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Autophagy regulates spermatid differentiation via degradation of PDLIM1
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ABSTRACT
Spermiogenesis is a complex and highly ordered spermatid differentiation process that requires
reorganization of cellular structures. We have previously found that Atg7 is required for acrosome
biogenesis. Here, we show that autophagy regulates the round and elongating spermatids. Specifically, we
found that Atg7 is required for spermatozoa flagella biogenesis and cytoplasm removal during
spermiogenesis. Spermatozoa motility of atg7-null mice dropped significantly with some extra-cytoplasm
retained on the mature sperm head. These defects are associated with an impairment of the cytoskeleton
organization. Functional screening revealed that the negative cytoskeleton organization regulator, PDLIM1
(PDZ and LIM domain 1 [elfin]), needs to be degraded by the autophagy-lysosome-dependent pathway to
facilitate the proper organization of the cytoskeleton. Our results thus provide a novel mechanism
showing that autophagy regulates cytoskeleton organization mainly via degradation of PDLIM1 to
facilitate the differentiation of spermatids.
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Introduction

Spermiogenesis is a complex and highly ordered spermatid dif-
ferentiation process that lasts from the end of the meiosis to
the release of the mature spermatozoa.1 During spermiogenesis,
the spermatids undergo a structural reorganization including
the generation of the acrosome, the condensation of the nuclear
chromatin, the rearrangement of the mitochondria, the assem-
bly of the sperm flagella, and the removal of unnecessary cyto-
plasm to facilitate spermatozoa motility.2 The above events are
achieved by the cooperation of different cellular processes. Any
failures of these processes in the spermatids differentiation
could result in abnormalities in the sperm’s morphology, motil-
ity, and function.3,4 However, due to the lack of in vitro study
systems, the molecular mechanism underlying spermatids dif-
ferentiation remains largely unknown.

Macroautophagy (hereafter referred to as autophagy) is the pri-
mary intracellular catabolic mechanism for degrading and recy-
cling long-lived proteins and organelles. Once autophagy is
induced, the cytoplasmic components and organelles are enclosed
by a double-membrane vesicle called an autophagosome. The
autophagosome moves along the cytoskeletal structures and fuses
with the lysosome, forming the autolysosome, which is then
degraded and recycled by the lysosome.5 In mammals, autophagy
is initiated by the activation of LC3 by ATG7, which is homolo-
gous to the ubiquitin-activating enzyme E1 (UBA1). The activated
LC3 is then transferred to an E2-like enzyme (ATG3) and is finally
conjugated to the lipid-containing membrane. The LC3-lipid-

containing membrane works as a scaffold to build the early
autophagy element called the phagophore, which grows into an
enclosed autophagosome. The last step is the fusion of the auto-
phagosome with the lysosome, generating the autolysosome where
the substrates are entirely degraded.6

The primary function of autophagy is to allow the lower
eukaryotic organisms, such as yeast, to survive nutrient starvation
conditions by recycling their cellular components in response to
extracellular or intracellular stress conditions. In addition to its
well-established primary function, autophagy is recently reported
to have conserved roles in the differentiation and development
processes because it can drive the rapid cellular changes necessary
for proper differentiation and/or development.7 In mammals,
autophagy is essential to many physiological and pathological pro-
cesses, such as preimplantation development,8 exocytosis of the
granules from the Paneth cells,9 polarized secretion of the lyso-
somal content in osteoclasts,10 biogenesis of melanosomes,11 cell
differentiation during erythropoiesis,12 lymphopoeisis,13 and adi-
pogenesis.14 Accordingly, it is believed that autophagy could “kill 2
birds with one stone“ during cellular differentiation because, in
addition to eliminating the pre-existing materials, it provides sup-
port for the subsequent creation of new components.5

Our previous study reveals the requirement of Atg7 for the
biogenesis of the acrosome during spermiogenesis.15 In addi-
tion to the acrosome biogenesis defect, here, the severe defects
of motility and morphology in atg7-null spermatozoa were
identified. These defects were found to be associated with the
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disorganization of the “9C2” structure of the flagella and other
cytoskeletal components in spermatozoa. In a further effort to
address the relationship between autophagy and cytoskeleton
organization, we found that a negative regulator of cytoskeleton
organization, PDLIM1, needs to be degraded by the autophagy-
lysosome pathway to maintain the proper cytoskeleton net-
works during spermiogenesis, thus assuring the spermatids dif-
ferentiation process. Our study uncovers a novel mechanism
explaining the functional role of autophagy during some cellu-
lar differentiation processes, which involves the degradation of
some negative regulators to maintain the proper cytoskeleton
dynamics required to renovate the entire cellular system.

Results

LC3 and ATG7 are mainly localized in the elongating
spermatids

To further investigate the potential roles of autophagy in spermio-
genesis, immunofluorescent staining was used to assess the expres-
sion and localization of MAP1LC3A/LC3A (microtubule-
associated protein 1 light chain 3 a) and LC3B, an autophagy
marker, in the seminiferous tubules at various developmental
stages. The testes were collected at 4 typical developmental stages
based on a previous report,16 in detail, the spermatogonium stage
at postnatal d 7, the spermatocyte stage at d 15, the round sperma-
tid stage at d 20, and the mature stage at d 36, when the elongating
spermatids can be found in testes. Our results showed the absence
of LC3A/B signals at the spermatogonium (d 7) and spermatocyte
stages (d 15) (Fig. 1A, upper 2 panels). Consistent with our previ-
ous results, LC3A/B punctum signal was observed in the perinu-
clear region of the round spermatid in testes from d 20 mice
(Fig. 1A, third panel). Surprisingly, robust LC3A/B staining was
found in the central region of the seminiferous lumen in the d 36
testes (Fig. 1A, fourth panel), the enlarged images highlighting that
LC3A/B was mainly expressed and distributed in the elongating
spermatids. This result was further confirmed by immunohisto-
chemical staining for LC3A/B in 8-wk-old mouse testes (Fig. 1B).
The weak LC3A/B signal was observed in the round spermatids,
while the robust staining of LC3A/Bwas found around the seminif-
erous lumen in the elongating spermatids (Fig. 1B).

ATG7 is an E1-like activating enzyme playing an essential role
in the 2 ubiquitin-like conjugation systems of autophagy. It is
essential for ATG12 conjugation and for LC3 association with the
membrane.5 To test whether ATG7 possesses a similar expression
and distribution as LC3A/B, we detected its expression by immu-
nohistochemistry (IHC) staining. Our results showed that ATG7
was ubiquitously expressed in the seminiferous tubules, and highly
expressed in the elongated spermatids (Fig. 1C). This expression
pattern further suggests that autophagy might also be involved in
some processes in the elongating/elongated spermatids.

Alpl/Tnap-atg7 ¡/¡ mice produce spermatozoa with low
motility

To address whether autophagy plays a distinct role in spermio-
genesis in addition to the acrosome biogenesis, we constructed a
germ cell-specific Atg7 knockout mouse model—the Atg7Flox/Flox;
Alpl-Cre mice (hereafter described as Alpl-atg7¡/¡ mice)

(Fig. S1A),15 where Cre recombinase is under control of the
Alpl/Tnap promoter, and the knockout efficiency was confirmed
by ATG7 IHC staining (Fig. S1B). First, the sperm motility of
Atg7Flox/Flox mice and Alpl-atg7¡/¡ mice were measured by com-
puter-assisted semen analysis. We found that the sperm motility
of the Alpl-atg7¡/¡ mice was severely damaged, with the signifi-
cantly decreased motility rate compared to that of the Atg7Flox/
Flox mice. Indeed, only 15.67 § 2.19% of the atg7-null spermato-
zoa were motile, whereas the percentage of motile spermatozoa
in the Atg7Flox/Flox mice was 83.5 § 4.77% (P < 0.01, Fig. 2A).

