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Abstract

Mammalian spermatogenesis is a highly complex multi-step biological process, and autophagy has been demonstrated to be involved in
the process of spermatogenesis. Beclin-1/BECN1, a core autophagy factor, plays a critical role in many biological processes and diseases.
However, its function in spermatogenesis remains largely unclear. In the present study, germ cell–specific Beclin 1 (Becn1) knockout mice were
generated and were conducted to determine the role of Becn1 in spermatogenesis and fertility of mice. Results indicate that Becn1 deficiency
leads to reduced sperm motility and quantity, partial failure of spermiation, actin network disruption, excessive residual cytoplasm, acrosome
malformation, and aberrant mitochondrial accumulation of sperm, ultimately resulting in reduced fertility in male mice. Furthermore, inhibition
of autophagy was observed in the testes of germ cell–specific Becn1 knockout mice, which may contribute to impaired spermiogenesis and
reduced fertility. Collectively, our results reveal that Becn1 is essential for fertility and spermiogenesis in mice.

Summary Sentence Autophagy core protein BECN1 is required for male fertility and spermiogenesis through maintaining normal autophagy
function in germ cells.
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Introduction

Mammalian spermatogenesis is a highly specialized process of
cell differentiation in which spermatogonial stem cells (SSCs)
in the testis are transformed into haploid sperm via mitosis
and meiosis [1]. During spermiogenesis, germ cells undergo
enormous structural changes, including the generation of the
acrosome, condensation of nuclear chromatin, rearrangement
of mitochondria, assembly of sperm flagella, and removal
of unnecessary cytoplasm to produce functional sperm,
which requires a balance between degradation and energy
supply to maintain cellular and metabolic homeostasis
[2, 3]. Autophagy is a conserved intracellular process,
and three primary types autophagy have been described:
macroautophagy (hereafter referred to as autophagy),
microautophagy, and chaperone-mediated autophagy [4].
Autophagy is responsible for the degradation of unnecessary
cytoplasmic or dysfunctional components through formation
of autolysosome resulting from the fusion between outer
membrane of the autophagosome with lysosomes [5].
More than 40 autophagy-related (ATG) proteins have been

characterized in autophagy [6]. The initiation is sustained
by activation of ATG1/UN51-like Ser/Thr kinases1 (ULK1)
complex, and then the nucleation stage depends on Vps34-
BECN1 complex to form phagophore. After the formation of
pre-autophagosomal structure, the phagophore will continue
to extend. This process is mediated by two ubiquitin-like
coupling systems, one of which ubiquitin-activating E1-like
enzyme, ATG7, activates ATG12 and then facilitates ATG12-
ATG5-ATG16L1 complex formation. The complex has an
E3-like ligase activity that promotes the transfer of LC3 from
ATG3 to the substrate phosphatidylethanolamine (PE) by
activating the ATG3 enzyme, forms lipid-soluble LC3-PE,
and participates in autophagosome extension. Finally, the
fusion of autophagosome and lysosome was completed [7].
In mammals, autophagy functions in cell growth, anti-aging,
cellular homeostasis, and cell differentiation [8]. Growing
evidence demonstrate that autophagy is involved in processes
associated with germ cell development, such as the key
pathophysiological processes in many diseases of the male
reproductive system [9], survival of testicular cells [10], and
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spermatogenesis [3], to ensure male reproductive function.
Recently, the molecular mechanism by which autophagy
regulates spermatogenesis has been revealed [11–13].

The class III phosphatidylinositol 3-kinase (Ptdlns3K)
complex is an autophagy-inducing complex that regulates
the autophagosome biogenesis [14]. Phosphipdylinositol-
3-phosphate (PtdIns3P) is the product of Ptdlns3K that
has been reported to be involved in the formation of
autophagosomal membranes, and to promote the recruitment
of other ATG proteins to promote autophagy [15]. The
mammalian autophagy gene Becn1, an ortholog of the Atg6
gene in yeast, is a key component of Ptdlns3K, which serves
as the platform for complex assembly and stimulates complex
activity [16, 17]. The function of BECN1 is to maintain
the localization of other autophagy proteins to phagophore
assembly site [18]. Notably, Becn1 null mice show more severe
embryonic phenotype than other autophagy gene–deficient
mice, which die in early embryonic day 7.5 or earlier [19]. In
females, conditional knockout of Becn1 in mouse granulosa
cells results in premature delivery and abortion in pregnant
mice [20]. In males, BECN1 is localized to the acrosome of
round spermatids, suggesting a key role in spermiogenesis
[13]. Furthermore, knockdown of Becn1 in TM3 mouse
Leydig cells results in decreased testosterone production
[21]. However, the regulatory mechanism of BECN1 in male
spermatogenesis remains largely unclear.

To investigate the role of BECN1 in the regulation of sper-
matogenesis, germ cell–specific Becn1 conditional knockout
mice were generated in the present study. Interestingly, we
found that Becn1-mutant male mice presented reduced fertil-
ity, decreased sperm motility and quantity, excessive residual
cytoplasm, acrosome malformation, aberrant mitochondrial
accumulation, disrupted actin network disruption, and partial
failure of spermiation. Thus, our findings reveal that Becn1
is necessary for normal spermiogenesis and fertility through
maintaining autophagy flux in mice.

