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Atg7 is required for acrosome biogenesis during
spermatogenesis in mice
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The acrosome is a specialized organelle that covers the anterior part of the sperm nucleus and plays an essential
role in the process of fertilization. The molecular mechanism underlying the biogenesis of this lysosome-related or-
ganelle (LRO) is still largely unknown. Here, we show that germ cell-specific Atg7-knockout mice were infertile due
to a defect in acrosome biogenesis and displayed a phenotype similar to human globozoospermia; this reproductive
defect was successfully rescued by intracytoplasmic sperm injections. Furthermore, the depletion of Atg7 in germ
cells did not affect the early stages of development of germ cells, but at later stages of spermatogenesis, the proacroso-
mal vesicles failed to fuse into a single acrosomal vesicle during the Golgi phase, which finally resulted in irregular or
nearly round-headed spermatozoa. Autophagic flux was disrupted in Atg7-depleted germ cells, finally leading to the
failure of LC3 conjugation to Golgi apparatus-derived vesicles. In addition, Atg7 partially regulated another globozo-
ospermia-related protein, Golgi-associated PDZ- and coiled-coil motif-containing protein (GOPC), during acrosome
biogenesis. Finally, the injection of either autophagy or lysosome inhibitors into testis resulted in a similar phenotype
to that of germ cell-specific Atg7-knockout mice. Altogether, our results uncover a new role for Atg7 in the biogenesis
of the acrosome, and we provide evidence to support the autolysosome origination hypothesis for the acrosome.
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Introduction

The acrosome is a unique membranous organelle
located over the anterior part of the sperm nucleus. It
plays an important role in the dispersion of cumulus cells
and/or sperm penetration of the zona pellucida of the
oocyte during fertilization [1, 2]. Acrosome biogenesis
begins with the initial phase of spermatid development
and has been described as follows: in the Golgi phase of
spermatogenesis, numerous proacrosomic granules are
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formed from trans-Golgi stacks, and they are transported
to and accumulate in the concave region of the nuclear
surface; they then fuse with each other to form a single
large acrosomic granule that attaches to the nucleus. In
the next cap phase, the acrosome expands and begins to
cover the nucleus like a cap. During the subsequent acro-
some and maturation phases, the acrosome stops grow-
ing but changes its morphology. After a series of highly
complex morphological changes, such as spermatid
elongation and cytoplasm removal, spermiogenesis ends
with the production of mature sperm [2, 3]. Although the
morphogenetic changes during acrosome biogenesis have
been well-documented, the precise molecular mechanism
underlying this process is still largely unknown.

The acrosome is regarded as a modified lysosome
[4] or a novel lysosome-related organelle (LRO) [2, 3].
However, the lysosome in mammalian cells is smaller
than the acrosome. How the lysosomes are modified to



make an acrosome is a longstanding question in the field.
One possibility is that the lysosome first fuses with an
autophagosome to form a relatively large autolysosome,
and the acrosome actually originates from the modifi-
cation of the autolysosome. An immediate prediction of
this working hypothesis is that autophagy should be
involved in acrosome biogenesis.

Macroautophagy (hereafter referred to as autopha-
gy) is the primary intracellular catabolic mechanism
for degrading and recycling long-lived proteins and
organelles. It is characterized by the engulfment of cyto-
plasmic material by a double-membrane vesicle, known
as the autophagosome. Autophagosomes move along
cytoskeletal structures and fuse with lysosomes, form-
ing an autolysosome, in which both the autophagosome
membrane and contents are degraded by resident hydro-
lases [5-8]. The molecular machinery of autophagy is
evolutionarily conserved from yeast to mammals. Two
ubiquitin-like conjugation systems, Autophagy-related
gene 12 (Atgl2)-Atg5 and LC3-lipid/membrane, are the
core machinery for autophagosome formation. Atg7,
which is homologous to the ubiquitin-activating enzyme
E1 (Ubal), encodes the El-like enzyme that is essential
to these conjugation systems [8] and is indispensable for
both selective and nonselective autophagy induction. In
an ATP-dependent manner, Atgl2 is activated by Atg7,
transferred to the ubiquitin-conjugating-like enzyme
Atg10, then to the target protein Atg5 to form an Atgl2-
Atg5 conjugate, which finally recruited Atgl6 to form a
multimeric complex. This complex might function as an
E3 ubiquitin ligase for the second ubiquitin-like conju-
gation system, LC3-lipid/membrane conjugation. LC3 is
also activated by Atg7, transferred to another E2-like en-
zyme (Atg3), and finally conjugated to lipid/membrane.
As an integral membrane protein, LC3-lipid/membrane
is a scaffold candidate to drive membrane expansion and
vesicle completion. Finally, LC3 residing on the outer
face of the vesicle can be liberated by Atg4 and used in
another conjugation reaction, whereas LC3 on the inner
surface is eventually degraded in autolysosomes [6-8].

The primary function of autophagy is to allow lower
eukaryotic organisms such as yeast to survive nutrient
starvation conditions by recycling cellular components in
response to either extracellular or intracellular stresses.
In addition to its established roles in regulating nutrient
supply and adaptation to stress conditions, autophagy
functions in many physiological processes in mammali-
an systems, such as cell growth, antiaging mechanisms,
intracellular quality control and renovation during devel-
opment and differentiation [5].

To study the role of autophagy in spermatogenesis,
we selected Atg7 to be knocked out in mouse to inves-

www.cell-research.com | Cell Research

Hongna Wang et al.

{rg

tigate whether autophagy affects acrosome biogenesis.
As the knockout of autophagy-related genes in mouse
results in either embryonic lethality or perinatal death
[5, 9], we could not test our working hypothesis directly
through the conventional knockout of Atg7. To overcome
this obstacle, Atg7 was specifically inactivated in germ
cells to explore the functions of autophagy in acrosome
biogenesis. Interestingly, we found that Atg7-mutant
male mice showed almost complete infertility with ab-
errant acrosome formation, which was similar to human
globozoospermia, a severe fertility disorder character-
ized by abnormal round-headed spermatozoa. Further
study revealed that the defect of acrosome formation in
Atg7-knockout mice was most likely due to the failure of
Golgi-derived proacrosomal vesicle fusion and/or mem-
brane trafficking. Thus, our findings uncover a novel and
critical function of Atg7 in the process of acrosome bio-
genesis, and they support the autolysosome origination
hypothesis for acrosome formation.