In addition to the motile spermatozoa percentage, all other
parameters of the atg7-null spermatozoa revealed a severe defect
in motility. The progressive spermatozoa of the Alpl-atg7¡/¡

mice were only 0.66 § 1.15%, much lower than the 23.75 §
4.99% found in the Atg7Flox/Flox mice (Fig. 2B). The average path
velocity (VAP), straight-line velocity (VSL), and curvilinear
velocity (VCL) are 3 important parameters to assess spermatozoa
motility. The VAP of the atg7-null spermatozoa was 41.7 §
7.64 mm/s, which was even less than half of the Atg7Flox/Flox sper-
matozoa’s VAP of 99.42 § 11.28 mm/s (Fig. 2C). The VSL of the
Atg7Flox/Flox spermatozoa was 68.9 § 7.24 mm/s, which is over 2-
fold more than the atg7-null spermatozoa’s VSL of 28.43 §
9.47 mm/s (Fig. 2D). A sharp contrast was also found for the
VCL, which was 168.35 § 14.79 mm/s for the Atg7Flox/Flox sper-
matozoa vs. 74.36 § 5.73 mm/s for the atg7-null spermatozoa
(Fig. 2E). Collectively, our data revealed the severe damage of
sperm motility in Alpl-atg7¡/¡ mice, which suggest that Atg7 is
required to maintain a high level of sperm motility and may be
involved in spermatid differentiation.

The low motility of the atg7-null spermatozoa is
associated with abnormal spermatozoa fine structures

The successful movement of spermatozoa is achieved by the
frequent beating of a well-assembled tail using the energy pro-
vided by the mitochondria.17 The morphology of spermatozoa
was further compared for Atg7Flox/Flox and Alpl-atg7¡/¡ mice.
Our data revealed a high percentage of abnormal spermatozoa
in the mutant mouse epididymis. In addition to the acrosome
abnormality that we have reported previously,15 we also identi-
fied striking morphological defects in spermatozoa with the
abnormal sperm head and tail in Alpl-atg7¡/¡ mice (Fig. 2F).
These abnormal spermatozoa could be classified into 3 groups,
the spermatozoa with bent head, the spermatozoa with coiled
tail, and the aggregated spermatozoa (Fig. 2F). The statistical
analysis revealed the significant higher percentage of these 3
kinds of defective spermatozoa in Alpl-atg7¡/¡ mice, compared
to those from Atg7Flox/Flox mice, respectively (Fig. 2G to I).

Transmission electron microscopy (TEM) analysis
revealed the impaired fine structures of those abnormal
spermatozoa. For the spermatozoa with bent head, a large
portion of undetached cytoplasm remained and connected
the bent head and the tail, thus inhibiting its beating
(Fig. 2J, left panel). For the spermatozoa with coiled tail,
the sperm tail was severely coiled with mislocalized and
poorly condensed mitochondria (Fig. 2J, middle panel). The
aggregated spermatozoa displayed the most severe defect,
which was characterized by the presence of aggregation in
which several sperm tails were clustered and wrapped by
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membrane and some cytoplasm (Fig. 2J, right panel). Nota-
bly, almost all of the clustered sperm flagella displayed a
loss of their proper “9C2” microtubule structures in the
axonemes, indicating microtubules misassembly during
spermiogenesis. The percentages of the above abnormal
ultrastructures were similar to those of the spermatozoa
morphological abnormalities observed under light micro-
scope (Fig. 2K to M). Collectively, these results reveal that
the sharply decreased motility of the atg7-null spermatozoa
is mainly caused by the mis-assembled “9C2” structure in
the sperm flagellum and by the impaired cytoplasm
removal.

The cytoskeleton of the atg7-null spermatids was
disorganized during spermiogenesis

After meiosis, the nucleus of the haploid spermatid begins to
condense and elongate. During this process, the most part of
spermatid’s cytoplasm is transported toward the sperm tail and
is finally sloughed off from the spermatid. To investigate the
precise mechanism by which Atg7 regulates cytoplasm removal,
we dissected the spermatid maturation process step by step via
TEM analysis.

Since the spermatids begin to elongate from step 8, our
investigation started from this stage. We did not found any

Figure 1. LC3A/B and ATG7 are mainly expressed and localized in the elongating spermatids. (A) Immunofluorescent staining (IF) of LC3A/B protein in testes of mice at
postnatal d 7, d 15, d 20, and d 36. Blue, DAPI; green, LC3A/B. The enlarged images originated from the dotted squares highlighting green LC3A/B expression and localiza-
tion in the elongating spermatids. The right panel model shows the schematic of LC3A/B expression in the testes of the indicated age, green markers LC3A/B localization.
(B) Immunohistochemistry (IHC) of LC3A/B in 8-wk-old mouse testes. (C) The IHC of ATG7 in 8-wk-old mouse testes. The framed area was magnified. Sertoli, Sertoli cells;
Spg-A, spermatogonium A; Spg-B, spermatogonium B; Spc, spermatocyte; RS, round spermatid; ES, elongating spermatid.
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Figure 2. The defects of the Alpl-atg7¡/¡ mouse spermatozoa. (A) The motile spermatozoa in the Atg7Flox/Flox mice (white column, 83.5 § 4.77%) and in the Alpl-atg7¡/¡

mice (black column, 15.67 § 2.19%). (B) The progressive spermatozoa in the Atg7Flox/Flox mice (white column, 23.75 § 4.99%) and in the Alpl-atg7¡/¡ mice (black column,
0.66 § 1.15%). (C) The average path velocity (VAP) of the spermatozoa from the Atg7Flox/Flox mice (white column, 99.42 § 11.28 mm/s) and from the Alpl-atg7¡/¡ mice
(black column, 41.7 § 7.64 mm/s). (D) The VSL of the spermatozoa from the Atg7Flox/Flox mice (white column, 68.9§ 7.24 mm/s) and from the Alpl-atg7¡/¡ mice (black col-
umn, 28.43 § 9.47 mm/s). (E) The VCL of the spermatozoa from the Atg7Flox/Flox mice (white column, 168.35§ 14.79 mm/s) and from the Alpl-atg7¡/¡ mice (black column,
74.36 § 5.73mm/s). (F) Morphology of the spermatozoa from Atg7Flox/Flox mice and from the Alpl-atg7¡/¡ mice. (G) The percentage of spermatozoa with bent head the in
Atg7Flox/Flox mice (white column) and in the Alpl-atg7¡/¡ mice (black column). (H) The percentage of spermatozoa with coiled tail in the Atg7Flox/Flox mice (white column)
and in the Alpl-atg7¡/¡ mice (black column). (I) The percentage of aggregated spermatozoa in the Atg7Flox/Flox mice (white column) and in the Alpl-atg7¡/¡ mice (black
column). (J) The ultrastructural analysis of the spermatozoa from the Atg7Flox/Flox cauda epididymis (upper panel) and from the Alpl-atg7¡/¡ cauda epididymis (lower
panel). Lane 1, bent head spermatozoa, arrow indicates the undetached cytoplasm. Lane 2, spermatozoa severely coiled tail, arrow indicates coiled sperm tail. Lane 3,
aggregated spermatozoa, arrow indicates the abnormal “9C2” structure of sperm flagella. (K) The percentage of spermatozoa with undetached cytoplasm in the Atg7Flox/
Flox mouse (white column) and in the Alpl-atg7¡/¡ mouse (black column) cauda epididymis by TEM analysis. (L) The percentage of spermatozoa with coiled tail in the
Atg7Flox/Flox mouse (white column) and in the Alpl-atg7¡/¡ mouse (black column) cauda epididymis by TEM analysis. (M) The percentage of abnormal sperm flagella in the
Atg7Flox/Flox mouse (white column) and in the Alpl-atg7¡/¡ mouse (black column) cauda epididymis by TEM analysis. Nu, nucleus; CD, cytoplasmic droplet.
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clear differences between Atg7Flox/Flox (Fig. 3A and B) and atg7-
null spermatids (Fig. 3C and D) at step 8. In the early elongat-
ing spermatids of the step 9, bundles of microtubules were
assembled to form the manchette structure in the Atg7Flox/Flox

testes, and the manchette was tightly arranged along the elon-
gating nucleus (Fig. 3E and F). However, in the Alpl-atg7¡/¡

testes, the enriched microtubules of the manchette were

loosened and lost their normal orientation toward the centro-
some (Fig. 3G and H). In the following elongating spermatids
of steps 10 to 11, a well-assembled manchette consisting of
long entire microtubule filaments could be observed in the
Atg7Flox/Flox testes (Fig. 3I and J), whereas in the Alpl-atg7¡/¡

testes, the manchette was disrupted, only some short microtu-
bules could be observed, and the nucleus could not be