Materials and methods

Animals

All the animal experimental procedures were approved by
the Institutional Animal Care and Use Committee of China
Agricultural University. Becn1flox/flox mice were generated
by ES cell targeting based on homologous recombination
(Shanghai Model Organisms, Shanghai, China). Becn1flox/Δ;
Stra8-cre mice were generated from the cross of Becn1flox/flox

mice and Stra8-cre mice (Jackson Laboratory, 008208).
Becn1flox/flox mice and Stra8-cre mice are on C57BL/6J
genetic background. Wild-type (WT) C57BL/6J mice were
purchased from SPF Biotechnology Co., Ltd. (Beijing, China).
Genomic DNA was extracted from mouse tails using
the Blood/Tissue/Cell Genome Extraction Kit (TIANGEN,
DP304-03). Primers used for the genotyping are listed in
Supplementary Table S1.

Chemicals and reagents

The following antibodies and reagents were used: rabbit
anti-BECN1 (Proteintech Group, 11306-1-AP), mouse
anti-PLZF (Santa Cruz Biotechnology, sc-28319), mouse
anti-ACRV1 (Santa Cruz Biotechnology, sc-398536), rabbit
anti-ACRV1 (Proteintech Group, 14040-1-AP), mouse anti-
ADAM3 (Santa Cruz Biotechnology, sc-365288), rabbit

anti-LC3A/B (Cell Signaling Technology, 12741), rabbit
anti-ATG5 (Cell Signaling Technology, 12994), rabbit anti-
MVH (Abcam, ab13840), rabbit anti-HADHA (Abcam,
ab203114), rabbit anti-p62 (Cell Signaling Technology,
5114), FITC-phalloidin (Yeason, 40735ES75), mouse anti-
γ H2AX-Alexa Fluor 488 (Thermo Fisher Scientific, 05-636),
Alexa Fluor 488-conjugated goat anti-rabbit IgG (Abcam,
ab150081), Alexa Fluor 555-conjugated goat anti-mouse
IgG (Abcam, ab150118), mouse anti-β-actin-horseradish
peroxidase (HRP) (Abcam, ab49900), and TUNEL cell
apoptosis detection kit (Beyotime Biotechnology, C1089).

Spermatogenic cell smear

The method used here was slightly modified as previously
described [22]. Seminiferous tubules were obtained by
removing the tunica albuginea of the mouse testis and
then were placed in 5 mL of Dulbecco modified Eagle
medium (Thermo Fisher Scientific, 11965092) containing
1 mg/mL DNase I (Sigma-Aldrich, EN0521) and 0.5 mg/mL
collagenase IV (Sigma-Aldrich, C5138) with gentle mixture.
The spermatogenic cell suspension was digested in a water
bath set at 32◦C for 30 min, and it was removed and mixed
upside down every 8 min. The supernatant was discarded after
centrifugation, and the cells were resuspended with 5 mL of
phosphate-buffered saline (PBS) and centrifuged as indicated
above. The supernatant was discarded, and the cells were
fixed with 5 mL of 4% PFA by gentle shaking for 15 min
at room temperature. The supernatant was discarded after
centrifugation, and the cells were resuspended with 5 mL of
PBS solution and centrifuged as above indicated. The washing
steps were repeated for three times. Finally, the supernatant
was discarded, and the cells were resuspended with a minimal
volume of PBS, evenly spread on microscope slides (Citotest,
188105W), and dried at room temperature.

Real-time quantitative polymerase chain reaction

RNA was extracted and reverse-transcribed as previously
described [23]. In brief, total RNA was extracted from testis
using the TRIzol reagent (Sigma-Aldrich, T9424). Comple-
mentary DNA was synthesized using the FastQuant RT kit
(TIANGEN, KR116-02). Real-time quantitative polymerase
chain reaction was performed using the SYBR SuperReal
Kit (TIANGEN, FP205-02) on a CFX96 qPCR Detection
System (Bio-Rad, California, USA). Primers used for the qPCR
analyses are listed in Supplementary Table S2.

Fertility testing

For the fertility test, 2–4-month-old Becn1flox/Δ; Stra8-cre and
Becn1flox/flox male sexually mature mice were paired with two
random adult female mice (WT C57BL/6J mice) for at least 2
months. The number of offspring from each pregnancy was
recorded.

Histological analysis

Testes and cauda epididymides were fixed with 4% parafor-
maldehyde (PFA) overnight at 4◦C, dehydrated, and embed-
ded in paraffin. Sections of 5 μm thickness were generated and
mounted on glass slides. After deparaffinization, the sections
were stained with hematoxylin and eosin (Beyotime Biotech-
nology, C0105M) or PAS (Beijing Cool Laibo Technology co.,
ltd, SL7640) according to the manufacturers’ instructions.
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Epididymal sperm counts, motility, and
morphology

Cauda epididymides were dissected from 2-month-old
Becn1flox/Δ; Stra8-cre and Becn1flox/flox male mice. One cauda
epididymis from each animal was cut into small fragments,
and sperm were allowed to swim out in 500 mL of PBS for
30 min at 37◦C under 5% CO2. The sample was diluted in a
1:10 ratio and transferred to a hemocytometer for counting.
The other cauda epididymis was used to measure sperm
motility and velocity by computer-aided sperm analysis. For
this purpose, the Zeiss Axio Scope A1 microscope (Carl
Zeiss, Oberkochen, Germany) and accompanying LINE
analysis software were employed. Non-fixed sperm were
evenly spread on slides for morphological observation or
immunostaining, dried at room temperature, fixed with 10%
formalin for 20 min, and stained with the Diff-Quik Stain kit
(Beijing Solarbio Science Technology, G1540) according to
the manufacturer’s instructions.

