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Autophagy plays a crucial role in a wide array of physiological processes. To uncover the complex regu-
latory networks and mechanisms underlying basal autophagy, we performed a quantitative proteomics
analysis of autophagy-deficient mouse embryonic fibroblast cells (MEFs) using iTRAQ labeling coupled
with on-line 2D LC/MS/MS. We quantified a total of 1234 proteins and identified 114 proteins that were
significantly altered (90% confidence interval), including 48 up-regulated proteins and 66 down-regu-
lated proteins. We determined that F-actin was disassembled in autophagy-deficient Atg7�/� MEFs.
Treatment of the WT MEFs with cytochalasin D (CD), which induces F-actin depolymerization, signifi-
cantly induced autophagosome formation. However, treatment with cytochalasin D also increased the
protein level of p62 under starvation conditions, suggesting that depolymerization of F-actin impaired
autophagosome maturation and that the intact F-actin network is required for basal and starvation-
induced autophagy. Our results demonstrate a close relationship between F-actin and autophagy and
provide the basis for further investigation of their interactions.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The autophagy process is an evolutionarily conserved degrada-
tive pathway in eukaryotic cells [1]. Autophagy involves a series of
steps, including induction, cargo recognition and assembly, vesicle
nucleation, vesicle dilation and completion, vesicle fusion with the
lysosome/vacuole, vesicle disintegration, and reutilization of the
resulting macromolecules[2]. Autophagy is also associated with a
wide array of physiological processes, such as immunity [3], devel-
opment [4], and cell death [5]. Impaired autophagy causes the accu-
mulation of abnormal proteins, interferes with normal cellular
functions [6,7], and triggers several pathological conditions, includ-
ing certain malignancies, Huntington’s disease, Parkinson’s disease,
and Alzheimer’s disease [8].

The autophagy pathway is complex; genetic analysis of Saccharo-
myces cerevisiae has identified over 30 genes related to autophagy
todate (ATG; autophagy-related gene) [9]. A number of specific ATGs
constitute two ubiquitin-like conjugation systems, the ATG8 and
ATG12 conjugation systems [10,11]. Atg7p (an E1-like enzyme) acti-
vates Atg12p [12], which is later transferred to the E2-like enzyme
Atg10p and subsequently conjugated to Atg5p. Similar to Atg12p,
Atg8p is activated by Atg7p and transferred to the E2-like enzyme
Atg3p [11]. Mammals express at least three Atg8 homologues:
GABARAP, GATE-16, and LC3. The ATG7 gene encodes the E1-like en-
zyme Atg7p, which is involved specifically in autophagosome for-
mation and is indispensable for autophagy [13]. Therefore, the
ATG7 gene is essential in the autophagy process.

To characterize the overall protein dynamics of basal autophagy
further, we applied iTRAQ labeling coupled with on-line 2D LC/MS/
MS proteomics technology [14] to perform the first large-scale anal-
ysis of the protein expression profile of Atg7�/� MEFs derived from
Atg7-knockout mice [15,16]. We quantified 1234 proteins and iden-
tified 114 significantly altered proteins (90% confidence interval).
The ingenuity pathway analysis (IPA) of the network demonstrated
that filamentous actin (F-actin) was an important hub in the pro-
tein–protein interaction network. We confirmed that autophagy
impairment induced by Atg7 deficiency affected the morphology
of F-actin in the MEFs. Experiments performed in CD-treated WT
MEFsdemonstrated that depolymerization of F-actin might impair
autophagosome maturation during basal and starvation-induced
autophagy. In summary, our data suggest that F-actin is closely asso-
ciated with autophagy, and further investigation of the mechanisms
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by which F-actin polymerization interacts with the autophagy pro-
cess is warranted.
2. Materials and methods

