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Autophagy is a major intracellular degradation system by which cytoplasmic components are enclosed by autophagosomes and

delivered to lysosomes. Formation of the autophagosome requires a set of autophagy-related (Atg) proteins. Among these pro-

teins, the ULK1 complex, which is composed of ULK1 (or ULK2), FIP200, Atg13, and Atg101, acts at an initial step. Previous

studies showed that ULK1 and FIP200 also function in pathways other than autophagy. However, whether Atg13 and Atg101 act

similarly to ULK1 and FIP200 remains unknown. In the present study, we generated Atg13 knockout mice. Like FIP200-deficient

mice, Atg13-deficient mice die in utero, which is distinct from most other types of Atg-deficient mice. Atg13-deficient embryos

show growth retardation and myocardial growth defects. In cultured fibroblasts, Atg13 deficiency blocks autophagosome forma-

tion at an upstream step. In addition, sensitivity to tumor necrosis factor alpha (TNF-�)-induced apoptosis is enhanced by dele-

tion of Atg13 or FIP200, but not by other Atg proteins, as well as by simultaneous deletion of ULK1 and ULK2. These results sug-

gest that Atg13 has both autophagic and nonautophagic functions and that the latter are essential for cardiac development and

likely shared with FIP200 but not with ULK1/2.

Macroautophagy (here referred to as autophagy) is an intra-
cellular degradation system by which cytoplasmic compo-

nents are degraded in the lysosomes (1–3). In the process of
autophagy, an isolation membrane sequesters a part of the cy-
toplasm to form an autophagosome. The autophagosome subse-
quently fuses with a lysosome to enzymatically degrade seques-
tered materials. The degradation products, such as amino acids,
are released back into the cytoplasm. Although autophagy occurs
at low levels under normal conditions, it is highly activated during
starvation. Studies in the last decade showed that autophagy is
important for various physiological processes, including adapta-
tion to starvation, intracellular quality control of proteins and
organelles, preimplantation development, and degradation of in-
tracellular pathogens (3–5).

Autophagosome formation requires a series of autophagy-re-
lated (Atg) proteins, which can be classified into several functional
units, including (i) the Atg1/ULK complex, (ii) Atg9, (iii) class III
phosphatidylinositol 3-kinase (PI3K) complex I, (iv) the Atg2-
Atg18/WIPI complex, (v) the Atg12 conjugation system, and (vi)
the Atg8/LC3 conjugation system (2, 6, 7). Among these units, the
Atg1/ULK complex is one of the most upstream factors of au-
tophagosome formation in both yeast and mammals and is di-
rectly regulated by mTORC1 (8, 9). The Saccharomyces cerevisiae
Atg1 complex is composed of Atg1, Atg13, Atg17, Atg29, and
Atg31. Atg17, Atg29, and Atg31 constitutively form a stable pro-
tein complex, with which Atg1 and Atg13 are associated in a star-
vation-dependent manner. Atg11 can also be included in this
complex, particularly within the cytoplasm-to-vacuole pathway
(10). This complex is not a simple signal transducer but has a
mechanistic role in autophagosome formation (11, 12).

The mammalian ULK complex is composed of ULK1 (or
ULK2), Atg13, FIP200 (also known as RB1CC1), and Atg101 (13–
19). ULK1 and ULK2 are mammalian homologs of Atg1. FIP200 is
hypothesized to act as a hybrid molecule of yeast Atg11 and Atg17
(8). Atg29 and Atg31 are not conserved in higher eukaryotes. In
contrast to the yeast Atg1 complex, the mammalian ULK1-Atg13-
FIP200-Atg101 complex is stable. It forms an �3-MDa complex
irrespective of nutrient conditions.

Among these components, FIP200 and ULK1/2 have addi-

tional functions in pathways other than autophagy. Mice deficient

in FIP200 die during postimplantation embryonic development

(20), whereas Atg3�/� (21), Atg5�/� (22), Atg7�/� (23), Atg9a�/�

(24), Atg12�/� (25), and Atg16L1�/� (26) mice die shortly after

birth (a recent report suggests embryonic lethality of Atg9a�/�

mice [27]). Although mice lacking either ULK1 or ULK2 are via-

ble, ULK1/2 double-knockout (DKO) mice die during the neona-

tal period (28). In addition, FIP200 is involved in various signaling

pathways, including those of p53, focal adhesion kinase (FAK),

Pyk2, tumor necrosis factor alpha (TNF-�)–Jun N-terminal pro-

tein kinase (JNK), tuberous sclerosis complex (TSC)-mTOR,

transforming growth factor beta (TGF-�), and �-catenin (29–31).