Immunofluorescence staining

For paraffin sections, testes and cauda epididymides were
fixed in 4% paraformaldehyde (PFA) at 4◦C overnight, dehy-
drated and embedded in paraffin. Sections of 5 μm thickness
were generated and then were mounted on glass slides and
stained with hematoxylin. For frozen sections, testes were
fixed in 4% PFA overnight at 4◦C and dehydrated with 30%
sucrose for 2 days. Testes were encased in optimal cutting
temperature compound (Sakura, 4583) and quickly frozen in
liquid nitrogen. Sections of 7 μm thickness were generated and
mounted on glass slides.

Sections were microwaved in antigen retrieval buffer
(10 mM sodium citrate, pH 6.0) for 15 min, cooled to room
temperature, blocked, and permeated in 5% normal goat
serum (Beyotime Biotechnology, C0265) for 1 h, followed
by incubation with primary antibodies overnight at 4◦C.
After washing with PBS, the sections were incubated with
secondary antibodies at 37◦C for 1 h. After staining with
4′, 6-diamidino-2-phenylindole (Vectorlabs, H-1200-10), the
sections were cover-slipped and observed with a Zeiss Scope
A1 microscope.

Immunohistochemistry

Testes and cauda epididymides were obtained and fixed in
4% PFA at 4◦C overnight, dehydrated, and embedded in
paraffin. Sections of 5 μm thickness were generated, mounted
on glass slides, and deparaffinized. Sections were microwaved
in antigen retrieval buffer as described above. Next, sec-
tions were saturated with endogenous peroxidase blockers
to quench peroxidase activity, blocked, and permeated with
5% normal goat serum for 1 h, followed by incubation with
primary antibodies overnight at 4◦C. After washing with PBS,
the sections were stained with Genzyme-conjugate goat anti-
rabbit IgG polymer (Zhong Shan-Golden Bridge Biological
Technology, PV-6001) for 1 h at 37◦C. After staining with
3, 3-diaminobenzidine (Zhong Shan-Golden Bridge Biological
Technology, PV-6001) and hematoxylin (Beyotime Biotech-
nology, C0105M), the sections were observed with the Zeiss
Scope A1 microscope.

Western blotting

For protein extraction, the testes were homogenized with
RIPA buffer (Beyotime Biotechnology, P0013B) containing a

protease inhibitor cocktail (Beyotime Biotechnology, P1005).
Lysates were centrifuged for 30 min at 4◦C, and the super-
natants were collected. Protein concentrations were measured
with the BCA assay kit (Beyotime Biotechnology, P0011). For
western blotting, the proteins were separated by SDS-PAGE
and electro-transferred to polyvinylidene fluoride membranes
(Bio-Rad, 1620177). Membranes were incubated in 5% skim
milk (Beijing Solarbio Science Technology, D8340) in 0.1%
Tween-20 (Beijing Solarbio Science Technology, T8820)/Tris-
buffered saline for 1.5 h to block nonspecific binding sites and
incubated with primary and secondary antibodies. Immunore-
active proteins were detected using an enhanced chemilu-
minescence detection kit (Bio-Rad, 1709170) and visualized
using a chemiluminescence imaging analysis system (Tanon
5200, Beijing, China) after washing membranes with 0.1%
Tween-20/Tris-buffered saline. All the bands are in the linear
range of detection.

Scanning electron microscopy

Epididymal sperm was obtained as described above, diluted,
evenly smeared on glass slides, and air-dried. Cell smears
were fixed with 2.5% glutaraldehyde for approximately 2 h.
After washing with PBS, the samples were post-fixed with
2% OsO4 for 1 h at room temperature and dehydrated in
a graded ethanol series. Cell smears were incubated with
100% propylene oxide (three changes, 10 min each), dried
in a critical point dryer (EM CPD300, Leica, Germany), and
sprayed with gold using an IB-3 ion coater (Eiko, Japan).
The morphology of sperm was observed with a scanning
electron microscope (Hitachi S-3400N, Hitachi, Tokyo,
Japan).

Transmission electron microscopy

Testes and cauda epididymides were fixed in 2.5% glutaralde-
hyde for 24 h at 4◦C. Testes were cut into 1 mm3 frag-
ments and immersed in 1% OsO4 in 0.2 mM cacodylate
buffer for 2 h at 4◦C. Fixed tissues were dehydrated in
a graded ethanol series and embedded in resin. Seminif-
erous tubules of stages IV–XII were selected on semi-thin
sections, and ultra-thin sections were prepared. Cauda epi-
didymides containing prominent lumens were selected for
ultra-thin sectioning. Ultra-thin sections were stained with
uranyl acetate and lead citrate and observed with a transmis-
sion electron microscope (Hitachi H-7500; Hitachi, Tokyo,
Japan).

Statistical analysis

All data were analyzed with GraphPad Prism software. Stu-
dent t-test was used to compare differences between two
groups. One-way analysis of variance with Tukey post hoc
test was used to compare differences among multiple groups.
Results are presented as means ± SEMs. Significance is noted
as ∗P < 0.05, ∗∗P < 0.01.

