells, as shown by F-actin immunofluor-
escence, the disordered F-actin cytoskeleton could be 
successfully rescued (Figure 5H,I). The immunoblotting of 
isolated F-actin and G-actin also demonstrated a dramatic 
increase in polymerized F-actin in cKO Sertoli cells with 
reduced expression of SCIN (Figure 5J,K). Taken together, 
the results indicated that SCIN functions downstream of 
PIK3C3 to regulate F-actin cytoskeleton organization in 
Sertoli cells.

HDAC6 is a negative regulator of the F-actin cytoskeleton 
in Sertoli cells

All phosphatidylinositol 3-kinases are dual-specificity 
enzymes with both lipid and protein kinase activities [45]. 
When functioning as a lipid kinase, PIK3C3 phosphorylates 
phosphatidylinositol to produce PtdIns3P, a lipid that has 
been well documented to be the major effector of PIK3C3 in 
regulating autophagy [23]. However, its protein kinase activity 
and downstream effectors have seldom been reported. To 
investigate the potential role of PIK3C3 in regulating down-
stream protein phosphorylation, we collected testes from con-
trol and cKO mice for TMT-labeled quantitative 
phosphoproteomics, and a total of 773 differentially regulated 
phosphosites (≥1.3-fold or ≤ 0.769-fold), which mapped to 
638 proteins, were identified in cKO testes, including 209 
upregulated and 564 downregulated phosphosites compared 
to the control testes (Figure 6A and Table S2). Consistent with 
the proteomics results, KEGG pathway analysis showed the 
enrichment of processes related to the regulation of the actin 
cytoskeleton, tight junctions, and autophagy (Figure 6B). 
A Venn diagram showed a total of 164 overlapping proteins 
between differentially expressed proteins and phosphorylated 
proteins, among which twelve proteins were involved in the 
process of actin binding (Figure 6C). The differentially 

phosphorylated sites of the twelve identified proteins are 
shown in Figure 6D among which HDAC6 was the most 
differentially expressed protein, showing a 1.47-fold increase 
in cKO testes, while its phosphorylation at the S59 site was 
3.37-fold lower than that in control testes. HDAC6 is a class 
IIb histone deacetylase that regulates multiple biological pro-
cesses, such as cell motility, cell survival, and cell cycle pro-
gression [46]. Increased HDAC6 expression has been reported 
to impair basal-apical polarity in both mammary epithelium 
and endothelial cells [47,48]. In control testes, the expression 
of HDAC6 was limited in elongating or elongated spermatids 
and was difficult to detect in other cell types. However, 
stronger HDAC6 staining signals were found in the semini-
ferous tubules of the cKO mice. Since the HDAC6 signals 
seldom overlapped with GCNA-positive germ cells, the results 
suggest the abnormal accumulation of HDAC6 in Sertoli cells 
of cKO mice (Figure 6E). In primary Sertoli cells isolated from 
control and cKO mice, immunoblotting further demonstrated 
a significant increase in HDAC6 protein levels in cKO Sertoli 
cells (Figure 6F,G). We then examined the effect of HDAC6 
on the F-actin cytoskeleton by the overexpression of HDAC6 
in primary Sertoli cells. As shown in Figure 6H,I increased 
disorganization of the F-actin cytoskeleton was observed in 
HDAC6-overexpressing cells (49.83 ± 6.65% vs. 16.85 ± 2.76% 
abnormality in cells transfected with or without HDAC6). The 
immunoblotting of isolated F-actin and G-actin also showed 
a decreased ratio of F-:G-actin (Figure 6J,K). These results 
suggest that the abnormal accumulation of HDAC6 in cKO 
Sertoli cells leads to the disorder and disassembly of the 
F-actin cytoskeleton.

PIK3C3 phosphorylates HDAC6 and promotes its 
degradation through the UPS pathway

We next investigated the molecular mechanism by which the 
deletion of Pik3c3 leads to the abnormal accumulation of 
HDAC6. Since primary Sertoli cells express very low levels of 
HDAC6, we used HEK293 cells for further studies. We first 
knocked out Pik3c3 in HEK293 cells and found that HDAC6 
expression was significantly increased compared to that in control 
cells (Figure 7A). In contrast, when exogenous PIK3C3-HA was 
transfected into HEK293 cells, the expression of endogenous 
HDAC6 decreased gradually in a dose-dependent manner 
(Figure 7B). Immunoprecipitation from lysates of HEK293 cells 
demonstrated interactions between endogenous PIK3C3 and 
HDAC6, which were further confirmed by the coimmunopreci-
pitation of exogenously expressed PIK3C3-HA with HDAC6- 
MYC (Figure S3D and Figure 7C). The activity of PIK3C3 has 
been reported to be regulated by EP300 (E1A binding protein 
p300)-mediated acetylation [49]. Due to the characteristics of 
HDAC6 as a deacetylase, we performed an immunoprecipitation 
assay to determine whether PIK3C3 can be deacetylated by 
HDAC6. As shown in Figure S3E, the acetylation level of PIK3C3- 
HA was not altered, even under increasing doses of HDAC6- 
MYC, suggesting that PIK3C3 is not a substrate for HDAC6- 
mediated deacetylation. In contrast to the accumulation of 
HDAC6 in Sertoli cells after pik3c3 deletion, phosphoproteomics 
revealed significantly decreased phosphorylation at S59 of 
HDAC6. To explore whether HDAC6 phosphorylation affects
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Figure 4. F-actin negative regulator protein SCIN was screened by proteomics. Testes at 8 W of age were collected from control and cKO mice for TMT-labeled 
quantitative proteomics. (A) Scatter plot displaying differentially expressed proteins (DEPs) comparing control with cKO testes. Horizontal dashed lines indicate cutoff 
of log21.3FC (0.37851) and -log21.3FC (−0.37851). Red dots: upregulated proteins (FC ≥ 1.3; CV < 0.1). Blue dots: downregulated proteins (FC ≤ 0.769; CV < 0.1). Gray
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HDAC6 protein levels or functions, we first evaluated the protein 
kinase activity of PIK3C3 in HDAC6 phosphorylation by exogen-
ously expressing HDAC6-MYC in control and pik3c3 KO 
HEK293 cells (Figure 7D). After immunoprecipitation with an 
MYC antibody, immunoblotting revealed a dramatic decrease in 
HDAC6 Ser/Thr phosphorylation in KO cells. In addition, when 
HDAC6-MYC was co-expressed with different doses of exogen-
ous PIK3C3-HA in HEK293 cells, a dose-dependent increase in 
HDAC6 phosphorylation was observed (Figure 7E). By perform-
ing in vitro kinase assays using purified GST-HDAC6-MYC, we 
further found the immunoprecipitate of PIK3C3-HA could phos-
phorylate HDAC6 in a dose-dependent manner (Figure 7F). 
However, in HEK293 cells expressing an HDAC6 phosphoryla-
tion mutant (HDAC6S59A), exogenous PIK3C3 failed to induce 
HDAC6 phosphorylation (Figure 7G). Together, these results 
suggest that PIK3C3 can directly phosphorylate HDAC6 at site 
S59. Next, we overexpressed HDAC6 in control and pik3c3 KO 
cells and performed CHX chase assays to determine the relation-
ship between pik3c3 deletion and HDAC6 accumulation. The 
results showed the accumulation of exogenous HDAC6 in 
pik3c3 KO cells but not in control cells (Figure 7H). HDAC6 
has been reported to function as a receptor for autophagic degra-
dation of protein aggregates [50]. To see which degradation path-
way being involved in regulating the degradation of HDAC6, we 
inhibited or activated the autophagy-lysosome pathway in 
HEK293 cells with bafilomycin A1 (BafA1) and EBSS treatment, 
respectively. The blockade of autophagic flux after BafA1 treat-
ment was revealed by the accumulation of SQSTM1 and the 
increased expression of MAP1LC3B-II, while the activation of 
autophagy after EBSS starvation was manifested by the rapid 
degradation of SQSTM1. In both cases, we did not find the altered 
protein levels of HDAC6 (Figure S3F-G). Since HDAC6 harbors 
a specific ubiquitin-binding domain at the C-terminal end, to 
determine whether HDAC6 degradation occurs through the 
UPS pathway, we treated HEK293 cells with MG132 and found 
that HDAC6 accumulated gradually with the blockage of the UPS 
pathway, suggesting that HDAC6 is mainly degraded through the 
UPS pathway (Figure 7I). Under the control of PIK3C3, HEK293 
cells were subjected to exogenous His-FLAG-UB, HDAC6-MYC 
and PIK3C3-HA expression and treated with the proteasome 
inhibitor MG132. Immunoprecipitation demonstrated the dose- 
dependent effect of PIK3C3 on HDAC6 ubiquitination. However, 
in PIK3C3-deficient HEK293 cells, after MG132 treatment, exo-
genous HDAC6 showed a dramatic decrease in ubiquitination 
compared to the expression level in control HEK293 cells 
(Figure 7J–M). Interestingly, we found that HDAC6 ubiquitina-
tion was dependent on its phosphorylation at the S59 site, as 

different ubiquitination levels were detected after HEK293 cells 
were transfected with wild-type (WT), phosphorylation-deficient 
(S59A) or phosphorylation-mimicking (S59D) HDAC6 plasmids. 
Compared to the ubiquitin levels observed in WT-HDAC6- 
expressing HEK293 cells, a decrease was observed in the S59A 
group, while an increase was found in the S59D group (Figure 7N, 
O). Therefore, the PIK3C3-mediated phosphorylation of HDAC6 
is required for its degradation through the UPS pathway.