Results

Germ cell-specific knockout of Atg7 causes male infertil-
ity in mice

To overcome the obstacle of embryonic lethality or
postnatal death in mice deficient in autophagy-related
genes, Atg7 was specifically inactivated in germ cells
by crossing the Arg7"""* and TNAP-Cre mouse strains
[10]. Because the expression of TNAP-Cre is specific
to primordial germ cells, this inactivation resulted in a
germ cell-specific Atg7-knockout mouse, hereafter called
TNAP-Atg7 .

We first tested the Atg7 knockout efficiency in TNAP-
Atg7" mice by western blotting. As shown in Figure 1A,
the protein level of Atg7 was dramatically reduced in
the testes of TNAP-Atg7 '~ mice compared with TNAP-
Atg7"™ and Atg7"*""" mice. The fertility of male mice
was then assessed by mating 11-13 males of each strain
with Atg7™/"** females over a 2-month period. As
shown in Figure 1B, only 8.14% of the females were
pregnant after mating with TNAP-Atg7” male mice
compared with an 87.01% rate of pregnancy after mat-
ing with Azg7"*""""* males. The partial fertility of TNAP-
Atg7" male mice presumably was due to the efficiency
of TNAP-Cre because we found some Azg7"*"" mice but
no Atg7"”" mice in the offspring of TNAP-Atg7~ male
mice (data not shown). In addition, the size (Figure 1C)
and weight of testes (Figure 1D) from TNAP-Atg7 "~ mice
were significantly reduced compared with those of Arg-
777 mice. The results of histology study showed that
although the diameters of round seminiferous tubules in
TNAP-Atg7”~ mice were comparable to those in Arg7"
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Figure 1 Severe reproductive defects in TNAP-Atg7” males. (A) The Atg7 protein level was dramatically reduced in the tes-
tes of TNAP-Atg7™" mice. (B) Fertility test: 87.01 = 1.26% of the plugged females were pregnant after crossing with Atg7™""
males, whereas only 8.14 + 0.29% of the plugged females were pregnant after crossing with TNAP-Atg7” males. (C) The
testes of TNAP-Atg7” mice were smaller than those of the Atg7™>”" mice. (D) The weight of the testes of TNAP-Atg7”" mice
was reduced compared with that of Atg7""* mice. Atg7™", 0.11 + 0.00 g; TNAP-Atg7"", 0.11 + 0.00 g; TNAP-Atg7”"
mice, 0.06 + 0.00 g. (E) The diameter of the seminiferous tubules in the TNAP-Atg7”" mice was similar to that of the Atg7™/"
mice. TNAP-Atg7™", 203.33 % 8.82 um; Atg7™*"*, 227.33 + 1.45 um. (F) The histology of the seminiferous tubules of Atg7™*’
Feand TNAP-Atg7” mice. (G) Vacuoles were observed in the seminiferous tubules of the TNAP-Atg7 ™ testis. TNAP-Atg7 ™",
36.67 + 5.70% of tubules contained vacuoles; Atg7™>""* 1.33 + 0.33% of tubules contained vacuoles.

' mice (Figure 1E), a substantial portion of the tubule

structure was disorganized with large vacuoles in TNAP-
Atg7”" compared with the normal seminiferous tubules in
the Atg7""""* male siblings (Figure 1F and 1G). Those
vacuoles in the tubule lumens usually come from dead
germ cells [11]. We next used terminal deoxynucleotidyl
transferase dUTP nick end labeling assay to investigate
whether there was apoptosis in those germ cells. A sig-
nificant number of apoptotic cells were found in TNAP-
Atg7” mouse testes compared with those in the Azg7"”
" mice (Supplementary information, Figure S1A).
These results are consistent with a previous report [11]
and suggest that those vacuoles might come from dead
germ cells. However, even in the testis of the TNAP-
Atg7” mice, no more than 0.5% of the germ cells died
by apoptosis (Supplementary information, Figure S1B).
Together with the fact that some spermatozoa were still
produced from the TNAP-Atg7 " mouse testes, our re-

sults indicate that germ cell death did not account for the
subfertility of TNAP-Atg7”~ male mice.

TNAP-Atg7”~ mice produce round-headed spermatozoa
The histological analysis showed that many detached
premature germ cells and abnormal spermatozoa were
found in the cauda epididymis of TNAP-Atg7 '~ mice but
not in the Azg7"*"""* mice (Figure 2A). The total number
of spermatozoa in the cauda epididymis was dramatically
reduced in TNAP-Atg7 mice (6.73 x 10° versus 21.37
x 10° in Atg7"*"™ mice) (Figure 2B). Morphological
evaluation revealed that many spermatozoa from 7NAP-
Atg7” mice had irregularly shaped round heads (Figure
2C and 2D), which is similar to human globozoosper-
mia, a rare but severe fertility disorder characterized by
round-headed spermatozoa with malformed acrosome or
without acrosome at all [12]. To test whether Atg7 knock-
out has any impact on acrosomes, single-sperm immuno-
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fluorescence was performed using the acrosome-specific
marker sp56. The acrosomes of spermatozoa from TNAP-
Atg7" mice showed various defects, such as mislocal-
ization, deformation and fragmentation; thus, they failed
to acquire the typical crescent moon shape (Figure 2E).
To investigate the effect of Atg7 knockout on acrosome
function, we performed the acrosome reaction analysis.
Because A23187 is a Ca’" ionophore that can induce the
release of acrosomal contents, the acrosome reaction
could be induced by adding A23187 to freshly isolated
spermatozoa. The acrosome reaction was then monitored
by Pisum sativum agglutinin (PSA) staining; only intact
acrosomes could be stained by PSA, and once they broke
after the acrosome reaction, spermatozoa could not be
stained by PSA [13]. Before induction, we found that the
rates of spontaneous acrosome reaction were compara-
ble between Atg7"*""* and the knockout mice (28.03%
versus 34.58%, Figure 2F and 2G). However, after acro-
some reaction, 63.87% of the spermatozoa in Atg7" """
mice lost their PSA-positive structures, while most of the
spermatozoa were still stained by PSA in TNAP-Atg7 "~
mice (Figure 2F and 2H), suggesting that spermatozoa of
TNAP-Atg7 "~ mice failed to release their acrosomal con-
tents.

To test whether the infertility of TNAP-Atg7”~ mice
was mainly due to an acrosome defect, we tested the
spermatozoa fertility of TNAP-Atg7 '~ mice employing
in vivo fertilization and intracytoplasmic sperm injec-
tion (ICSI). The in vivo fertilization results showed that
the spermatozoa from the TNAP-Atg7 " mice could not
fertilize eggs of Atg7"*"""”* females (Supplementary
information, Figure S2). After three ICSIs with sperma-
tozoa from TNAP-Atg7 "~ mice, we obtained 17 healthy
offspring (Supplementary information, Figure S3A). All
of these offspring were Atg7" mice, as demonstrated by
genotyping (Supplementary information, Figure S3C).
This result suggests that an acrosome defect might be
the major cause of the infertility of TNAP-Atg7 ' mice
because once overcoming the fertilization stage, sperma-
tozoa from TNAP-Atg7”~ mice were sufficient to support
the later stages’ development of a new embryo. Together,
these results suggest that Atg7 is involved in acrosome
biogenesis and may be involved in the pathogenesis of
globozoospermia.