Results

BECN1 is abundant in the mouse testis and mainly
located in the cytoplasm of germ cells

BECN1 protein abundance in testes and other tissues of mice
were examined by western blotting. As shown in Figure 1A,
BECN1 protein was more abundant in testis than that in
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Figure 1. BECN1 is abundant in mouse testis. (A) Western blotting analysis of BECN1 protein abundance in different tissues of 8-week-old WT mice.
β-Actin was used as a loading control. n = 3. (B) Messenger RNA expression of Becn1 in WT mice from P0 to adult, P0 was set to 1. n = 3; ns, no
significance; ∗P < 0.05; ∗∗P < 0.01. (C, D) Immunohistochemistry (left) and immunofluorescence (right) staining of BECN1 in 8-week-old mouse testes.
BECN1 is mainly located in the cytoplasm of spermatogenic cells (arrow). Negative, negative controls (primary-antibody-omitted sample). Scale
bar = 10 μm. (E) Immunofluorescence staining of BECN1 in isolated male germ cells of 8-week-old mouse testes. The BECN1 protein was present in
the cytoplasm of isolated spermatogonium (PLZF), spermatocyte (γ H2AX), round spermatid (ADAM3), and the acrosome and flagella of isolated
elongating spermatid (ACRV1). Negative, negative controls (primary-antibody-omitted sample). Scale bar = 10 μm. ACRV1, acrosomal vesicle protein 1;
ADAM3, a disintegrin and metalloproteinase 3; ES, elongating spermatid; γ H2AX, H2A histone family member X; PLZF, promyelocytic leukemia zinc
finger; Spg, spermatogonium; Spc, spermatocyte; RS, round spermatid; WT, wild type.
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Figure 2. The generation of the cKO mice. (A) Schematic strategy for generation of Becn1 conditional knockout mice by deletion of exon 3 on mouse
chromosome 11. The black triangles indicate the positions of the LoxP sites. (B) The genotyping of mice by PCR. Flox, 518 bp; wild-type, 370 bp; floxed
after deletion, 916 bp; Stra8-internal control: 324 bp, Stra8-Cre: 236 bp. Becn1flox/flox was used as a loading control. (C) Representative brands of BECN1
protein abundance in control and cKO mice. β-Actin was used as a loading control. (D) Quantification of the relative BECN1 protein expression. n = 3,
∗∗P < 0.01. (E) Becn1 mRNA expression was dramatically reduced in the testes of cKO mice. n = 4, ∗∗P < 0.01. (F) Immunofluorescence staining results
showed that BECN1 protein abundance was dramatically absent in testicular germ cells of 8-week-old cKO mice and was only presented in the
cytoplasm of Sertoli cells. Boxed regions are magnified to the right. Scale bar = 20 μm (right or left).

lungs, liver, spleen, stomach, and ovaries (Figure 1A). Further-
more, spatiotemporal expression of Becn1 was performed by
quantitative polymerase chain reaction (qPCR), and Becn1
mRNA expression was first detected on postnatal day 0
(P0) and markedly evaluated on P20 (Figure 1B), correspond-
ing to the first appearance of round spermatids in sem-
iniferous tubules. The elevated expression of Becn1 from
P20 to adulthood may indicate an important role of Becn1
in spermiogenesis. Interestingly, immunohistochemistry and
immunofluorescence staining of testicular sections showed
that BECN1 was mainly located in the cytoplasm of germ cells
(Figure 1C and D). To better define the cellular localization
of BECN1, we performed co-immunofluorescence staining
using isolated germ cells and found that BECN1 was localized
predominantly in the cytoplasm of spermatogonia, spermato-
cytes, and round spermatids. After the removal of cytoplasm
in elongating spermatids, BECN1 was mainly expressed in the
acrosome and flagella midpiece of sperm (Figure 1E).

Generation of male germ cell–specific Becn1
knockout mice
To investigate the role of BECN1 in the testis, we generated
male germ cell–specific Becn1 knockout mice that were
designated as Becn1flox/Δ; Stra8-Cre mice (hereafter referred
to as cKO mice). cKO mice were generated from the cross of
Becn1flox/flox mice with Stra8-Cre mice. Becn1flox/flox mice
were obtained by inserting two LoxP sites into exon 3 of the
Becn1 gene (hereafter referred to as control mice), and the
genotype of mice was identified by polymerase chain reaction
(Figure 2A and B). The knockout efficiency of Becn1 in the
testis of cKO mice was performed by detecting the mRNA
expression and protein abundance. Results showed that
BECN1 protein abundance in cKO mice were significantly
lower than that in control mice (Figure 2C and D), and
Becn1 mRNA levels in cKO mice were almost unde-
tectable (Figure 2E). Immunofluorescence staining revealed
that BECN1 expression was almost undetectable in the
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Table 1. Fertility test of male mice

Mattings No. of males tested No. of fertile males Average litters/male Total pups/male

♂Control × ♀WT 7 7 3.57 ± 0.20a 22.57 ± 2.20a

♂cKO × ♀WT 7 7 1.14 ± 0.14b 5.29 ± 0.68b

Each male (2–4 months old) was engaged with two adult WT females. Average litters/male and total pups/male at birth were compared using Student t-test.
Data are shown as mean ± SEM. a,bMeans in a column without a common superscript letter differ (P < 0.05).

cytoplasm of germ cells but detectable in the cytoplasm of
Sertoli cells (Figure 2F). The expression of BECN1 in the
cytoplasm of Sertoli cells may contribute to the low BECN1
protein abundance and Becn1 mRNA expression in testes
(Figure 2C–E). These results indicated that the generation of
the model of male germ cell–specific Becn1 knockout mice
was successful.

Loss of Becn1 in male germ cells leads to
spermatozoa with low quantity and quality and
reduced fertility

Most cKO mice survived and there were no differences
in the testicular morphology and size between cKO mice
and controls (Supplementary Figure S1A and B). However,
the fertility of cKO mice was decreased after mating male
mice with female WT mice for more than 2 months
when compared with controls (Table 1). The sperm density
in the epididymis was measured by quantitative anal-
ysis, and sperm motility was measured by computer-
assisted semen analysis. Correspondingly, sperm density
(4.17 ± 0.28 × 106 vs. 9.88 ± 0.89 × 106), sperm motility
(26.84 ± 2.84% vs. 86.91 ± 0.84%), progressive sperm rate
(3.13 ± 0.31% vs. 29.58 ± 1.47%), sperm curvilinear velocity
(64.37 ± 2.51 μm/s vs. 15.68 ± 1.14 μm/s), sperm straight
line velocity (20.81 ± 0.60 μm/s vs. 3.98 ± 0.31 μm/s),
and sperm average path velocity (29.52 ± 0.84 μm/s vs.
6.26 ± 0.43 μm/s) were all significantly impaired in cKO mice
when compared with controls (Figure 3A–F).