Figure 3. Ultrastructural analysis of the spermiogenesis in Atg7Flox/Flox and Alpl-atg7¡/¡ mice during different developmental stages. (A to D) The ultrastructures of step8
round spermatids from Atg7Flox/Flox mouse testis (A, B) and Alpl-atg7¡/¡ mouse testis (C, D), showing that there were no differences between Atg7Flox/Flox and Alpl-atg7¡/¡

mouse testis before manchette assembly. (E to H) The ultrastructures of step 9 spermatids from Atg7Flox/Flox mouse testis (E, F) and Alpl-atg7¡/¡ mouse testis (G, H); arrows
indicate the microtubule-based manchette. (I to L) The ultrastructures of step 10 to 11 spermatids from Atg7Flox/Flox mouse testis (I, J) and Alpl-atg7¡/¡ mouse testis (K, L);
arrows indicate the microtubule-based manchette. (M to P) The ultrastructures of step 14-15 spermatids from Atg7Flox/Flox mouse testis (M, N) and Alpl-atg7¡/¡ mouse tes-
tis (O, P); arrows indicate the microtubule-based manchette. (Q to T) The ultrastructures of developing axonemes from Atg7Flox/Flox mouse testis (Q, R) and Alpl-atg7¡/¡

mouse testis (S, T); the arrow indicates the destroyed axoneme in Alpl-atg7¡/¡ mouse testis. The framed area was magnified, asterisk indicates the vesicle in the nucleus.
Nu, nucleus; Ac, acrosome.
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condensed properly with a vesicle inside it (Fig. 3K and L). In
the late elongating spermatids of steps 14 to 15, the manchette
of elongated spermatids in Atg7Flox/Flox testes was well assem-
bled, the microtubule bundles were finely arranged along the
condensed nucleus (Fig. 3M and N), while in the same stage of
Alpl-atg7¡/¡ testes, only short and disordered microtubules
were observed (Fig. 3O and P). In addition, abnormal flagella
axonemes can also be found in the developing spermatids in
Alpl-atg7¡/¡ testes (Fig. 3S and T, arrow), but not in Atg7Flox/
Flox testes (Fig. 3Q and R), meaning that the axoneme develop-
ment was destroyed in Alpl-atg7¡/¡ testes.

Because the F-actin bundles and the manchette structures
are essential for nuclear remodeling, cargo transport, and sper-
matid elongation,18 the disrupted F-actin and microtubules in
the Alpl-atg7¡/¡ testes might be responsible for the observed
spermatozoa structure abnormalities. Collectively, these results
provide evidences indicating that ATG7 may affect spermato-
zoa maturation by regulating the cytoskeleton dynamics during
spermatid differentiation.

ATG7 participates in cytoskeleton organization in mouse
embryonic fibroblasts (MEFs)

It is well known that the induction of autophagy depends on
the proper organization of the cytoskeleton. For example, the
autophagy marker LC3 is a microtubule-associated protein,19

and the assembly of F-actin within the phagophore may be
required for shaping the autophagosome.20 However, how
autophagy modulates cytoskeleton organization still remains
unknown. Recently, Zhuo et al. have conducted a comparative
mass spectrometry analysis between WT and atg7¡/¡ MEFs
and find that the F-actin networks are disrupted in the atg7¡/¡

MEFs,21 suggesting that autophagy and cytoskeleton might
mutually affect each other. To study the regulatory function
of ATG7 on cytoskeleton organization, we prepared the
Atg7Flox/Flox; Tamoxifen-cre MEF cells, in which the Cre recom-
binase activity could be induced by 4-OH-tamoxifen to delete
the floxed Atg7 alleles, thus generating the Atg7 induced knock-
out MEF cells (hereafter described as atg7-IKO MEFs), and the
untreated cells were described as Atg7C/C MEFs. Then the
microtubule and F-actin networks were examined in Atg7C/C

MEFs and atg7-IKO MEFs via immunofluorescent staining of
TUBB/b-tubulin and F-actin. Consistent with the situations in
the testis TEM analyses, the microtubule networks were dis-
rupted in the atg7-IKO MEFs compared with that of the
Atg7C/C MEFs. The microtubules in the Atg7C/C MEFs were
well organized in parallel bundles, while the atg7-IKO MEFs
displayed loosened and randomly distributed microtubules
(Fig. 4A, right panel, Fig. 4B). The F-actin networks of the
Atg7C/C MEFs were made of clean and strong bundles com-
posed of parallel F-actin filaments. However, the F-actin net-
works in the atg7-IKO MEFs were disordered, with F-actin
signals accumulated into foci rather than the well-arranged fila-
ments structures observed in the Atg7C/C MEFs (Fig. 4A, left
panel, Fig. 4B). To confirm that it is Atg7 depletion that results
in the disorganization of the cytoskeleton, we reintroduced
Atg7 and the control plasmids into Atg7C/C and atg7-IKO
MEFs respectively. The expression of exogenous ATG7 signifi-
cantly reduced the disorganization frequencies of the

cytoskeletons (Fig. S2A, lower panel green dotted area, S2C).
Taken together, all these results suggest that ATG7 indeed is
required for proper cytoskeleton assembly in MEFs.

ATG7 regulates cytoskeleton organization by degrading
PDLIM1

The disorganization of the cytoskeleton in the Atg7 knockout
cells (including atg7-null spermatids and atg7-IKO MEFs)
could result from the accumulation of some negative regulators
of cytoskeleton organization. In other words, some negative
regulators of cytoskeleton organization may need to be elimi-
nated by the autophagy-lysosome pathway to preserve the
proper dynamics of the cytoskeleton. To test the aforemen-
tioned hypothesis, we analyzed the comparative mass spec-
trometry results of Zhuo et al. In that paper, they compared the
protein levels between WT and atg7¡/¡ MEFs by quantitative
mass spectrometry, and among the 1,234 proteins they identi-
fied, 114 proteins were significantly altered, in which 66 pro-
teins were downregulated and 48 proteins were upregulated.21

We found that the upregulated proteins could be grouped into
approximately 10 clusters, according to their localizations and
functions. The categories of “cytoskeleton-associated proteins”
and “gene expression-related proteins” were 2 highly enriched
clusters highlighted via gene ontology enrichment analyses. In
addition, these genes were found to have multiple relationships
with the downregulated proteins, according to the interaction
network analysis calculated by STRING and visualized by Cyto-
scape 2.8.3. (Fig. 4C, Fig. S3A and S3B). To identify the poten-
tial negative regulators of cytoskeleton organization involved in
our phenotype, 7 genes from the 2 aforementioned clusters
were selected and their cDNAs were cloned. These FLAG-
tagged genes were overexpressed in HeLa cells and the cells
transfected with the empty vector were set as control. And the
untransfected cells within the same dish could also serve as
internal control for the transfected cells. This small-scale func-
tional screening demonstrated that the overexpression of
PDLIM1 (PDZ and LIM domain 1 [elfin]) and STMN1 (stath-
min 1) lead to the disorganization of the cytoskeleton, includ-
ing the microtubules and F-actin networks (Fig. S4).