Abnormal acrosome biogenesis in TNAP-Atg7”~ mice

To examine how Atg7 knockout affects acrosome bio-
genesis, the acrosome at different stages of spermiogen-
esis was labeled with an antibody against the acrosome
membrane protein Afaf [14]. As shown in Figure 3A,
proacrosomal vesicles derived from the Golgi apparatus
were fused into a single acrosomal vesicle attached to
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one end of the nucleus in the Golgi-phase spermatids
of Atg7"*"™* mice. However, in Atg7-deficient mice,
multiple small vesicles were localized to the perinuclear
region without fusing with each other in approximately
30% of the Golgi-phase spermatids (Figure 3B and 3C).
In the cap phase, as indicated by Afaf staining, the acro-
some grew into a single cap-like structure that covered
the nuclei in Azg7"""" spermatids (Figure 3A). How-
ever, more than 20% of the spermatids still had several
acrosomal vesicles or aggregates in the TNAP-Atg7 "
mice (Figure 3B and 3D). Hook-shaped acrosomes were
observed in the elongated spermatids of Azg7"**"" mice
(Supplementary information, Figure S4A). By contrast,
many irregular or nearly round Afaf-positive structures
(24.48%) were found in TNAP-Atg7” mice, and it was
difficult to accurately identify the stage (Supplementary
information, Figure S4B and S4C). These results sug-
gest that acrosome biogenesis was affected in the TNAP-
Atg7 " mice.

To further characterize and confirm the defects of ac-
rosome formation in TNAP-Atg7 '~ mice, transmission
electron microscopy (TEM) analysis was performed.
In the Atg7"*""* mice, all four acrosome biogenesis
phases were identified by their standard characteristics,
such as the progression of acrosome growth and the cor-
responding thickening of the nuclear envelope (Figure
3E and Supplementary information, Figure S5A). How-
ever, in Atg7-deficient spermatids, multiple acrosomal
structures were found in the Golgi phase (Figure 3F).
In addition to this defect, acrosome shrinkage was ob-
served in Atg7-deficient spermatids in the cap phase due
to the accumulated proacrosomal vesicles derived from
the Golgi apparatus in comparison with the plump acro-
somes in the spermatids of Azg7"*"""** mice (Figure 3F).
These results suggest that the malformed acrosomes in
TNAP-Atg7”~ mice most likely resulted from the failure
of proacrosomal vesicles to fuse and be transported to the
preacrosomal structure at one end of the nuclei, rather
than abnormal fragmentation. In the subsequent stages of
spermiogenesis, vacuolated or irregularly shaped acro-
somes were observed in the spermatids of TNAP-Atg7 "~
mice, and the nucleus neighboring these malformed
acrosomes showed less condensation or impairment in
nuclear elongation, which resulted in round or irregularly
shaped nuclei (Supplementary information, Figure S5B).
Together, these results indicate that Atg7 participates in
acrosome biogenesis starting in the Golgi phase.

Autophagic flux is disrupted in the testis of TNAP-Atg7 ™"
mice

Given that Atg7 is an E1-like enzyme that is essential
to autophagy induction, we first evaluated the effect of
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Figure 2 Defects of TNAP-Atg7”” spermatozoa. (A) The histology of the cauda epididymis of Atg7"*"* and TNAP-Atg7™”"
mice. (B) The total number of sperms from the cauda epididymis was significantly decreased in TNAP-Atg7” mice. Atg7™>
(white bar), 21.37 + 0.58 x 10°%; TNAP-Atg7”" (black bar), 6.73 + 1.47 x 10°. (C) Confocal images show round-headed sperm
in TNAP-Atg7”" mice. (D) In TNAP-Atg7”" mice (black bar), 26.80 + 0.09% of the sperm had abnormal globozoospermia-like
morphology, whereas only 0.42 + 0.00% of the sperm had abnormal morphology in Atg7"*"* mice (white bar). (E) Immuno-
fluorescence for the acrosome-specific marker sp56. Note that the acrosome was disrupted in TNAP-Atg7” mice. (F) Acro-
some reaction. PSA-FITC staining of spermatozoa from TNAP-Atg7” mice (lower panel) and Atg7™"" mice (upper panel)
before (left panel) and after induction (right panel). Nuclei were stained with PI. Bar indicates 50 um. (G) Spontaneous acro-
some reaction rates of spermatozoa without induction. Atg7">*"** mice (white bar), 28.03 + 2.30%; TNAP-Atg7 " (black bar),
34.58 + 6.35%. (H) Induced acrosome reaction rates of spermatozoa from the Atg7"*""* and TNAP-Atg7”" mice. Atg7™/"
mice (white bar) 63.87 + 6.71%; TNAP-Atg7™" (black bar), 38.67 + 5.23%.
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Atg7 deficiency on autophagic flux in the testis. Under
starvation conditions, autophagy induction is dependent
on mTOR and AMPK [15], and these two proteins are
upstream of Atg7. Immunoblotting analysis showed
that levels of total mTOR, phosphor-mTOR and phos-
phor-AMPKa were not changed between the TNAP-
Atg7"" and the Atg7"*""" mice, indicating that the germ
cell-specific knockout of Atg7 did not affect upstream
events of autophagy induction in the testis (Figure 4A).
However, we observed a slightly increased level of
phosphorylated p70S6 kinase (Figure 4A), suggesting
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enhanced protein synthesis in TNAP-Atg7”'~ mouse tes-

tes. Similar to Spem1-knockout mice [16], we found
that the polyubiquitinated protein level increased by
1.5-fold in Atg7-deficient testes compared with Arg7"""”
o ones (Figure 4B and 4C), indicating the inhibition
of protein degradation. Consistent with findings from
Atg7 knockout in other tissues [9, 17, 18], LC3-I but
not the membrane-associated form LC3-II was accumu-
lated in Atg7-deficient testes (Figure 4D). In addition,
the autophagic substrate SQSTM1/p62 was found to be
accumulated by western blotting (Figure 4D) and immu-
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Figure 3 Abnormal acrosomal biogenesis of TNAP-Atg7™" mice. (A) Afaf immunohistochemistry (IHC) of Atg7™™ testes.
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Golgi apparatus.
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nofluorescence (Figure 4E). Taken together, these results

indicate that autophagic flux was disrupted in Atg7-defi-
cient testes.

