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Autophagy describes an intracellular process responsible for the lysosome-dependent degradation of cytosolic

components. The ULK1/2 complex comprising the kinase ULK1/2 and the accessory proteins ATG13, RB1CC1, and

ATG101 has been identified as a central player in the autophagy network, and it represents the main entry point for

autophagy-regulating kinases such as MTOR and AMPK. It is generally accepted that the ULK1 complex is constitutively

assembled independent of nutrient supply. Here we report the characterization of the ATG13 region required for the

binding of ULK1/2. This binding site is established by an extremely short peptide motif at the C terminus of ATG13. This

motif is mandatory for the recruitment of ULK1 into the autophagy-initiating high-molecular mass complex. Expression

of a ULK1/2 binding-deficient ATG13 variant in ATG13-deficient cells resulted in diminished but not completely

abolished autophagic activity. Collectively, we propose that autophagy can be executed by mechanisms that are

dependent or independent of the ULK1/2-ATG13 interaction.

Introduction

Macroautophagy (hereafter referred to as autophagy) describes
a process for the degradation of cytoplasmic contents including
long-lived, misfolded or aggregated proteins, or entire organelles.
In yeast and higher eukaryotic cells this mechanism is evolution-
arily conserved and represents a major player in the degradation
network next to the ubiquitin-proteasome-system. Under regular
physiologic conditions, basal autophagy executes a critical role in
cell homeostasis through protein and organelle quality control.
However, autophagy can be upregulated under stress conditions
like ATP or amino acid deprivation, hypoxia, growth factor with-
drawal, DNA damage, or intracellular pathogens. During

autophagy, phagophores form at phosphatidylinositol-3-phos-
phate (PtdIns3P)-enriched microdomains in the endoplasmic
reticulum (ER) termed omegasomes, and the expanding phago-
phores engulf portions of cytoplasmic material. Closure of this
membrane compartment gives rise to autophagosomes. Autopha-
gosomes are double-membraned vesicles which then fuse with
endosomes and lysosomes resulting in the formation of autolyso-
somes.1 Lysosomal hydrolases subsequently degrade the cargo as
well as the inner vesicular membrane, and the resulting building
blocks such as amino or fatty acids are made available for de novo
protein synthesis, ATP generation, and so forth.

On the molecular level, autophagy-related (ATG) gene
products as well as several non-ATG proteins regulate all steps
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of the autophagic flux, including vesicle nucleation, elonga-
tion, closure, and fusion with endosomes and lysosomes.2

With regard to autophagy initiation, the ULK1/2 kinase com-
plex has been characterized as central gatekeeper. In 2009, sev-
eral groups clarified the composition of this complex and its
molecular regulation by the upstream nutrient-sensing
MTORC1.3-8 The macromolecular ULK1/2 (unc51-like
autophagy activating kinase 1/2) complex with a molecular
mass of approximately 3 MDa is comprised of the Ser/Thr
protein kinase ULK1/2 and the accessory proteins ATG13,
RB1CC1/FIP200 (RB1-inducible coiled-coil 1), and
ATG101.3-5 In the currently accepted model, the components
of the ULK1/2 complex are constitutively associated irrespec-
tively of nutrient supply. Under nutrient-rich conditions,
MTORC1 interacts with the ULK1/2 complex, resulting in
the inactivation of the complex by MTOR-dependent phos-
phorylation of ULK1/2 and ATG13 and thus in the inhibition
of autophagy. During nutrient deprivation, MTORC1 dissoci-
ates from the complex, leading to the activation of the com-
plex by ULK1/2-dependent autophosphorylation and
transphosphorylation of ATG13 and RB1CC1 and thus to
autophagy induction. However, it appears that the above-
described model represents a rather simplistic view. For exam-
ple, the MTOR-dependent phospho-sites of ATG13 or the
ULK1/2-dependent phospho-sites of RB1CC1 have not been
reported so far, and the importance of ULK1/2-dependent
phosphorylation of ATG13 has been questioned.9 Further-
more, it has been recently shown that ULK1 is directly con-
trolled by other kinases, e.g. the energy-sensing AMP-activated
protein kinase (AMPK) or AKT,10-14 and by alternative post-
translational modifications, e.g. acetylation or ubiquitina-
tion.15,16 With regard to ULK1 ubiquitination, it appears that
this is another mode of action for how MTOR influences
ULK1 activity. It has been reported that MTORC1 phosphor-
ylates AMBRA1 and thus inhibits TRAF6-mediated ubiquiti-
nation of ULK1, which is required for stabilization and
activation.16 Downstream of ULK1, several substrates have
been identified to mediate the proautophagic function of this
kinase, including AMBRA1, BECN1, or DAPK3/ZIPK
(death-associated protein kinase 3).17-19 Of note, ULK1-inde-
pendent mechanisms of autophagy induction have been pro-
posed as well.9,20 In contrast, both ATG13 and RB1CC1
appear to be unequivocally required for starvation-induced
autophagy.3,4,6-9,21,22

In this study, we further elucidated the molecular details of
how the ULK1/2 kinase complex regulates autophagy. We
observed that the interaction of ATG13 and ULK1/2 requires
the last 2 amino acids LQ of ATG13. Deletion of this short
peptide motif constitutes an ULK1/2 binding-deficient ATG13
variant, which retains regular binding to RB1CC1 and
ATG101. Accordingly, the disruption of the ULK1/2-ATG13
interaction excludes ULK1 but not ATG13 from the auto-
phagy-initiating high-molecular mass complex and abolishes
recruitment of ULK1 to the phagophore assembly site (PAS).
Interestingly, we observed that autophagy is not completely
inhibited in cells expressing the ULK1/2 binding-deficient

variant of ATG13. We hypothesize that the interaction of
ATG13 and ULK1/2 is not necessarily required for autophagy
induction by amino acid deprivation and that ULK1/2-ATG13
interaction-dependent and -independent mechanisms contribute
to autophagy.

Results

The interaction between ULK1/2 and ATG13 is controlled
by the extreme C terminus of ATG13

The binding site of ULK1 within ATG13 has been roughly
mapped to the last 57 amino acids of the C terminus of
ATG13.7 In order to characterize the binding motif essential for
the interaction with ULK1/2, we made use of different trun-
cated ATG13 variants, lacking the last amino acid Gln 480/
Q480 (1AAD), the last 2 amino acids Leu,Gln480/LQ480
(2AAD), or the last 3 amino acids Thr,Leu,Gln480/TLQ480
(3AAD, amino acid numbering of human isoform 2, Uniprot
identifier O75143-2). The latter sequence has previously gained
our interest since it contains a putative ULK1 phosphorylation
site (Thr478).9 We also included the 57AAD variant as positive
control and an F429A and F433A (F429A,F433A) double
mutant of ATG13, since it has been previously suggested that
these 2 phenylalanine residues might be orthologous to hydro-
phobic residues of the MIT-interacting motif (MIM) domain in
yeast Atg13 mediating the interaction with yeast Atg1.23 We
transiently coexpressed GST fusion proteins of full-length
ATG13 or the different ATG13 variants in Flp-InTM T-RExTM

293 cells expressing GFP-tagged full-length ULK1 (GFP-ULK1)
or full-length ULK2 (GFP-ULK2), and performed affinity puri-
fications using glutathione-sepharose 4B beads. Only GST-
ATG13, GST-ATG131AAD and GST-ATG13F429A,F433A puri-
fied GFP-ULK1 and GFP-ULK2 from Flp-InTM T-RExTM 293
cells in considerable amounts, whereas GST-ATG132AAD and
GST-ATG133AAD only purified minute amounts of GFP-ULK1
or GFP-ULK2, similar to the 57AAD variant (Fig. 1A, middle
panels). All GST-ATG13 variants purified similar amounts of
RB1CC1, except for the 57AAD variant which revealed slightly
reduced binding to RB1CC1 (Fig. 1A, middle panels). In a vice
versa approach, the GFP-tagged ULK proteins were immuno-
purified using GFP-Trap� beads. Again, only GST-ATG13 and
GST-ATG131AAD revealed strong interaction with GFP-ULK1
and GFP-ULK2, whereas only low amounts of GST-
ATG132AAD, GST-ATG133AAD, and GST-ATG1357AAD were
purified with these 2 proteins (Fig. 1A, right panels). GST-
ATG13F429A,F433A was clearly purified with GFP-ULK1 but to
a lesser extent with GFP-ULK2. In the next step, we investigated
whether starvation has an effect on the binding of GFP-ULK1
to the different ATG13 variants. For that, we repeated affinity
and immunopurification experiments described above with GST
fusion proteins of wild-type ATG13 and ATG133AAD. As a con-
trol, we included a C-terminally truncated version of ULK1
which does not interact with ATG13. Again the ATG133AAD