HDAC6-regulated deacetylation of SCIN enhances its 
actin filament-severing ability

HDAC6 has been reported to regulate microtubule- or actin- 
dependent cell motility by altering the acetylation status of 
downstream effectors [51,52]. Based on the abnormal accu-
mulation of HDAC6 and SCIN in cKO Sertoli cells and their 
effects on the disorganization of the F-actin cytoskeleton, we 
propose possible regulatory effects between HDAC6 and 
SCIN. Immunoprecipitation first confirmed the interaction 
between endogenous HDAC6 and SCIN and then that 
between exogenously expressed HDAC6-MYC and SCIN- 
EGFP-FLAG in HEK293 cells (Figure S3H and Figure 8A). 
To determine whether SCIN is the substrate of HDAC6 dea-
cetylase, we expressed SCIN-EGFP-FLAG with different doses 
of HDAC6-MYC in HEK293 cells and treated them with/ 
without the HDAC6-specific inhibitor tubastatin A (TubA). 
Immunoprecipitation experiments revealed that HDAC6 inhi-
bition increased the acetylation level of SCIN (Figure 8B) and 
that the acetylation level of SCIN was downregulated by 
HDAC6 in a dose-dependent manner (Figure 8C). We then 
performed a mass spectrometry analysis of SCIN-EGFP- 
FLAG from TubA-treated HEK293 cells and identified two 
acetylation sites, at lysines K189 and K495 of SCIN, as poten-
tial targets of HDAC6; both of these sites are highly conserved 
among species (Figure S3I-J, table S3 and Figure 8D). 
According to the two identified acetylation sites, we con-
structed three (K189R, K495R and K189R/K495R) deacetyla-
tion-mimicking mutants of SCIN, in which lysines were 
replaced with arginines, and expressed them in HEK293 
cells. Immunoprecipitation experiments revealed that each of 
the two sites was important for SCIN acetylation. When they 
were both mutated, the acetylation of SCIN was completely 
blocked (Figure 8E). We next co-expressed HDAC6 with 
SCIN mutants (K189R and K495R) to determine which acet-
ylation site was regulated by HDAC6. As shown in Figure 8F, 
exogenous HDAC6 induced SCIN deacetylation in wild-type 
SCIN- and SCIN-K495R-expressing cells; however, it failed to

dots: unchanged proteins (0.769 < FC < 1.3; CV ≥ 0.1). FC: Fold Change; CV: Coefficient of Variation. (B) KEGG pathway analysis was performed on DEPs between 
control and cKO testes. (C) Heatmap showing top 20 DEPs associated with regulation of actin cytoskeleton, tight junctions, and autophagy KEGG pathways. (D) 
Immunofluorescence of SCIN and GCNA. Bar: 60 μm. (E-F) Increased expression of SCIN in primary Sertoli cells of cKO mice (E). The relative intensity of SCIN was 
shown as compared to the expression of GAPDH (F). (G-H) Disorganized F-actin cytoskeleton in cKO Sertoli cells. Primary Sertoli cells were isolated from the testes of 
control and cKO male mice at 8 W of age and cultured on cover slips. Immunofluorescence of phalloidin and WT1 was performed (G). Bar: 30 μm. Graph showing the 
percentage of Sertoli cells with abnormal F-actin cytoskeleton structure among all Sertoli cells on each cover slip (n = 5) (H). (I-J) F-actin and G-actin from Sertoli cells 
were segmented and analyzed by immunoblotting using an antibody against ACTB (I). Graph showing the relative expression of F-:G-actin ratio in Sertoli cells (n = 3) 
(J). (K-L) Disturbance of F-actin cytoskeleton after overexpression of SCIN in primary Sertoli cells. Primary Sertoli cells were plated and cultured on cover glass slips 
from the testes of male mice at 2 W of age. Cells were transfected with EGFP-FLAG and SCIN-EGFP-FLAG. Immunofluorescence of phalloidin and FLAG was performed 
(K). Bar: 30 μm. Graph showing the percentage of Sertoli cells with abnormal F-actin cytoskeleton structure among all Sertoli cells on each cover glass slip (n = 5) (L). 
(M-N) F-actin and G-actin from Sertoli cells were segmented and analyzed by immunoblotting using an antibody against ACTB (M). Graph showing the relative 
expression of F-:G-actin ratio in Sertoli cells (n = 3) (N). ***P < 0.01.
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Figure 5. PIK3C3 regulated SCIN degradation through the autophagy pathway. Primary Sertoli cells were isolated from control and cKO mice at 8 W of age. (A-C) 
Immunoblotting of SCIN in control and cKO primary Sertoli cells after CHX (A), MG132 (B) or EBSS (C) treatment. CHX (100 μg/ml) were treated for 12 h to measure 
the half-life of SCIN in control and cKO Sertoli cells. MG132 (10 μM), the proteasome inhibitor, was treated on control Sertoli cells for 8 h and cells were collected 
every 2 h to examine the UB (ubiquitin) and SCIN levels. Autophagy was induced by incubation of Sertoli cells with EBSS for 2 h to examine the protein levels of SCIN 
and SQSTM1, an autophagy marker. The expression of GAPDH was used as internal control. (D) Immunoprecipitation and immunoblotting showed the interaction of
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further deacetylate SCIN when the K189 site was mutated 
(SCINK189R). This result suggests that the K189 site of SCIN 
is the target of HDAC6 (Figure 8F). Acetylation can affect 
protein functions through diverse mechanisms, including the 
regulation of protein stability and subcellular localization [53]. 
We first examined whether the deacetylation of SCIN by 
HDAC6 could affect its stability, and immunoblotting results 
showed that inhibiting the activity of HDAC6 by either Tub 
A treatment or exogenous HDAC6 expression did not affect 
SCIN protein levels (Figure 8G,H). Next, we assessed the 
effect of the HDAC6-mediated deacetylation of SCIN on its 
subcellular localization. Wild-type SCIN, deacetylation- 
mimicking SCINK189R and acetylation-mimicking SCINK189Q 

(lysine was replaced by glutamine) were expressed in primary 
Sertoli cells. The immunostaining of F-actin showed 
a disordered cytoskeleton in Sertoli cells expressing SCIN 
and SCIN-K189R (~40% or ~ 60% Sertoli cell abnormality, 
respectively), while in Sertoli cells expressing SCINK189Q, 
acetylated SCIN failed to sever actin filaments (Figure 8I,J). 
Immunoblotting results further demonstrated that SCINK189R, 
but not SCINK189Q, led to a decrease in the F-:G-actin ratio, 
suggesting that the acetylation status of SCIN at the K189 site 
is crucial for it to regulate the assembly of the F-actin cytos-
keleton (Figure 8K,L).