Sperm morphology is closely related to sperm quality, so
we stained cell smears using the Diff-Quik kit to observe
the morphology of sperm. Sperm of cKO mice show a large
number of morphological abnormalities (Supplementary Fig-
ure S1C and D). In control mice, sperm had normal sickle-
shaped heads and smooth flagella, but in cKO mice, sperm had
deformed or missing heads, folded flagella principal piece, and
flagella midpiece defects (Figure 3G). The abnormal sperm
were counted, and the rate of malformed sperm heads in
cKO mice (39.93 ± 1.69%) was about 3.4 fold compared with
control mice (11.76 ± 2.22%), the rate of folded flagella prin-
cipal piece in cKO mice (18.55 ± 3.51%) was about 3.1-fold
compared with control mice (5.94 ± 0.67%), and the rate of
defective flagella midpiece in cKO mice (55.84 ± 2.69%) was
about 13.2-fold compared with control mice (4.23 ± 0.27%)
(Figure 3H).

By scanning electron microscopy, we observed the ultra-
structural abnormalities in the sperm of cKO mice. Compared
with control mice, whose sperm heads and acrosomes were
normal, the sperm heads in cKO mice were bent and bro-
ken (Figure 3Ii–iii). Compared with control mice, the flag-
ella midpiece of sperm in cKO mice were incomplete and
irregular, with most flagella midpiece swollen, exposing the
intermediate axoneme structure (Figure 3Iiv–vi). Compared
with control mice, the flagella principal piece of sperm in cKO
mice were folded and coiled (Figure 3Ivii–ix). By transmission

electron microscopy, the residual cytoplasm of cKO mice
sperm was detected, which contained a nucleus forming the
sperm head and mitochondria aggregated in the sperm tail
(Figure 2J). Collectively, these results suggested that Becn1
knockout in germ cell impaired the fertility of mice through
reductions of sperm quality and quantity.

Deletion of Becn1 in male germ cells leads to
defective spermatogenesis and disrupted apical
ectoplasmic specialization

Whether the reduction of sperm quantity is related to the
apoptosis of spermatogenic cells in cKO mice was consid-
ered, so we assessed the apoptosis of spermatogenic cell by
TUNEL assay on testis sections and found no change in the
number of TUNEL-positive signals in cKO mice compared
with control mice (Supplementary Figure S2A and B). How-
ever, periodic acid–Schiff (PAS) staining was performed to
reveal severe disruptions of seminiferous epithelial cycles in
cKO mice (Figure 4A). Compared with control mice, step-
16 elongating spermatids were unsuccessfully released into
the seminiferous tubule lumen in stages IX–XII in cKO mice
(Figure 4A). Partial failure of spermiation may be the cause of
the decrease in sperm quantity. Furthermore, other abnormali-
ties included the detection of round head sperm and immature
sperm in the cauda epididymis (Supplementary Figure S3A
and B).

We considered aberrant sperm morphology and the
unsuccessful release of sperm during spermatogenesis in
terms of the apical ectoplasmic specialization (ES), an
anchoring device rich in F-actin that influences sperm motility,
contributes to sperm head shaping, and facilitates sperm
release [24, 25]. To determine the integrity of the apical
ES, immunofluorescence staining and transmission electron
microscopy were conducted to detect F-actin, an important
component of the apical ES in Sertoli cells. In control mice,
F-actin surrounded the tip of the sperm head, but in cKO
mice, the apical ES showed morphological defects with dis-
ordered F-actin distribution and disorganized F-actin bundles
(Figure 4B–D). Taken collectively, these results suggested that
loss of Becn1 may disrupt the cytoskeletal structure involving
spermatogenesis.

Deletion of Becn1 in male germ cells leads to
acrosomal abnormalities

Due to sperm head defects observed on our previous find-
ings and the fact that the role of autophagy in acrosome
biogenesis has been reported [11–13], we explored the acro-
some of sperm. Immunofluorescence staining of acrosomal
vesicle protein 1 (ACRV1) was used to examine the mor-
phology of acrosome and suggested that the sperm acro-
some in cKO mice was anomalous or absent when compared
with controls (Figure 5A and B). Next, transmission electron
microscopy was used to detect the ultrastructure of sperm

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/110/3/599/7425443 by guest on 08 July 2024

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad160#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad160#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad160#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad160#supplementary-data