2.1. Cell culture and reagents

The immortalized WT and Atg7-deficient mouse embryonic
fibroblast cells (WT MEFs and Atg7�/� MEFs) were generously pro-
vided by Dr. Masaaki Komatsu (Tokyo Metropolitan Institute of
Medical Science) [15,16]. The cells were propagated in modified Ea-
gle’s medium (MEM; Invitrogen, 41500–034) supplemented with
10% fetal bovine serum (FBS; Gibco, 8172879) at 37 �C in a humidi-
fied atmosphere containing 5% (v/v) CO2. The medium was changed
every 2 days. The reagents used in this study were as follows:
cytochalasin D (final concentration 2 lM; Gibco, PHZ1063), tetram-
ethylrhodamine B isothiocyanate (TRITC)-phalloidin (5 lM; Sigma–
Aldrich, P1951), 40,60-diamidino-2-phenylindole (DAPI, 1 mg/mL;
Biotium, 40011), and monodansylcadaverine (MDC, 50 lM; Sig-
ma–Aldrich, 30432).
2.2. Western blotting

Cells were lysed in RIPA buffer (Beyotime, P0013B) containing
1% PMSF (Beyotime, ST506) and clarified by centrifugation at
15,000�g for 15 min at 4 �C. The protein concentration in the
supernatant was measured using the BCA protein assay kit (Beyo-
time, P0010) [17]. The cell lysates were mixed with 5� SDS–PAGE
buffer (Beyotime, Jiangsu, China) and boiled for 5 min. Twenty
micrograms of each sample was subjected to SDS – 12% to 15%
PAGE and Western blotting as previously reported [18]. Densito-
metric quantitation of the blotting strips was performed using
Quantity-One software. GAPDH was used as an internal control.
The following antibodies were used: rabbit anti-Atg7 polyclonal
antibody (Abcam, ab58735, 1:2000), anti-LC3B antibody (Sigma–
Aldrich, L7543, 1:1000), rabbit anti-GAPDH (14C10) mAb (Cell Sig-
naling Technology, 2118L, 1:1000), and anti-p62/SQSTM1 antibody
(Sigma–Aldrich, P0067, 1:20,000).
2.3. RNA extraction and quantitative real-time PCR

Total RNA was extracted using the TRIzol reagent (Invitrogen,
15596-026) according to the manufacturer’s instructions. RNA
concentration and quality were analyzed using a nucleic acid and
protein analyzer (Beckman, DU640), and 1 lg of RNA was then re-
verse transcribed with the PrimeScript RT reagent kit (TaKaRa).
Real-time quantitative PCR was performed in the Bio-Rad CFX-96
real-time PCR detection system using the following amplification
parameters: 95 �C for 30 s, followed by 40 cycles of 95 �C for 5 s
and 58 �C for 5 s. Relative gene expression levels were calculated
as the ratio of mRNA level normalized to the level of 18S rRNA.
The results were analyzed using the CFX manager software (Bio-
Rad). Results were expressed as the mean ± SD of three indepen-
dentexperiments. Primer sequences are listed in Supplementary
Table 1.
Fig. 1. Three independent iTRAQ experiments identified differentially regulated
proteins in Atg7�/� MEFs. (A) Venn diagram depicting the overlap of proteins
identified in three independent iTRAQ experiments. (B) Overall distribution of the
mean protein expression ratios of 1234 proteins identified in the Atg7-deficient
MEFs. The ratios were calculated by dividing the expression level of each protein in
Atg7�/� MEFs (116) by that in WT MEFs (114). Horizontal lines in the plot indicate
the 90% confidence intervals.
2.4. Labeling F-actin with TRITC-phalloidin

To detect F-actin and nuclei, WT MEFs and Atg7�/� MEFs were
grown on glass-bottomed dishes, then fixed and stained as previ-
ously reported [19]. The fluorescence images were recorded using
a confocal laser scanning microscope (Zeiss, LSM 510).
2.5. Labeling of late-stage autophagosomes with
monodansylcadaverine (MDC)

To detect the late-stage autophagosomes, MEFs were grown on
glass-bottomed dishes. Following the indicated treatment, the cells
were stained using 50 lM MDC for 10 min at 37 �C. After three
washes with PBS, the cells were examined under a confocal laser
scanning microscope (Zeiss, LSM 510).