ULK/Atg1 also has a unique role in metazoa, as it is important for

neuronal functions. The Caenorhabditis elegans unc-51 (atg1) mu-

tant displays uncoordinated movement and a defect in axonal

elongation and transport (32–36). The neuronal function of

unc-51 is thought to be independent of autophagy, as other au-

tophagy-deficient mutants, such as epg-1 (atg13) and epg-9

(atg101) mutants, do not show an uncoordinated phenotype or

defective axon migration (37, 38). In addition, RNA interference

(RNAi)-mediated silencing of bec-1 (atg6), M7.5 (atg7), lgg-1

(atg8), or F41E6.13 (atg18) does not cause defects in axon guid-

ance or axonal transport (35). A neuronal function of ULK has

also been reported for Drosophila melanogaster (39–41) and mam-
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mals (42–44). It is not understood, however, whether mammalian
Atg13 and Atg101 act similarly to ULK or FIP200.

In this study, we generated Atg13-deficient mice and found
that Atg13 is essential for autophagy and postimplantation em-
bryonic development. Loss of Atg13 causes growth retardation
and myocardial growth defects in developing embryos. Analysis of
Atg13-deficient mouse embryonic fibroblasts (MEFs) suggests
that, like FIP200 but not like ULK1/2, Atg13 suppresses TNF-�-
induced apoptosis. These results suggest that Atg13 has a nonau-
tophagic function, which is required for cardiac development to-
gether with FIP200.

MATERIALS AND METHODS

Mice. Two independent Atg13-deficient mouse lines were used in this
study. The first line of Atg13-deficient mice was generated by using the
clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9
system (45). The pcDNA3-hCas9 plasmid was linearized by NotI diges-
tion, purified by phenol-chloroform extraction, and transcribed to
mRNA by using an mMessage mMachine T7 Ultra kit (Thermo). The
synthesized Cas9 mRNA was purified by using an RNeasy minikit
(Qiagen). The pT7-Atg13 guide RNA (gRNA) plasmid was linearized by
BamHI digestion, purified by phenol-chloroform extraction, and tran-
scribed to mRNA by using a MEGAshortscript T7 transcription kit
(Thermo). The synthesized gRNA was purified by using a mirVana
microRNA (miRNA) isolation kit (Thermo). Cas9 mRNA (120 ng/�l)
and Atg13 gRNA (60 ng/�l) were injected into the cytoplasm of fertilized
eggs collected from C57BL/6 mice to obtain heterozygous (Atg13�/�)
mutant mice. The second Atg13-deficient mouse line was generated by
using the embryonic stem (ES) cell line DD0507 containing an insertion
of a gene trap cassette in the Atg13 gene (purchased from Mutant Mouse
Regional Resource Centers). ES cells were injected into C57BL/6 blasto-
cysts to obtain chimeric mice, which were crossed with C57BL/6 mice to
obtain heterozygous (Atg13�/gt) mutant mice. Caesarean delivery was
performed as previously described (22). All animal experiments were ap-
proved by the Institutional Animal Care and Use Committee of Tokyo
Medical and Dental University and The University of Tokyo.

Genotyping of mice and embryos. For genotyping of the CRISPR/
Cas9 line, a heteroduplex mobility assay was performed (46). Primer F
(5=-ATGAAGCCTGCAGTTGATCC-3=) and primer R (5=-GAGTGGTC
AGAACGCCTCTC-3=) were used for PCR-mediated amplification of a
402-base fragment of the genome DNA by using PrimeSTAR Max DNA
polymerase (TaKaRa). The resulting PCR products were electrophoresed
on a 6% polyacrylamide gel. Slower-migrating bands represent heterodu-
plexes. To detect homozygous mutants, the PCR product amplified from
each sample was mixed with the PCR product from a wild-type mouse.
The mixtures were denatured at 95°C for 3 min, followed by cooling to
room temperature. The resulting samples were subjected to polyacryl-
amide gel electrophoresis. For genotyping of the gene trap line, PCR was
performed by using genomic DNA. Primer F (5=-GTGTGGGTGTGTTT
GACTAG-3=) and primer R1 (5=-CAGGAGATCTACAGGGCTAAG-3=)
were used to amplify a 286-base fragment of the wild-type allele. Primer F
(5=-GTGTGGGTGTGTTTGACTAG-3=) and primer R2 (5=-GTGTGAA
AATGAGATGGATTG-3=) were used to amplify a 490-base fragment of
the gene trap allele.