Because we did not observe any expression of STMN1 in the
testes (data not shown), we focused on PDLIM1 in our subse-
quent analyses. To further confirm the effect of PDLIM1 on
MEF cytoskeleton organization, we overexpressed FLAG-
PDLIM1 in WT MEFs, and similar disorganization of cytoskel-
eton was observed (Fig. 4D and 4E). PDLIM1 is a member of
the PDZ and LIM protein family, which associates with F-actin
via an interaction with ACTN1/a-actinin 1 and ACTN4.22 To
clarify whether the disorganization of the cytoskeleton in the
atg7-IKO MEFs was caused by PDLIM1 accumulation, the pro-
tein level of PDLIM1 was examined by immunoblotting and
immunofluorescent staining in the Atg7C/C and atg7-IKO
MEFs. Our results showed that PDLIM1 was obviously accu-
mulated in the atg7-IKO MEFs compared with the Atg7C/C

MEFs (Fig. 4F), which was consistent with the previously
reported MS data.21 The accumulation of LC3B-I and autoph-
agy substrate SQSTM1 suggested that the autophagic flux was
blocked in these cells. Our IF staining of PDLIM1 with TUBB
or F-actin showed that the accumulation of PLDIM1 was
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Figure 4. PDLIM1 is degraded via an ATG7-mediated autophagy-lysosome pathway to maintain the proper organization of the cytoskeleton. (A) IF of F-actin and TUBB in
Atg7C/C (upper panel) and atg7-IKO (lower panel) MEFs. The enlarged images originated from the dotted squares. (B) The percentage of disordered F-actin and TUBB
cytoskeleton in (A). (C) Cluster analysis of upregulated proteins in atg7-IKO MEFs. (D, E) Co-IF of F-actin (D) and TUBB (E) with overexpressed FLAG-PDLIM1 in MEF cells,
Framed area was magnified. Note that the overexpression of PDLIM1 impaired the disorganization of cytoskeleton. (F) Immunoblotting analysis of ATG7, PDLIM1, SQSTM1
and LC3B in both Atg7C/C and atg7-IKO MEFs. (G) Cycloheximide (CHX) chase assay of PDLIM1 in Atg7C/C and atg7-IKO MEFs. Samples were taken at 0, 2, 4, 8 h after the
addition of CHX and PDLIM1 level was tested by immunoblotting. (H) Quantification of PDLIM1 level in the CHX assay using the ratio of PDLIM1:GAPDH.
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positively associated with disordered microtubule or F-actin
networks in atg7-IKO MEFs, but these were not observed in
Atg7C/C MEFs (Fig. S5A and S5B). High level of PDLIM1
expression may be resulted from either upregulated expression
or downregulated degradation, we first tested the relative
mRNA level of Pdlim1 in both Atg7C/C and atg7-IKO MEFs,
but no difference in its mRNA level was found (Fig. S5C), sug-
gesting that the elevated PDLIM1 might be a result of the fail-
ure of its degradation.

To prove that ATG7 was crucial for the degradation of
PDLIM1, cycloheximide (CHX) chase assays were performed
in Atg7C/C MEFs and atg7-IKO MEFs. The results showed that
the PDLIM1 degradation was strongly delayed in atg7-IKO
MEFs compared with Atg7C/C MEFs (Fig. 4G and H). More-
over, the reintroduction of ATG7 into atg7-IKO MEFs signifi-
cantly restore PDLIM1 level and the autophagy flux (Fig. S2B).
To determine whether ATG7 alone was involved in PDLIM1
degradation or if the whole autophagy-lysosome pathway was
also involved, we used 2 lysosome acidic inhibitors, ammonium
chloride (NH4Cl) and chloroquine (CQ), to treat WT MEFs for
24 h. A clear accumulation of PDLIM1 was observed in lyso-
some inhibitor-treated MEFs (Fig. S6). All these results suggest
that PDLIM1 is mainly eliminated in an autophagy-dependent
manner.

Next, we tested whether PDLIM1 is the major substrate for
autophagy to facilitate cytoskeleton organization. If the answer
is yes, then knockdown of Pdlim1 in atg7-IKO MEFs might at
least partially rescue the cytoskeleton disorder phenotype of the
cells. We then knocked down Pdlim1 by shRNA using pSicoR-
mCherry lentiviral vector.23 We found that 2 shRNAs reduced
PDLIM1 protein level effectively (Fig. S7), especially for shRNA
No. 1 (shRNA1). We then chose shRNA1 for the following
experiment. The IF staining results indicated that Pdlim1
shRNA1 inhibited PDLIM1 expression very efficiently in both
Atg7C/C MEFs and atg7-IKO MEFs (Fig. 5A, 5B), but this was
not the case with the empty vector. We found that atg7-IKO
MEF cells infected by Pdlim1 shRNA1 virus displayed relatively
normal cytoskeleton networks (Fig. 5C lower panel, red dotted
area), but the uninfected cells in the same dish still showed
some disorganized F-actin networks (Fig. 5C lower panel, white
dotted area). Statistical results showed that the percentage of
cells with disordered cytoskeleton reduced significantly com-
pare with that of the atg7-IKO cells (Fig. 5D). These results sug-
gest that the accumulation of PDLIM1 in atg7-IKO MEFs
might be causative to the cytoskeletal disorder in these cells.
Collectively, these results demonstrate that PDLIM1 is
degraded via an ATG7-mediated autophagy-lysosome pathway
to maintain or facilitate proper cytoskeleton organization.

Figure 5. Knockdown of Pdlim1 in atg7-IKO MEFs partially rescues the cytoskeleton organization defect. (A) Infection of Pdlim1 shRNA1 virus inhibited the expression of
PDLIM1 protein in both Atg7C/C and atg7-IKO MEFs. The uninfected cells in the same dish served as an internal control. (B) The knockdown efficiency of Pdlim1 by shRNA,
detected by immunoblotting. (C) Knockdown of Pdlim1 by shRNA1 in atg7-IKO MEFs partially rescued the disordered F-actin networks (lower panel, red dotted area), but
has no influence on Atg7C/C MEFs (upper panel red dotted). The uninfected cells in the same dish served as an internal control (white dotted areas). (D) Quantification of
the rescue efficiency of Pdlim1 knockdown.
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The formation of autophagosomes and autolysosomes are
impaired in atg7 knockout spermatids

To address whether the same mechanism applied to spermato-
zoa, we turned back to the germ cells. First, we tested whether
the autophagy-lysosome system was impaired in the atg7-null
spermatozoa. The substrates degraded by the autophagy-lyso-
some pathway are first engulfed by the autophagosome, which
then fuses with the lysosome to generate a relatively large auto-
lysosome for hydrolysis.6 To study the effect of Atg7 knockout
on autophagosome formation, we examined the LC3A/B sig-
nals in seminiferous tubules at 4 typical developmental stages
in both Atg7Flox/Flox and Alpl-atg7¡/¡ testes, ie. stage I to III,
stage IV to VI, stage VII to VIII and stage IX to XII. LC3A/B
could form relatively large and bright puncta in the cytoplasm
of elongating spermatids of the Atg7Flox/Flox testes, especially in
stage IV to VI seminiferous tubule (Fig. S8A). Note that the
large LC3A/B plaques next to the mature spermatozoa nucleus
in stage VII to VIII seminiferous tubule was residual body of
the elongated spermatids, which had been sloughed off. LC3A/
B signals can also be detected in Alpl-atg7¡/¡ seminiferous
tubules of the corresponding 4 stages, but the LC3A/B distrib-
uted evenly in the cytoplasm of the elongating spermatids, few
obvious puncta could be found (Fig. S8B). These results indi-
cate that ATG7 is required for autophagosome formation in
the elongating spermatids, and implying a potential role of
autophagy in spermatid differentiation.

The autolysosomes can be detected using the same markers
as for the lysosomes, namely LAMP1 (lysosomal-associated
membrane protein 1) or LAMP2,24 but are distinguished from
the lysosomes by their larger size, both in length and size.25

Therefore, we tested autolysosome formation in the Atg7Flox/
Flox and Alpl-atg7¡/¡ mouse testes using immunofluorescent
staining for LAMP1. In the Atg7Flox/Flox mouse testes, LAMP1
signals were dominantly distributed around the seminiferous
lumen (Fig. 6A, upper panel), with a similar distribution pat-
tern as LC3A/B and ATG7. The LAMP1-positive puncta
appeared large and bright in the Atg7Flox/Flox mouse testes, with
an average length of 1.8 § 0.14 mm (Fig. 6D, white column)
and an average size of 2.36§ 0.26 mm2 (Fig. 6E, white column).
In contrast, in the Alpl-atg7¡/¡ mouse testes, the LAMP1-posi-
tive puncta appeared much smaller and smeared (Fig. 6A, lower
panel), with an average length of 0.67 § 0.03 mm (Fig. 6D,
black column) and an average size of 0.43 § 0.03 mm2 (Fig. 6E,
black column). These results indicate that the generation of rel-
atively larger autolysosomes was impaired in the Alpl-atg7¡/¡