Discussion

Sertoli cells are among the cell types with the most complex 
and dynamic structures known in biology. Their significant 
spatial differences in cell shape, structure, and function result 
in highly organized cell polarity [54]. Although previous stu-
dies using genetically modified mice have demonstrated that 
the loss of polarity in Sertoli cells leads to male sterility, the 
underlying mechanism is not well understood [16,17,55]. In 
this study, we explored the function of the PI3K family mem-
ber PIK3C3, also known as VPS34, in Sertoli cells using 
a conditional knockout mouse model. Our results showed 
infertility in adult cKO mice and a loss of Sertoli cell polarity, 
with dysfunctions in membrane specializations such as basal 
or apical ectoplasmic specification (bES and aES). Further 
study revealed that the deletion of Pik3c3 in Sertoli cells 
induced disorder and disassembly of the F-actin cytoskeleton 
network, which was related to the abnormal accumulation of 
SCIN, an F-actin-severing protein, and HDAC6, an α-tubulin 
deacetylase. We found that pik3c3 deletion resulted in the 
failure of SCIN degradation through the autophagy- 
lysosome pathway. However, its protein kinase activity was 
required for the phosphorylation and degradation of HDAC6 
through the UPS pathway. Furthermore, SCIN was identified 
as the target of HDAC6. The increased deacetylation of SCIN 

induced by the accumulation of HDAC6 in cKO Sertoli cells 
enhanced its actin filament-severing activity. Herein, we pro-
pose a new mechanism of PIK3C3 action in maintaining cell 
polarity that involves both its function on regulating the 
autophagy-lysosome pathway and its protein kinase activity 
(Figure 8M).

In mouse, the first wave of spermatogenesis initiates a few 
days after birth and along with spermatocytes occurring in the 
seminiferous epithelium at P14, Sertoli cell gradually differ-
entiates into the highly organized structure in order to sup-
port germ-cell differentiation, meiosis and transformation 
into spermatozoa. The process will be finished around 5 
W of age which is marked by the arrangement of spermatozoa 
on the luminal side of seminiferous epithelium and the com-
pletion of aES assembly [56,57]. When Pik3c3 was condition-
ally knocked out in Sertoli cells by Amhr2-Cre recombinase, 
our results demonstrated normal first wave of spermatogen-
esis which was manifested by the morphology of seminiferous 
tubules and the transient fertility of cKO mice at 6 W and 7 
W of age. However, in 7 W testis, vacuole tubules were 
appeared and after that the mice were shortly infertile with 
a complete loss of Sertoli cell polarity in nearly all tubules of 9 
W testis. It was reported that AMHR2 expression in testis 
started at P7 and peaked around P12 [58]. This means 
PIK3C3 in Sertoli cells has no effect on the first wave of 
spermatogenesis and Sertoli cell differentiation, however, it 
plays a pivotal role in maintaining the Sertoli cell polarity.

The maintenance of cell-cell adhesion by various junction 
complexes is considered a prerequisite for the establishment of 
apical-basal polarity in epithelial cells [59]. Ectoplasmic specia-
lization (ES) is a testis specific phenomenon involving actin- 
based hybrid anchoring and tight junctions [7]. The disruption 
of the BTB has been demonstrated to impair apical compartment 
homeostasis, which results in the apoptosis of large numbers of 
spermatocytes and round spermatids and the loss of Sertoli cell 
polarity [60,61]. The disorganization of aES can also lead to 
impaired Sertoli cell polarity and is a major cause of sperm 
maturation dysfunction [62]. In pik3c3-deleted Sertoli cells, the 
disruption of BTB and aES structure was manifested by the 
markers staining, immunoblotting, TEM and disorganized 
cytoskeleton network. Furthermore, as the tightest blood-tissue 
barrier in mammals, the dysfunction of BTB was also shown by 
the leakage of the FITC tracer in the seminiferous tubules, while 
the disturbance of aES led to sperm head malformation and 
abnormal sperm motility. In cKO seminiferous tubules, except 
a great loss of spermatocytes and spermatids, we also found 
a decrease in SSC numbers. This is different from what was 
reported about the maintenance of SSC niche in only BTB- 
disturbed testes [63]. Among the various junction complexes, 
gap junctions facilitate cell-cell communication and have been

SCIN-EGFP-FLAG with MAP1LC3B-HA in HEK293 cells. (E) Immunoblotting of LAMP1, SQSTM1 and MAP1LC3B proteins in control and cKO Sertoli cells. The expression 
of GAPDH was used as internal control. (F-G) Immunofluorescence showing the overlap of SCIN and LAMP1 in control and cKO primary Sertoli cells after EBSS 
treatment (F) Bar: 30 μm. Graph showing the percentage of Sertoli cells with overlapped staining of SCIN and LAMP1 among all Sertoli cells on each cover slip (n = 3) 
(G). (H-I) the effect of SCIN on F-actin stabilization. Primary Sertoli cells were plated on cover glass slips and transfected with siCtrl and siScin, respectively. 
Immunofluorescence showed the reorganization of F-actin after knockdown of Scin in cKO Sertoli cells (H). Bar: 30 μm. Graph showing the percentage of Sertoli cells 
with abnormal F-actin cytoskeleton structure among all Sertoli cells on each cover glass slip. (n = 5) (I). (J) F-actin and G-actin from control, cKO or cKO+siScin primary 
Sertoli cells were segmented and analyzed by immunoblotting using an antibody against ACTB. (K) Graph showing the relative expression of F-:G-actin ratio in each 
group (n = 3). ***P < 0.01; ns, not significant.
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Figure 6. The accumulation of HDAC6 in Sertoli cells led to the disassembly of F-actin. Testes were collected from control and cKO mice at 8 W of age for TMT- 
labeled quantitative phosphoproteomics. (A) Scatter plot displaying differentially regulated phosphosites comparing control with cKO testes. Horizontal dashed lines 
indicate cutoff of log21.3FC (0.37851) and -log21.3FC (−0.37851). Red dots: upregulated phosphosites (FC ≥ 1.3; CV < 0.1). Blue dots: downregulated phosphosites
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demonstrated to maintain germ cell survival in Sertoli cells [64]. 
The decrease in the gap junction marker GJA1 and its misloca-
lization between both Sertoli cells themselves and between 
Sertoli and germ cells were then observed in cKO seminiferous 
tubules. Thus, the dysfunctions of different junction complexes 
in pik3c3-deleted Sertoli cells cause the defect of spermatogenesis 
and a large loss of germ cells in cKO mice.

In the seminiferous epithelium, tight junctions, ES, and gap 
junctions are attached to F-actin, and the correct organization 
of F-actin is required for the establishment of the structure of 
BTB and aES [65,66]. However, how the actin cytoskeleton is 
regulated to maintain the cytoarchitechture of Sertoli cells is 
still unknown. In this study, we found that the disruption of 
the F-actin cytoskeleton network was related to the abnormal 
structures of different junction complexes, including the BTB 
and aES. Moreover, proteomics and phosphoproteomics 
revealed that the differentially expressed proteins and phos-
phoproteins were enriched in the regulation of the actin 
cytoskeleton. We identified SCIN among the most highly 
accumulated proteins in cKO Sertoli cells, while HDAC6 
was among the overlapped actin-binding proteins with differ-
ential expression and phosphorylation in both proteomics and 
phosphoproteomics. The actin-binding protein SCIN belongs 
to the Gelsolin superfamily and has been implicated in many 
processes, such as exocytosis, cancer cell invasion and prolif-
eration [67]. Based on the limited reported investigations, 
SCIN has been implicated in directing goal movement by 
severing actin filaments; however, how the protein functions 
in maintaining cell polarity remains unclear. A previous study 
in mice with Sertoli cell-specific knockout of Ar (androgen 
receptor) showed the loss of Sertoli cell polarity in cKO mice. 
Although increased expression of SCIN was found, no con-
nection was established between SCIN and Sertoli cell polarity 
[68]. In this study, the overexpression of SCIN caused 
a disordered distribution of F-actin and the decreased G-: 
F-actin ratio in cultured primary Sertoli cells. This finding 
was consistent with the control of F-actin stabilization by 
SCIN in primary chondrocytes [69]. We then found that the 
failure of SCIN degradation in cKO Sertoli cells was related to 
the autophagy-lysosome pathway. The blockage of the auto-
phagic flux induced by pik3c3 deletion has been well docu-
mented in various cell systems [44,70]. Here, our study 
indicates that the degradation of SCIN through the autopha-
gy-lysosome pathway is necessary to maintain the stability of 
the F-actin cytoskeleton. This was further demonstrated by 
the recovery of F-actin organization after SCIN knockdown in 
cKO Sertoli cells.