Cell culture. Atg13�/� MEF line 1 and Atg13gt/gt MEFs were prepared
from Atg13�/� and Atg13gt/gt embryos, respectively, at embryonic day
13.5 (E13.5). Atg13gt/gt MEFs were transformed with pEF321-T, a simian
virus 40 (SV40) large T antigen expression vector (kindly provided by S.
Sugano), and immortalized cell lines were established. ULK1/2 DKO
MEFs (47, 48), Atg3 knockout (KO) MEFs (21), Atg5 KO MEFs (22),
Atg9A KO MEFs (24), Atg16L1 KO MEFs (26), FIP200 KO MEFs (20),
and Atg14 KO MEFs (49) were generated previously. Atg13�/� MEF line
2 cells were generated as follows. Wild-type MEFs were transfected with a
Cas9-encoding plasmid (catalog number 41815; Addgene) and pCR-

Blunt II-TOPO-Atg13 gRNA and cultured in the presence of 2 mg/ml

Geneticin (G418) for 2 days. Single colonies were isolated, and homozy-

gous Atg13�/� cells were selected. Cells were cultured in Dulbecco’s mod-

ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine se-

rum (FBS), 50 �g/ml penicillin, and streptomycin (complete medium) in

a 5% CO2 incubator. For starvation treatment, cells were washed twice

with phosphate-buffered saline (PBS) and incubated in amino acid-free

Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) without

FBS. For propidium iodide staining, phenol red-free DMEM was used and

the cells were observed with a fluorescence microscope (IX81; Olympus)

equipped with a charge-coupled device (CCD) camera (CoolSNAP HQ2;

Photometrics).

Retroviral infection and generation of stable cell lines. Stable cell

lines were generated by using a retroviral expression system as previously

described (13). Briefly, Plat E cells (kindly provided by T. Kitamura) were

transiently transfected with retroviral vectors by using FuGENE HD re-

agent (Roche). After culture for 3 days, the growth medium containing

retrovirus was collected. MEFs were incubated overnight with the col-

lected virus-containing medium with 8 �g/ml Polybrene. Uninfected cells

were removed by puromycin (Sigma-Aldrich) selection.

Antibodies and reagents. Rabbit polyclonal antibodies against LC3

(NM1) (50), Atg16L1 (51), Atg101 (Ab#1) (19), Atg9A (52), and FIP200

(13) were described previously. Antibodies against Atg13 (catalog number

SAB4200100; Sigma-Aldrich), ULK1 (catalog number A7481; Sigma-

Aldrich), p62 (catalog numbers PM045 [MBL] and GP62-C [Progen]),

beclin 1 (catalog number 3738; Cell Signaling), cleaved caspase-3 (catalog

number 9664; Cell Signaling), I�B� (catalog number 9242; Cell Signal-

ing), phospho-I�B� (catalog number 9246; Cell Signaling), JNK (catalog

number 9252; Cell Signaling), phospho-JNK (catalog number 9251; Cell

Signaling), caspase-8 (catalog number ALX-804-447; Enzo), and �-actin

(catalog number A2228; Sigma-Aldrich) were used. For immunocyto-

chemistry, Alexa Fluor 488-conjugated anti-rabbit IgG and Alexa Fluor

568-conjugated anti-rabbit IgG or anti-guinea pig IgG secondary anti-

bodies (Molecular Probes) were used. Bafilomycin A1, Hoechst 33342 dye,

and propidium iodide were purchased from Wako. Recombinant mouse

TNF-� was purchased from Calbiochem. Staurosporine was purchased

from Sigma-Aldrich.

Plasmids. To generate pcDNA3-hCas9, Cas9 cDNA obtained from

Addgene (catalog number 41815) was cloned into pcDNA3. To generate

pCR-Blunt II-TOPO-Atg13 gRNA, a 20-bp guide sequence (5=-CCGTCT

GTAGGGAGATTCTA-3=) was cloned into pCR-Blunt II-TOPO-gRNA

obtained from Addgene (catalog number 41824). To generate pT7-Atg13

gRNA, a 20-bp guide sequence (5=-GTAGGGAGATTCTATGGAGT-3=)

was cloned into pT7-gRNA, obtained from Addgene (catalog number

46759). The following plasmids were used, as previously described:

pMXs-IP-GFP-LC3 (13), pMXs-IP-GFP-Atg14 (53), pMXs-IP-GFP-

Atg13 (15), pMXs-IP-GFP-FIP200 (13), pMXs-puro-GFP-WIPI-1,

pMXs-puro-VMP1-GFP, and pMXs-puro-GFP-DFCP1 (54).