mouse spermatids.
The colocalization of LC3A/B and LAMP1 refers to the

fusion of autophagosome and lysosome, because the antibodies
against LC3A/B and LAMP1 were both generated in rabbit, we
chose another lysosome marker (LAMP2) for the costaining
analyses with LC3A/B. LAMP1 and LAMP2 are both lysosome
membrane-integrated proteins with a single transmembrane
domain and they display a similar distribution pattern. First,
we measured the LAMP2 immunofluorescence staining puncta
in the Atg7Flox/Flox and Alpl-atg7¡/¡ testes. Similar to the
LAMP1 staining, the LAMP2 puncta in the Alpl-atg7¡/¡ testes
were smaller and smeared compared to those from Atg7Flox/Flox

testes, indicating an impairment of the autolysosome

generation (Fig. S9). To clearly identify autophagosome and
lysosome, we used testis smear for staining of them. We found
that, in Atg7Flox/Flox testes smear, LC3A/B and LAMP2 colocal-
ized to each other in relatively large puncta in elongating sper-
matids of different stages (Fig. 6B, upper panel). Whereas in
Alpl-atg7¡/¡ testes, large LC3A/B puncta disappeared, and
LAMP2 can only be found in small puncta which were not
colocalized with LC3A/B (Fig. 6B, lower panel), confirming an
autophagosome and lysosome fusion defect in the Alpl-atg7¡/¡

spermatids.
To further confirm this defect, we analyzed the testes via

TEM. Similar to the LAMP1 immunofluorescent staining
results, large vacuoles filled with cargos were found in the Atg7-
Flox/Flox mouse testes (Fig. 6C, upper panel, AL), which was the
typical appearance of autolysosomes.26,27 However, in the Alpl-
atg7¡/¡ mouse testes, only small electron dense lysosomes sur-
rounded with some unfused small vesicles were observed
(Fig. 6C, lower panel, L), few autophagosome was found in
these spermatids.28 The average number of autolysosomes per
spermatid on a single section dropped significantly and the
lysosomes increased correspondingly in Alpl-atg7¡/¡ mouse
testes (Fig. 6F and 6G). Taken together, these results provide
strong evidences showing that the depletion of ATG7 disrupts
the generation of autolysosomes and blocks substrate degrada-
tion and cytoplasm component removal through the auto-
phagy-lysosome pathway.

PDLIM1 is accumulated in the atg7-null spermatids

Next, we assessed the PDLIM1 protein levels in the testes by
immunoblotting. Similar to the results obtained in MEFs, upon
Atg7 depletion, the autophagic flux was blocked and the
PDLIM1 level in the Alpl-atg7¡/¡ testes was strongly increased
compared with the Atg7Flox/Flox testes (Fig. 7A), but the mRNA
level of Pdlim1 remains unchanged (Fig. 7B). To show the cor-
relation between PDLIM1 and cytoskeleton organization in the
testes directly, PDLIM1 and F-actin immunofluorescent stain-
ing was performed in the Atg7Flox/Flox and Alpl-atg7¡/¡ testes.
In the Atg7Flox/Flox testes, a clear F-actin signal indicating the
presence of F-actin bundles was detected in the elongating sper-
matids, but the PDLIM1 signal was relatively weak (Fig. 7C,
upper panel). In contrast, in the Alpl-atg7¡/¡ testes, the F-actin
signal was disordered suggesting a disruption in the organiza-
tion of the cytoskeleton, and the PDLIM1 signal was clearly
increased (Fig. 7C lower panel). These results suggest that Atg7
depletion in the spermatid results in the accumulation of
PDLIM1, which finally causes the disorganization of the
cytoskeleton.

PDLIM1 is degraded within the autolysosome
in spermatozoa

If PDLIM1 was degraded via an ATG7-mediated autophagy-
lysosome pathway, it might be targeted to the autolysosome in
spermatids. PDLIM1 could be detected mainly in the haploid
spermatids at different stages in testis, and formed puncta-like
structures at stages VII to VIII (Fig. S10). We then examined
the relationship between PDLIM1 and LAMP2 at VII to VIII
stage by coimmunofluorescent staining in the Atg7Flox/Flox and
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Figure 6. Impairment of autolysosome formation in atg7-null spermatids. (A) IF of LAMP1 in Atg7Flox/Flox mouse testis (upper 2 panels) and Alpl-atg7¡/¡ mouse testis
(lower 2 panels). Red, propidium iodide. (B) Co-IF of LC3A/B and LAMP2 in Atg7Flox/Flox spermatids (upper 2 panels) and atg7-null spermatids (lower 2 panels), 2 represen-
tative results are shown in each group. (C) Ultrastructural analysis of Atg7Flox/Flox spermatids (upper) and atg7-null spermatids (lower). (D) Quantification of the length of
the LAMP1-positive puncta in Atg7Flox/Flox spermatids (white column, 1.8 § 0.14 mm) and atg7-null spermatids (black column, 0.67 § 0.03 mm). (E) Quantification of the
size of the LAMP1-positive puncta in Atg7Flox/Flox spermatids (white column, 2.36 § 0.26 mm2) and atg7-null spermatids (black column, 0.43 § 0.03 mm2). (F) Quantifica-
tion of the average number of autolysosomes in Atg7Flox/Flox (white column, 2.51 § 0.33) and atg7-null elongating spermatids (black column, 0.69 § 0.12) by TEM analysis.
(G) Quantification of the average number of lysosomes in Atg7Flox/Flox (white column, 0.61§ 0.19) and atg7-null elongating spermatids (black column, 2.23§ 0.31) by TEM
analysis. AL, autolysosome; L, lysosome; Nu, nucleus.
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Alpl-atg7¡/¡ testes. As shown in the Figure 7D, PDLIM1 was
colocalized with large LAMP2 puncta in the Atg7Flox/Flox testes
(Fig. 7D, upper 2 panels), which means that, in the presence of
functional ATG7, PDLIM1 could be targeted by the autophagy
pathway and delivered to the autolysosomes for degradation. In
contrast, the LAMP2 puncta were relatively smaller in the Alpl-
atg7¡/¡ testes (Fig. 7E and F), and PDLIM1 did not colocalize
with the LAMP2 puncta (Fig. 7D, lower 2 panels), demonstrat-
ing that, in the absence of Atg7 in spermatozoa, PDLIM1

cannot be transported into the autolysosomes. Collectively,
these results suggest that PDLIM1 was degraded by an ATG7-
mediated autophagy-lysosome pathway in spermatids to main-
tain a proper level to facilitate cytoskeleton organization.

Discussion

In the current work, we found that autophagy mainly works in
2 types of germ cells, the round spermatids and the elongating

Figure 7. PDLIM1 is degraded within the autolysosome in an ATG7-dependent manner. (A) Immunoblotting analysis of ATG7, PDLIM1, SQSTM1, and LC3B in Atg7Flox/Flox

and Alpl-atg7¡/¡ testes. (B) The mRNA expression level of Pdlim1 in Atg7Flox/Flox and Alpl-atg7¡/¡ testes. (C) IF of F-actin and PDLIM1 in Atg7Flox/Flox (upper panel) and Alpl-
atg7¡/¡ testes (lower panel). Framed area was magnified. (D) IF of LAMP2 and PDLIM1 in Atg7Flox/Flox spermatids (upper 2 panels) and atg7-null spermatids (lower 2 pan-
els). Framed area was magnified. (E) Quantification of the length of LAMP2-positive puncta in Atg7Flox/Flox spermatids (white column, 1.42 § 0.13 mm) and atg7-null sper-
matids (black column, 0.46 § 0.08 mm). (F) Quantification of the area of the LAMP2-positive puncta in Atg7Flox/Flox spermatids (white column, 2.16 § 0.14 mm2) and atg7-
null spermatids (black column, 0.31 § 0.04 mm2).
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spermatids. Consistent with the LC3A/B and ATG7 expression
patterns, the germ cell-specific atg7 knockout in mice results in
multiple defects in their spermatozoa. In addition to the acro-
some biogenesis defect, we have found an abnormal “9C2”
structure of the sperm flagellum and an inefficient cytoplasm
removal in atg7-null spermatozoa (Fig. 2). The efficient cyto-
plasm removal is thought to be critical for the generation of
functional and motile spermatozoa, but the mechanisms under-
lying this process remain poorly understood.29 For a long time,
the elimination of residual bodies was thought to be a passive
process, and they were thought to be engulfed by the Sertoli
cells.30 However, the role of the spermatids themselves is largely
ignored. Recently, the notion of a proper cytoplasmic removal
under a genetic control was well established by the functional
study of Spem1.31 SPEM1 is directly involved in the regulation
of the cytoplasm removal from the late elongated spermatids in
mice, and the lack of SPEM1 causes spermatozoa deformation
and male infertility. Actually, cytoplasmic removal defects have
been reported in mice deficient in the function of 3 types of
genes. The first group includes mice deficient in nuclear pack-
aging and condensation during the late stage of spermiogenesis,
harboring defects in either Tnp1/Tnp2,32 Prm1/Prm2,33 H1fnt/
H1t2),34 or Camk4.35 The second group includes mice deficient
in acrosome biogenesis,15 with defects in Csnk2a2, Gopc, Gba2,
Zpbp1, Pick1, or Spaca1. Spem1 itself stands alone as the third
group because its knockout does not affect either of the 2 pro-
cesses. These results suggest that the regulation of DNA pack-
aging, acrosome biogenesis, and cytoplasmic removal during
spermiogenesis might be partially interconnected. For the
DNA packaging deficient mice, the cytoplasmic remnants left
on spermatozoa seem less than those on either the acrosome
biogenesis defect or Spem1 knockout mice, suggesting that the
cytoplasmic remnants may be left as a side effect of improperly
packed nuclear. In contrast to the DNA packaging deficient
mice, usually the cytoplasmic remnants on spermatozoa with
acrosome defect or Spem1 deficiency are relatively larger, sug-
gesting that acrosome biogenesis and cytoplasmic removal
maybe 2 tightly coupled processes.