All members of the PtdIns3K family are dual-specificity 
enzymes, and their catalytic structural domain has the ability 
to catalyze both protein and lipid phosphorylation [45,71,72]. 
Previous studies have shown that the protein kinase activity of 
the class I phosphoinositide 3-kinase (PI3K) is required for 
agonist-dependent beta-adrenergic receptor (beta AR) interna-
lization [73]. However, for PIK3C3, beyond its well-known lipid 
kinase activity, its function as a protein kinase and its substrate 
proteins are seldom reported [74]. In this study, we confirmed 
that PIK3C3 could interact with HDAC6 and phosphorylate 
HDAC6 at S59. Our results then demonstrated that phosphor-
ylation at S59 is required for HDAC6 degradation through the 
UPS pathway. This is different from what was observed in 
a previous study in which MAP3K5/ASK1-mediated phosphor-
ylation blocked the ubiquitination and degradation of HDAC6 
in photoreceptor-connecting cilia [75]. Since different phos-
phorylation sites were targeted, the studies suggest that post-
translational modification, especially phosphorylation, plays 
a critical role in the stabilization of HDAC6. HDAC6 is a class 
II deacetylase that mainly localizes to the cytoplasm and med-
iates the deacetylation of nonhistone proteins (specifically α- 
tubulin) to modulate microtubule dynamics [51,76]. 
Additionally, HDAC6 has been shown to deacetylate cortactin 
and change its F-actin-binding ability, thereby indirectly influ-
encing actin-dependent cell motility [52]. In this study, the 
disorganization of both microtubules and actin microfilaments 
was observed in pik3c3-deleted Sertoli cells. This may be related 
to the increased deacetylation of target proteins by HDAC6. In 
HDAC6-overexpressing primary Sertoli cells, we found the dis-
assembly of F-actin and a decreased ratio of F-:G-actin. 
Moreover, we identified SCIN as a substrate of HDAC6 and 
the conserved K189 site as the target of HDAC6 deacetylase. The 
deacetylation of SCIN at K189 has no effect on its stability; 
however, it is necessary for the regulation of F-actin assembly. 
The overexpression of an acetylation-deficient mutant of SCIN 
(K189R) resulted in a disordered F-actin cytoskeleton in primary 
Sertoli cells, while the acetylation-mimicking mutant (K189Q) 
had the opposite effect. Until now, there have been no reports 
addressing the regulation of posttranslational modification on 
SCIN activity. Here, our study revealed the importance of 
HDAC6-mediated SCIN deacetylation for F-actin disassembly, 
and we propose the PIK3C3-HDAC6-SCIN mediated regulation 
of cytoskeleton stabilization is a new mechanism for maintaining 
the cell polarity of Sertoli cells.

Cell polarity is one of the most fundamental features of 
epithelial cells [2,77]. The loss of cell polarity in epithelial 
cells leads to uncontrolled cell proliferation, enhanced

(FC ≤ 0.769; CV < 0.1). Gray dots: unchanged phosphosites (0.769 < FC < 1.3; CV ≥ 0.1). FC: Fold Change; CV: Coefficient of Variation. (B) KEGG pathway analysis of 
differentially phosphorylated proteins. (C) the Venn diagram showing overlapped differential proteins revealed by TMT-labeled quantitative proteomics and 
phosphoproteomics and actin binding proteins. Twelve actin-binding proteins were identified as differential expressed in both protein levels and phosphorylated 
status between control and cKO groups. (D) Heatmap of twelve differential actin binding protein with identified phosphorylation sites. (E) Immunofluorescence for 
HDAC6 and GCNA in seminiferous tubules of control and cKO mice. Bar: 60 μm. (F-G) Immunoblotting of HDAC6, PIK3C3 and WT1 proteins in primary Sertoli cells 
collected from control and cKO mice at 8 W of age (F). The expression of GAPDH was used as internal control. The relative intensity of HDAC6 was shown as 
compared to the expression of GAPDH (n = 3) (G). (H-I) Disturbance of F-actin cytoskeleton after overexpression of HDAC6 in primary Sertoli cells. Primary Sertoli cells 
were plated and cultured on cover slips from the testes of male mice at 2 W of age. Cells were transfected with MYC and HDAC6-MYC. Immunofluorescence of 
phalloidin and MYC was performed (H). Bar: 30 μm. Graph showing the percentage of Sertoli cells with abnormal F-actin cytoskeleton structure among all Sertoli cells 
on each cover glass slip (n = 4) (I). (J- K) F-actin and G-actin from Sertoli cells were segmented and analyzed by immunoblotting using an antibody against ACTB (J). 
Graph showing the relative expression of F-:G-actin ratio in mCherry-MYC or HDAC6- mCherry-MYC overexpressed Sertoli cells (K). ***P < 0.01.
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Figure 7. The requirement of PIK3C3 regulated phosphorylation on the degradation of HDAC6. Control or pik3c3 knockout (KO) HEK293 cells were transfected with 
different plasmids for immunoprecipitation and immunoblotting assays. WT HDAC6-MYC, wild-type HDAC6; HDAC6S59A-MYC, phosphorylation-deficient mutant 
HDAC6; HDACS59D-MYC, phosphorylation-mimicking mutant HDAC6. Cells were treated with MG132 (10 μM) for 24 h before collection to block proteins degradation 
through the UPS pathway. (A) Immunoblotting of PIK3C3 and HDAC6 in control and KO HEK293 cells. (B) Dose dependent effect of PIK3C3 on protein levels of
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migration and invasion, and ultimately tumorigenesis [78]. 
In contrast to other types of epithelial cells, Sertoli cells 
stop dividing in prepubescent mice, and they eventually 
develop into highly stable and terminally differentiated 
cells to support spermatogenesis in seminiferous tubules 
[79]. The inactivation of PtdIns3K activity has been 
shown to disrupt the epithelial organization of the 
Drosophila wing, which is caused by the dysregulation of 
endosome-localized STK11/LKB1 [29]. Moreover, in Caco2 
cells, the inhibition of PtdIns3K-C2, but not PtdIns3K-C1, 
impairs polarity in organoid structures [29,80]. These 
results suggest the interdependence between PIK3C3- 
mediated intracellular trafficking and epithelial cell polarity. 
However, since PtdIns3K-C2 can also regulate the autopha-
gy pathway by promoting the fusion of autophagosomes 
and lysosomes [81], the involvement of autophagy in the 
regulation of cell polarity by PIK3C3 cannot be ruled out. 
In this study, we did not find alterations in STK11 or 
endosomal-related RAB5 and RAB7 in cKO testes (data 
not shown). Instead, our study demonstrated the important 
role of PIK3C3 in stabilizing the F-actin cytoskeleton by 
modulating the autophagic degradation of SCIN. The 
blockade of the autophagic flux in Atg5- and Atg7-deleted 
Sertoli cells has been reported to result in impaired cell 
polarity with disordered F-actin cytoskeleton [62]. This 
phenotype is similar to that of pik3c3 deletion and the 
mechanism is also similar with the failure to degrade 
another F-actin negative regulator PDLIM1 through the 
autophagy pathway. However, in addition to the disruption 
on ES structure, deletion of Pik3c3 also led to abnormal 
self-renewal of SSC and the damage to seminiferous tubules 
was more severe. Nearly all tubules were disorganized with 
large vacuoles in 9 W of cKO testis. This can be explained 
by the protein kinase activity of PIK3C3. In contrast to 
previous studies of the requirement of PIK3C3 lipid kinase 
activity for modulating cell polarity by producing PtdIns3P 
[24], we propose that PIK3C3 functions as a protein kinase 
in phosphorylating HDAC6 and stimulating its degradation 
through the UPS pathway. Thus, together with the regula-
tion of PIK3C3 on SCIN degradation through the autopha-
gy-lysosome pathway, our study implies a new mechanism 
for maintaining the F-actin cytoskeleton and Sertoli cell 
polarity.

In conclusion, our study revealed the essential role of 
PIK3C3 on the establishment and maintenance of Sertoli cell 

polarity. Compared with the lipid kinase function of PIK3C3, 
we clarified the protein kinase function of PIK3C3 and 
deduced that it plays broad biological roles. We propose 
a detailed molecular mechanism of the regulation of Sertoli 
cell polarity by PIK3C3, in which both its protein kinase 
activity and its regulation on autophagy are required to main-
tain the organization of Sertoli cells with SCIN as the major 
effector in modulating the stability of the actin cytoskeleton. 
Since Amhr2-Cre recombinase induces efficient recombina-
tion in Sertoli cells of murine testis from P7 days, whereas 
Amh-Cre functions in fetal gonad as early as E12, future study 
with Amh-Cre mice will be helpful to delineate the role of 
PIK3C3 at the early stage of Sertoli cell differentiation 
[58,82,83].