variant did not purify GFP-ULK1 and was itself only slightly
purified by GFP-ULK1, independent of nutrient supply
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(Fig. 1B, middle and right pan-
els). The weak purification of
GFP-ULK proteins with 2AAD,
3AAD and 57AAD mutant pro-
teins, and the weak association of
these ATG13 variants with GFP-
ULKs are probably caused by the
heterodimerization of overex-
pressed GST-ATG13 variants
with endogenous ATG13 since
ATG13 has been suggested to
form dimers.3 Indeed, endoge-
nous ATG13 can be detected in
GFP-ULK1 immunopurifications
(Fig. 1B, right panels). Similarly,
RB1CC1 was purified with GFP-
ULK1/2 (Fig. 1A and B, right
panels), further supporting the
presence of endogenous ATG13
(although we could not exclude a
direct interaction between ULK1/
2 and RB1CC1 at this stage, see
below). In order to avoid poten-
tial heterodimerization of endoge-
nous ATG13 with overexpressed
GST-ATG13 variants, we
employed GFP-ULK1-expressing
atg13¡/¡ (Atg13 knockout [KO])
murine embryonic fibroblasts
(MEFs),14 that were reconstituted
with either HA-tagged full-length
ATG13 or the corresponding 3AAD
deletion mutant. In accordance
with our observations previously
described, GFP-ULK1 associated
with full-length ATG13, but not
with ATG133AAD (Fig. 1C).
Finally, we reconstituted the Atg13
KO MEFs with different ATG13
variants and analyzed their interac-
tion with endogenous ULK1.
Again only wild-type ATG13,
ATG131AAD and ATG13F429A,F433A

associated with endogenous ULK1,
and again this interaction was not
affected by nutrient supply. In con-
trast, ATG132AAD, ATG133AAD,
and ATG1357AAD did not interact with ULK1. The abolished
interaction between ULK1 and ATG133AAD was also con-
firmed by a mass spectrometry-based SILAC approach
(Fig. S1). Since the ATG132AAD and the ATG133AAD variants
retained normal RB1CC1 binding but no ULK1 binding, it is
unlikely that the direct association of ULK1 with RB1CC1
plays a prominent role during the assembly of the heterotetra-
meric complex. This was also confirmed by the observation
that ULK1 was not coimmunopurified with RB1CC1 from

lysates derived from Atg13 KO MEFs (Fig. S2A). Similarly, a
direct interaction between ATG101 and ULK1 was not detect-
able in Atg13 KO MEFs (Fig. S2B). Collectively, these data
indicate that the interaction between ULK1/2 and ATG13 is
mainly controlled by the last 2 amino acids LQ480 of
ATG13. Although the ATG13 amino acid sequence shows
only weak conservation among species (Fig. S3A), the C-termi-
nal TLQ motif is extremely conserved in vertebrates
(Fig. S3B).

Figure 1. For figure legend, see page 1474.

www.tandfonline.com 1473Autophagy

D
ow

nl
oa

de
d 

by
 [

B
jö

rn
 S

to
rk

] 
at

 0
2:

18
 1

9 
Se

pt
em

be
r 

20
15

 



The incorporation of ULK1 into the autophagy-initiating
complex is mediated by a short peptide motif of ATG13

Next, we were interested whether ULK1 is still recruited to
the previously described macromolecular autophagy-initiating

complex in cells expressing
the ULK1/2 binding-deficient
ATG133AAD variant. We deliber-
ately chose the 3AAD variant for
this and the following experiments,
since it apparently cannot bind
ULK proteins similar to the
2AAD variant, but additionally
lacks the putative phospho-accep-
tor Thr478. To analyze ULK1
recruitment, S100 fractions of
wild-type, Atg13 KO, and Atg13
KO MEFs reconstituted with
either full-length HA-ATG13 or
HA-ATG133AAD were subjected
to size exclusion chromatography.
For wild-type MEFs, RB1CC1,
ULK1, ATG13, and ATG101
were mainly detected in fractions
corresponding to a molecular mass
of »3 MDa (Fig. 2A) as previ-
ously reported.3-5 ULK1, ATG13

and ATG101 were also eluted in fractions according to lower
molecular mass complexes of »300 to 600 kDa (ULK1), 200 to
400 kDa (ATG13 and ATG101), and <40 kDa (ATG101),
confirming previous observations.4,5 In the absence of ATG13,

Figure 1 (See previous page). The last 2 amino acids (LQ480) of ATG13 mediate interaction with ULK1/2. (A) Flp-InTM T-RExTM 293 cells inducibly

expressing GFP-tagged full-length ULK1 (GFP-ULK1) or full-length ULK2 (GFP-ULK2) were transiently transfected with vectors encoding GST-ATG13 (WT),

GST-ATG131AAD (1AAD), GST-ATG132AAD (2AAD), GST-ATG133AAD (3AAD), GST-ATG1357AAD (57AAD) or GST-ATG13F429A,F433A 12 h before expression of

GFP-ULK variants was induced by doxycycline. After 6 h of GFP-ULK induction, cells were lysed and GST affinity purifications (middle panels) or GFP

immunopurifications (right panels) were performed. Cleared cellular lysates (CCL) and purified proteins were subjected to SDS-PAGE and analyzed by

immunoblotting for RB1CC1, GFP, GST, ATG101, or HSPA1A/B. (B) Flp-InTM T-RExTM 293 cells inducibly expressing GFP-tagged ULK1 lacking the C-terminal

domain (CTDD) or full-length ULK1 (WT) were transiently transfected with vectors encoding GST (only), GST-ATG13 (ATG13) or GST-ATG133AAD

(ATG133AAD) 12 h before expression of GFP-ULK variants was induced by doxycycline. After 4 h of GFP-ULK induction, cells were cultured in regular

medium or starvation medium (EBSS) for 2 h. Cells were lysed and GST affinity purifications (middle panels) or GFP immunopurifications (right panels)

were performed. Cleared cellular lysates (CCL) and purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for RB1CC1, GFP,

ATG13, GST, ATG101, or HSPA1A/B. (C) GFP-ULK1-expressing Atg13 KO MEFs retrovirally transfected with empty vector or cDNA encoding HA-ATG13

(WT) or HA-ATG133AAD (3AAD) were cultured in regular medium or starvation medium (EBSS) for 2 h. Cells were lysed and GFP-immunopurifications

were performed. CCLs and purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for ULK1, ATG13, or ATG101. (D) Atg13 KO

MEFs retrovirally transfected with empty vector or cDNA encoding HA-ATG13 (WT), HA-ATG131AAD (1AAD), HA-ATG132AAD (2AAD), HA-ATG133AAD

(3AAD), HA-ATG1357AAD (57AAD) or HA-ATG13F429A,F433A were cultured in regular medium or starvation medium (EBSS) for 2 h. Cells were lysed and HA-

immunopurifications were performed. CCLs and purified proteins were subjected to SDS-PAGE and analyzed by immunoblotting for RB1CC1, ULK1,

ATG13, or ATG101.

Figure 2. The TLQ480 motif of ATG13

is required for recruitment of ULK1 to

the autophagy-regulating complex

and the phagophore assembly site.