For quantitative assessment of the late-stage autophagosomes
after the indicated treatment, cells were subjected to MDC stain-
ing, trypsinized, collected by centrifugation, and resuspended in
PBS. The cells were subjected to FACS analysis (excitation wave-
length 380 nm, emission filter 525 nm) using a FACSCalibur flow
cytometer.
2.6. iTRAQ labeling, sample cleaning and desalting

The iTRAQ labeling and sample cleaning was performed as de-
scribed previously [20]. In this study, the WT MEFs and Atg7-/-

MEFs were labeled with 114 and 116 iTRAQ reagents,respectively,
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and three independent biological replicates were performed. Prior
to the on-line 2D LC/MS/MS analysis, the iTRAQ-labeled samples
were cleaned and desalted. A cation exchange cartridge system
(Applied Biosystems) was used to remove the SDS reducing re-
agent, excess iTRAQ reagents, undigested proteins, and trypsin
from the labeled sample mixture to avoid interference with the
LC/MS/MS analysis.

The on-line 2D LC/MS/MS experiments were essentially per-
formed as described previously [21]. The 2D nano-LC/MS/MS anal-
yses were performed on a nano-HPLC system (Agilent, Waldbronn,
Germany) coupled to a hybrid Q-TOF mass spectrometer (QSTAR
XL, Applied Biosystems) equipped with a nano-ESI source (Applied
Biosystems) and a nano-ESI tip (Picotip, New Objective Inc., Wo-
burn, MA). The Analyst TM 1.1 software was used to control the
QSTAR XL mass spectrometer and nano-HPLC system and to ac-
quire the massspectral data.

2.7. Protein identification and relative quantitation

The raw MS data were essentially analyzed as described previ-
ously [21]. ProteinPilot Software 3.0.1 (Applied Biosystems, Soft-
ware Revision Number: 67476; Applied Biosystems) was used to
identify and quantify the peptides and proteins. The complete set
of raw data files (⁄wiff) were searched against the non-redundant
International Protein Index (IPI) database (mouse v3.62, 40,041 en-
tries) using the Paragon and ProGroup algorithms (Applied
Biosystems).

2.8. IPA analysis and functional categorization of differentially
expressed proteins

The bioinformatics analyses of the differentiallyexpressed pro-
teins were performed using the Ingenuity Pathways Analysis
(IPA) software (version 6.3, Ingenuity Systems, http://www.inge-
nuity.com). The IPA software was used to assign the differentially
Fig. 2. Functional classification of the differentially expressed proteins in WT and Atg7
UniProt protein knowledge database and PubMed. (A) Up-regulated proteins. (B) Down-
expressed proteins to different molecular and cellular functional
classes based on the underlying biological evidence obtained from
the curated Ingenuity Pathways Analysis literature database. The
differentially expressed proteins and their corresponding expres-
sion values were uploaded to the IPA to generate networks.

2.9. Statistical analysis

Data from the up- and down-regulated protein groups were
compared using Student’s t-tests. Each experiment was performed
at least in triplicate. The results are expressed as the mean ± SD
(standard deviation). The threshold for statistical significance
was set at p < 0.05.

3. Results

3.1. Identification of differentially regulated proteins in Atg7�/� MEFs

In this study, we used MEFs that were deficient in Atg7, a pro-
tein that is essential for the formation of autophagosomes. The
Atg7 protein was not expressed in Atg7�/� MEFs, and only LC3-I
(one form of the mammalian homologue of Atg8) was detected
in Atg7�/� MEFs. p62, which is preferentially degraded during
autophagy, was observed to significantly accumulate in Atg7�/�

MEFs. Together, these data show that the Atg7�/� MEFs displayed
defective autophagy (Supplementary Fig. 1).