Materials and methods

Mice

Amhr2-Cre mice and Pik3c3flox/flox mice were obtained from 
Prof. Youqiang Su (School of life sciences, Shandong 
University) and the Jackson Laboratory (019081), respectively. 
Wild-type C57BL/6 mice were purchased from the animal core 
facility of Nanjing medical university. Mice were maintained 
under a 12/12 h dark-light cycle at 22°C with free access to 
food and water. Primary Sertoli cells for plasmid DNA over-
expression and RNA interference were collected from 2 W or 8 
W C57BL/6 male mice. All experimental protocols and studies 
were approved by the Committee on the Ethics of Animal 
Experiments of Nanjing Medical University.

Isolation of mouse primary Leydig cells, Sertoli cells and 
germ cells

The primary Leydig cells, Sertoli cells, and germ cells were 
isolated by using the method previously described [84–86]. In 
brief, testes were removed and the tunica albuginea was stripped 
under a stereoscope and incubated in 10 ml PBS (Thermo Fisher 
Scientific, 10010023) containing 2 mg/ml collagenase IV 
(GLPBIO, GC19591) and 1 mg/ml DNase I (Sigma-Aldrich, 
DN25) for 25–35 min at 37°C with gentle shaking.

For primary Leydig cells isolation, following the collagenase 
digestion, PBS was added to tube to bring the final volume up to 
50 ml. After 30 min of unit gravity sedimentation, the super-
natant with the Leydig cells was collected. The supernatants were

HDAC6. Different doses of plasmids loaded with PIK3C3-HA (2 µg or 4 µg/105 cells) were transfected into control HEK293 cells. (C) Interactions between HDAC6 and 
PIK3C3 in HEK293 cells were shown by immunoprecipitation with HA or MYC antibodies, respectively. (D) Decreased HDAC6 phosphorylation in KO HEK293 cells. 
Immunoprecipitation was performed with MYC antibody and the phosphorylation levels were checked by antibody against p-Ser/Thr. (E) Dose-dependent effect of 
HDAC6 phosphorylation after exogenous expression of PIK3C3 in control HEK293 cells. (F) in vitro kinase assays were performed using PIK3C3-HA immunopreci-
pitated from transfected HEK293 cells and GST-HDAC6-MYC purified from E. coli and the phosphorylation levels were checked by antibody against p-Ser/Thr. (G) 
PIK3C3 phosphorylated HDAC6 at site S59. PIK3C3-HA and WT HDAC6-MYC or HDACS59A-MYC were co-transfected into HEK293 cells. Immunoprecipitation was 
performed with MYC antibody and the phosphorylation levels were checked by antibody against p-Ser/Thr. (H) Blockage of HDAC6 degradation after CHX (20 μg/ml) 
treatment for 36 h. Exogenous HDAC6-MYC was transfected into control and KO HEK293 cells and western blots were performed by using MYC and PIK3C3 
antibodies. (I) Immunoblotting of HDAC6 in HEK293 cells after MG132 treatment. MG132 (10 μM) was treated on HEK293 cells for 8 h and cells were collected every 2  
h to examine the UB (ubiquitin) and HDAC6 levels. The expression of GAPDH was used as internal control. (J-M) Dose-dependent effect of PIK3C3 on the 
ubiquitination of HDAC6. His-FLAG-UB, HDAC6-MYC and different dose of PIK3C3-HA were transfected into HEK293 cells. Immunoprecipitation was performed with 
MYC antibody and the ubiquitination levels of HDAC6 was checked by His antibody. (N-O) Blockage of HDAC6 ubiquitination in HEK293 KO cells. His-FLAG-UB and 
HDAC6-MYC were transfected into control and KO HEK293 cells. (L-M) the ubiquitin levels of HDAC6 after HEK293 cells being co-transferred with His-FLAG-UB, 
HDAC6-MYC, HDAC6S59A-MYC, HDAC6S59D-MYC.
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Figure 8. HDAC6 deacetylated SCIN to negatively regulate F-actin cytoskeleton. HEK293 cells were transfected with HDAC6-MYC, SCIN-EGFP-FLAG or SCIN mutant 
plasmids for immunoprecipitation experiments. WT SCIN-EGFP-FLAG, wild-type SCIN; SCINK189R-EGFP-FLAG, SCIN deacetylation-mimicking mutant; SCINK189Q-EGFP−- 
FLAG, SCIN acetylation-mimicking mutant; SCINK495R-EGFP-FLAG, SCIN deacetylation-mimicking mutant. SCIN2KR-EGFP-FLAG, SCINK189R-EGFP-FLAG and SCINK495R- 
EGFP-FLAG plasmids were transfected together. (A) Immunoprecipitation and immunoblotting showed the interaction between HDAC6 and SCIN in HEK293 cells. (B)
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centrifuged at 250 × g at 4°C for 10 min. The pelleted cells were 
re-suspended in 10 ml M199 medium (Thermo Fisher Scientific, 
11150067), and added to the top of Percoll (Sigma-Aldrich, 
P4937) density gradients. Gradient consisted of four 10 ml den-
sities; 1.035, 1.076, 1.085, and 1.095 g/ml Percoll diluted with 
PBS. Following the addition of cells, gradient tube was centri-
fuged at 800×g at 4°C for 30 min. The layers between 12 ml and 
13 ml marks were retained and pelleted by centrifugation at 
250×g at 4°C for 10 min. The purified Leydig cells were then 
collected and used for immunoblotting.

For primary Sertoli cells and germ cells isolation, the 
seminiferous tubules without leydig cells were isolated by 
centrifugation at 100 × g for 30 s at 4°C, and washed three 
times with PBS. Next, the seminiferous tubules were digested 
with 1 mg/ml collagenase IV, 1 mg/ml DNase I, and 1 mg/ml 
hyaluronidase (Sigma-Aldrich, H3506) for 20 min at 37°C 
with gentle shaking. After allowing the tubules to settle, they 
were washed three times with PBS and then digested with 2  
mg/ml hyaluronidase and 1 mg/ml DNase I at 37°C for 15–20  
min to further isolate peritubular myoid cells. After the 
tubules were allowed to settle, they were washed three times 
with PBS and finally the seminiferous tubule fragments, which 
contained only germ cells and Sertoli cells, were digested with 
1 mg/ml trypsin (DIFCO,215250) and 1 mg/ml DNase I for 5  
min at 37°C and then terminated with fetal bovine serum. Cell 
suspension was filtered with 70 μm and 40 μm cell strainer. 
The filtered cell suspension was centrifuged at 600 × g for 5  
min at 4°C and the supernatant was discarded. Tissue culture 
plates for Sertoli cells were prepared by coating each 100-mm 
plate with 5 mL 5 µg/mL DSA lectin (Sigma-Aldrich, L2766) 
in PBS, and incubating at 37°C with 5% CO2 for 1 h. The cells 
were transferred to the lectin-coated plates with fresh DMEM/ 
F12 medium (Cytiva, SH30023.01) containing 10% fetal 
bovine serum (FBS) (Thermo Fisher Scientific, 10270106) 
and incubated at 37°C with 5% CO2 for 1 h. After 1 h, germ 
cells suspended in the culture medium were collected and 
subsequent immunoblotting was performed. After the germ 
cells were isolated, fresh culture medium was added to the 
lectin-coated plates to continue Sertoli cell culture at 37°C 
with 5% CO2. After 1 day of culture, Sertoli cells were treated 
with hypotonic solution (20 mM Tris, pH 7.4) for 2 min to 
remove residual germ cells. Subsequent experiments were 
performed after 3–4 days of culture.