Immunocytochemistry. Cells grown on coverslips were fixed with 4%

paraformaldehyde (PFA), permeabilized with 50 �g/ml digitonin, and

stained with specific antibodies. These cells were observed with a confocal

laser microscope (FV1000D IX81; Olympus) using a 60	 PlanApoN oil

immersion lens (1.42 numerical aperture [NA]; Olympus). Images were

processed by using Photoshop Elements 5.0 (Adobe).

Histology. Images of whole embryos were acquired by using a micro-

scope (SZX12; Olympus) equipped with a digital camera (DP70; Olym-

pus). For histological analysis, embryos were fixed in 4% PFA in PBS and

embedded in paraffin. The sections were stained with Mayer’s hematox-

ylin and eosin. Samples were photographed by using a microscope

(SZX12 or BX51; Olympus) equipped with a digital camera (DP70; Olym-

pus). Obtained images were processed by using Photoshop Elements 5.0.

Reverse transcriptase PCR (RT-PCR). Total RNA was extracted from

MEFs by using Isogen (Nippon Gene) and treated with RQ1 DNase (Pro-

mega) to remove genomic DNA contamination. cDNA was synthesized

from total RNA by using ReverTra Ace and random primers (Toyobo).
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Subsequent PCR was performed by using the following primers: Arhgap1
primer F (5=-AAAGCAGCTCTCCAGAACCT-3=) and primer R (5=-CCG
GCAAGCACTGAATACAA-3=) and �-actin primer F (5=-CTGGGTATG
GAATCCTGTGG-3=) and primer R (5=-GTACTTGCGCTCAGGAGGA
G-3=).

Southern blotting. Genomic DNAs were digested with EcoRI, sepa-
rated by electrophoresis on an agarose gel, transferred onto Biodyne nylon
transfer membranes (Pall Corporation), and hybridized with a digoxige-
nin (DIG; Roche)-labeled probe. The probe was detected by anti-DIG
antibody labeled with alkaline phosphatase (Roche) and visualized with
CDP-Star (Roche). A 0.6-kb fragment of the Atg13 gene, which is up-
stream of exon 1, was labeled with DIG by PCR using primers 5=-CAGC
CATTCACTTGTTAACTC-3= and 5=-CTTCACAGGCAAACCCTGTG
C-3= and used as a probe.

Immunoblotting. Cells were lysed with regular lysis buffer (50 mM
Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10 mM
NaF, 0.4 mM Na3VO4, 10 mM sodium pyrophosphate, and a protease
inhibitor cocktail [Complete EDTA-free protease inhibitor; Roche]). The
lysates were centrifuged at 17,400 	 g for 15 min, and the supernatants
were boiled in sample buffer. Samples were separated by SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred onto Immo-
bilon-P polyvinylidene difluoride membranes (Millipore). Immunoblot
analysis was performed, and signals were visualized with the SuperSignal
West Pico chemiluminescent substrate (Pierce) or Immobilon Western
substrate (Millipore). The signal intensities were analyzed by using an
LAS-3000mini imaging analyzer and Multi Gauge software version 3.0
(Fujifilm). Contrast and brightness adjustments were applied to the whole
images by using Photoshop Elements 5.0. To detect protein phosphory-
lation by Phos-tag, cells were lysed with lysis buffer without EDTA. Poly-
acrylamide gels containing 50 �M Phos-tag acrylamide (Wako) and 50
�M MnCl2 were used for SDS-PAGE. After electrophoresis, Phos-tag
acrylamide gels were washed with transfer buffer containing 2 mM EDTA
for 10 min and then subjected to transfer.

Gel filtration analysis. Cells were homogenized in hypotonic buffer
(40 mM Tris-HCl [pH 7.5] and a protease inhibitor cocktail) by repeated
passage (15 times) through a 1-ml syringe with a 27-gauge needle. The
homogenates were centrifuged at 13,000 	 g for 15 min, and the super-
natants were further centrifuged at 100,000 	 g for 60 min. The superna-
tant fraction was filtered with an Ultrafree-MC 0.45-�m filter unit (Mil-
lipore) and then applied to a Superose 6 column (GE Healthcare). Next,
0.5-ml fractions were collected at a flow rate of 0.5 ml/min with elution
buffer (40 mM Tris-HCl [pH 7.5] and 150 mM NaCl). The fractions were
then analyzed by Western blotting. The column was calibrated with thy-
roglobulin (669 kDa; Wako), ferritin (440 kDa; Sigma-Aldrich), catalase
(240 kDa; Wako), and ovalbumin (43 kDa; Wako).