To identify proteins exhibiting altered expression patterns in
Atg7-knockout cells, total cell lysates prepared from WT and
Atg7�/� MEFs during log-phase growth were subjected to iTRAQ
labeling and on-line 2D LC/MS/MS analyses, as described in the
Materials and methods section. Three independent experiments
were performed (Fig. 1A). Detailed information about the peptides
and proteins identified following a search against the IPI (Interna-
tional Protein Index) databases for the three individual LC/MS/MS
experiments is provided in Supplementary Table 2.The data from
�/� MEFs. The main biological functions of these proteins were obtained from the
regulated proteins.

http://www.ingenuity.com
http://www.ingenuity.com
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the three independent experiments were compared and proteins
exhibiting identical accession numbers and/or gene symbols were
merged. In total, 1234 non-redundant proteins were identified
(Supplementary Table 3). Of these non-redundant proteins, 887
(71.88%) occurred at least twice in the three independent experi-
ments (Fig. 1A), demonstrating that the adopted proteomics plat-
form exhibited good reproducibility for protein identification.

The differentially expressed proteins in Atg7�/� MEFs were
identified according to the mean 116/114 ratios of the three indi-
vidual experiments, which represents the iTRAQ labeled Atg7�/�:
WT ratio. According to the criteria for identification of differen-
tially expressed proteins, the threshold values for the down- and
up-regulated proteins were 60.3993 and P2.2444 (90% confidence
interval), respectively (Fig. 1B). We determined that 48 proteins
were significantly up-regulated and 66 were significantly down-
regulated in the Atg7�/� MEFs compared to the WT MEFs (Supple-
mentary Table 4).

3.2. Functional categorization of up-regulated and down-regulated
proteins

To gain insight into the biological significance of the protein
expression changes in Atg7-deficient cells, the differentially ex-
pressed proteins were categorized according to their main biolog-
ical functions based on information obtained from the UniProt
protein knowledge database and PubMed. The 48 up-regulated
proteins fell into 7 categories (Fig. 2A), and the 66 down-regulated
proteins fell into 8 categories, including cell structure and cytoskel-
Fig. 3. Protein network analyzed down-regulated proteins and identified F-actin in the
proteins indicate known interrelationships found in the IPA. Direct interactions are repr
Validation of down-regulated proteins detected using iTRAQ labeling and mass spectro
Plec1, Actg1, Dstn, Gsn, Actn1, Cfl1, Cfl2, Tagln, Marcks, Lima1, Akap12, and Anxa1. (C) Mo
� MEFs in log-phase growth were fixed and stained for F-actin using phalloidin-TRITC and
scanning confocal microscope. The data are expressed as the mean ± SD of three experim
eton (22.73%) andmetabolism (19.70%) (Fig. 2B). Considering that
autophagy is an intracellular pathway responsible for the degrada-
tion of long-lived proteins and entire organelles, and impaired
autophagy leads to an increase in the total protein mass in the
autophagy-impaired liver [15], the up-regulation of proteins in
Atg7-deficient cells may result partially from impaired degradation
and turnover. Therefore, we chose to further investigate the down-
regulated proteins.

3.3. Protein network analysis of down-regulated proteins and the
detection of F-actin in the Atg7�/� MEFs

To better understand interactions among the differentially ex-
pressed proteins, the 66 down-regulated proteins were uploaded
into the IPA for network analysis. The networksidentified by the
IPA were based on recent reports of interactions among various
genes. The network of down-regulated proteins contained two
obvious sub-networks centered on Hsp and F-actin (Fig. 3A). The
multiple proteins involved in regulation of the actin cytoskeleton
that networked in conjunction with F-actin were Plec1, Actg1,
Dstn, Gsn, Actn1, Cfl1, Cfl2, Tagln, Marcks, Lima1, Akap12, and
Anxa1 (Supplementary Table 5). The other sub network consisted
of Hsp family members such as Hsp70, Hsp90B1, Hsp90AB1,
Hsp90AA1, and Hsp (Supplementary Table 5).