During normal spermiogenesis, the cytoplasm of the apical
head is compressed by the close contact between the cytoplasm
membrane and the outer acrosomal membrane,36 while the
bulk of the cytoplasm moves distally along the manchette.37 In
the elongating spermatids, the F-actin based acroplaxome pro-
vides a docking site for the acrosome development, and anchors
it to the spermatid nucleus.38 Thus, due to lack of proper
anchor, the nucleus could not be efficiently pushed out from
the cytoplasm when there were no acrosomes or with abnormal
acrosomes, finally results in the presence of excessive perinu-
clear cytoplasm.

Actually, it is cytoskeleton that couples the acrosome bio-
genesis, cytoplasm removal and sperm flagella development
during the spermiogenesis. It has been well established that the
transport of the proacrosomal vesicles requires microtubule-
based and F-actin-based motor proteins (Kinesin/dynein and
MYO5A/myosin Va, respectively).38 Meanwhile, with the initi-
ation of the spermatid nucleus elongation, a microtubule- and
actin-containing manchette begins to assemble. Most cargos
and macromolecules are transported to the centrosome along
the manchette, and at the same time, the nucleus is pushed out

of the cytoplasm.39 In the atg7-null spermatids, the assembly of
a functional manchette was affected, thus inhibiting the trans-
portation of the cargos toward the direction of sperm tail and
the proper development of the sperm tail along with the micro-
tubules of the manchette. In addition, we found that the axo-
nemes of the atg7-null aggregated sperm flagella had lost their
regular “9C2” structure. Instead, several microtubule filaments
were distributed randomly. Actually, plenty of genes have been
reported to be essential for normal sperm flagella development
and for the head-tail connection, such as Spag6,40 Pacrg,41

Odf2,42 Hook1,43 Trip11/Gmap210 and Ift88.44 Most impor-
tantly, a recent work brought autophagy and primary ciliogene-
sis together.45 It has been reported that a ciliopathy protein,
OFD1 (oral-facial-digital syndrome 1 gene homolog [human]),
is degraded by autophagy to promote primary ciliogenesis.45

Although we currently cannot test this hypothesis directly due
to the absence of a good antibody to detect OFD1 during mice
spermiogenesis, as a specialized cilium, autophagy may also
participate in sperm flagella biogenesis by degrading OFD1.
Therefore, all of these defects in atg7-null spermatozoa were
found to be associated with cytoskeletal disorganizations.

Based on our data, we propose a model in which actin-asso-
ciated protein PDLIM1 was a mediator between autophagy and
cytoskeleton organization during spermiogenesis. Under nor-
mal conditions, PDLIM1 is targeted to the autolysosome for
degradation in an ATG7-dependent manner to maintain a
proper dynamics of the cytoskeleton network. However, after
Atg7 knockout, LC3 could not be recruited to the membrane of
the phagophore and the autophagic flux is blocked. Conse-
quently, the autophagosome and autolysosome do not engulf
their substrates, such as PDLIM1 and OFD1, causing their
accumulation in the cytoplasm. This leads to the formation of
stress fibers-like structures and disrupts the assembly of the
spermatozoa flagella. The ablation of Atg7 also disrupts the par-
allel orientation of the TUBB- and F-actin-containing cyto-
plasmic manchettes and some other cytoskeleton-based
structures, impairs acrosome formation, decreases sperm motil-
ity and prevents the complete cytoplasm removal, and finally
results in sterility (Fig. 8).

PDLIM1 is a member of the PDZ and LIM protein family,
which contains an N-terminal PDZ domain and a C-terminal
LIM domain.46 Most interactions between the PDZ-LIM pro-
teins and the cytoskeleton have been identified in striated mus-
cle. In contrast, PDLIM1 interacts with the F-actin-based stress
fibers in nonmuscle tissues via an association with nonmuscle
ACTN1 and ACTN4.22 It has been reported that PDLIM1 is
involved in cytoskeletal reorganization and signal transduction
in a variety of cells.47 The reduction of PDLIM1 expression
leads to the loss of stress fibers in BeWo48 and F2408 cells,49

but not in SAOS-2 cells.50 This difference in the function of
PDLIM1 might originate from various partners in the cells
because PDLIM1 works as a scaffold of cytoskeleton organiza-
tion and an adaptor for the recruitment of several factors. It
has been reported that a spermatid-enriched kinase, Clik1, is
recruited to the actin stress fibers by PDLIM1.51 In addition, an
actin regulatory protein named PALLD/palladin is concen-
trated along the tubulin- and F-actin-containing cytoplasmic
manchette.52 Because PDLIM1 might form a triple complex
with ACTN1 and PALLD on stress fibers,53 the localization of
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PALLD in the elongating spermatids might also be mediated by
PDLIM1, hinting that PDLIM1 and ACTN1 may also localize
on the manchette. In striated muscle, ACTN1 cross-links in an
antiparallel manner to the F-actin at the Z disk, whereas in
nonmuscle cells, ACTN1 is a highly flexible cross-linker,54 it
can cross-link parallel,55 antiparallel bundles,56 and other kinds
of actin filaments.57 Therefore, the accumulation of PDLIM1
might lead to the formation of a stress fibers-like structure, and
finally result in the random orientation of the filamentous bun-
dles and manchette in either MEFs or spermatids.

There remains one question to be answered, which is why
the knockout of Atg7 in germ cells results in the disorder of
microtubules. Actually, as the 2 major systems of cytoskeleton,
F-actin and microtubules interact with and influence each other
mutually,58 and adaptors such as DBNL/drebin and MAPRE3/
EB3 have been identified to crosslink the F-actin and microtu-
bules directly.59 What is more, besides the acroplaxome, F-actin
also participates in manchette, suggesting that the microtubule
based and F-actin based structure and transport systems do
interact with each other during spermiogenesis.60 So, as an F-
actin associated factor, the accumulation of PDLIM1 may

further influence microtubules organization. An alternative
possibility is that another negative regulator of microtubules,
which is still totally unknown, needs to be degraded by the
autophagy-lysosome pathway. All these possibilities still need
further experimental data to be distinguished in the future.

The actin stress fibers form a dynamic organelle that is
important in some processes such as cell migration, cell polar-
ity, and cytokinesis.61 However, some of these structures are
less suited for cell motility and more suited to static contrac-
tion. It has been reported that stress fibers are more prominent
in stationary cells,62 F-actin-based stress fibers are poorly orga-
nized in migrating cells,63 suggesting that they might inhibit
cell migration.64 The reduction of ACTN expression by the
transfection of an antisense construct leads to increased motil-
ity in 3T3 cells.65 When PDLIM1 and its paralog PDLIM4/RIL
are suppressed, the F2408 cells not only display a reduction of
stress fiber formation but also the generation of lamellipodia
with extensive ruffling activity and a dramatic increase of both
directional and random migration.49 Along with the migration
toward the lumen of the elongated spermatids, the cytoplasm is
removed to generate mature spermatozoa.