Atg7 is involved in proacrosomal vesicle transportation
and/or fusion into the acrosome

According to the autolysosome origin model, we
hypothesized that Atg7 also operates as an El-like en-

zyme by initiating two Ubl conjugation systems (LC3
and Atgl2) and conjugating LC3 to the lipid/membrane
during spermatogenesis, and the conjugated LC3 might
help the proacrosomal vesicle fuse and expand, which is
similar to its function in the process of autolysosome for-
mation [5, 6, 8]. To test this possibility, LC3 expression
was examined in Azg7"*"" testes during spermatogen-

esis. We found that LC3 was expressed in the round or
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elongating spermatids (Figure 5A, left), and higher mag-
nification revealed that LC3 was localized in the perinu-
clear regions of round spermatids (Figure 5A, right). To
exclude the possibility that such LC3 expression pattern
during spermatogenesis was due to inappropriate stain-
ing, the same immunofluorescence method was used
to compare the LC3 signal between the Azg7"*"" and
the Atg7”’ mouse embryonic fibroblasts (MEFs) during
starvation. After 12 h of nutrient deprivation, the Azg7"""
" MEFs displayed canonical autophagosome forma-
tion (Supplementary information, Figure S6A), while
the LC3 signal still distributed evenly in Azg7 MEFs
(Supplementary information, Figure S6A and S6B), sug-
gesting that our staining protocol was appropriate and
the antibody that we used was specific to LC3. We then
used this method to study the relationship between LC3
and acrosome biogenesis. Further evaluation showed
that LC3 was localized on proacrosomal vesicles derived
from the Golgi apparatus, as indicated by its colocaliza-
tion with a trans-Golgi network marker, TGN38 [11],
at the early stages of spermiogenesis in Azg7"*""* mice
(Figure 5B). By contrast, LC3 was no longer colocalized
with TGN38 in Atg7-deficient spermatids (Figure 5B).
Although LC3 still appeared as a punctate structure in
Atg7-deficient spermatids, we observed LC3-I accu-
mulation but not the membrane-associated form LC3-II
accumulation in these cells (Figure 4D). It is likely that
this type of LC3 punctate structure was not functional
in mediating proacrosomal granule fusion or delivering
the granules to the nucleus-associated acrosome. In this
situation, the expansion of acrosome volume is affected,
thus leading to a malformed acrosome. These results are
consistent with the autolysosome origination hypothesis
for the acrosome and suggest that autophagy is involved
in the transportation/fusion of Golgi-derived proacroso-
mal vesicles to form the nucleus-associated acrosome.

Golgi-associated PDZ- and coiled-coil motif-containing
protein (GOPC) fails to be recruited to the acrosome in
Atg7-deficient germ cells

To obtain a more comprehensive understanding of the
role of autophagy in acrosome formation and how the
germ cell-specific knockout of Atg7 leads to globozo-
ospermia, we searched the literature for knockout mice
with round-headed sperm and checked whether these
knockouts involved any gene with a known relationship
with autophagy. We found that mice with deficiency in
GOPC had phenotypes similar to that of TNAP-Atg7 "~
mice, and GOPC is proposed to be involved in vesicle
trafficking from the Golgi apparatus to the acrosome [19].
In addition, GOPC interacts with another autophagy-re-
lated protein, Beclinl (Atg6), and these two proteins can
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synergize to induce autophagy [20]. We next confirmed
that GOPC could be pulled down by Beclinl and that
this physical interaction was enhanced by starvation
(Figure 6A). The partial colocalization of GOPC and
Beclinl in HeLa cells also supported a functional cor-
relation between these two proteins (Figure 6B). We then
examined the localization of GOPC, Beclinl and sp56 (an
acrosome marker that is a component of the acrosomal
matrix) in spermatocytes by immunofluorescence [21]. In
Atg7"""" mice, Beclinl was predominately colocalized
with sp56, and GOPC partially overlapped with Beclinl
in the acrosome region of round spermatids. By contrast,
although Beclinl was still localized on the acrosome,
GOPC failed to be recruited to the acrosome region in
the spermatids of TNAP-Atg7 ~mice (Figure 6C). The
percentage of GOPC that was colocalized with sp56 de-
creased to 11.23% compared with 93.69% in the Atg7""
"% mice (Figure 6D). It is likely that only when LC3 is
conjugated to the membrane can GOPC be delivered
to the acrosome. Our results suggest that Beclinl and
GOPC may work together in the same pathway during
acrosome biogenesis and hint that the entire autophagy
machinery rather than Atg7 alone is involved in vesicle
trafficking from the Golgi apparatus to the acrosome.

Mice with autophagy/lysosome inhibitor injection mimics
the phenotype of Atg7-knockout mice

To test whether the entire autophagy machinery is
involved in acrosome biogenesis, 40 ul of 5 mM or 10
mM autophagic flux-specific inhibitor 3-methyladenine
(3-MA) solution was directly injected into the testes of
6-week-old wild-type mice. The injection of 3-MA into
the testis inhibited LC3 conjugation to the membrane
(Figure 7A) and blocked the degradation of p62 (Figure
7B and Supplementary information, Figure S7), sug-
gesting that the autophagic flux was disrupted. After 2-4
weeks, the histology of the seminiferous tubules from the
treated testes was compared with that of Arg7"*""*" tes-
tes. Similar to TNAP-Atg7~ male mice, some vacuoles
were found in the seminiferous tubules after injection
with 3-MA (Supplementary information, Figure S8B).
Sp56 immunofluorescence showed that approximately
10% of the spermatids had multiacrosomal vesicles or
aggregates in the cap phase (Figure 7C and 7D), and
during the later maturation phase, up to 20% of the sper-
matids had abnormal acrosomes (Figure 7C and 7E). The
malformed acrosome was further confirmed by TEM.
After treatment with 3-MA, some proacrosomal vesicles
(arrows, upper panel) failed to be transported to the cen-
ter of the acrosome in the Golgi phase (Supplementary
information, Figure S9). In the cap phase, the Golgi ap-
paratus was still close to the proacrosomal structure, with
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Figure 5 Atg7 deficiency in germ cells disrupts the colocalization of LC3 and Golgi-derived vesicles. (A) Immunodetection of
LC3 (green) in the seminiferous tubules of Atg7™>"™ mice. The nucleus (red) was counterstained with PI. (B) TGN38 (green)
and LC3 (red) were colocalized in Atg7™*"* mouse spermatids (upper panels) but not in the spermatids of TNAP-Atg7 " mice
(lower panels).
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Figure 6 GOPC fails to be recruited to the acrosome in the spermatids of TNAP-Atg7 " mice. (A) Co-immunoprecipitation
analysis of the GOPC-GFP and FLAG-Beclin1 interactions. In 293T cells, FLAG-Beclin1 immunoprecipitated with GOPC-GFP
(lane 4), and this interaction was enhanced by starvation (lane 8). A negative control group was transfected with GFP-GOPC
and FLAG-pRK (lane 3, lane 7). Lanes 1 and 5 and lanes 2 and 6 are inputs for lanes 3 and 7 and lanes 4 and 8, respective-
ly. (B) Partial colocalization of GOPC (green) and Beclin1 (red) in HeLa cells. (C) GOPC (green), sp56 (red), and Beclin1 (pink)
were co-localized in the spermatids of Atg7""*"* mice (upper panels). An arrow indicates this co-localization. Sp56 (red) and
Beclin1 (pink) were still colocalized in TNAP-Atg7”” mouse spermatocytes, but GOPC (green) was not recruited to the acro-
some (lower panels). (D) Statistical analysis of GOPC and sp56 colocalization in Atg7"*"" and TNAP-Atg7” mice. TNAP-