Plasmid construction and siRNA synthesis

Plasmids (SCIN-EGFP-FLAG, MAP1LC3B-HA, PIK3C3-HA, 
His-FLAG-UB, HDAC6-MYC, HDAC6-mCherry-MYC, 
HDAC6S59A-MYC, HDAC6S59D-MYC, SCINK189R-EGFP- 
FLAG, SCINK189Q-EGFP-FLAG, SCINK495R-EGFP-FLAG and 
SCIN2KR-EGFP-FLAG cloned in pcDNA3.1 vectors) for trans-
fection of primary Sertoli cells or HEK293 cells were synthe-
sized by Tsingke Biological Technology (Beijing, China). 
SCIN siRNA were synthesized by RiboBio (Guangzhou, 
China) and the sequence of siRNA is as follows: siCtrl#F, 5ʹ- 
CGUACGCGGAAUACUUCGA −3ʹ; siScin-1#F, 5ʹ- 
AUGAUGACAAUCGGUGUCC-3ʹ; siScin-2#F, 5ʹ - 
UGGUUCACUUCCUUCUUCC −3ʹ. The siRNA powder 
was then diluted with DEPC water to a storage concentration 
of 20 µM and stored at − 80°C for use.

Generation of Pik3c3 knockout cell lines using 
CRISPR-Cas9 gene editing

Pik3c3 knockout on HEK293 cell lines was carried out by 
plasmid-based transfection of Cas9 and gRNA using 
pST1374 and pGL3 plasmid, respectively. Initially, two 
gRNAs for Pik3c3 were designed using CRISPRdirect website. 
The sequence of gRNA is as follows: gRNA-1#F, 5ʹ- 
ACCGGGTAGCATACCTTAACACAA-3ʹ; gRNA-2#F, 5ʹ - 
ACCGGCTTTGTAGGATGTTCTCAC −3ʹ. 1 μg/ml puromy-
cine (Yeasen Biotechnology, 60209ES60) and 10 μg/ml blasti-
cidin (Yeasen Biotechnology, 60218ES10) were selected for 
drug screening after transfection. Single cells were sorted 
into a 96-well plate using a limiting dilution method, and 
expanded clonal cells were screened by immunoblotting with 
PIK3C3 antibodies.

Cell culture, transfection and treatment

Primary Sertoli cells and HEK293 cells were cultured in 
DMEM/F12 medium (Cytiva, SH30023.01) containing 10% 
FBS and DMEM high glucose medium (Cytiva, SH30243.01) 
containing 10% FBS, respectively, at 37°C and 5% CO2 in 
a humidified atmosphere. For plasmid DNA overexpression 
in primary Sertoli cells and HEK293 cells, plasmid DNA was 
mixed with Lipofectamine 3000 (Thermo Fisher Scientific,

Increased acetylation of SCIN after blocking the activity of HDAC6. HDAC6-MYC and SCIN-EGFP-FLAG were transfected into HEK293 cells. Cells were treated with 
TubA for 8 h before collection to inhibit the deacetylase activity of HDAC6. Immunoprecipitation was performed with FLAG antibody and SCIN acetylation levels was 
checked by Ace-lys antibody. (C) Dose-dependent effect of HDAC6 on the acetylation levels of SCIN. SCIN-EGFP-FLAG and HDAC6-MYC with different doses (2 µg or 4  
µg/105 cells) were transfected into HEK293 cells. (D) the K189 and K495 sites of SCIN are highly conserved between species. (E) Acetylation levels of SCIN after 
HEK293 cells were transfected with different SCIN plasmids. (F) Deacetylated regulation of HDAC6 on SCIN with different site mutants. (G) Immunoblotting of HDAC6 
and SCIN in HEK293 cells after treatment with TubA for 8 h. (H) Immunoblotting of SCIN in HEK293 cells after being transfected with different doses of HDAC6-MYC 
(2 µg or 4 µg/105 cells). (I-J) Primary Sertoli cells were plated on cover slips and transfected with EGFP-FLAG, WT SCIN-EGFP-FLAG, SCINK189R-EGFP-FLAG and 
SCINK189Q-EGFP-FLAG. Immunofluorescence of phalloidin and FLAG was performed (I). Bar: 30 μm. Graph showing the percentage of Sertoli cells with abnormal 
F-actin cytoskeleton among all Sertoli cells on each cover slip (n = 5) (J). (K-L) Immunoblotting of F-actin and G-actin in primary Sertoli cells after being transfecting 
with different SCIN plasmids (K). Graph showing the relative expression of F-:G-actin ratio (n = 3) (L). The expression of WT1 was used as the Sertoli cell marker. *P <  
0.05; ***P < 0.01. (M) a schematic diagram depicting the role of PIK3C3 in Sertoli cells. PIK3C3 plays a pivotal role in the establishment of Sertoli cell cytoarchitecture 
through stabilizing the actin cytoskeleton. Left panel: In normal Sertoli cells, PIK3C3 maintains SCIN in a low level to stabilize the F-actin cytoskeleton and the 
structure of various anchor junctions between Sertoli cells themselves and between Sertoli cell and germ cell. PIK3C3 regulated autophagy-lysosome pathway is 
essential for the degradation of SCIN, whereas the phosphorylation of HDAC6 by PIK3C3 is required for its UPS degradation. Right panel: In PIK3C3-deficient Sertoli 
cells, the degradations of SCIN and HDAC6 were both blocked. The accumulated HDAC6 further deacetylates SCIN and enhances its actin severing activity. The 
disassembled F-actin cytoskeleton results in the loss of Sertoli cell polarity with disrupted anchoring junctions, such as BTB, aES or gap junctions which ultimately 
leads to germ cell apoptosis, impaired sperm maturation, and infertility in cKO mice.
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L3000015) in Opti-MEM (Thermo Fisher Scientific, 
31985070) and incubated at room temperature for 15 min. 
The ratio of plasmid DNA to Lipofectamine 3000 was calcu-
lated according to the producer’s instruction. The mixture was 
then added to the cell culture medium and the cells were 
incubated at 37°C, 5% CO2 for 48 h and samples were col-
lected for immunoblotting, immunoprecipitations, or immu-
nofluorescences. For primary Sertoli cell RNA interference, 
siRNA was mixed with Lipofectamine RNAiMAX (Thermo 
Fisher Scientific, 13778075) in Opti-MEM and incubated at 
room temperature for 5 min. The ratio of siRNA to 
Lipofectamine RNAiMAX was calculated according to the 
producer’s instruction. The mixture was then added to the 
cell culture medium and the cells were incubated at 37°C, 5% 
CO2 for 48–72 h and samples were collected for immunoblot-
ting or immunofluorescence. To specifically inhibit the func-
tion of HDAC6, HEK293 cells were treated with 10 μM 
tubastatin A (MedChemExpress, HY-13271A) for 8 h before 
collection. To block the ubiquitin-proteasome pathway or 
induce autophagy, primary Sertoli cells were treated with 10  
μM MG132 (MedChemExpress, HY-13259) or EBSS 
(Beyotime Biotechnology, C0213) for an appropriate time 
before collection, respectively. To block the autophagy path-
way, HEK293 cells were treated with 100 nM BafA1 
(MedChemExpress, HY-100558) for an appropriate time 
before collection.

Immunoblotting

Testes or cells were lysed with RIPA lysate (Beyotime 
Biotechnology, P0013D) containing protease inhibitors 
(MedChemExpress, HY-K0010) and placed on ice for 20  
min. Then add protein loading buffer (Beyotime 
Biotechnology, P0015) and denature in 95°C water for 5  
min. Approximately 20 μg proteins in each sample were 
loaded and separated by electrophoresis (Bio-Rad, USA). 
After electronic transfer (Bio-Rad, USA), PVDF membranes 
(Thermo Fisher Scientific, 88518) were blocked in 5% nonfat 
dry milk for 1 h and then incubated with primary antibodies 
overnight at 4°C. Membranes were washed 3 times with TBST 
(Beyotime Biotechnology, ST677) and incubated with second-
ary antibodies for 1 h at room temperature. Finally, protein 
bands were visualized using ECL (Beyotime Biotechnology, 
P0018) and Immunoblotting detection systems (GE 
Healthcare, USA). Primary and secondary antibodies were 
obtained from following commercial sources: rabbit mono-
clonal anti-PIK3C3 (Cell Signaling Technology, 4263), rabbit 
monoclonal anti-MAP1LC3B (Cell Signaling Technology, 
3868), mouse monoclonal anti-ACTB/actin (Proteintech 
Group, 66009–1-Ig), rabbit polyclonal anti-OCLN 
(Proteintech Group, 13409–1-AP), rabbit polyclonal anti- 
CDH2 (Proteintech Group, 22018–1-AP), mouse monoclonal 
anti-GAPDH (Proteintech Group, 60004–1-Ig), mouse mono-
clonal anti-His (Proteintech Group, 66005–1-Ig), mouse 
monoclonal anti-SQSTM1 (Santa Cruz Biotechnology, sc 
-28,359), mouse monoclonal anti-UB (Santa Cruz 
Biotechnology, sc-8017), mouse monoclonal anti-HA (Santa 
Cruz Biotechnology, sc-7392), rabbit polyclonal anti-p-Ser/ 
Thr (ZEN BIOSCIENCE, 530893), rabbit polyclonal anti-Ace- 