Caspase activity assay. The activity of caspase-8 was measured by
using a fluorometric assay kit (MBL). Briefly, cell lysates were incubated
with a 7-amido-4-methylcoumarin (AMC)-conjugated substrate specific
for caspase-8. Substrate cleavage was monitored by measuring the fluo-
rescence of AMC (excitation at 380 nm and emission at 460 nm).

RESULTS

Establishment of Atg13-deficient mice and cells. Two indepen-
dent Atg13-deficient mouse lines were generated. The first line was
generated by using the CRISPR/Cas9 system (referred to as
Atg13�/� mice here). A frameshift mutation was introduced into
exon 5 of the Atg13 gene (Fig. 1A). The second line was generated
by using an ES cell line carrying a gene trap cassette containing a
splicing acceptor and �-galactosidase–neomycin phosphotrans-
ferase fusion gene (�-geo) downstream of exon 1 of the Atg13 gene
(referred to as Atg13gt/gt mice here) (see Fig. S1A in the supple-
mental material). Insertion of the gene trap cassette was con-
firmed by Southern blotting and PCR analysis (see Fig. S1B in the
supplemental material). Expression of Atg13 was abolished in

Atg13�/� MEF line 1 derived from Atg13�/� embryos, Atg13�/�

MEF line 2 (prepared from wild-type MEFs by using the CRISPR/
Cas9 system), and Atg13gt/gt MEFs (Fig. 1B; see also Fig. S1C and D
in the supplemental material). In Atg13gt/gt MEFs, however, we
found that expression of Arhgap1, which is a gene next to Atg13,
was also abolished, suggesting that the gene trap cassette destroyed
the Arhgap1 gene (see Fig. S1E in the supplemental material). In
contrast, the expression of Arhgap1 was not affected in Atg13�/�

MEF lines 1 and 2, which were generated by using the CRISPR/
Cas9 system (see Fig. S1E). Thus, in the following experiments, we
primarily used Atg13�/� mice and MEFs and also used Atg13gt/gt

mice and cells to confirm phenotype specificity and rule out the
possibility of potential off-target effects caused by CRISPR-medi-
ated gene editing.

As we previously reported, using Atg13 small interfering RNA
(siRNA)-treated cells (15, 19), disassembly of the ULK1 complex
(Fig. 1C) and destabilization of the ULK1 complex components
(i.e., ULK1, FIP200, and Atg101) were observed in Atg13 KO
MEFs (Fig. 1B; see also Fig. S1C and D in the supplemental mate-
rial). Although ULK1 was completely absent in the 3-MDa com-
plex in Atg13gt/gt MEFs, ULK1 partially remained in the 3-MDa
complex in Atg13�/� MEF line 2 (Fig. 1C) as well as in MEFs
described previously by other groups (55, 56). This is presumably
because of the expression of a truncated Atg13 fragment (down-
stream of exon 5), which, even though not functional, could link
ULK1 to FIP200 (Fig. 1C). To measure autophagic activity in
Atg13 KO MEFs, we performed an LC3 turnover assay (57). LC3 is
one of the mammalian Atg8 homologs and is present in two
forms: LC3-I (the cytosolic form) and LC3-II (the phosphatidyle-
thanolamine-conjugated form). Because LC3-II is present on
both outer and inner autophagosomal membranes, LC3-II is de-
graded after autophagosome-lysosome fusion. In wild-type
MEFs, induction of autophagy by nutrient starvation converted
LC3-I to LC3-II, and LC3-II was further increased by treatment
with the vacuolar H� ATPase inhibitor bafilomycin A1 (Fig. 1B;
see also Fig. S1C and D in the supplemental material). In Atg13
KO MEFs, on the other hand, the increase in the level of LC3-II
caused by starvation and lysosomal inhibition was suppressed
(Fig. 1B; see also Fig. S1C and D). We also examined starvation-
induced degradation of p62 (also known as SQSTM1), a selective
substrate of autophagy (57). In Atg13 KO MEFs, the starvation-
induced decrease in p62 levels, which was observed in wild-type
MEFs, was abolished (Fig. 1B; see also Fig. S1C and D). The sta-
bility of the ULK1 complex components and turnover of LC3 and
p62 were restored by exogenously expressed green fluorescent
protein (GFP)-Atg13 (Fig. 1B; see also Fig. S1C). These results
confirm that Atg13 is essential for autophagy.