In a previous study [18], we determined that F-actin was inhib-
ited in Atg7�/�MEFs treated with pentagalloylglucose (PGG), a nat-
ural polyphenoliccompound that can induce autophagy in select
prostate cancer cell lines. Therefore, we focused on the F-actin
Atg7�/� MEFs. (A) The network of down-regulated proteins. The lines connecting
esented by a solid line and indirect relationships are indicated by a dashed line. (B)
metry. Real-time PCR using specific primers verified the differential expression of
rphological changes in F-actin were observed in Atg7-deficient MEFs. WT and Atg7�/

for nuclei using 40 , 60-diamidino-2-phenylindole (DAPI) and observed under a laser
ents. Bars, 20 lm.
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sub network. To examine F-actin in Atg7�/� MEFs, we first verified
the downregulation of F-actin regulatory proteins using real-time
PCR (Fig. 3B). The suppressed expression of these regulatory pro-
teins suggested that regulation of F-actin was inhibited. In WT
MEFs, the F-actin fibers were organized in parallel bundles; how-
ever, in Atg7�/� MEFs, the F-actin fibers were disorganized, and
the F-actin net was loose and disassembled (Fig. 3C). Accordingly,
impaired autophagy in Atg7-deficient MEFs led to morphological
changes in F-actin, suggesting that autophagy affects the develop-
ment of F-actin in eukaryotic cells.
3.4. Confirmation of the role ofF-actin in autophagy

We found that defective autophagy in Atg7-deficient cells im-
paired the expression and organization of F-actin. This finding sug-
gests that autophagy may affect the expression and organization of
F-actin. To verify the effect of F-actin on autophagosome forma-
tion, WT MEFs were pretreated with 2 lM cytochalasin D (CD)
for 1 h to induce depolymerization of the existing actin filaments.
Compared to the control cells, LC3-II expression was induced sig-
Fig. 4. Confirming the role of F-actin in autophagy. Wild-type MEFs were pre-treated wi
levels were monitored by western blot. GAPDH was used as the loading control. Quant
conditions described. (D) Late-stage autophagosomes were stained using MDC (50 lM)
20 lm. The quantification of MDC fluorescence was measured by flow cytometric analy
nificantly following nutrient starvation for 1 h and a significant
accumulation of autophagosomes was observed. In addition, an in-
creased accumulation of LC3-II/GAPDH compared to the control
cells was observed in the presence of 2 lM CD under both nutri-
ent-rich and starvation conditions (Fig. 4A and B).

We next investigated the expression of p62 as an indication of
autophagic flux. Under nutrient-rich conditions, the level of p62/
GAPDH did not change (Fig. 4A and C), although the expression
of LC3-II increased in the presence of 2 lM CD. However, compared
to cells in the absence of CD under starvation conditions, we ob-
served a significant increase in the level of p62/GAPDH in the pres-
ence of 2 lM CD. These data suggest that treatment with CD
impaired autophagosome maturation. In addition, we used the aci-
dotropic dye MDC (monodansylcadaverine) to label late-stage
autophagosomes. Under nutrient-rich or starvation conditions,
the number of labeled vesicles (containing green puncta) de-
creased, and a significant reduction in MDC fluorescence per
1 � 104 cells was observed in the presence of 2 lM CD (Fig. 4D
and E). Therefore, under nutrient-rich or starvation conditions,
the formation of late-stage autophagosomes was impaired in the
th 2 lM cytochalasin D for 1 h and exposed to starvation using EBSS for 1 h. (A) LC3
ification of LC3-II (B) and p62 (C) levels relative to GAPDH under the experimental
for 10 min at 37 �C and observed under a laser scanning confocal microscope. Bars,
sis (E). The data are expressed as the mean ± SD of three experiments, p < 0.05.
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presence of CD. These data suggest that an intact F-actin network
plays an important role in the processes of basal and starvation-in-
duced autophagy.
4. Discussion

In a previous report, a proteomics analysis of autophagy-deficient
mouse livers demonstrated that autophagy impairment had little ef-
fect on cellular protein composition [22]. However, the proteome
examined in this study was restricted to certain cell fractions;
namely, the mitochondrial-lysosomal, microsomal, and cytosolic
fractions. In this study, we performed a global proteomic analysis
of Atg7�/� and WT MEFs using online 2D LC/MS/MScoupled with
iTRAQ labeling. This report is the first time that proteomic differ-
ences in whole cells have been compared between Atg7�/� MEFs
and WT MEFs and demonstrates that the proteome is larger than pre-
viously reported [22].