606 BECN1 is essential for spermiogenesis, 2024, Vol. 110, No. 3

Figure 3. The defects of the cKO mice. (A) Sperm density of control and cKO mice, 9.88 ± 0.89 × 106 vs. 4.17 ± 0.28 × 106. n = 7, ∗∗P < 0.01. (B) Percentage
of motile sperm of control and cKO mice, 86.91 ± 0.84% vs. 26.84 ± 2.84%. n = 7, ∗∗P < 0.01. (C) Percentage of progressive sperm of control and
cKO mice, 29.58 ± 1.47% vs. 3.13 ± 0.31%. n = 7, ∗∗P < 0.01. (D) Curvilinear velocity of control and cKO mice, 64.37 ± 2.51 μm/s vs. 15.68 ± 1.14 μm/s.
n = 7, ∗∗P < 0.01. (E) Straight line velocity of control and cKO mice, 20.81 ± 0.60 μm/s vs. 3.98 ± 0.31 μm/s. n = 7, ∗∗P < 0.01. (F) Average path
velocity of control and cKO mice, 29.52 ± 0.84 μm/s vs. 6.26 ± 0.43 μm/s. n = 7, ∗∗P < 0.01. (G) Representative images of single normal sperm,
abnormal head sperm, folded flagella principal piece sperm, and defective flagella midpiece sperm smears from control and cKO mice. (H) The statistical
analysis of different types of abnormal sperm in the control and cKO mice. n = 4 (at least 300 sperm were randomly counted in each sample), ∗P < 0.05;
∗∗P < 0.01. (I) Scanning electron microscope for the ultrastructure of sperm. Arrows represent abnormalities. (J) Transmission electron microscope
of sperm in lumen area of cauda epididymis of control and cKO mice. Scale bar = 1 μm. Nu, nucleus; Ac, acrosome; T, tail; Pm, plasma membrane.
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Figure 4. Defective spermatogenesis and apical ectoplasmic specialization in cKO mice. (A) PAS staining showing testis histology of the seminiferous
tubules from control and cKO mice. S9/S10/S11/S12/S16, step 9/10/11/12/16 spermatid; step 16, spermatid indicates sperm that has not been released
successfully at stage IX/X/XI/XII; M, meiotic divisions; Scale bar = 50 μm. (B) Immunofluorescence staining of phalloidin (F-actin) of spermatids in control
and cKO mice. Scale bar = 5 μm. (C) The statistical analysis of F-actin disordered spermatozoa in control and cKO mice, 7.83 ± 2.25% vs. 28.85 ± 0.72%.
n = 3 (at least 100 sperm were randomly counted in each sample), ∗∗P < 0.01. (D) Ultrastructural analysis of the apical ES in testis seminiferous tubules
of control and cKO mice. Boxed regions are magnified to the right. Scale bar = 500 nm. Arrows, the apical ES was characterized by the presence of actin
bundles; Arrowhead, disordered actin bundles; asterisks: the structure of the apical ectoplasmic specialization was disrupted with large vacuoles; Nu,
nucleus; Ac, acrosome; ER, endoplasmic reticulum.
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Figure 5. Deletion of Becn1 results in malformed acrosomes. (A) Immunofluorescence staining of sperm acrosome with ACRV1. i, normal acrosome; ii,
folded head; iii, acrosome absence; iv–vi, malformed acrosome and fractured head. (B) The statistical analysis of spermatozoa with abnormal ACRV1
location in control and cKO mice, 8.58 ± 0.97% vs. 38.11 ± 1.15%. n = 3 (at least 100 sperm were randomly counted in each sample), ∗∗P < 0.01. (C)
Transmission electron microscope for the ultrastructure of acrosome in cauda epididymis of control and cKO mice. i, normal acrosome; ii, separate
acrosome; iii, irregular acrosome; iv, acrosome absence. Scale bar = 1 μm. Nu, nucleus; Ac, acrosome; asterisk, vacuole. (D) Ultrastructural examination
of acrosome biogenesis in seminiferous tubules of control and cKO mice. Boxed regions are magnified to the right. Scale bar = 1 μm. Arrows represent
defects. Nu, nucleus; Ac, acrosome; Golgi, Golgi body.
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Figure 6. Deletion of Becn1 results in disrupted mitochondria and plasma membrane. (A) Immunofluorescence staining of sperm mitochondria with
HADHA. i, normal mitochondria; ii–iii, mitochondria irregular accumulation (arrow); iv, flagella midpiece fragility (arrow). Scale bar = 20 μm. HADHA,
hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit alpha. (B) The statistical analysis of spermatozoa with abnormal ACRV1
location in control and cKO mice, 4.66 ± 0.38% vs. 58.07 ± 2.62%. n = 3 (at least 100 sperm were randomly counted in each sample), ∗∗P < 0.01. (C)
Transmission electron microscope illustrated aberrant distribution of mitochondria in cauda epididymis of cKO mice. Scale bar = 2 μm. Arrow, plasma
membrane; arrowhead, mitochondria aberrant distribution. Nu: nucleus; T: tails. (D) Transmission electron microscope illustrated loose plasma
membrane in testis seminiferous tubules of cKO mice (arrow). Scale bar = 200 nm.

acrosome. Results indicated that the acrosomes were sep-
arated from the nucleus, irregular or absent in cKO mice
(Figure 5C). Furthermore, considering the four phases of acro-
some biogenesis, abnormalities were founded in the acrosome
phase and maturation phase but not in the Golgi phase and
cap phase in cKO mice by transmission electron microscopy.
In the acrosome phase and the mature phase, the acrosome
performed anomalous localization and morphology, which
mainly manifested as the acrosome deviated from the apex
of the nucleus and shaped irregularly (Figure 5D). Thus, loss
of Becn1 may mainly affect the later stages of spermiogenesis.

Deletion of Becn1 in male germ cells disrupted
mitochondrial sheath in sperm

Mitochondria, located in the midpiece of the flagella, are
one of the few organelles that remain during spermiogenesis
and mediate sperm motility. Mitochondria were stained
with hydroxyacyl-CoA dehydrogenase trifunctional mul-
tienzyme complex subunit alpha (HADHA), and aberrant
distribution of mitochondria in the flagella midpiece was
observed in cKO mice (Figure 6A and B). In consistency with
mitochondria staining, malformed mitochondrial sheath in

the flagella midpiece was observed by transmission electron
microscopy (Figure 6C). Correspondingly, mitochondria of
control mice were neatly arranged around the axoneme
(Figure 6Ci), but mitochondria of cKO mice were arranged
abnormally, with overlapping and stacking or missing
structures (Figure 6Cii–iv). The failure of residual cytoplasm
shedding in the flagella of cKO mice may be associated
with the abnormal flagellum development (Figure 6Civ).
Additionally, loose plasma membranes were observed at the
flagella endpiece of sperm in cKO mice (Figure 6D). These
results indicated that loss of Becn1 affected the biogenesis of
sperm flagella.