Impaired recruitment of Atg proteins in Atg13-deficient
cells. The ULK1 complex is considered to be one of the most
upstream units among mammalian Atg proteins. This is based on
the observation that punctum formation of LC3, Atg16L1,
WIPI-1, DFCP1, and Atg14 is impaired in FIP200 KO MEFs (54).
In wild-type MEFs, LC3 Atg16L1, WIPI-1, DFCP1, and Atg14
formed puncta after starvation (Fig. 2A; see also Fig. S2A in the
supplemental material). In Atg13 KO MEFs (Atg13�/� MEF line 2
and Atg13gt/gt MEFs), on the other hand, punctum formation of
these Atg proteins was almost completely suppressed (Fig. 2A; see
also Fig. S2A). LC3 puncta were occasionally observed even in
Atg13 KO MEFs, as in FIP200 KO MEFs, which could represent
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aggregation of LC3 proteins (Fig. 2A; see also Fig. S2A) (13, 54).
These results indicate that Atg13 functions upstream of these pro-
teins, as reported previously for FIP200.

We also examined the phosphorylation of beclin 1, which is a
substrate of ULK1 (58). As a result, phosphorylation of beclin 1
was slightly but clearly reduced in Atg13 KO MEFs as well as in
FIP200 KO MEFs and ULK1/2 DKO MEFs, suggesting an impair-
ment of ULK1 activity (see Fig. S3 in the supplemental material).

We previously reported that p62, VMP1-GFP, and Atg9A ac-
cumulate at the autophagosome formation site when early steps of
autophagosome formation are blocked (52, 54, 59). Consistently,
Atg9A and VMP1-GFP accumulated on enlarged puncta, which
were colocalized with p62, in Atg13-deficient but not in wild-type
MEFs (Fig. 2B and C; see also Fig. S2B and C in the supplemental
material). Taken together, these results indicate that Atg13 func-
tions at an initial step of autophagosome formation together with
FIP200.

Atg13 is essential for postimplantation embryonic develop-
ment. Although heterozygous Atg13�/� and Atg13�/gt mice are
healthy and fertile, we obtained no live-born homozygous offspring
from heterozygous breeding, indicating that Atg13-deficient mice
died during embryogenesis (Table 1; see also Table S1 in the supple-
mental material). Mating of Atg13�/� mice produced Atg13 KO em-
bryos at almost the expected Mendelian frequency at E16.5, but the
survival rate was decreased thereafter, and no live pups were obtained
(Table 1). This phenotype appeared slightly earlier for Atg13gt/gt em-
bryos, which may reflect an additive effect of the deletion of Arh-
gap1 (see Table S1 in the supplemental material). These results
suggest that Atg13 is essential for postimplantation embryonic
development. Gross examination of embryos revealed growth
retardation of Atg13-deficient embryos (Fig. 3A; see also Fig.
S4A in the supplemental material). The body sizes of both
Atg13�/� and Atg13gt/gt embryos were smaller than that of
wild-type embryos. Because placental failure could be a cause
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of postimplantation embryonic lethality (60), we examined the
placentas of Atg13�/� and Atg13gt/gt embryos. Although the
vast majority of the placental phenotypes showed defects in the
establishment of the labyrinth layer (61), this layer was nor-

mally observed in both wild-type and Atg13-deficient placen-
tas, suggesting that growth retardation and embryonic lethality
of Atg13-deficient mice are not derived from placental failure
(Fig. 3B; see also Fig. S4B in the supplemental material).
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Loss of Atg13 causes myocardial growth defects in the heart.
Histological analysis of the embryos showed defects in the heart.
Thinning of the ventricular wall was observed in the hearts of both
Atg13�/� and Atg13gt/gt embryos after E13.5, suggesting that the
growth of the compact layer was impaired (Fig. 4A and B; see also
Fig. S5 in the supplemental material). This was apparent during
late embryogenesis in Atg13�/� embryos (Fig. 4A and B) but was
observed as early as E14.5 or E15.5 in Atg13gt/gt embryos and in
Atg13�/� embryos (see Fig. S5). No remarkable abnormality was
observed in organs other than the heart (Fig. 4C). Although
FIP200 KO mice show a liver defect, it was not clear in Atg13-
deficient embryos (Fig. 4C) (20). These results suggest that Atg13
is essential for myocardial growth in developing embryos. The
embryonic lethality of Atg13 KO mice is likely due to heart failure.