Atg77", 11.23 + 4.25%; Atg7™ 93.69 + 2.44%.

some vesicles (arrows, middle panel) accumulated in the
concave region of the nuclear surface (Supplementary
information, Figure S9). These early-phase defects fi-
nally resulted in malformed acrosomes in the maturation
phase (Supplementary information, Figure S9). After in-
jection with 10 mM 3-MA for 4 weeks, the morphology
of sperm from the cauda epididymis was then evaluated.
Approximately 30% of the total spermatozoa had irreg-
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ularly shaped round heads (Figure 8A), and had mal-
formed acrosomes as detected by sp56 staining (Figure
8B and 8C). These results are similar to those in germ
cell-specific Atg7-knockout mice and suggest that the
whole autophagy machinery might be involved in acro-
some biogenesis.

A direct prediction of the autolysosome origination
hypothesis is that the autolysosome should also be in-
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Figure 7 Acrosome biogenesis defects caused by injection of autophagy/lysosome inhibitors. (A) Western blotting analysis
of LC3 in the extracts of testis from mice injected with physiological saline (control), ammonium chloride (NH,CI), chloroquine
(CQ) or 3-MA. There was an increase in LC3-II level in NH,CI- and CQ-treated testis but a decrease in the 3-MA-treated
group compared with the control. (B) Accumulation of p62 was found in the testis after treatment with NH,CI, CQ or 3-MA. Ac-
tin was used as a loading control. (C) Sp56 immunofluorescence in the control and inhibitor-treated testis. After injection with
any of the three inhibitors for 1-2 weeks, proacrosome vesicles or unfused acrosomes (arrows) were found in the cap phase
of spermatocytes, and spermatids with abnormal acrosomes were found in the maturation phase. Boxed areas are further
magnified on the right. Bar, 5 um. (D, E) Quantification of abnormal acrosomes in the cap phase and maturation phase of C.
Cap phase: control, 2.34 + 0.30%; NH,CI, 11.35 + 1.12%; CQ, 13.04 + 0.27%; 3-MA, 8.66 + 1.37%. Maturation phase: con-
trol, 3.60 + 0.21%; NH,CI, 19.33 £ 0.49%; CQ, 22.79 £ 2.91%; 3-MA, 18.49 + 1.25%. (F) TEM analysis of spermatocytes from
NH,Cl-treated mouse testis. In the control group, the proacrosomal structure was typical, with an acrosomal granule in the
center (arrow) and a cap along the nucleus, whereas in the NH,ClI-treated testis, the acrosomal granule was not successfully

recruited to the nucleus-associated acrosome (arrow). nu, nucleus; Golgi, Golgi apparatus. Bar indicates 1 um.

volved in acrosome biogenesis. To test whether the au-
tolysosome participates in the acrosome biogenesis, two
acidification inhibitors (which can inhibit the function
of the lysosome/autolysosome), chloroquine (CQ) and
ammonium chloride, were injected separately into the
testes of wild-type mice. The injection of either of these
inhibitors caused LC3-II accumulation (Figure 7A) and
p62 stabilization (Figure 7B and Supplementary informa-
tion, Figure S7), suggesting that the degradation function
of autolysosome was blocked in the injected testis. Most
importantly, the injection of either inhibitor resulted in a
similar phenotype to that of the TNAP-Atg7~ mice (Fig-
ure 7C-7F and Supplementary information, Figures S8-
S10). First, vacuolization occurred in some seminiferous
tubules after injection with either CQ or ammonium chlo-
ride for 2-4 weeks (Supplementary information, Figure
S8A and S8C). Second, many proacrosomal vesicles or
unfused acrosomes were found in the early phase during
acrosome biogenesis (Figure 7C and 7D). The detach-
ment of those proacrosomal vesicles from the nucleus
was further confirmed by TEM (Figure 7F and Supple-
mentary information, Figure S10). Consistent with those
results, some abnormal acrosomes were found during the
maturation phase of acrosome biogenesis in the injected
seminiferous tubules (Figure 7C, 7E and Supplementa-
ry information, Figure S10). Third, many spermatozoa
from the epididymis of inhibitor-injected mice showed
round-headed morphology (Figure 8A). Finally, sp56 im-
munofluorescence of spermatozoa revealed that injection
of either inhibitors resulted in the malformation of many
acrosomes (Figure 8B, 8D and 8E). Consistent with the
autolysosome origination hypothesis, these results sug-
gest that the autolysosome is also involved in acrosome
biogenesis.

Discussion

The acrosome is a unique organelle that is formed by
the fusion of Golgi-derived vesicles [2]. The mamma-
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lian acrosome contains many enzymes associated with
lysosomes in somatic cells, and both acrosomes and
lysosomes share a common feature, which is their low
internal acidic pH [22]. According to these similarities,
the acrosome has been postulated to be a modified lyso-
some [4]. Components of the endocytic machinery, such
as Afaf [14], SH3P13 [23], SPE-39 [24], UBPy [25],
RasGRF1 [26], and Vps54 [27, 28], are involved in the
biogenesis of the acrosome [2]. This evidence strongly
supports the notion that the acrosome is a novel LRO.
Although restricted to certain specialized cell types,
LROs represent a family of membrane-enclosed organ-
elles that share many properties with lysosomes.