(A to D) S100 fractions of wild-type,

Atg13 KO or Atg13 KO MEFs reconsti-

tuted with either HA-ATG13 or HA-

ATG133AAD were separated by size

exclusion chromatography on a

Superose 6 column. Each fraction was

analyzed by immunoblotting with

anti-RB1CC1, anti-ULK1, anti-ATG101

and anti-ATG13 antibodies. Positions

of the molecular mass standards (in

kDa) are shown at the top. V, void

fraction.
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ULK1 and ATG101 overall levels are decreased and predomi-
nantly present in low molecular fractions, i.e. »300 to 600 kDa
for ULK1 and <40 kDa for ATG101 (Fig. 2B). This indicates
that ATG13 is essential for the recruitment of ULK1 and
ATG101 to the high molecular mass complex established by
RB1CC1. Again confirming previous results, the distribution of
RB1CC1 is not affected by the absence of ATG13.4,5 The size
exclusion chromatography pattern of Atg13 KO MEFs reconsti-
tuted with HA-tagged full-length ATG13 generally resembles the
one observed for wild-type MEFs (Fig. 2C). Furthermore, the
overall protein levels of ULK1 and ATG101 are normalized or
even increased compared to the levels in wild-type or Atg13 KO
MEFs, which is probably caused by the stabilizing effects of
ATG13.3-5,7 Since ATG13 protein levels are higher in this recon-
stituted cell line than in wild-type MEFs, the main portion of
ATG13—and thus the main portions of ULK1 and ATG101—
are present in fractions corresponding to 200 to 500 kDa, and
only small amounts are incorporated in the high molecular mass
complex. Nevertheless, all 3 proteins and RB1CC1 are present in
fractions corresponding to the »3 MDa complex. For the Atg13
KO MEFs reconstituted with HA-ATG133AAD, only ATG101
was shifted to fractions corresponding to the »3 MDa complex,
while ULK1 largely remained in fractions comprising lower
molecular mass complexes of »300 to 600 kDa (Fig. 2D). To
confirm the importance of the TLQ-motif for ULK1 recruitment
by an independent approach, we transfected the cells described
above with cDNA encoding GFP-ULK1 and analyzed starva-
tion-induced formation of GFP-ULK1 puncta. The number of
GFP-ULK1 puncta per cell was significantly reduced in cells
either lacking ATG13 or expressing the ULK1 binding-deficient
variants 3AAD or 57AAD (Fig. 3). Furthermore, colocalization
of GFP-ULK1 and HA-ATG13 was only observed for wild-type
ATG13 and almost completely absent in the 3AAD or 57AAD
versions. Collectively, these results indicate that the interaction
of ATG13 with ULK1 and the recruitment of ULK1 to the
autophagy-initiating complex are dependent on the last 3 amino
acids of ATG13. Deletion of this TLQ480 motif is sufficient to
exclude ULK1 from the complex and to impair recruitment of
ULK1 to the phagophore assembly site (PAS).

The direct interaction of ATG13 and ULK1 and the
recruitment of ULK1 to the autophagy-initiating complex are
not necessarily required for autophagy

Next we addressed the question of whether the presence of
ULK1 within the »3 MDa complex is essential for autophagy
induction upon starvation. For this purpose, we stably trans-
fected differently reconstituted Atg13 KO MEFs with cDNA
encoding mCitrine-MAP1LC3/LC3 and analyzed lysosomal deg-
radation of mCitrine-LC3 upon starvation by flow cytometry. In
wild-type MEFs and Atg13 KO MEFs reconstituted with wild-
type HA-ATG13, HA-ATG131AAD, or HA-ATG13F429A,F433A

incubation in EBSS resulted in strong lysosome-dependent deg-
radation of mCitrine-LC3, which in turn was blocked by addi-
tion of bafilomycin A1 (Fig. 4A). In contrast, EBSS-induced
degradation of mCitrine-LC3 did not occur in Atg13 KO MEFs.
Of note, in MEFs expressing HA-ATG132AAD, HA-

ATG133AAD, or HA-ATG1357AAD the autophagic degradation of
mCitrine-LC3 was clearly reduced, but not completely absent
(Fig. 4A). Generally, these observations confirmed previous
results establishing the importance of the ULK1/2-ATG13 inter-
action for autophagy induction3,4,6,7 but apparently some auto-
phagic activity remains even in the absence of this interaction.
We also investigated LC3B turnover in Atg13 KO MEFs trans-
fected with empty vector or cDNA encoding either full-length
HA-ATG13 or HA-ATG133AAD by immunoblotting. LC3B-I
and -II levels remained unaltered in control-transfected Atg13
KO MEFs upon EBSS treatment (Fig. 4B). Interestingly,
autophagy was induced in both HA-ATG13- and HA-
ATG133AAD-expressing cells as detected by increased LC3B-II
levels in EBSS/bafilomycin A1-treated cells compared to
DMEM-bafilomycin A1-treated cells (Fig. 4B). Similar observa-
tions were made for SQSTM1/p62, which bridges LC3 and
ubiquitinated substrates and thus serves as readout for autophagic
degradation.24 SQSTM1 accumulation observed in Atg13 KO
MEFs was absent in both HA-ATG13- and HA-ATG133AAD-
expressing MEFs (Fig. 4B). Furthermore, ULK1 stabilization
was evident only in HA-ATG13-expressing cells, whereas Atg13
KO and HA-ATG133AAD-expressing MEFs depicted clearly
reduced ULK1 levels (Fig. 4B). In turn, ATG101 was stabilized
by both ATG13 variants (Fig. 4B). These ATG13-dependent
effects on ULK1 and ATG101 expression levels were already
apparent in the size exclusion analyses described above (Fig. 2).
We also analyzed phosphorylation of ATG13 Ser318, which has
been previously identified as ULK1-dependent phospho-acceptor
site during mitophagy.25 While we observed a clear increase in
Ser318 phosphorylation in HA-ATG13-expressing cells upon
EBSS treatment, this was not the case in cells expressing the
ULK1 binding-deficient HA-ATG133AAD variant (Fig. 4B).
This data suggest that 1) a direct interaction between ULK1 and
ATG13 is necessary for Ser318 phosphorylation and 2) phos-
phorylation of this site is not absolutely required for starvation-
induced autophagy. The latter was confirmed by expression of a
Ser318-to-Ala (S318A) ATG13 mutant in Atg13 KO MEFs,
which mounts a normal autophagic response (data not shown).
In summary, the mCitrine-LC3 degradation assay clearly sup-
ported the importance of the ULK1-ATG13 interaction for star-
vation-induced autophagy. However, both the mCitrine-LC3
degradation assay and the LC3 turnover assay suggest that the
ULK1 binding-deficient ATG13 variants can at least partially
restore autophagic activity. To further elucidate this latter aspect,
we performed immunofluorescence of endogenous LC3B and
SQSTM1 (Fig. 5). Atg13 KO MEFs showed almost no increased
LC3B puncta formation upon starvation and bafilomycin A1

treatment (Fig. 5A, upper panels). MEFs reconstituted with full-
length HA-ATG13 showed formation of LC3B-positive structures
upon starvation, which could be further increased by addition of
bafilomycin A1 (Fig. 5A, middle panels). HA-ATG133AAD-
expressing MEFs revealed a similar tendency, although overall
LC3 puncta numbers were reduced in cells incubated in DMEM
or EBSS compared to full-length ATG13-expressing MEFs
(Fig. 5A, lower panels). Again, analogous observations were made
for SQSTM1. Atg13 KO MEFs did not show a prominent
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increase in SQSTM1-positive structures upon EBSS treatment in
the presence of bafilomycin A1, whereas this was clearly the case
for both cell lines expressing the 2 different ATG13 variants
(Fig. 5B). In order to more robustly analyze the autophagic flux,
we generated cell lines stably expressing the tandem fluorescent

mRFP-EGFP-LC3B chimeric protein for the detection of early
and late autophagic activity.26 In Atg13 KO MEFs, only mRFP-
EGFP-double-positive structures, which may represent protein
aggregates generated under autophagy-deficient conditions, were
detectable upon starvation for 2 h, whereas both reconstituted

Figure 3. ULK1 does not localize with ULK1 binding-deficient variants of ATG13. GFP-ULK1-expressing Atg13 KO MEFs retrovirally transfected with empty

vector or cDNA encoding HA-ATG13, HA-ATG133AAD or HA-ATG1357AAD were cultured in regular medium or starvation medium (EBSS) for 2 h. Cells were

fixed and analyzed by immunofluorescence microscopy using anti-GFP and anti-HA antibodies. Scale bar: 10 mm. The number of GFP-ULK1 dots and

colocalization of GFP-ULK1 and HA-ATG13 dots were quantified from at least 220 cells using Fiji software and data represent mean § SEM. *P < 0.05,

**P < 0.01, ***P < 0.001 (Student t test, 2-sample assuming unequal variances).
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MEF cell lines revealed mRFP-single-positive structures presum-
ably representing autolysosomes (Fig. 6A). Finally, we performed
a long-lived protein degradation assay. Although statistically not
significant, it again appeared that the ATG133AAD variant can par-
tially compensate the autophagy-defective phenotype of Atg13
KOMEFs (Fig. 6B).