Atg13-deficient cells are sensitive to TNF-�-induced apopto-
sis. The phenotype of Atg13 KO embryos is similar to that of
FIP200 KO embryos (20). This suggests that Atg13 functions to-
gether with FIP200 in both autophagic and nonautophagic path-
ways. Because FIP200 is known to suppress TNF-�-induced apop-
tosis in MEFs (20), we examined whether Atg13 is also involved in
this function. The number of dead cells after 24 h of TNF-� treat-
ment was increased in both Atg13�/� MEF line 2 and Atg13gt/gt

MEFs compared to wild-type and Atg13 KO MEFs stably rescued

with GFP-Atg13 (Fig. 5A; see also Fig. S6A in the supplemental
material). On the other hand, staurosporine-induced cell death
was not enhanced in Atg13 KO MEFs, indicating that Atg13 spe-
cifically suppresses TNF-�-induced cell death (Fig. 5B; see also
Fig. S6B in the supplemental material). TNF-�-induced caspase-3
activation was significantly increased in Atg13�/� MEF line 2,
Atg13gt/gt MEFs, and FIP200 KO MEFs compared to that in wild-
type and rescued Atg13 KO MEFs (Fig. 5C and D; see also Fig.
S6C and D in the supplemental material), suggesting that Atg13
negatively regulates TNF-�-induced apoptosis. The enhanced
sensitivity of Atg13 KO MEFs to TNF-�-induced apoptosis is
not simply because of decreased FIP200 protein levels because
overexpression of GFP-FIP200 did not restore cell death and
caspase-3 activation (see Fig. S7 in the supplemental material).
The sensitivity to TNF-�-induced caspase-3 activation was not
significantly increased in ULK1/2 (DKO), Atg5, Atg16L1, Atg3,
Atg9A, or Atg14 KO MEFs. This suggests that Atg13 and FIP200
suppress TNF-�-induced apoptosis independent of autophagy
and even of ULK1/2 (Fig. 5D; see also Fig. S6D).

We next tested which signals downstream of the TNF receptor
were affected in Atg13 KO MEFs. It was reported previously that
FIP200 KO MEFs are defective in ASK1/TRAF2-mediated JNK
activation, which might explain the higher TNF-� sensitivity (20).
However, we could not detect the defect in either Atg13 KO or
FIP200 KO MEFs (Fig. 5E; see also Fig. S6E in the supplemental
material), suggesting that there is another explanation for the en-
hanced TNF-�-induced apoptosis in these KO MEFs. Although
NF-�B activation is a major survival event in response to TNF-�
stimulation (62, 63), phosphorylation of I�B was not impaired in
Atg13 KO MEFs (Fig. 5E; see also Fig. S6E). It is known that TNF-
induced apoptosis is mediated mainly by caspase-8 and is aug-
mented by treatment with the protein synthesis inhibitor cyclo-
heximide (CHX), which eliminates the endogenous caspase-8
inhibitor c-FLIP (62–64). In the absence of c-FLIP, caspase-8 was
activated by autocatalytic cleavage upon TNF-� treatment. Upon
treatment with TNF-� in the presence or absence of CHX,
caspase-8 cleavage and caspase-3 activation were observed more
clearly in Atg13�/� MEF line 2 than in wild-type MEFs (Fig. 5F).

TABLE 1 Total numbers of embryos and neonates obtained from
mating between Atg13�/� mice

Stageb

No. of offspring obtained of

genotype:
Total no. of

offspring

obtained�/� �/� �/�

E13.5 5 8 1 14

E14.5 1 2 4 7

E15.5 1 6 2 9

E16.5 5 7 4 16

E17.5 5 13 1 19

E18.5 3 3 0 6

P0a 9 16 0 25
a Neonates were obtained by natural birth.
b E, embryonic day; P, postnatal day.
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FIG 3 Loss of Atg13 causes growth retardation. (A) Wild-type (Atg13�/�) and Atg13�/� embryos at the indicated stages. Bar, 5 mm. (B) Paraffin sections of
placentas from wild-type (Atg13�/�) and Atg13�/� embryos at E16.5 were subjected to staining with Mayer’s hematoxylin and eosin. Sp, spongiotrophoblast; La,
labyrinth layer. Bars, 2 mm (top), 500 �m (middle), and 50 �m (bottom).
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To further evaluate caspase-8 activation, we measured caspase-8
activity in TNF-�-treated MEFs and found that it was higher in
Atg13�/� MEF line 2 than in wild-type MEFs (Fig. 5G). This ten-
dency was also observed for Atg13gt/gt MEFs (see Fig. S6F and G in
the supplemental material). Taken together, these results suggest
that Atg13 negatively regulates TNF-�-induced caspase-8 activa-
tion to suppress apoptosis.