To explain how lysosomes are modified to make a
LRO such as the acrosome, we proposed an autolyso-
some origination hypothesis: the acrosome originates
from an autolysosome rather than a mere lysosome. As
autophagy is essential to the biogenesis of autolyso-
somes, it should also be essential to the biogenesis of
acrosomes. In this study, we validated this prediction
through the germ cell-specific ablation of Atg7. After
Atg7 depletion, the acrosome biogenesis was affected
from the very early stage, which resulted in round-head-
ed sperm, a phenotype similar to globozoospermia in
human patients. In addition, an autophagy inhibitor (3-
MA) or autolysosome inhibitors (CQ and NH,C1) caused
a similar phenotype to germ cell-specific Atg7-knockout
mice. These findings support our hypothesis that the
acrosome is originated from the modification of autoly-
sosome biogenesis system during evolution, and that at
least two major autolysosome biogenesis contributors,
the endocytic machinery and autophagic machinery [29],
are evolutionarily conserved during the modification pro-
cess. We speculate that this mechanism is conserved in
all organisms that have acrosomes on their sperm.

Ten genes have been found to be associated with glo-
bozoospermia, including Csnk2a2 [30], Hrb [3], Gopc
[19], Gba2 [31], Zpbpl [32], Pickl [11], Vps54 [27],
Hsp90b1 [33], Spacal [34] and Dpyl9I2 [35]. Among
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Figure 8 Autophagy/lysosome inhibitor injection into the testes results in malformed acrosomes. (A) Representative
round-headed spermatozoa from the epididymis of 3-MA-, CQ- or NH,Cl-injected mice. (B) Representative sp56 immunofluo-
rescence to show malformed acrosomes after 3-MA, NH,CI or CQ injection for 4 weeks. Bar, 5 um. (C-E) Statistical analysis
of sp56 immunofluorescence. 29.33 + 0.04% of the total spermatozoa had irregular acrosomes after injection with 10 mM
3-MA for 4 weeks, while only 2.93 £ 0.01% malformed acrosomes were found on the control spermatozoa (C). 21.79 + 0.02%
vs 4.38 + 0.01% for NH,CI injection (D). 24.82 + 0.02% vs 2.97 + 0.01% for CQ injection (E). (F) A proposed model for the
role of autophagy in acrosome biogenesis. Green dots indicate LC3.

them, Hrb [3], GOPC [19], PICK1 [11] and SPACA1 [34]
control Golgi-derived vesicle fusion, which is necessary
for acrosome formation. We found that GOPC partially
colocalized with sp56 on the acrosome during sper-
matogenesis but failed to be recruited to the acrosome in
Atg7-deficient spermatids, suggesting that Atg7 partially
regulates GOPC and that both of them are involved in
Golgi-derived vesicle fusion and transport to the preacro-
some.

The function of Atg7 in acrosome biogenesis may be
similar to its role in autophagy induction. During the
autophagy induction process, LC3 is activated by Atg7,
transferred to another E2-like enzyme (Atg3), and conju-
gated to the lipid/membrane, and then it finally functions
as a scaffold to drive membrane expansion and vesicle
completion. LC3-lipid conjugation is a reversible pro-
cess. LC3 residing on the outer face of the vesicle can
be liberated by Atg4 and used in another conjugation

reaction, whereas LC3 on the inner surface is eventually
degraded in autolysosomes [6-8]. Consistent with this
finding, we found that LC3 is only colocalized with the
trans-Golgi network marker TGN38 (Figure 5B) but not
the acrosome maker sp56 (Supplementary information,
Figure S11) in round spermatids. These results suggest
that membrane-associated LC3 might participate in the
fusion of Golgi apparatus-derived proacrosomal vesicles
and/or their transportation to the acrosome and that once
fused with the acrosome, LC3 is either recycled or de-
graded. We speculate that LC3 could not be conjugated
to the membrane after Atg7 inactivation and thus failed
to colocalize with TGN38, which caused the accumula-
tion of Golgi apparatus-derived proacrosomal vesicles in
the concave region near the trans-Golgi stacks (Figure
3F). This accumulation greatly delayed the increase of
acrosome volume in the later stages and finally resulted
in defective acrosome formation.
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Actually, Golgi-derived vesicles also play an import-
ant role during autophagy induction. Our results (Figure
6A), together with others [20], show that GOPC interacts
with another autophagy-related protein, Beclinl (Atgo),
mainly at the trans-Golgi network (TGN) during auto-
phagy induction. As a transmembrane protein, Atg9 is
located in the TGN in mammalian cells [36], and Atg16L
is recruited to the Golgi complex by a small GTPase,
Rab33B [37]. In addition, the Golgi complex plays a cru-
cial role in supplying the lipid bilayers that are necessary
for the biogenesis of double-membrane autophagosomes
in yeast [38], and TGN membranes are required for auto-
phagosome formation in mammalian cells [39]. Thus, it
is possible that during the biogenesis of either autolyso-
somes or acrosomes, LC3 is activated by Atg7 and then
transferred to the Golgi-derived vesicles either directly
or mediated by phagophore-like structures, finally induc-
ing the fusion of those vesicles with each other or their
transportation to the nucleus-associated acrosome (Figure
8F). We propose that acrosomes and autolysosomes share
common mechanisms of biogenesis.

Although those two organelles share similar biogen-
esis mechanisms, it is likely that Atg7 plays non-auto-
phagic roles during acrosome biogenesis. In addition to
the cellular degradative pathway, autophagy plays an
unexpectedly broad biogenic role in protein trafficking
and secretion [37]. Atgl6L and Atg5 are involved in the
exocytosis of granules containing antimicrobial peptides
from Paneth cells [40]. Atg5, Atg7, AtgdB and LC3 par-
ticipate in the polarized secretion of lysosomal contents
in osteoclasts [41]. Atg5 and Atg4B are involved in the
secretion of otoconins by vestibular sensory cells of the
inner ear [42]. Beclinl and LC3-A have been implicated
in the maturation of a specialized LRO, the melanosome
[43]. As a novel LRO, the acrosome is regarded as a se-
cretory lysosome not only because of its internal acid pH
but also because it contains many enzymes associated
with lysosomes in somatic cells [22]. Upon fertilization,
the acrosome reaction initiates, and the membrane sur-
rounding the acrosome bursts and exposes the contents
of the acrosome to remove cumulus cells or break down
the outer membrane of the oocyte to fertilize it [44]. This
process is similar to the above-mentioned secretory path-
ways. We found that Atg7 and possibly the entire autoph-
agy machinery are required for both acrosome biogenesis
and the acrosome reaction, suggesting a non-degradative
role of autophagy in acrosome biogenesis.