Figure 8. Model for the functional role of Atg7 in spermatid differentiation. In the presence of ATG7 (left), excessive PDLIM1 could be engulfed by the LC3-labeled phago-
phore, and then be delivered to the autolysosome for degradation. F-actin-based structures and microtubule-based structures are assembled properly. In the absence of
ATG7 (right), autophagy cannot be initiated, and PDLIM1 accumulates inside the cytosol. The accumulated PDLIM1 results in the disruption of the cytoskeletons in
spermatids.
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The current study found that once Atg7 was knocked out,
PDLIM1 accumulated in the cytoplasm of the spermatids, the
accumulation of PDLIM1 disrupted the proper dynamics of the
cytoskeleton and finally resulted in the inefficient cytoplasm
removal during spermiogenesis. We have to point out that
PDLIM1 might be just one case of these negative regulators,
and multiple kinds of negative regulators, such as RIL and
OFD1, may also need to be eliminated by autophagy-lysosome
pathway to ensure efficient cytoplasm removal during spermio-
genesis. In fact, the autophagy-dependent regulation of cyto-
skeleton such as stress fibers has been hinted at more than 2
decades ago by Ridley and Hall.66 They show that once Swiss
3T3 fibroblasts are starved by serum deprivation for a few
hours, the pre-existing stress fibers and focal adhesions disap-
pear, suggesting that they might be degraded by the autophagy-
lysosome pathway. Therefore, our work, along with other pre-
vious studies, uncovered a novel crosstalk between autophagy
and the cytoskeleton, suggesting that autophagy and the cyto-
skeleton mutually modulate each other during the differentia-
tion of some cell types.

Materials and methods

Animals

The Atg7Flox/Flox mouse strain (RBRC02759)67 were purchased
from the RIKEN Bio Resource Center with permission from
Dr. Masaaki Komatsu (Tokyo Metropolitan Institute of Medi-
cal Science). The Atg7Flox/Flox; Alpl/Tnap-cre mice were bred by
crossing the Atg7Flox/Flox mice and Alpl/Tnap-Cre mice (Jackson
Laboratory, 008569). The Cre-recombinase is driven by the
promoter of Tnap (tissue nonspecific alkaline phosphatase) or
Alpl (alkaline phosphatase, liver/bone/kidney ) which allows it
to delete the floxed Atg7 alleles in primordial germ cells
between E9.5 to E10.5.68 All of the animal experiments were
approved by the Animal Research Panel of the Committee on
Research Practice of the University of the Chinese Academy of
Science.

Antibodies

The rabbit anti-LC3A/B polyclonal antibody (ab58610) was
purchased from Abcam. The rabbit anti-SQSTM1 polyclonal
antibody (5114) was purchased from Cell Signaling Technol-
ogy. The mouse anti-ATG7 monoclonal antibody
(SAB4200304) for immunoblotting, and the rabbit anti-LC3B
polyclonal antibody (L7543) for immunoblotting were pur-
chased from Sigma Aldrich. The mouse anti-TUBB/b-tubulin
monoclonal antibody (M20005) was purchased from Abmart,
FITC-conjugated phalloidin (40735ES75) and TRITC-conju-
gated phalloidin (40734ES75) were purchased from Yeason.
The goat anti-rabbit FITC (ZF-0311), donkey anti-rat TRITC,
and goat anti-mouse TRITC (ZF-0313) -conjugated secondary
antibodies, as well as the goat anti-mouse (ZB-2305), goat anti
rabbit (ZB-2301)-horseradish peroxidase-conjugated secondary
antibodies were purchased from Zhong Shan Jin Qiao. The
Alexa Fluor 680-conjugated goat anti-mouse (A21057) and
Alexa Fluor 800-conjugated goat anti-rabbit (A21109) second-
ary antibodies for immunoblotting were purchased from

Invitrogen. The rabbit anti-PDLIM1 antibody (11674-1-AP)
was purchased from Proteintech Group. The rabbit anti-
LAMP1 antibody (SAB3000285) was purchased from Sigma-
Aldrich. The rat anti-LAMP2 antibody (ab13524, Abcam) was
kindly provided by Dr. Li Yu (Tsinghua University).

Plasmids, cell culture and transfection

Genes encoding FLAG-tagged PDLIM1, STMN1 (stathmin 1),
PPP4R2 (protein phosphatase 4, regulatory subunit 2), NUDC
(nudC nuclear distribution protein), MAP6 (microtubule-asso-
ciated protein 6), YBX1 (Y box protein 1), and CD2AP (CD2-
associated protein) were cloned into the SalI and NotI site of
the modified pRK5 vector (AddGene, 71868; deposited by
David Sabatini). The plasmids were transfected using Lipofect-
amine 2000 (Invitrogen, 11668019) according to the manufac-
turer’s instructions. FLAG-tagged ATG7 was cloned into the
XbaI and XmaI site of pHIV-EGFP lentiviral vector (AddGene,
21373; deposited by Bryan Welm) and a stop codon was
inserted before the open reading frame of the EGFP. The
Pdlim1 shRNA1 (50-CGAAGTGCCATGCCATTTA-30), or
shRNA2 (50-GTTAGTCATGCGCAATAAA-30) were cloned
into the HpaI and XhoI site of pSicoR-mCherry lentiviral vector
(AddGene, 21907; deposited by Miguel Ramalho-Santos). The
lentiviral plasmid was cotransfected into 293T cells with the
packaging plasmids pMD2.G (AddGene, 12259; deposited by
Didier Trono) and psPAX2 (AddGene, 12260; deposited by
Didier Trono),69 then the virus was collected 48 h and 60 h
after transfection, and then used to infect the cells along with
4 mg/ml polybrene (Sigma, H9268).

Sperm motility assays

The sperm motility assays were performed as described previ-
ously.70 Briefly, the cauda epididymis was dissected from adult
mice. Spermatozoa were squeezed out from the cauda epididy-
mis and incubated for 30 min at 37�C under a 5% CO2-con-
taining atmosphere. 10-ml aliquots from the sample were taken
and placed into 80-mm deep glass cell chambers (Hamilton
Thorne, 80 micron 2X-CEl). The chambers were imaged using
an Olympus BX51 microscope (Olympus, Tokyo, Japan)
through a 20X phase objective, while being maintained at 37�C
on a heated platform. The viewing areas on each chamber were
captured using a CCD camera. The samples were analyzed via
computer-assisted semen analysis using the Animal Motility
system (Hamilton Thorne, Beverly, MA, USA). Different sperm
motility parameters were analyzed, including the total motility,
average path velocity (VAP), VSL, and the VCL. Unfixed sperm
were spread onto precoated slides for morphological
observation.

Testis smear

Atg7Flox/Flox and Alpl-atg7¡/¡ mice (8-wk old) were killed by
cervical dislocation. The testes were surgically removed and the
tunica albunigea was removed from the testes. Then, the testes
were digested by 1mg/ml collagenase and 1mg/ml hyaluroni-
dase. Cells were dissociated by gently pipetting, filtered through
a 70-mm filter and then pelleted by centrifugation at 500 g for
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10 min. Cells were suspended in 1 ml phosphate-buffered saline
(PBS; Gibco, C14190500BT) and fixed with 4% paraformalde-
hyde (PFA) solution, washed with PBS and finally spread onto
polylysine-coated slides for staining.

Real-time quantitative PCR (qPCR) analyses

Total RNAs were isolated from MEF cells or testis as previously
described.71 cDNA was synthesized by the PrimeScriptTM RT
Reagent Kit (TaKaRa, RR037A), and primer sets for Pdlim1
(forward:50- CCACATCCTTCCTGGTTCTG30 and reverse: 50-
TGGTGATCCC TCAGCTTCAC-30) and Gapdh (forward:50-
GGTGGTGCTAAGCGTGTTAT-30 and reverse: 50-ACCTCT
GTCATCTCTCCACA-30) were used. Real-time PCR was car-
ried out with the Roche Light Cycler� 480II System (WA,
USA), and the results were analyzed using the LightCycle480
SW 1.5.1.