DISCUSSION

In this study, we showed that Atg13 has a nonautophagic function
essential for postimplantation embryonic development in addi-
tion to its known role in autophagy. Atg13 and FIP200 seem to act
in the same pathway, as evidenced by the fact that the phenotype
of Atg13 deficiency is similar to that of FIP200 deficiency to some
extent (20). It was reported previously that FIP200 KO embryos
show lethality at around E14.5 to E15.5, pale appearance, gener-
alized edema, and thinning and disorganization of the heart ven-
tricular wall, with increased numbers of apoptotic cells (20). Em-
bryonic lethality and thinning of the ventricular wall are also

observed in Atg13 KO embryos. These defects were not reported
for Atg KO mice other than FIP200 KO mice. A recent report
suggested an important function of autophagy in the development
of the ventricular septum and valves in Atg5 KO mouse neonates,
but the thickness of the ventricular wall appears to be normal in
Atg5 KO mouse neonates (65). Furthermore, enhanced TNF-�
sensitivity was also observed for both FIP200 KO and Atg13 KO
MEFs but not for other Atg KO MEFs. These data suggest that the
developmental defects observed for Atg13 KO and FIP200 KO
mice are likely derived from defects in a pathway other than au-
tophagy. However, the phenotype of FIP200 KO mice seems to be
more severe than that of Atg13 KO mice. Considering that FIP200
is involved in various signaling pathways, FIP200 might have au-
tophagy-independent and even Atg13-independent function. Al-
ternatively, it is still possible that the relative necessities of these
Atg factors in the autophagy pathway itself are different, which
would result in different phenotypes. More comprehensive stud-
ies will be required in the future.

We realized that the Arhgap1 gene is also targeted in Atg13gt/gt
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mice. Arhgap1 has GTPase-activating activity toward Cdc42 and
Rho and regulates cell survival, migration, and motility (66,
67). Simultaneous deletion of the Arhgap1 gene may explain
why Atg13gt/gt mice showed some defects that were more severe
(e.g., earlier lethality and heart thinning) than those in Atg13�/�

mice, although Arhgap1-deficient mice are not embryonic le-
thal (67).

Unexpectedly, our results and data from recent reports
suggest that the nonautophagic functions of Atg13-FIP200 and
ULK are different. First, Atg13 KO MEFs and FIP200 KO
MEFs show enhanced TNF-�-induced apoptosis, in contrast to
ULK1/2 DKO MEFs (Fig. 5D; see also Fig. S6D in the supple-
mental material). Second, the phenotype of ULK1/2 DKO mice
is milder than that of Atg13 KO and FIP200 KO mice: ULK1/2
DKO mice die after birth (28). These milder effects of deletion
of ULK1 and ULK2 may indicate that they are not essential for
the function of Atg13 and FIP200 in certain settings. In chicken
cells, ULK1 and ULK2 are not essential even for autophagy,
whereas Atg13 and FIP200 are essential (68). On the other
hand, ULK has FIP200- and Atg13-independent functions. In
C. elegans, the uncoordinated movement observed for the
unc-51 mutant is not observed for the epg-1 (atg13) (37) and
epg-9 (atg101) mutants (38). Similarly, in Drosophila melano-
gaster, neuronal defects observed in the unc-51 mutant are not
observed in the Fip200 mutant (69). In addition to effects on
the nervous system, the findings of a recent study suggest that
ULK1 but not Atg13 and FIP200 regulates melanogenesis in
cultured cells (70).

In this study, we also found that Atg13 negatively regulates
TNF-�-induced caspase-8 activation to suppress apoptosis. It
is possible that the increased sensitivity of death receptor sig-
naling accounts for the defects observed in Atg13 KO embryos
because deletion of c-FLIP, which results in death receptor-
induced caspase activation, also leads to growth retardation
and thinning of the heart wall (71, 72). However, the molecular
mechanisms are currently unknown. Considering that survival
signaling mediated by I�B phosphorylation is not affected in
Atg13 KO MEFs and FIP200 KO MEFs (Fig. 5E; see also Fig.
S6E in the supplemental material), Atg13 and FIP200 may reg-
ulate a factor(s) downstream of NF-�B and upstream of
caspase-8. Accumulation of p62 due to autophagy suppression
might contribute to elevated caspase-8 activity (73), although
caspase-3 hyperactivation is observed in Atg13 KO and FIP200
KO MEFs but not in other ATG KO MEFs (Fig. 5D; see also Fig.
S6D in the supplemental material). Further experiments will
provide more insights into the nonconventional roles of Atg13
and FIP200.
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