In addition to the defect in acrosome biogenesis, we
observed malformation of the nucleus in TNAP-Atg7 "~
mouse spermatids. We are unsure whether this morpho-
logical defect is caused by Atg7 deficiency directly or
whether it is a secondary effect of the defect in acroso-
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mal biogenesis. However, this is a common phenotype
reminiscent of that described in human globozoosper-
mia, with the signature characteristics of round-headed
spermatozoa and malformed acrosomes [31], and the
relationship between acrosome biogenesis and nuclear
architecture during spermiogenesis is currently unclear.

A decrease in total sperm number and testis weight
appears to be a common phenotype for a variety of ge-
netic defects perturbing the normal processes of mouse
spermiogenesis [3]. In the case of the germ cell-specific
knockout of Atg7, many germ cells died, resulting in
large vacuoles in the tubule lumens of testes. This defect
appears to be due to the cell cycle and survival regulatory
functions of Atg7. Atg7 can bind to the tumor suppressor
p53 in an El-like enzymatic activity-independent manner
to regulate the transcription of the gene encoding the cell
cycle inhibitor p21-CDKNI1A. Once Atg7 was knocked
out, cells failed to properly induce p21-CDKNI1A ex-
pression, resulting in augmented DNA damage with
increased p53-dependent apoptosis. The cell cycle-spe-
cific role of Atg7 neither requires its El-like enzymatic
activity nor exists in other autophagy-related genes such
as Atg5 or Atg6 [35]. Thus, it is most likely that the cell
death in the tubule lumens of the testes is dependent on
the cell cycle regulatory function of Atg7 rather than its
E1-like enzymatic activity.

Because our observations are based on the deletion of
a single autophagy-related gene, we cannot rule out the
possibility that the acrosome biogenesis defect is due to
the specific role of Atg7. However, based on the inhibitor
injection experiments, we speculate that the knockout
of most of the autophagy machinery genes will cause an
acrosome biogenesis defect, although slightly different
phenotypes might exist for germ cell-specific knockout
of different autophagy-related genes.

In conclusion, we have validated the autolysosome
origination hypothesis for the acrosome by providing
genetic evidence that Atg7 and possibly the entire auto-
phagy machinery are essential to acrosome biogenesis
during spermiogenesis. Atg7 and most likely the entire
autophagy molecular machinery participate in the fusion
and transportation of proacrosomal vesicles derived from
the Golgi apparatus to the acrosome, which is similar to
their roles in autophagy induction. This mechanism may
be applied to the biogenesis of other LROs, such as lytic
granules, major histocompatibility complex class II com-
partments and platelet-dense granules.

Materials and Methods

Animals
The Atg7"*™ mouse strain (RBRC02759) [9] was purchased
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from the RIKEN BioResource Center. Atg7"*"""*; TNAP-Cre mice
were bred from Arg7"*"* mice and TNAP-Cre mice [10], which

Flox/

were purchased from the Jackson Laboratory (008569). Atg7
Flox Tamoxifen-cre mice were generated from the breeding of Azg-
777 mice and Tamoxifen-cre mice [45], which were purchased
from Jackson laboratory (004682). All animal experiments were
approved by the Animal Research Panel of the Committee on Re-

search Practice of the University of Chinese Academy of Sciences.

Antibodies

Rabbit anti-LC3 polyclonal antibody (ab58610), sheep anti-Be-
clinl polyclonal antibody (ab62108), rabbit anti-SYCP3 polyclon-
al antibody (ab15093) and rabbit anti-GOPC antibody (ab37036)
were all purchased from Abcam (Cambridge, UK). Mouse an-
ti-sp56 (55101) antibody was purchased from QED bioscience (San
Diego, USA). Rabbit anti-mTOR monoclonal antibody (2893),
rabbit anti-phospho-mTOR antibody (5536), rabbit anti-SQSTM1/
p62 polyclonal antibody (5114), rabbit anti-phospho-p70S6 Ki-
nase monoclonal antibody (9234) and rabbit anti-phospho-AMPK
monoclonal antibody (2535) were all purchased from Cell Sig-
naling Technology (Massachusetts, USA). Mouse anti-ATG7
monoclonal antibody (SAB4200304) for western blot, rabbit an-
ti-LC3B polyclonal antibody (L7543) for western blot, and rabbit
anti-FLAG polyclonal antibody (F7425) were purchased from
Sigma-Aldrich (St. Louis, USA). Sheep anti-TGN38 polyclonal
antibody (NB110-60519) was purchased from Novus biologicals
(Colorado, USA). Mouse anti-actin antibody (KM9001) was pur-
chased from Sungene Biotech (China). Mouse anti-GFP mono-
clonal antibody (M20004) was purchased from Abmart (China).
Afaf was made as previously described [14]. Goat anti-rabbit
FITC, goat anti-mouse FITC, goat anti-rabbit TRITC, and goat
anti-mouse TRITC-conjugated secondary antibodies as well as
horseradish peroxidase (HRP)-conjugated secondary antibodies
were purchased from Zhong Shan Jin Qiao (China). Donkey an-
ti-rabbit Cy5 and donkey anti-sheep FITC-conjugated secondary
antibodies were purchased from Jackson ImmunoResearch. Alexa
Fluor 680-conjugated goat anti-mouse and Alexa Fluor 800-con-
jugated goat anti-rabbit secondary antibodies for western blotting
were purchased from Invitrogen (California, USA).

Assessment of the fertility of ATG7-deficient mice

Males of different genotypes (8-9 weeks) were used for the
breeding assay. Each male mouse was caged with two wild-type
CDI1 females (7-8 weeks), and their vaginal plugs were checked
every morning. The number of pups in each cage was counted
within a week of birth. Each male underwent four cycles of the
above breeding assay.

Epididymal sperm count

The cauda epididymis was dissected from adult mice. Sperm
was squeezed out from the cauda epididymis and incubated for 30
min at 37 °C under 5% CO,. The incubated sperm medium was
then diluted 1:500 and transferred to a hemocytometer for count-
ing. Non-fixed sperm were spread on precoated slides for morpho-
logical observation or immunostaining.

Immunoblot and co-immunoprecipitation

Tissue extracts were prepared using a Dounce homogenizer in
cold RIPA buffer (25 mM Tris-HCI, pH 7.6, 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate)

supplemented with 1 mM phenylmethylsulfonyl fluoride and a
protein inhibitor cocktail (Roche). The homogenates were centri-
fuged at 12 000 rpm for 15 min, and protein concentrations were
determined using the Bio-Rad protein assay. Protein lysates (25
ng) were separated in SDS-PAGE and electrotransferred to a nitro-
cellulose membrane. The membrane was scanned using the OD-
YSSEY Sa Infrared Imaging System (LI-COR Biosciences, USA).