In the past, several noncanonical autophagy signaling pathways
have been proposed, including ULK1/2-, BECN1/VPS30-
PIK3C3/VPS34- and ATG5-ATG7-independent processes.20,27,28

Since the majority of our autophagy readouts were based on LC3

lipidation, we can exclude ATG5-ATG7-independent effects.
However, we investigated whether the partial restoration of
autophagy observed for ATG133AAD-expressing MEFs depends on
ULK1/2 or the PtdIns3K class III complex. The observation that
autophagic flux can partially be restored independent of the
ULK1-ATG13 interaction does not necessarily imply that the pro-
cess is ULK1/2-independent. We performed Ulk1/2 RNAi experi-
ments in Atg13 KOMEFs transfected with empty vector or cDNA
encoding either full-length HA-ATG13 or HA-ATG133AAD and
analyzed LC3 turnover by immunoblotting (Fig. S4A). However,

Figure 4. ATG133AAD supports mCitrine-LC3 degradation in Atg13 KO MEFs but does not support ULK1 stabilization. (A) MEFs stably expressing mCitrine-

LC3 and the indicated ATG13 variants were cultured in regular medium or starvation medium (EBSS) with or without 40 nM bafilomycin A1 (Baf A1) for

10 h. Total cellular mCitrine-LC3 signals were analyzed by flow cytometry. Cell debris was eliminated by gating. Representative FACS data from 3 inde-

pendent experiments is shown in the panels. The median of fluorescence intensity was plotted in a bar diagram. Values are expressed as a percentage

of the mean of cells cultured in regular medium. Data represent mean § SEM. *P < 0.05, **P < 0.01 (Student t test, 2-sample assuming unequal varian-

ces). (B) Atg13 KO MEFs retrovirally transfected with empty vector or cDNA encoding HA-ATG13 or HA-ATG133AAD were incubated in culture medium

(DMEM) or starvation medium (EBSS) in the presence or absence of 40 nM bafilomycin A1 for 2 h. Cells were lysed and lysates (either cleared cellular

lysates, CCL, or whole cellular lysates, WCL) were subjected to immunoblotting for RB1CC1, ULK1, phospho-ATG13 (Ser318), ATG13, SQSTM1/p62,

ATG101, LC3B, ACTB, and GAPDH. Asterisk indicates a nonspecific background band. Data shown are representative of at least 3 independent experi-

ments. Fold changes were calculated by dividing each normalized ratio (protein to loading control) by the average of the ratios of the control lane (HA-

ATG13 C DMEM, n � 3). Results are mean § SEM and are given below the corresponding blots (ULK1 and ATG101) or are plotted as bar diagram (LC3-II

and SQSTM1/p62). *P < 0.05, **P < 0.01 (Student t test, 2-sample assuming unequal variances).
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from these results, it is difficult to interpret the relevance of ULK1.
This is in line with observations made in Ulk1/2 DKO MEFs, in
which LC3-II levels clearly increase upon starvation (ref,29 and
own observation). With regard to the PtdIns3K class III complex,
we pursued 2 approaches. First we used Becn1 siRNA similar to
the experiments described above (Fig. S4B). Since BECN1 knock-
down efficiency appeared to be insufficient, we employed the
PtdIns3K class III inhibitor 3-methyladenine (3-MA). 3-MA
blocked autophagy in both HA-ATG13- or HA-ATG133AAD-
expressing MEFs (Fig. S4C), indicating that PtdIns3K class III
activity is important for the observed phenomenon.

Taken together, our results suggest that autophagy induction
depends on the interaction between ULK1/2 and ATG13—

which is mediated by a short C-
terminal motif of ATG13—but
that autophagic capacity can be
partially restored by the ULK1/2
binding-deficient variant of
ATG13. Apparently, this remain-
ing autophagic competence
depends on the core autophagy
signaling machinery, i.e. the
PtdIns3K class III complex and
the LC3-conjugation system.

Discussion

The mammalian ULK1/2-
ATG13-RB1CC1-ATG101 com-
plex is essential for the initiating
steps of autophagy. In recent
years, the molecular details of how
this complex regulates autophagy
have been deciphered. It is gener-
ally accepted that the complex is
constitutively assembled, indepen-
dently of nutrient supply. It has
been proposed that the proauto-
phagic activity of the ULK1/2
complex is mainly controlled by
the upstream kinases MTOR,
PRKA/AMPK, or AKT. Here, we
identified a short ULK1/2 binding
motif at the C terminus of
ATG13, which is composed of the
last 3 amino acids TLQ480. Fur-
thermore, we demonstrated that
this motif is essential for the
recruitment of ULK1 into the
autophagy-regulating complex
and to the PAS. Although lyso-
somal degradation of mCitrine-
LC3 was slightly compromised in
cells expressing the C-terminal
truncated version of ATG13, we

surprisingly observed that the direct association of ULK1/2 with
ATG13 is not absolutely required to support the induction of
autophagy.

Our data reveal that the last 3 amino acids of ATG13 repre-
sent or at least contribute to the core interaction site for ULK1/2.
Thus, we clearly fine-mapped the ULK1-interaction site, which
has been previously mapped to amino acids 384 to 517 (amino
acid numbering of human isoform 1; corresponds to amino acids
347 to 480 of human isoform 2).7 In our view, there exist 2 pos-
sibilities how the last 3 amino acids of ATG13 might mediate
ULK1/2 binding: 1) these amino acids represent the direct bind-
ing site for ULK1/2, or 2) these amino acids are structurally rele-
vant for the ULK1/2 binding site. With regard to the first

Figure 5. ATG133AAD supports starvation-induced accumulation of LC3 and SQSTM1/p62 puncta in the pres-

ence of bafilomycin A1 in Atg13 KO MEFs. (A and B) Atg13 KO MEFs retrovirally transfected with empty vector

or cDNA encoding full-length HA-ATG13 or HA-ATG133AAD were grown on glass coverslips for 24 h and then

incubated in culture medium (DMEM) or starvation medium (EBSS) in the presence or absence of 40 nM bafi-

lomycin A1 for 2 h. Cells were fixed and LC3B (A) or SQSTM1/p62 (B) were detected by confocal laser-scan-

ning microscopy. Fiji software was used to process and count the puncta. At least 505 cells were scored for

each condition. Data represent mean § SEM. *P < 0.05, **P < 0.01 (Student t test, 2-sample assuming

unequal variances).
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possibility, short peptide motifs at
the C terminus of proteins are
bound by PDZ (postsynaptic den-
sity 95, PSD-95; discs large, Dlg;
zonula occludens-1, ZO-1)
domains.30-32 Of note, it has been
proposed that ULK1 itself harbors
a PDZ binding motif at its C ter-
minus.6,33,34 However, the C ter-
minus of ULK1 is not very
conserved across species, and the
reported YVA motif in murine
ULK1 cannot be found in human
ULK1. In contrast, the TLQ480
motif of ATG13 is highly con-
served across vertebrate species
(including H. sapiens, M. musculus,
G. gallus, F. catus, C. familiaris, B.
taurus, D. rerio), resembles a class I
PDZ domain ligand,30,32,35 and
binding specificity might be regu-
lated by phosphorylation of
Thr478. Indeed, we have previ-
ously proposed that Thr478 might
be a ULK1-dependent phospho-
acceptor site.9 However, mutation
of Thr478 to either phospho-defi-
cient alanine or phospho-mimick-
ing glutamic acid did not
modulate ULK1 binding (data not
shown). Furthermore, ULK1/2
has not been characterized as
PDZ-domain-containing protein
so far. Nevertheless, it is tempting
to speculate that the C-terminal
peptide motif of ATG13 repre-
sents a PDZ-domain binding
ligand. Alternatively, the last 3
amino acids are structurally
important for the ULK1/2 bind-
ing site. Fujioka et al. have
reported the X-ray crystallographic
analysis of the interaction of yeast
Atg13 with Atg1 and Atg17.23

Atg13 binds tandem microtubule
interacting and transport (tMIT)
domains in Atg1 via a 2-part
MIT-interacting motif. These
Atg1 binding regions in Atg13
have been recently confirmed by
hydrogen-deuterium exchange
coupled to mass spectrometry.36 Fujioka et al. suggest that the
MIT-MIM interaction is conserved in mammals, and ULK1 was
purified by a GST fusion protein comprising the last 60 amino
acids of ATG13. According to the authors, the C-terminal half
of the MIM domain is established by the amino acids of the