Immunoblotting

Tissue or cell extracts were prepared using a Dounce Tissue
Grinders (Corning, 7722 15) in cold RIPA buffer (25 mM Tris-
HCl, pH 7.6, 150 mM NaCl, 1% Nonidet P-40 [Sigma, 74385],
1% sodium deoxycholate [Amresco, D0613], 0.1% sodium
dodecyl sulfate [Amresco, 0227]) supplemented with 1 mM
phenylmethylsulfonyl fluoride (Amresco, M145) and a protein
inhibitor cocktail (Roche Diagnostics, 04693132001). The
homogenates were centrifuged at 13,200 g for 15 min, and the
protein concentrations were determined by the Bio-Rad protein
assay (500-0006). The protein lysates (25 mg) were separated by
SDS-PAGE and electrotransferred onto a nitrocellulose mem-
brane. The membrane was incubated with corresponding pri-
mary antibodies and detected by Alexa Fluor 680-conjugated
goat anti-mouse or Alexa Fluor 800-conjugated goat anti-rabbit
secondary antibody, and finally scanned using the ODYSSEY
Sa Infrared Imaging System (LI-COR biosciences, USA).

Transmission electron microscopy

The adult testes were fixed with 2.5% glutaraldehyde in 0.2 M
cacodylate buffer overnight. After washing them in 0.2 M PBS,
the tissues were cut into small pieces of approximately 1 mm3,
and immersed in 1% OsO4 in 0.2 M cacodylate buffer for 2 h at
4�C. Then, the samples were dehydrated through a graded eth-
anol series and embedded in resin. Ultrathin sections were cut
on an ultramicrotome, stained with uranyl acetate and lead cit-
rate, and observed using a JEM-1400 transmission electron
microscope (JEOL, Tokyo, Japan).

Immunofluorescence

The indicated male C57BL/6 mice were euthanized according
to the guidelines of the Ethics Committee of the Institute of
Zoology, Chinese Academy of Sciences. The tissues were imme-
diately embedded in an optimum cutting temperature com-
pound (OCT; Tissue-Tek, 4583) and cut in 8-mm sections
using a microtome-cryostat (Leica CM1950, Wetzlar, Ger-
many). Each section was fixed with 4% PFA and rinsed 3 times
in PBS (pH 7.4). Then, the primary antibody was added to the

sections and incubated at 4�C overnight, followed by incuba-
tion with the secondary antibody. The F-actin networks were
stained with FITC or TRITC-conjugated phalloidin. The nuclei
were stained with propidium iodide or DAPI. The images were
taken immediately using a LSM 780/710 microscope (Zeiss,
Oberkochen, Germany) or SP8 microscope (Leica, Wetzlar,
Germany). For cellular immunofluorescence, 1£105 cells were
plated on cover glass slips in 35-mm dish and culture in
DMEM with 10% fetal bovine serum for 24 h, the cells were
rinsed 3 times with PBS, fixed, and stained as described above.
For protein overexpression and PDLIM1 knockdown, cells
were stained 48 h after plasmid transfection or virus infection.

Immunohistochemistry

The paraffin sections were fixed with 4% PFA and rinsed
3 times in PBS (pH 7.4). Then, the sections were boiled for
15 min in sodium citrate buffer for antigen retrieval. Next, 3%
H2O2 was added to the sections to eliminate the internal perox-
idase activity. After blocking with 5% bovine serum albumin
(Sigma, V900933), each section was incubated with the primary
antibody at 4�C overnight, followed by staining with the horse-
radish peroxidase-conjugated secondary antibody. The negative
controls were prepared without the primary antibody. Finally,
the sections were stained with 3, 30-diaminobenzidine, and the
nuclei were stained with hematoxylin. The images were
acquired using a Nikon 80i invert microscope equipped with a
CCD camera (Nikon, Tokyo, Japan).

Generation of atg7-IKOMEFs

The atg7-IKO MEFs were constructed using a 4-OH-tamoxifen
inducible Cre recombinase, briefly, the Cre recombinase is
fused to the mutated human ER LBD (estrogen receptor
ligand-binding domain) containing a glycine at amino-acid 400
and an arginine at amino-acid 521, so it is also called Cre-ER
(GR). This fused recombinase is strongly activated in the pres-
ence of the ER antagonists 4-hydroxytamoxifen (OHT) and ICI
182,780 (ICI), but not ER.72

Atg7Flox/Flox; Tamoxifen-cre mice were generated from the
breeding of Atg7Flox/Flox mice with Tamoxifen-cre mice. When
the female mice showed plugs and were pregnant on d 12, they
were sacrificed and the embryos were isolated as previously
described.73 For the knockout of Atg7 in the MEFs, 4-OH-
tamoxifen (Sigma-Aldrich, H7904) was added to the medium
at a final concentration of 0.1 mM to induce the gene deletion
for at least 3 d and the 4-OH-tamoxifen induced Atg7 knock-
out MEFs are called atg7-IKO MEFs. The cells were incubated
at 37�C in a 5% CO2-containing atmosphere. The knockout
efficiency was confirmed by immunoblotting.

Bioinformatics analyses

The information of up- and downregulated proteins in atg7-
IKO MEFs was obtained from a published paper,21 and the
DAVID platform was used to annotate their biological themes.
DAVID version 6.7 (http://david.abcc.ncifcrf.gov/) enables the
generation of specific functional annotations of biological pro-
cesses affected by a treatment from the target gene lists
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produced from the high-throughput experiments.74 We
selected the cellular components and biological processes show-
ing a P value < 0.1 and a Count > 5 as the significance cutoff
for the terms. Moreover, the gene symbols corresponding to
these regulated proteins were also sent to the Search Tool for
the Retrieval of Interacting Genes/Proteins (STRING version 9.
One;75 http://string.embl.de/), to build a network using edge
information from 3 separate form of evidence: databases,
experiments, and text mining. We used 0.4 (medium confi-
dence) as the value for the edge confidence provided by
STRING.

Cycloheximide (CHX) chase assay

Atg7C/C and atg7-IKO MEFs were plated one d before the
experiment and cycloheximide (R750107, Sigma-Aldrich) was
added to the culture at 100 mg/ml to block new protein synthe-
sis. Samples were taken at 0, 2, 4, 8 h after the addition of CHX
and protein levels were determined by immunoblotting. The
quantification of PDLIM1 was obtained as the ratio of PDLIM1
intensity to GAPDH intensity in each sample.

Quantification of IF and TEM

The IF images were obtained using a LSM 780/710 microscope
(Zeiss, Oberkochen, Germany) or SP8 microscope (Leica, Wet-
zlar, Germany). The quantification of IF was counted up to 100
cells in randomly selected microscopy fields from the slides,
and each experiment was repeated for 3 times. Data were ana-
lyzed and expressed as the percentage of cells with disordered
cytoskeleton in each group. The TEM images were observed
using a JEM-1400 transmission electron microscope (JEOL,
Tokyo, Japan). The quantification of TEM was counted up to
50 cells in randomly selected microscopy fields, and repeated
for 3 times.

Statistical analysis

All data were presented as the means § SEM. The statistical
significance of the differences between the mean values for
the different genotypes was measured by the Student t test
with a paired, 2-tailed distribution. The data were consid-
ered significant when the P value was less than 0.05 (�) or
0.01 (��).

Abbreviations

Ac acrosome
AL autolysosome
Atg7 autophagy-related 7
CD cytoplasmic droplet
CHX cycloheximide
CQ chloroquine
IF immunofluorescent staining
IHC immunohistochemistry
L lysosome
LAMP1 lysosomal-associated membrane protein 1
LAMP2 lysosomal-associated membrane protein 2

MAP1LC3A/LC3A microtubule-associated protein 1 light
chain 3 a

MAP1LC3B/LC3B microtubule-associated protein 1 light
chain 3 b

MEF mouse embryonic fibroblast
MS mass spectrometry
OFD1 oral-facial-digital syndrome 1 gene

homolog (human)
PDLIM1 PDZ and LIM domain 1 (elfin)
PFA paraformaldehyde
SQSTM1 sequestosome 1
STMN1 stathmin 1
STRING Search Tool for the Retrieval of Interact-

ing Genes/Proteins
TEM transmission electron microscopy
VAP average path velocity
VCL curvilinear velocity
VSL straight-line velocity
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