Deletion of Becn1 leads to a disrupted autophagy
flux in the testis

The role of BECN1, a core factor of autophagy, in sperm
abnormalities induced by autophagy was examined. Com-
pared with control mice testes, the autophagic receptor and
substrate SQSTM1/p62 was accumulated, and autophagy
core protein ATG5 was reduced in cKO mice testes. In
addition, LC3-I but not the membrane-associated form
LC3-II was accumulated in cKO mice testes (Figure 7A–D).
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Figure 7. Deletion of Becn1 results in disrupted autophagic flux. (A) Representative western blotting of p62, ATG5, and LC3-I/II in control and cKO mice.
β-Actin was used as a loading control. n = 3. (B–D) Statistical analysis of protein abundances of p62, ATG5 and LC3-I/II in control and cKO mice. n = 3,
∗P < 0.05, ∗∗P < 0.01. (E) Transmission electron microscope of lumen area of seminiferous tubules of control and cKO mice. Boxed regions are
magnified to the right. Scale bar = 1 μm. Nu, nucleus; AL, autolysosome; L, lysosome.

Interestingly, the number of lysosomes increased and the
number of autolysosomes decreased in cKO mice testes
(Figure 7E), suggesting that autophagy flux may be disrupted
in cKO mice.

Discussion

Autophagy is an evolutionarily conserved self-digestion pro-
cess that is required for the maintenance of cellular homeosta-
sis [26]. Growing studies demonstrated that autophagy plays a

key role in spermatogenesis [11, 13, 27], hormonal regulation
[21, 28, 29], and genital system diseases [9]. BECN1 is a
key regulator of autophagy, and it has been reported to
maintain spermatocyte quantity and to affect spermatogenesis
and testicular function in mice under external stress [30,
31]. However, the role of BECN1 in male spermatogenesis is
largely unknown. In the present study, male germ cell–specific
Becn1 knockout mice were generated to explore the role of
BECN1 in male spermatogenesis.

BECN1 is highly expressed in the testes, indicating its
potential role in spermatogenesis. Becn1 mRNA expression
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significantly increased in testis on postnatal day 20 (P20),
which corresponds to the first appearance of round sper-
matids (i.e., during the first round of spermatogenesis) in
mice [32] and remained elevated on P30, P35, and adult.
Furthermore, immunofluorescence experiments revealed that
BECN1 was mainly localized in the cytoplasm of spermato-
genic cells, acrosome, and flagella midpiece after cytoplasmic
detachment, suggesting that BECN1 is closely associated with
spermiogenesis, a process that involves extensive morpholog-
ical changes such as the degradation of cytoplasmic compo-
nents, rearrangement of mitochondria, and development of
flagella and acrosomes [33]. To investigate the role of Becn1 in
male reproduction, we used the Cre/LoxP system to knockout
the Becn1 because of death occurred in early embryonic day
(E) 7.5 or earlier of Becn1 null mice development [19]. The
Cre activity of Stra8-Cre transgenic mice was first detected in
prospermia of P3 testes, and Cre expression continued until
the preleptotene spermatocyte stage [34], which is a good sys-
tem for germ cell–specific knockout of specific genes in mice.
Furthermore, recombination efficiency of the Cre/LoxP sys-
tem in specific cell lines, the selection of appropriate germline-
specific Cre transgenic mouse lines as well as a reasonable
mating scheme must be taken into consideration to obtain the
cKO mice of high excision efficiency [35, 36]. These findings
form the cornerstone of this study.

As we have seen, there was no significant difference in the
size of the testes between cKO mice and control mice, the
markedly reduced quantity and quality of sperm contribute
to the reduced fertility. Moreover, although BECN1 is closely
associated with apoptosis [37], sperm apoptosis is not the
cause of sperm count decline in the testes of cKO mice;
however, some sperm failed to release into the seminiferous
tubule lumen, resulting in partial failure of spermatogenesis,
which may contribute to the reduced sperm count in the cauda
epididymis. Morphological observation of sperm revealed the
presence of abnormalities in sperm heads, excessive residual
cytoplasm, disorganized mitochondria, and decreased sperm
motility of cKO mice, which is in agreement with deficiencies
of other Atg conditional knockout mice [11, 13, 38].

To investigate the role of Becn1 in spermiation, we exam-
ined the apical ES located at the Sertoli cell–elongated sper-
matid interface that regulates spermiation, sperm motility, and
sperm head shaping [24, 25, 39]. The Sertoli ES is composed of
three layers, a parallel actin bundles located between plasma
membranes and cisternae of endoplasmic reticulum (ER) in
the Sertoli cell [40]. Although the apical ES is a Sertoli cell–
specific structure, the F-actin bundles surround the apex of
the elongated spermatid nucleus and elongated spermatids
express apical ES proteins similar to the ones expressed by
Sertoli cells [40, 41], apical ES may not a complete Sertoli
cell structure. F-actin surrounding the elongated spermatid
nucleus, an essential component of the apical ES, is used
to detect apical ES [42]. Previous studies reported that F-
actin was disordered in the apex region of elongated sper-
matid nucleus of germ cell–specific Atg7 knockout mice [27].
Consistently, we found that F-actin disruption was present
in cKO mice, suggesting a relationship between autophagy
and cytoskeletal dynamics. These findings indicate that apical
ES function requires the joint action of Sertoli cells and
spermatids.