ATG13 C terminus.23 Thus, it is also feasible that the deletion of
the TLQ480 motif disrupts the structure of the MIM domain,
ultimately abolishing the interaction with ULK1. Fujioka et al.
suggest that Phe429 and Phe433 are part of the N-terminal half
of the MIM domain of the mammalian ATG13. However,

Figure 6. ATG133AAD can partially restore autophagic flux in Atg13 KO MEFs and supports long-lived protein

degradation. (A) Atg13 KO MEFs retrovirally transfected with empty vector or cDNA encoding full-length HA-

ATG13 or HA-ATG133AAD were additionally retrovirally transfected with pMSCVblast/mRFP-EGFP-rLC3. Cells

were incubated in starvation medium (EBSS) for 2 h, fixed, and analyzed by confocal laser scanning micros-

copy. Autolysosomes are indicated by white arrow heads. (B) Cellular proteins of the indicated MEF cells

were labeled with L-[14C]valine as described in the Materials and Methods section. Cells were washed and

treated with the indicated medium (control or EBSS § Baf A1) for 4 h. For each sample, the radioactivity of

the acid-soluble fraction of the medium and the radioactivity in the cells remaining in the well were mea-

sured. Percent degradation was assessed as the acid-soluble radioactivity of the medium divided by the total

radioactivity (left diagram). Additionally, induction of autophagy was assessed by subtracting percent degra-

dation of EBSS/Baf A1-treated cells from percent degradation of EBSS-treated cells (right diagram). Data

shown are mean of triplicates of averaged duplicates § SEM; *P < 0.05 (Student t test, 2-sample assuming

unequal variances).
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mutation of these 2 phenylalanine residues to alanine did not
impair ATG13 function in our analyses. Collectively, future
experiments and structural analyses will have to reveal the exis-
tence of a MIM domain in mammalian ATG13 and the exact
function of the TLQ480 motif.

In the recent past, several ULK1-interacting partners have
been identified which might contribute to the recruitment of
ULK1 to the PAS. For example, it has been suggested that ULK1
might interact directly with RB1CC1.3 The authors used recom-
binant proteins in an in vitro binding assay. In contrast, Jung
et al. and Hosokawa et al. see a prominent dependency on
ATG13 for the ULK1-RB1CC1 interaction,4,7 which corre-
sponds to our observations. The ATG133AAD protein retains nor-
mal RB1CC1 binding, but ULK1 cannot be purified by affinity
purification or immunopurification with this truncated protein.
Furthermore, ULK1 and RB1CC1 cannot be coimmunopurified
from lysates of Atg13 KO MEFs. The same holds true for a
potential interaction between ULK1 and ATG101, which has
been suggested for the C. elegans orthologs UNC-51/ATG-1 and
EPG-9/ATG-101.37 Whereas these results might be explained by
our cell lysis conditions (0.3% CHAPS), we additionally showed
1) by size exclusion chromatography that ULK1 is not part of the
high molecular mass complex in HA-ATG133AAD-expressing
MEFs and 2) by confocal microscopy that GFP-ULK1 is not effi-
ciently recruited to the PAS in these MEFs. Collectively, our data
do not support the hypothesis that ULK1 is recruited to the PAS
in general and to the high molecular mass complex in particular
via direct interaction with RB1CC1 or ATG101, respectively.
Similarly, we assume that previously reported alternative “PAS
recruitment options”—i.e. via protein binding to ATG8 proteins
or via direct lipid binding—play only a minor role compared to
the direct ULK1-ATG13 interaction. Admittedly, we cannot
entirely exclude that a transient or low-affinity interaction
between ULK1 and ATG133AAD might support autophagy
induction. Our affinity/immunopurification experiments and the
size exclusion experiments are in vitro approaches and depend on
the overexpression of at least one of the 2 components. However,
some of our observations clearly show that the association
between ULK1 and the ATG13 mutants is severely compro-
mised, e.g. the missing stabilization of ULK1 by ATG133AAD or
the absent colocalization of these 2 proteins as detected by
immunofluorescence.

We employed different readout methods to analyze autophagy
in cells expressing the TLQ-deleted variant of ATG13. Although
these assays confirm the importance of the ULK1-ATG13 inter-
action for autophagy induction, it appears that autophagic activ-
ity is at least partially restored in ATG133AAD-expressing cells.
Our results likely reflect that starvation-induced autophagy can-
not entirely be blocked by the disruption of the ULK1/2-ATG13
interaction. In general, 2 mechanisms might explain the observed
restoration of autophagic activity by ATG133AAD: 1) ULK1/2-
independent autophagy pathways or 2) ULK1/2-dependent but
ULK1/2-ATG13 interaction-independent autophagy pathways.
So far, we cannot easily distinguish between these 2 possibilities.
It has been previously shown that amino acid starvation-induced
autophagy is largely blocked in ULK1/2 double-deficient MEFs,

indicating that this autophagic pathway requires ULK1/2 activ-
ity.20,29 However, McAlpine et al. state that detectable levels of
amino acid starvation-induced autophagy in form of LC3 lipida-
tion are still observable following double knockout of ULK1/2.29

This is in accordance with our own observations (data not
shown). Additionally, ULK1/2-independent autophagy has been
proposed for other stimuli (i.e. glucose starvation) or other cellu-
lar systems (i.e. chicken DT40 B lymphocytes).9,20 We per-
formed Ulk1/2 siRNA experiments in ATG133AAD-expressing
cells and analyzed LC3 turnover. However, so far we cannot con-
vincingly determine the functional role of ULK1 for the partial
autophagic flux. In order to clarify this issue, one approach would
be the reconstitution of Ulk1, Ulk2, and Atg13 triple-knockout
cells with single components. What we can say so far is that the
partial autophagic flux in ATG133AAD-expressing cells depends
on other conventional autophagy signaling modules, i.e. the
BECN1-PIK3C3 complex and the LC3 conjugation system.

Collectively, our data challenge the current view of a constitu-
tively assembled ULK1/2 complex as unequivocal requirement
for autophagy induction. Future experiments will have to reveal
the relative contribution of pathways dependent or independent
of the ULK1/2-ATG13 interaction to autophagy. Furthermore,
one might speculate that different (selective) autophagic processes
might vary in their dependency on this interaction. Interestingly,
Joo et al. reported that mitochondrial damage triggers ULK1
activation and ULK1-dependent phosphorylation of ATG13,
which then leads to the release of ATG13 and its translocation to
the damaged mitochondria.25 These data suggest a phosphoryla-
tion-dependent regulation of the ULK1-ATG13 interaction dur-
ing selective autophagy processes. Finally, Kraft et al. report for
the yeast orthologs that the autophagy defects of an Atg1 bind-
ing-deficient Atg13 mutant are less pronounced than the defects
of a complete Atg13 knockout,38 similarly indicating a differen-
tial requirement for this interaction. Although the majority of
the relevant components of this autophagy-initiating complex are
identified, apparently the molecular dynamics of their interplay
are far from being completely understood.

Materials and Methods

Antibodies and reagents
Antibodies against ACTB/b-actin (clone AC-74, Sigma-

Aldrich, A5316), ATG101 (Sigma-Aldrich, SAB4200175),
ATG13 (Sigma-Aldrich, SAB4200100), ATG13 pSer318 (Rock-
land Immunochemicals, 600-401-C49), GAPDH (clone 6C5,
Abcam, ab8245), GFP (Roche, 11814460001, ChromoTek,
3h9, and Nacalai Tesque, 04404-84), GST (GE Healthcare, 27-
4577-01), HA (Covance, MMS-101R), HSPA1A/B (BD Trans-
duction Laboratories, 610607), LC3B (Cell Signaling Technol-
ogy, 2775, and MBL International, PM036), RB1CC1 (Bethyl
Laboratories, A301-536A), SQSTM1/p62 (MBL, PM045, and
PROGEN Biotechnik, GP62-C), and ULK1 (clone D8H5, Cell
Signaling Technology, 8054, or Sigma-Aldrich, A7481) were
used. Alternatively, antibodies for ATG101 and RB1CC1 have
been previously described.5,22 IRDye 800- or IRDye 680-
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conjugated secondary antibodies were purchased from LI-COR
Biosciences (926-32210/11, 926-68070/71, 926-68024 and
926-32214), Alexa Fluor� 488-conjugated goat anti-rat IgG
(HCL) antibodies and Alexa Fluor� 568-conjugated goat anti-
mouse IgG (HCL) antibodies from Life Technologies (A-11006
and A-11031), and Alexa Fluor� 647-conjugated goat anti-rabbit
IgG (HCL) antibodies from Jackson ImmunoResearch Laborato-
ries (111-605-003). Bafilomycin A1 was obtained from Sigma-
Aldrich (B1793). [14C]Valine (NEC291EU050UC) was pur-
chased from PerkinElmer.