lys (ZEN BIOSCIENCE, 502391), rabbit monoclonal anti- 
CTNNA1 (Cell Signaling Technology, 36611), rabbit mono-
clonal anti-GJA1 (Cell Signaling Technology, 83649), rabbit 
monoclonal anti-HDAC6 (Cell Signaling Technology, 7558), 
rabbit monoclonal anti-WT1 (Abcam, ab89901), mouse 
monoclonal anti-TJP1 (Thermo Fisher Scientific, 33–9100), 
mouse monoclonal anti-SCIN (Santa Cruz Biotechnology, sc 
-376,136), rat monoclonal anti-LAMP1 (Developmental 
Studies Hybridoma Bank, 1D4B), mouse monoclonal anti- 
FLAG (ZEN-BIOSCIENCE, 250111), rabbit polyclonal anti- 
MYC (Proteintech Group, 16286–1-AP), rabbit polyclonal 
anti-CYP11A1 (Bioss, bs-3608 R), control polyclonal anti- 
rabbit IgG (Beyotime Biotechnology, A7016), control polyclo-
nal anti-mouse IgG (Beyotime Biotechnology, A7028), goat 
anti-mouse IgG H&L (YIFEIXUE Biotechnology, YFSA01), 
goat anti-rabbit IgG H&L (YIFEIXUE Biotechnology, 
YFSA02), goat anti-rat IgG H&L (YIFEIXUE Biotechnology, 
YFSA04).

Immunofluorescence and TUNEL assay

Testes were isolated from control and cKO mice and fixed with 
4% paraformaldehyde (PFA) at 4°C for 12 h. Then the testis 
was cut in half with a razor blade and fixed with 4% PFA at 4°C 
for another 12 h. Testes were dehydrated in a gradient of 10%, 
20%, and 30% sucrose, embedded in OCT (SAKURA,4583), 
and then frozen sectioned. After cryosectioning at 6 μm, the 
samples were washed 3 times with pre-cooled PBS. The samples 
were then penetrated with 0.1% Triton X-100 (Sigma-Aldrich, 
T8787) for 10 min and blocked in 3% BSA/PBS for 1 h at room 
temperature. Primary antibodies were diluted in blocking solu-
tion and applied to samples overnight at 4°C. After washing 3 
times with PBS, as needed for staining, the secondary antibody, 
phalloidin or PNA were diluted in blocking solution and 
applied to the samples for 1 h at room temperature. Nuclei 
were counterstained with Hoechst 33,342 (Life Technologies, 
H3570) at room temperature for 15 min and immunofluores-
cence signals were observed using a confocal laser scanning 
microscope (LSM 710; Zeiss, Germany). For cellular immuno-
fluorescence, Sertoli cells were plated on cover glass slips, and 
after 24 h, cells were washed 3 times with PBS, fixed with 4% 
PFA for 40 min at room temperature, and stained as described 
above. Primary and secondary antibodies were obtained from 
following commercial sources: mouse monoclonal anti-DDX4 
(Abcam, ab27591), rat monoclonal anti-GCNA (Abcam, 
ab82527), mouse monoclonal anti-ZBTB16 (Abcam, 
ab104854), rabbit monoclonal anti-KIT (Abcam, ab32363), 
rabbit monoclonal anti-H2AX (Abcam, ab81299), mouse 
monoclonal anti-VIM/vimentin (Abcam, ab8978), mouse 
monoclonal anti-TUBB3 (Cell Signaling Technology, 4466S), 
rabbit polyclonal anti-cleaved CASP3 (Cell Signaling 
Technology, 9661), Alexa Fluor 488 donkey anti-mouse IgG 
(Thermo Fisher Scientific, A21202), Alexa Fluor 594 donkey 
anti-mouse IgG (Thermo Fisher Scientific, A21203), Alexa 
Fluor 488 donkey anti-rat IgG (Thermo Fisher Scientific, 
A21208), Alexa Fluor 594 donkey anti-rabbit IgG (Thermo 
Fisher Scientific, A21207), Alexa Fluor 488 donkey anti-rabbit 
IgG (Thermo Fisher Scientific, A32790), Alexa Fluor 647 goat 
anti- rabbit IgG (Thermo Fisher Scientific, A31573). The other
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primary antibodies used for immunofluorescence are of the 
same sources as those used for immunoblotting. The TRITC- 
phalloidin (Sigma-Aldrich, P1951) and FITC-PNA (Sigma- 
Aldrich, L7381) were purchased from Sigma-Aldrich. For 
TUNEL staining, testis samples were labeled with TUNEL 
Apoptosis Detection Kit (Yeasen Biotechnology, 40307ES60) 
and TUNEL-positive cells were counted in each seminiferous 
tubule.

Immunoprecipitation

According to the requirement of sample protein concentra-
tion in different experiments, 1 × 106 plasmid-transfected 
HEK293 cells and 1 × 107 untreated primary Sertoli cells or 
HEK293 cells were lysed with RIPA lysate (Beyotime 
Biotechnology, P0013D) containing 1% NP-40, 0.25% deox-
ycholate and protease inhibitors without triton X-100 and 
SDS, respectively, and placed on ice for 20 min [87]. The 
supernatant was retained by centrifugation at 15,000 × g for 
20 min at 4°C. A total 3 µg antibody was added to each 
protein sample and incubated overnight at 4°C in a rotating 
wheel. Then add 30 µl of protein A/G beads (Abmart, 
A10001) to each sample and incubate at 4°C for 3 h. After 
centrifugation at 2000 × g for 20 s, the supernatant was 
removed and washed twice with PBS. The beads were then 
added to protein loading buffer and denatured at 95°C for 5  
min. After a brief centrifugation, the collected supernatant 
was used for immunoblotting with specific antibodies.

In vitro protein kinase assays

The HDAC6-MYC was expressed as GST-fusion proteins 
in E. coli and purified using a GST-fusion protein purifi-
cation kit (Beyotime Biotechnology, P2262) following the 
manufacturer’s protocol. The PIK3C3-HA protein was 
purified from HEK293 cells 48 h after transfection by 
immunoprecipitation with anti-HA antibody beads. In 
vitro protein kinase assay was carried out with varying 
concentration of PIK3C3-HA protein (0, 1 µg or 2 µg) 
along with or without GST-HDAC6-MYC protein (10 µg) 
as substrate, ATP (200 μM), and kinase buffer (25 mM 
Tris-HCl, 5 mM β-Glycerol phosphate disodium salt pen-
tahydrate, 2 mM Dithiothreitol, 0.1 mM Na3VO4, 10 mM 
MnCl2; pH 7.5) containing protease inhibitors in a total 
volume of 60 µL. The reaction was carried out at 30°C for 
40 min and then stopped by adding 15 µl of 5 X SDS 
sample buffer. The reaction products were used for immu-
noblotting with anti-p-Ser/Thr antibody.

In vitro fertilization (IVF)

The cauda epididymis of control and cKO mice were isolated 
and sperm released in HTF medium (Sigma-Aldrich, MR- 
070) containing 10% FBS (SORFA, SX1111) for 1 h at 37°C 
with 5% CO2 to capacitate sperm. Three-week-old female 
C57BL/6 mice were injected with hCG (Ningbo second hor-
mone factory, 200929) 48 h after PMSG (Ningbo second hor-
mone factory, 11C25) injection, and cumulus-oocyte 
complexes (COC) were collected from the ampulla of the 

fallopian tube into M2 medium (Sigma-Aldrich, M7167) 14– 
16 h after hCG injection. In vitro fertilization was performed 
by incubating COC and capacitated sperm in HTF medium 
containing 10% FBS at 37°C with 5% CO2. After 6 h of 
incubation, fertilized oocytes were transferred to KSOM med-
ium (Sigma-Aldrich, MR-101) containing 10% FBS and incu-
bated at 37°C with 5% CO2. Fertilized oocytes were cultured 
in KSOM for 24 h followed by observing 2-cells and counting 
the 2-cell:MII ratio.