Cytoskeletal components play an important role in the
removal of residual cytoplasm. Effective cytoplasmic removal
mainly mediated by Sertoli cells through engulfment, which

is critical for sperm motility [43, 44]. The apical tubulobulbar
complexes (TBCs) in Sertoli cells is an actin-based cytoskeletal
structure [45], the role of apical TBC in facilitating removal
of excess cytoplasm that is absorbed by adjacent Sertoli
cells is considered important [46, 47]. The function of germ
cells in regulating cytoplasmic removal has also been stud-
ied. PDZ and LIM domain protein 1 (PDLIM1), a negative
regulator of cytoskeletal organization, was demonstrated to
mediate the relationship between autophagy and cytoskele-
tal organization [27]. Disruption of autophagy leads to the
accumulation of PDLIM1 in the cytoplasm, which affects
cytoskeletal dynamics. Furthermore, autophagy disruption
also leads to ineffective removal of cytoplasm during sper-
matogenesis, which indicates the key role of autophagy in
regulating cytoplasmic removal in germ cells. Correspond-
ingly, the levels of the autophagy core proteins microtubule-
associated protein 1 light chain 3 (LC3) and ATG7 are sig-
nificantly increased in round to elongated spermatids [27,
48]. During this period from round to elongated spermatids,
the numbers of lysosomes and autophagosomes increased,
suggesting that autophagy may be involved in some related
process in elongated spermatids. Similar to our observations
in germ cell–specific Becn1 knockout mice, compelling studies
reported that the presence of residual cytoplasm in sperm
from germ cell–specific Atg5 or Atg7 knockout mice was
observed [11, 27]. Taken collectively, these findings suggest an
important role of autophagy in the degradation and recycling
of cytoplasmic components for maintaining the homeostasis
of germ cells.

The sperm acrosome is a Golgi complex–derived flat gran-
ule, and it has been proposed to have originated from the
lysosome. BECN1 has been reported to be localized in the
acrosome of round spermatids [13]. In the present study,
Becn1 expression can be found in the acrosome of elongated
spermatids. Thus, we postulated that BECN1 affects acrosome
development, which is supported by our results of abnormal
acrosome biogenesis in germ cell–specific Becn1 knockout
mice. Growing studies have suggested that autophagy plays
a key role in sperm acrosome biogenesis [49–51] and loss of
autophagy-related genes disrupts autophagy flux resulting in
abnormalities of the acrosome in mice [11, 13]. For exam-
ple, germ cell–specific Atg5 knockout mice exhibit acrosome
abnormalities [11], and germ cell–specific Atg7 knockout
mice display failed fusion of multiple acrosomal vesicles at the
Golgi phase of acrosome development, which subsequently
lead to acrosome malformations [13]. In comparison with
ATG7, BECN1 tends to exert a more pronounced effect on
acrosomal localization and morphology in the later phases
of the acrosome biogenesis rather than the process of vesicle
fusion in the early phases of acrosome biogenesis, involvement
of BECN1 in a different stage of autophagy that may con-
tribute to the different role of BECN1 and ATG7 in acrosome
biogenesis.

During spermatogenesis, mitochondria are one of the few
organelles retained in sperm, which undergo reduction and
rearrangement to form mitochondrial sheaths packed tightly
in the middle segment of the flagellum [52]. Although the
mechanisms of the regulation of mitochondrial dynamics dur-
ing spermatogenesis remain unclear, the coordinated action
of multiple proteins involved in mitochondrial dynamics
was reported [53–57]. The role of cytoskeletal proteins in
mitochondrial transport and localization can cause abnormal
mitochondrial aggregation in a microtubule-dependent
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manner as was shown for kinesin light chain 3 (KLC3) [53,
54]. Additionally, mitochondrial membrane proteins and the
members of dynamin family can mediate mitochondrial fusion
and fission [55, 56]. Some proteins specific to spermatogenesis
are also involved in mitochondrial regulation, such as
spermatogenesis-associated 19 (SPATA19), which regulates
mitochondrial organization and function and affect sperm
viability, and spermatogenesis-associated 18 (SPATA18),
which plays an important role in mitochondria quality
control in cryopreserved spermatozoa [57, 58]. Interestingly,
mitochondrial structural abnormalities were identified in
germ cell–specific Becn1 knockout mice in our present study.
This finding was similar to that observation in germ cell–
specific Atg5 knockout mice [11], suggesting the key role
of autophagy in mitochondrial reassembly. However, further
studies are needed to understand the underlying mechanism of
autophagy in the regulation of mitochondrial rearrangement.

Our understanding of BECN1 should go beyond its role
in autophagy. For example, disruption of ATG6 (a homolog
of Becn1) can affect pollen germination and male fertility
through non-autophagic pathways in Arabidopsis [59].
BECN1 is involved in many different signaling pathways,
including apoptosis, endocytosis, and cytoplasmic division
[60–64]. Therefore, the mechanistic action of BECN1 in
male mouse germ cells may be regulated in multiple ways,
which requires additional in-depth studies. In the present
study, disordered spermatogenesis resulting from disrupted
autophagy was observed in germ cell–specific Becn1 knockout
mice. Furthermore, residual cytoplasm, abnormal acrosome
morphology, and abnormal mitochondrial accumulation were
documented in sperm of Becn1 knockout mice, all of which
affected sperm motility and quantity, leading to reduced
fertility.
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