Cell lines and cell culture
Wild-type and Atg13 KO MEFs were kindly provided by

Xiaodong Wang.14 Generation of Flp-InTM T-RExTM 293 cells
inducibly expressing GFP-ULK1 or GFP-ULK1CTDD was pre-
viously described.39 The vector pcDNA5/FRT/TO-GFP con-
taining human ULK2 cDNA was kindly provided by Dario
Alessi. This vector was cotransfected with pOG44 (Life Tech-
nologies, V6005-20) into Flp-InTM T-RExTM 293 cells (Life
Technologies, R780-07). Stable transfectants were selected with
200 mg/ml hygromycin B (Life Technologies, 10687-010) and
5 mg/ml blasticidin (Life Technologies, A11139-02). MEFs
and Flp-InTM T-RExTM 293 cell lines were cultured in
DMEM (4.5 g/l D-glucose) supplemented with 10% FCS,
100 U/ml penicillin and 100 mg/ml streptomycin (PAA Labo-
ratories GmbH, E15-810) in a 5% CO2 humidified atmo-
sphere at 37�C. For induction of GFP-ULK1/2 expression,
Flp-InTM T-RExTM 293 GFP-ULK1/2 cells were stimulated
with 0.1 mg/ml doxycycline (Clontech, 631311) for 4 to 6 h.
For starvation treatment, cells were washed with Earle’s Bal-
anced Salt Solution (EBSS, Gibco, 24010-043) and incubated
in EBSS for the indicated time periods.

Expression constructs and transfections
pEGB-6P/ATG13 (human isoform 2) and pEGB-6P/3AAD

were kindly provided by Dario Alessi (MRC Protein Phosphory-
lation Unit, College of Life Sciences, University of Dundee,
UK). All other pEGB-6P/ATG13 variants were generated by
site-directed mutagenesis. Transient transfection of Flp-InTM T-
RExTM 293 cells with pEGB-6P vectors was performed using
LipofectamineTM 2000 or LipofectamineTM 3000 (Life Technol-
ogies, 11668019 and L3000015). Human cDNAs encoding
either HA-tagged full-length ATG13 (isoform 2) or ATG13
mutants were cloned into pMSCVpuro (Clontech Laboratories,
Takara Bio, 631461) for retroviral infection of MEFs.
pMSCVblast/GFP-ULK1 was generated by cloning GFP-ULK1
cDNA from pcDNA5/FRT/TO-GFP-ULK1 (previously
described in ref. 39) into pMSCVblast, which was generated by
replacing the puromycin resistance cassette of pMSCVpuro by a
blasticidin resistance cassette amplified from pcDNATM6/TR
(Life Technologies, V1025-20). To generate pMSCVblast/mCi-
trine-LC3 plasmid, the cDNA encoding human LC3 was subcl-
oned into pMSCVblast together with mCitrine. pMSCVblast/
mRFP-EGFP-rLC3 expression vector was generated by cloning
of mRFP-EGFP-rLC3 cDNA from pmRFP-EGFP-rLC3 (kindly
provided by Tamotsu Yoshimori, Department of Genetics,

Osaka University Graduate School of Medicine, Japan) into
pMSCVblast. For the production of recombinant retroviruses,
Plat-E cells (kindly provided by Toshio Kitamura, Institute of
Medical Science, University of Tokyo, Japan) were transfected
with pMSCVpuro- or pMSCVblast-based retroviral vectors using
FuGENE� 6 or FuGENE� HD transfection reagent (Roche,
11988387001 and 04709713001). Atg13 KO MEF cells were
incubated with retroviral supernatant fractions containing 3 to
8 mg/ml Polybrene (Sigma-Aldrich, H9268-106) and selected in
medium containing 2.5 mg/ml puromycin (InvivoGen, ant-pr-1)
or 35 mg/ml blasticidin (InvivoGen, ant-bl-1).

Affinity and immunopurification and immunoblotting
Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.5,

150 mM NaCl, 0.3% [v/v] CHAPS [Carl Roth GmbH C Co.
KG, 1479.3] or 1% Triton X-100 [Carl Roth GmbH C Co.
KG, 3051.2], 1 mM EDTA, 1 mM EGTA, 1 mM Na3VO4,
50 mM NaF, 5 mM Na4P2O7, 0.27 M sucrose [Carl Roth
GmbH C Co. KG, 4621.1], protease inhibitor cocktail [Sigma-
Aldrich, P2714]) for 30 min on ice. Lysates were flash frozen
and/or directly clarified by centrifugation at 17,000 g for 15 min
at 4�C. Equal protein amounts were determined by Bradford
method. Alternatively, whole cell lysates were prepared by direct
addition of sample buffer (125 mM Tris-HCl, pH 6.8, 17.2%
[v/v] glycerol, 4.1% [w/v] SDS [AppliChem GmbH, A7249],
200 mg/ml bromophenol blue, 2% [v/v] b-mercaptoethanol) to
the cells and subsequent sonification. Lysates were subjected to
6–15% SDS-PAGE. Proteins were transferred to PVDF mem-
branes (Merck, Millipore, IPFL00010) and immunoblot analysis
was performed using the indicated primary antibodies and appro-
priate IRDye�800- or IRDye�680-conjugated secondary anti-
bodies (LI-COR Biosciences). Signals were detected with an
Odyssey� Infrared Imaging system (LI-COR Biosciences). For
affinity or immunopurification of GST-, GFP- or HA-tagged
proteins, clarified lysates were incubated with either glutathione
sepharose 4B beads (GE Healthcare, 17-0756-01), GFP-trap�

beads (ChromoTek, gta-200) or monoclonal anti-HA agarose
beads (clone HA-7, Sigma-Aldrich, A2095) at 4�C for 1.5 to 3 h
or overnight with rotation. For immunopurification of untagged
proteins, clarified lysates were incubated with corresponding anti-
bodies and protein A and G sepharose (GE Healthcare, 17-5280-
01 and 17-0618-01) mixed in equal parts at 4�C overnight. Puri-
fied proteins were washed at least 3 times with lysis buffer and
analyzed by immunoblotting.

Size-exclusion chromatography
MEFs were lysed in a hypotonic buffer (40 mM Tris HCl,

pH 7.5, and Complete EDTA-free protease inhibitor cocktail
[Roche, 0505648900]) by repeated passages (15 times) through
a 1-ml syringe with a 27-gauge needle and incubation on ice for
20 min following addition of NaCl to a final concentration of
150 mM. The homogenates were centrifuged at 13,000 £ g for
15 min, and the supernatant fractions were further centrifuged at
100,000 £ g for 60 min. The supernatant fractions (S100 frac-
tions) were then filtered with Ultrafree-MC 0.45-mm filter unit
(Millipore, UFC30HV00) and applied to a Superose 6 column
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(GE Healthcare, 17-5172-01). Subsequently, 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, 150 mM NaCl). The fractions were
then analyzed by immunoblotting. The column was calibrated
with thyroglobulin (669 kDa), ferritin (440 kDa), catalase
(240 kDa), and ovalbumin (43 kDa).