Fertility test

Four control and cKO mice at 6 W, 7 W, 8 W, 9 W and 24 
W of age were mated one-to-one with 6-week-old wild-type 
C57BL/6 female mice. Neonatal mice were counted within 2  
days of birth. One reproductive cycle was observed for each 
pair of mice.

Spermatozoa analysis

Spermatozoa were collected from the cauda epididymis, 
extruded and suspended in HTF medium containing 10% 
FBS. Spermatozoa samples (10 μl) were subjected to compu-
ter-assisted semen analysis (Hamilton-Thorne Research, USA) 
after 10 min incubation at 37°C. Total spermatozoa counts 
were counted and spermatozoa motility parameters were ana-
lyzed including motile spermatozoa count, forward motile 
spermatozoa count, average path velocity (VAP), straight 
line velocity (VSL), curve-linear velocity (VCL), straightness 
(STR), Beat-cross frequency (BCF). The remaining sperm 
samples were fixed with 4% PFA for 40 min and plated on 
glass slides, followed by immunofluorescence according to 
standard methods to assess spermatozoa morphology and to 
calculate the percentage of abnormal spermatozoa counts.

H&E staining

Mouse testes and cauda epididymis were isolated and fixed in 
10% Hartman’s fixative (Sigma-Aldrich, H0290) for 24 h at 
room temperature. After paraffin embedding, tissue sections 
were cut to 6 μm. Sections were deparaffinized with two 
additional xylene treatments (10 min each) and rehydrated 
using graded ethanol; sections were treated twice with abso-
lute ethanol (10 min each) and then with 95% ethanol for 10  
min, followed by treatment with 70% ethanol for 10 min. 
After two washes in water, the slides were stained in hema-
toxylin solution for 5 min. After washing in running water for 
10 min, it was treated in 0.1% hydrochloric acid for 5 s. Slides 
were washed in running water until sections turned blue. The 
slides were then stained with eosin for 20 s. Treated with 70% 
and 90% ethanol for 15 s, respectively, followed by two treat-
ments with absolute ethanol (1 min each). Treated twice with 
xylene (15 min each). Cover with neutral balsam and place in 
65°C oven overnight. Finally, the slides were then mounted in 
mounting media and examined with a Nikon-112 microscope 
(Nikon, Japan).
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Transmission electron microscopy (TEM)

The mouse testes were isolated and fixed in 2.5% glutaralde-
hyde for 2 h at 4°C, then the testis was cut into small pieces of 
1 mm3 and then fixed in 2.5% glutaraldehyde for 24 h at 4°C. 
The samples were then processed according to standard TEM 
procedures and embedded in epoxypropane resin. Ultrathin 
sections were cut on an ultramicrotome and stained with 
uranyl acetate and lead citrate. Finally, samples were observed 
by transmission electron microscopy (Tecnai G2 Spirit 
BioTwin, FEI, USA).

Fluorescein isothiocyanate (FITC) tracer assay

Male mice at 8W were anesthetized by intraperitoneal injec-
tion of 0.02 ml/mg chloral hydrate (Sigma-Aldrich, C8383), 
followed by injection of 200 μl of 5 mg/ml fluorescein iso-
thiocyanate (Sigma-Aldrich, F7250) via the tail vein of the 
mice. Mice were euthanized 1 h later, and testes isolated and 
snap frozen in liquid nitrogen. Testes were then OCT- 
embedded and cryosectioned. Sections were stored at 
−80°C or observed for immunofluorescence signal using 
a confocal laser scanning microscope (LSM 710; Zeiss, 
Germany).

TMT-labeling quantitative proteomics and 
phosphoproteomics

About 100 mg of testicular tissue from 8-week-old control and 
cKO mice were collected for proteomics and phosphoproteo-
mics analysis by PTM BIO (Hangzhou, China). Briefly, testes 
were snap-frozen in liquid nitrogen and ground to a powder, 
which was subsequently sonicated in lysis buffer (8 M urea, 
1% protease inhibitor, 1% phosphatase inhibitor) and trypsi-
nized into peptides. Then the peptides from individual sam-
ples were isobaric-mass tagged by TMT6–127, TMT6–128, 
TMT6–129 and TMT6–130, respectively, according to the 
manufacturer’s protocol for TMT10plex Isobaric Mass Tag 
Labeling Kit (Thermo Fisher Scientific, 90113CH). Next, pep-
tides were fractionated by high pH reverse-phase HPLC using 
a Betasil C18 column (Thermo Fisher Scientific, 70105– 
052130), then peptide fractions were subjected to 
a nanospray ionization source followed by tandem mass spec-
trometry (MS/MS) in Q Exactive Plus mass spectrometer 
(Thermo Fisher Scientific, IQLAAEGAAPFALGMBDK) 
coupled online to the UPLC for identification of peptides 
(for proteomics) or phosphorylation sites (for phosphopro-
teomics). The resulting MS/MS data were processed using the 
Maxquant search engine (v.1.6.15.0).

Mass spectrometry analysis

1×107 HEK293 cells were divided into four groups, each 
group of cells was transfected with a plasmid containing the 
SCIN-EGFP-FLAG coding sequence and the activity of 
HDAC6 in each group of cells was inhibited with 10 μM 
tubastatin A. Cells were continued to be cultured for 48 h 
and then protein samples were collected for SDS-PAGE to 
separate the proteins. After developing the protein in the gel 

with Coomassie Brilliant Blue staining, the gel containing 
SCIN-EGFP-FLAG was separated with a razor blade. The gel 
was then analyzed by Bioprofile (Shanghai, China) with the 
Easy-nLC1200 chromatographic system (Thermo Fisher, 
LC140) and Q-exactive Plus mass spectrometer. Acetylation 
modification site identification of SCIN was performed using 
MaxQuant search engine (v. 1.6.1.0).

Cycloheximide chase (CHX) assay

Primary Sertoli cells and HEK293 cells were plated one day 
before the experiment, and cycloheximide (Sigma-Aldrich, 
M8699) was added to the culture at 100 μg/ml or 20 μg/ml 
to block new protein synthesis in primary cells or HEK293 
cells, respectively. Protein levels were determined by 
immunoblotting.

G-actin:F-actin quantification

G-actin and F-actin were first isolated, with minor modifica-
tions as previously described [88]. Sertoli cells were lysed on 
ice for 20 min with RIPA lysate containing protease inhibitors, 
followed by centrifugation at 17,000 × g for 30 min at 4°C. 
Soluble actin (G-actin) was collected in the supernatant. The 
insoluble actin (F-actin) in the pellet was lysed with equal 
volumes of mixed RIPA lysate and lysate 2 (1.5 mM guanidine 
hydrochloride, 1 mM sodium acetate, 1 mM CaCl2, 1 mM 
adenosine triphosphate [Beyotime Biotechnology, D7378], 
and 20-mM Tris-HCl, pH 7.5) on ice for 1 h, and pipetted 
for one min every 20 min to dissolve F-actin into G- actin. 
The solubilized F-actin was collected in the supernatant by 
centrifugation at 17,000 × g for 30 min at 4°C. G-actin from 
the supernatant and F-actin from the pellet were then ana-
lyzed by immunoblotting using the anti-ACTB antibody. 
Finally, the band intensities of actin were determined using 
ImageJ and the G-actin: F-actin ratios were plotted as column 
graphs.

In vitro ubiquitination assay

As previously described [89], HDAC6-MYC, HDAC6S59A- 
MYC, HDAC6S59D-MYC and PIK3C3-HA were transfected 
into HEK293 cells with His-UB. HEK293 cells were treated 
with 10 mΜ MG132 for 6 h in advance. Forty-eight hours 
after transfection, protein extraction was performed with 
RIPA lysate and the whole-cell lysates were incubated in 
rotation with anti-MYC antibody or rabbit IgG isotype at 
4°C overnight. Precipitation of the antibody-bound proteins 
was performed by adding protein A/G beads and incubated at 
4°C for 3 h. After a brief centrifuge and washing with washing 
buffer (50 mM Tris pH 8.5), the precipitates were for immu-
noblotting analysis with specific antibodies.

Statistical analysis

Each experiment was repeated at least three times. Student’s 
t test or one-way ANOVA were used to compare the statistical 
differences between experimental groups. ImageJ (NIH, USA) 
was used to analyze western blot protein bands and confocal
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images. All data are presented as mean ± SEM. P < 0.05 con-
sidered to indicate a significant result.
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