The protein network analysis revealed that the largest category
of down-regulated proteins was structural and cytoskeletal pro-
teins. This network contained proteins involved in actin cytoskele-
ton remodeling such as Plec1, Actg1, Dstn, Gsn, Actn1, Cfl1, Cfl2,
Tagln, Marcks, Lima1, Akap12, and Anxa1 (Supplementary Table 5).
Gsn, Cfl2 and Lima1 are actin-binding proteins (ABPs) that control
different steps of the actin cytoskeleton assembly, including fila-
ment nucleation, elongation, severing, capping, and depolymeriza-
tion [23]. The cofilin proteins interactwith actin dipolymers to
induce depolymerization, and cofilin 1 is thought to be primarily
responsible for rebuilding the actin cytoskeleton. Our previous
studies indicated that cofilin 1 activation and inactivation are re-
lated to virus-induced F-actin assembly and disassembly during
different phases of the HSV-1 life cycle [19]. We investigated the
morphological changes in F-actin (Fig. 3C) in Atg7-deficient cells
under normal conditions, and our data verified this hypothesis.
Further analysis of the protein network demonstrated that F-actin
was a hub for down-regulated proteins. Collectively, our findings
demonstrate that autophagy can influence the expression and
organization of F-actin in higher eukaryotes.

Previous studies have demonstrated the involvement of the ac-
tin cytoskeleton network in modulating autophagy [1]. Studies in
yeast Saccharomyces cerevisiae demonstrated that the actin cyto-
skeleton is required for precursor Ape1 transport, and specific actin
point mutants block the Cvt pathway and pexophagy without
affecting normal mitochondrial morphology. In addition, actin reg-
ulates precursor Ape1 recruitment to the pre-autophagosomal
structure (PAS). Thus, actin is involved in two types of selective
autophagy, the Cvt pathway and pexophagy, but not in nonselec-
tive autophagy or bulk processes [1]. In this study, we performed
a quantitative proteomics analysis in autophagy-deficient MEFs
using iTRAQ labeling coupled with on-line 2D LC/MS/MS to dem-
onstrate that F-actin regulation was inhibited, F-actin fibers were
disorganized, and the F-actin net was loosened and disassembled
in the Atg7�/� MEFs.

A recent study revealed that actin is necessary for starvation-
mediated autophagy; M.O. Aguilera et al. found that when the ac-
tin cytoskeleton is depolymerized, the increase in autophagic vac-
uoles was abolished without affecting maturation of remaining
autophagosomes [24]. To explore the role of F-actin in autophagy
in our system, wild-type MEFs were pre-treated with 2 lM cyto-
chalasin D for 1 h and exposed to starvation using EBSS for 1 h.
We observed that autophagosomes accumulated in the presence
of cytochalasin D. There are two possible explanations for the accu-
mulation of the autophagosomes: increased autophagic activity or
impaired fusion of the autophagosome vesicles, which would de-
crease their movement through the autophagic pathway [25].
The p62/GAPDH levels observed in the presence of cytochalasin
D suggested that autophagic flux did not increase in CD-treated
cells. Furthermore, the reduction in the number of labeled vesicles
and in fluorescent MDC staining demonstrates that cytochalasin D
blocked the formation of late-stage autophagosomes under nutri-
ent-rich and starvation conditions. These data suggest that intact
F-actin filaments facilitate the formation of late-stage autophago-
somes and degradation under normal or nutrient starvation condi-
tions. Together, these findings show that F-actin is required for
both basal and starvation-induced autophagy in higher eukaryotes.

In this study, we introduced a quantitative proteomics analysis
of autophagy-deficient Atg7�/� MEFs to identify 66 down-regu-
lated proteins and, for the first time, demonstrated that the main
down-regulated proteins were F-actin and actin-binding or actin-
related proteins. Furthermore, F-actin was disassembled in the
Atg7�/� MEFs. The treatment of WT MEFs with CD, which induces
the depolymerization of F-actin, significantly impaired autophago-
some maturation. Our results demonstrate a close relationship be-
tween F-actin and autophagy. However, elucidating the definitive
mechanism underlying the interaction between F-actin and
autophagy will require further investigation.
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