For immunoprecipitation, FLAG-beads (A2220, Sigma) were
washed with sterile, double-distilled water and then washed with
cold RIPA buffer twice. Cell extracts were then added to the FLAG
beads and rotated at 4 °C for 3 h. The beads were then washed
with cold RIPA buffer and mixed with loading buffer. After incu-
bation at 37 °C for 15 min, the beads were centrifuged, and the
supernatants were loaded onto the gel as samples.

TEM

Adult testes were fixed with 2.5% glutaraldehyde in 0.2 M
cacodylate buffer overnight. After washing in 0.2 M PB, the tissue
was cut into small pieces, approximately 1 mm’, and immersed
in 1% OsO, in 0.2 M cacodylate buffer for 2 h at 4 °C. Then, the
samples were dehydrated through a graded ethanol series and em-
bedded in resin. Ultrathin sections were cut on an ultramicrotome,
stained with uranyl acetate and lead citrate and then observed us-
ing a JEM-1400 transmission electron microscope.

Immunofluorescence

Adult male C57BL/6 mice were killed according to the guide-
lines of the Ethics Committee of the Institute of Zoology, Chinese
Academy of Sciences. The tissue was immediately embedded
in optimum cutting temperature compound (OCT, Tissue-Tek)
and cut into 8-pum sections using a microtome-cryostat (Leica
CM1950). Frozen testis sections or cultured MEFs were fixed with
4% paraformaldehyde (PFA) for 15 min and washed in PBS 3
times (pH 7.4). Then, after blocking with 5% bovine serum albu-
min (BSA, Sigma) for 30 min, slides were incubated with primary
antibody in 1% BSA at 4 °C overnight. After washing with PBS,
the sample was incubated with FITC- or TRITC-conjugated sec-
ondary antibody diluted with PBS for 1 h at 37 °C. Next, the slides
were washed in PBS, and nuclei were stained with propidium io-
dide (PI) or 4’,6-diamidino-2-phenylindole (DAPI). Images were
taken immediately using a LSM 780/710 microscope (Zeiss). For
sperm immunofluorescence, the spermatozoa were washed with
PBS 3 times, plated onto 3-aminopropyl-triethoxysilane-coated
coverslips, fixed, and stained as detailed above.

Immunohistochemistry

Paraffin sections were fixed with 4% PFA and rinsed in PBS
three times (pH 7.4). Then, sections were boiled for 15 min in
sodium citrate buffer for antigen retrieval. Next, 3% H,0, was
added to the sections to eliminate internal peroxidase activity.
After blocking with 5% BSA, each section was incubated with
the primary antibody at 4 °C overnight, followed by staining with
the HRP-conjugated secondary antibody. Negative controls were
prepared without the primary antibody. Finally, the sections were
stained with 3, 3’-diaminobenzidine (DAB), and the nuclei were
stained with hematoxylin. Images were taken using a Nikon 80i
inverted microscope with a CCD.

Acrosome reaction analysis
Spermatozoa were processed as previously described [46]
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and images were taken immediately under microscope. Briefly,
spermatozoa were dissected from the epididymis, incubated in the
human tubal fluid for 2 h at 37 °C, then washed with glucose and
treated with streptolysin O (SLO) for membrane permeating. Next,
spermatozoa were incubated with or without A23187 and then
smeared to the glass slide. After the fixation with methanol, sper-
matozoa were stained with PSA-FITC.

Generation of Atg7”~ MEFs and cell starvation

Atg 7" Tamoxifen-cre mice were generated from the breed-
ing of Arg7""""* mice with Tamoxifen-cre mice. When the female
mice showed plugs and were pregnant on day 12, they were killed
and the embryos were isolated as previously described [47]. For
the knockout of Atg7 in the MEFs, 4-OH-tamoxifen (H7904,
Sigma-Aldrich) was added to the medium at a final concentration
of 0.1 mM to induce the gene knockout for at least 3 days. Cells
were incubated in 37 C with 5% CO, in air. Cells were starved by
incubating the cells in HBSS with calcium and magnesium ions
after three separate washes with PBS. Knockout efficiency was
confirmed by western blotting.

Autophagy/lysosome inhibitor treatment

Inhibitor solutions were injected into mouse testes using a pre-
viously described method [48, 49] with slight modification. Brief-
ly, 6-week-old wild-type CD1 male mice were anaesthetized with
avertin, which was administered by an intraperitoneal injection
(T48402, Sigma), and 40 pl of autophagy/lysosome inhibitor solu-
tions were slowly injected under the tunica vaginalis of the testes
with a needle attached to a 50 pl micro-injector at a depth of 5-6
mm under the tunica albuginea. All three inhibitors were dissolved
in 0.9% NaCl to make a final working solution. The concentrations
were as follows: 3-MA (M9281, Sigma), 5 mM as a low concen-
tration and 10 mM as a high concentration; CQ (C6628, Sigma),
200 uM as a low concentration and 300 uM as a high concentra-
tion; NH,CI (A9434, Sigma), 2 mM as a low concentration and 4
mM as a high concentration. Physiological saline was injected as a
control. After injection of the testes, mice were fostered for anoth-
er 2, 3 or 4 weeks. Testes were then dissected and fixed for normal
histological analysis; spermatozoa from the epididymis were taken
to examine their morphology and acrosome structure by sp56 im-
munofluorescence.

ICSI

Eight- to twelve-week-old CD1 and B6D2F1 mice (C57BL/6 %
DBA/2) were used to prepare mature oocyte donors. CD1 females
that were mated with vasectomized males of the same strain were
surrogates. Spermatozoa were released from the cauda epididymis
with forceps compressing [50] and suspended in M2 medium.
ICSI was then carried out as described previously [51-53] with
some modifications. Briefly, 10 pul of sperm suspension was added
to 1 ml M2 medium supplemented with 5 pg/ml of cytochalasin
B, and 15-20 mature oocytes were placed in the M2 medium for 5
min. Then, using a Piezo-driven pipette, we separated the sperma-
tozoon head from its tail and injected one head into each oocyte.
After injection, the microinjected embryos were transferred into
M16 medium and cultured at 37.5 °C, under 5% CO, in air. Two-
cell embryos were transferred to each oviduct of CD1 surrogate fe-
males on day 1 of pseudopregnancy. Full-term pups derived from
ICSI embryos were obtained through natural labor or caesarean
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section.

Statistical analysis

All data are presented as the mean = SEM. The statistical sig-
nificance of the difference between the mean values for the differ-
ent genotypes was examined using Student’s r-test with a paired
two-tailed distribution. The data were considered significant when
P <0.05 (*) or 0.01(**).
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