Confocal laser scanning microscopy
For immunofluorescent staining of LC3B and SQSTM1/p62,

cells were grown on glass coverslips overnight, stimulated as indi-
cated and fixed in 4% formaldehyde solution, following incuba-
tion with primary antibodies overnight and secondary antibodies
for 1 h in 0.05% saponin (Sigma-Aldrich, 47036) in phosphate-
buffered saline (Gibco, 14190-094). Subsequently, cells were
stained with 1 mg/ml DAPI (Carl Roth GmbH C Co. KG,
6335.1) and embedded in Mowiol 4-88 (Carl Roth GmbH C

Co. KG, 0713.1). MEF cells stably expressing mRFP-EGFP-
rLC3B were stained with DAPI only. Samples were analyzed on
a Leica TCS SP2 confocal laser-scanning microscope (Wetzlar,
Germany). For immunofluorescent staining of GFP-ULK1 and
HA-ATG13, cells were grown on glass coverslips, stimulated as
indicated and fixed in 4% formaldehyde solution, permeabilized
with 50 mg/ml digitonin (Wako, 043-21376) in phosphate-buff-
ered saline (Gibco, 14200-075), and stained with anti-GFP rat
monoclonal antibodies and anti-HA mouse monoclonal antibod-
ies. As secondary antibodies Alexa Fluor� 488-conjugated anti-
rat IgG and Alexa Fluor� 568-conjugated anti-mouse IgG anti-
bodies were used. Samples were analyzed with a confocal laser
microscope (FV1000D; Olympus, Tokyo, Japan) using a 60x
PlanApoN oil immersion lens (1.42 NA; Olympus). DAPI was
excited at 405 nm, EGFP or Alexa Fluor� 488 at 488 nm, Alexa
Fluor� 568 at 559 nm, mRFP at 594 nm and Alexa Fluor� 647
at 633 nm wavelengths.

Flow cytometry
Cells stably expressing mCitrine-LC3 were cultured in the

indicated medium for 10 h, harvested with 0.05% trypsin-
EDTA, and washed once with phosphate-buffered saline. The
samples were analyzed using an LSRFortessa flow cytometer
(Becton Dickinson, Heidelberg, Germany).

Long-lived protein degradation assay
Cells were incubated for 72 h with 0.125 mCi/ml L-[14C]

valine-supplemented medium, followed by 2 washes and a 16 h
chase in fresh medium containing 10 mM nonradioactive L-
valine to allow degradation of short-lived proteins. Next, the cells
were washed and treated with the indicated medium for 4 h. For
each sample, the radioactivity of the acid-soluble fraction of the
medium and the radioactivity in the cells remaining in the well
were measured.

Statistical analysis
For western blotting, fold changes were calculated by dividing

each normalized density ratio (protein of interest to loading con-
trol) by the average of the density ratios of the control lane (control

lane: fold change D 1.00, n � 3). Results are mean § SEM and
are given below the corresponding blots or are depicted in a bar
diagram. For GFP-ULK1, HA-ATG13, LC3B and SQSTM1/p62
immunofluorescence, the number of GFP-ULK1 dots, LC3B
dots, SQSTM1 dots and colocalizing GFP-ULK1 and HA-
ATG13 dots were quantified from at least 220 cells using Fiji soft-
ware and data represent mean§ SEM. For mCitrine-LC3B degra-
dation, data represent the mean of the median fluorescence
intensity (5,000 cells/experiment; 3 independent experiments) §
SEM. Values are expressed as a percentage of the mean of cells cul-
tured in regular medium (DMEM without bafilomycin A1). For
the long-lived protein degradation assay, the radioactivity of the
acid-soluble fraction of the medium and the radioactivity in the
cells remaining in the well were measured for each sample. Percent
degradation was assessed as the acid-soluble radioactivity of the
medium divided by the total radioactivity. Additionally, induction
of autophagy was assessed by subtracting percent degradation of
EBSS/Baf A1-treated cells from percent degradation of EBSS-
treated cells. Data shown are mean of triplicates of averaged dupli-
cates § SEM and are depicted in bar diagrams. For all analyses, P
values were determined by the Student t test (2-samples, unequal
variances) and the significance levels were set as follows: * indicates
P< 0.05, ** indicates P< 0.01, *** indicates P< 0.001.
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Deubiquitinase inhibition by WP1130 leads to
ULK1 aggregation and blockade of autophagy
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Abbreviations: ACTB/b-actin, actin, b; AMBRA1, autophagy/Beclin 1 regulator 1; AMPK, AMP-activated protein kinase; ATG,
autophagy related; Baf A1, bafilomycin A1; BECN1, Beclin 1, autophagy related; Dox, doxycycline; DUB, deubiquitinases; EBSS,

Earle’s balanced salt solution; GFP, green fluorescent protein; MAP1LC3/LC3, microtubule-associated protein 1 light chain 3; MBP,
myelin basic protein; MTOR, mechanistic target of rapamycin (serine/threonine kinase); MTORC1, MTOR complex 1; PtdIns3K,
phosphatidylinositol 3-kinase; PRKA, protein kinase, AMP-activated; SQSTM1/p62, sequestosome 1; TRAF6, TNF receptor-associ-
ated factor 6, E3 ubiquitin protein ligase; TUBE, tandem ubiquitin binding entity; UCH, ubiquitin carboxyl-terminal hydrolase;

ULK1, unc-51 like autophagy activating kinase 1; USP, ubiquitin-specific peptidase; WT, wild type.

Autophagy represents an intracellular degradation process which is involved in both regular cell homeostasis and

disease settings. In recent years, the molecular machinery governing this process has been elucidated. The ULK1 kinase

complex consisting of the serine/threonine protein kinase ULK1 and the adapter proteins ATG13, RB1CC1, and ATG101,

is centrally involved in the regulation of autophagy initiation. This complex is in turn regulated by the activity of

different nutrient- or energy-sensing kinases, including MTOR, AMPK, and AKT. However, next to phosphorylation

processes it has been suggested that ubiquitination of ULK1 positively influences ULK1 function. Here we report that

the inhibition of deubiquitinases by the compound WP1130 leads to increased ULK1 ubiquitination, the transfer of

ULK1 to aggresomes, and the inhibition of ULK1 activity. Additionally, WP1130 can block the autophagic flux. Thus,

treatment with WP1130 might represent an efficient tool to inhibit the autophagy-initiating ULK1 complex and

autophagy.

Introduction

Macroautophagy (hereafter referred to as autophagy) is an
intracellular degradation process contributing to the recycling of
long-lived, aggregated or misfolded proteins, or even entire
organelles. During this process, the cargo to be degraded becomes
enveloped within a double-membrane vesicle (referred to as an
autophagosome), which is then transported to and fuses with
lysosomes. Autophagy occurs at basal levels in most cell lines in
order to sustain cellular homeostasis. However, autophagy can
also be actively induced upon stress conditions such as nutrient-
or energy-depletion, intracellular pathogens, oxidative or ER
stress. In the past 2 decades, the molecular understanding of the
machinery governing autophagy has substantially increased.
Autophagy-related (ATG) gene products mediate all steps of the
autophagic flux, including vesicle nucleation, elongation, closure,
and fusion with lysosomes.1 Next to ATG proteins, several non-
ATG proteins are centrally involved in the regulation of autoph-
agy, including the nutrient- and energy-sensing kinases MTOR

(mechanistic target of rapamycin [serine/threonine kinase]) or
AMP-activated protein kinase (AMPK).1,2 The ATGs can be
grouped into several functional units.1 Two macromolecular pro-
tein complexes regulate the initiation of the autophagic process,
i.e. the ULK1 protein kinase complex and the class III phosphati-
dylinositol 3-kinase (PtdIns3K) lipid kinase complex.1 The
ULK1 core complex consists of the serine/threonine protein
kinase ULK1 (unc-51 like autophagy activating kinase 1) and the
adapter proteins ATG13, RB1CC1/FIP200 (RB1-inducible
coiled-coil 1), and ATG101. ULK1 is one of the 5 mammalian
orthologs of yeast Atg1. In 2009, several groups reported the
mechanistic details for how this complex is assembled and
receives input from the upstream MTOR complex 1
(MTORC1).3-6 In the current model, MTORC1 associates with
the ULK1 complex under nutrient-rich conditions and keeps the
complex in an inactive state by phosphorylating ULK1 and
ATG13. Upon nutrient depletion, MTORC1 dissociates from
this complex and the MTOR-dependent inhibitory ULK1-sites
become dephosphorylated. This in turn leads to the activation of
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ULK1, ULK1 autophosphorylation and ULK1-dependent
ATG13-RB1CC1 transphosphorylation.7-11 However, central
aspects of this model remain unresolved, including the identifica-
tion of the MTOR-dependent phospho-sites of ATG13 or the
ULK1-dependent phospho-sites of RB1CC1. Additionally, the
importance of the ULK1-dependent ATG13 phospho-sites has
been challenged by our group.12 Another level of complexity is
added to the above described model by the fact that other kinases
have been reported to regulate the ULK1 complex, including
AMPK and AKT/PKB,13-17 and that alternative post-transla-
tional modifications of ULK1 have been described, including
acetylation and ubiquitination.18,19 Recently Nazio et al. have
shown that AMBRA1, which is a component of the class III
PtdIns3K complex, not only becomes phosphorylated by ULK1,
but in turn recruits the E3-ligase TRAF6 (TNF receptor-associ-
ated factor 6).19 TRAF6 apparently supports Lys63/K63-linked
ULK1 ubiquitination, leading to the stabilization and activation
of ULK1.19 To date, several ULK1 substrates presumably medi-
ating its proautophagic function have been identified, such as
AMBRA1, BECN1, or DAPK3/ZIPK (death-associated protein
kinase 3).20-22 Recently, it has been reported that yeast Atg1
phosphorylates Atg9.23 Furthermore, we were able to demon-
strate that ULK1 phosphorylates all 3 subunits of AMPK, ulti-
mately leading to the inhibition of AMPK activity.24

Although there are the above-described hints that the ULK1
complex is regulated by ubiquitination, the overall picture as to
how this posttranslational modification regulates the ULK1 com-
plex is incomplete. Furthermore, the role of deubiquitinases
(DUBs) for the regulation of autophagy is completely uncharac-
terized. In the present work, we made use of the partially selective
DUB inhibitor WP1130 (also known as degrasyn), which has
originally been identified during a library screen for small com-
pounds that inhibit IL6-induced phosphorylation of
STAT3.25,26 We demonstrate that treatment of cells with this
compound leads to the recruitment of ULK1 to aggresomes.
This relocalization is most likely caused by an increased ubiquiti-
nation status of ULK1. We further observed that ULK1 activity
is severely compromised upon ULK1 recruitment to aggresomes.
Additionally, treatment with WP1130 leads to the blockade of
the autophagic flux. Taken together, we propose that WP1130
represents an efficient tool to inhibit autophagy in general and to
modulate ULK1 activity in particular. Next to the direct inhibi-
tion of ULK1 kinase activity, the regulation of ULK1 ubiquitina-
tion might be an effective approach to modulate the autophagic
response.

Results

WP1130 treatment induces the transfer of ULK1 to
aggresomes

It has previously been reported that ULK1 function is con-
trolled by ubiquitination.19 Additionally, it has been speculated
that the deubiquitinase (DUB) inhibitor WP1130 might increase
autophagy.27 Accordingly, we aimed at the in-depth characteriza-
tion of this compound with regard to autophagy signaling. We

made use of the previously described Flp-InTM T-RExTM 293
cells inducibly expressing GFP-ULK1 upon doxycycline treat-
ment.24 Interestingly, incubation with 5 mM WP1130 resulted
in decreased levels of GFP-ULK1.(Fig. 1A) A similar observation
was made for GFP-ULK2 (Fig. S1A). Next we investigated
whether the reduced GFP-ULK1 protein levels were caused by
proteasomal degradation. However, treatment with
the proteasome inhibitors MG132 or bortezomib did not abolish
the WP1130-induced reduction of GFP-ULK1, indicating that
the deubiquitinase inhibitor WP1130 reduces GFP-ULK1 levels
without the involvement of the proteasome (Fig. 1B)

It has been previously reported that WP1130 induces the for-
mation of juxtanuclear aggresomes.27 Additionally, it has been
shown that the tyrosine kinases BCR-ABL and JAK2 are
recruited to these aggresomes upon WP1130 treatment, which
then results in inhibition of their kinase activity.26,28 Accord-
ingly, we speculated that GFP-ULK1 might not be degraded by
proteolysis but might be instead transferred to aggresome-like
structures upon WP1130 treatment. To test this, we analyzed the
effect of WP1130 treatment on the localization of GFP-ULK1
by confocal microscopy. Indeed, incubation with WP1130
resulted in the recruitment of GFP-ULK1 to juxtanuclear punc-
tate structures (Fig. 1C and Fig. S1B). Similarly, GFP-ULK2
was also recruited to these aggresomes upon WP1130 treatment
(Fig. S1C). Furthermore, recruitment to aggresomes did not
require ULK1 activity since a kinase-dead version of GFP-ULK1
was also translocated to these juxtanuclear punctate structures
(Fig. S1C). The WP1130-induced recruitment of GFP-ULK1
to aggresomes was also monitored by live-cell imaging (Movies
S1–S3). We observed that small GFP-ULK1 aggregates are
already formed upon induction of GFP-ULK1 expression
(Movie S1). However, formation of these small peripheral aggre-
gates was clearly enhanced by WP1130 treatment (Movie S2).
Furthermore, WP1130 treatment induced the translocation of
these aggregates to the perinuclear aggresome (Movie S2). It has
been previously reported that microtubule disruption with noco-
dazole inhibits aggresome formation.29 Indeed, parallel incuba-
tion of cells with WP1130 and nocodazole abolished aggresome
formation and led to the generation of smaller GFP-ULK1 aggre-
gates in the periphery (Movie S3). Further analysis of the
aggresomes revealed that these structures comprised ubiquitin—
including K63-linked ubiquitin—and MAP1LC3/LC3 (micro-
tubule-associated protein 1 light chain 3), and to a minor extent
contained SQSTM1/p62. (Fig. S2) To confirm these microscopy
observations by an independent biochemical assay, we analyzed
the WP1130-dependent distribution of GFP-ULK1 in Triton X-
100-soluble and -insoluble fractions. Notably, WP1130 treat-
ment led to the redistribution of GFP-ULK1 from the soluble to
the insoluble fraction (Fig. 1D) Taken together, WP1130 treat-
ment does not result in the proteolytic degradation of GFP-
ULK1 but induces its transfer to aggresomes.

It has been previously observed that overexpression of GFP-
ULK1 leads to the formation of cytosolic GFP-positive puncta.30

In order to exclude that the observed effect is just an overexpres-
sion artifact, we analyzed the protein levels and distribution of
endogenous ULK1 upon WP1130 treatment in 3 different cell
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Figure 1. For figure legend, see page 1461.
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lines, i.e., HEK293, HeLa, and U2OS cells (Fig. 2A). Again
incubation with WP1130 apparently led to strongly reduced
ULK1 protein levels in cleared cellular lysates of these cells. This
effect could not be reversed by coincubation with different prote-
ase inhibitors or with bafilomycin A1, which raises the lysosomal
pH by blocking the lysosomal proton pump and thus blocks
autophagic degradation (Fig. S3). Additionally and like the
GFP-tagged derivative, endogenous ULK1 redistributed from
the Triton X-100-soluble to the -insoluble fraction in HEK293
cells (Fig. 2B, left panels), whereas overall cellular levels of
endogenous ULK1 remained unaltered (Fig. 2B, right panels).
We next addressed the question whether other components of
the ULK1 complex (i.e., ATG13 and RB1CC1/FIP200) or com-
ponents of the PIK3C3/VPS34-PIK3R4/VPS15-BECN1-
ATG14 PtdIns3K complex (i.e., BECN1 and AMBRA1) are
redistributed to aggresomes. However, these proteins were not
present in the insoluble fraction following WP1130 treatment,
(Fig. 2C) indicating a rather specific process for ULK1. Finally,
we investigated whether ULK1 redistribution is a reversible pro-
cess. For that, we treated HEK293 cells with WP1130 for 3 h,
and then resuspended the cells in WP1130-free medium. We
observed that the levels of Triton X-100 soluble ULK1 increased
again, and that in turn the amount in the insoluble fraction
decreased (Fig. S4) This indicates that WP1130-mediated reloc-
alization of ULK1 to aggresomes is indeed a reversible process.
Collectively, our results show that WP1130 treatment also results
in the recruitment of endogenous ULK1 to aggresomes, but that
this is not the case for other autophagy-relevant proteins.

WP1130 treatment increases ubiquitination of ULK1
Since WP1130 has been previously identified as deubiquiti-

nase inhibitor26,27 and since the juxtanuclear ULK1-aggresomes
obviously contained ubiquitin (Fig. S2), we next asked the ques-
tion whether the ubiquitination status of ULK1 is affected by
this compound. In a first approach, we employed short-term
incubation (0.5 h) with WP1130 and analyzed ubiquitination of
immunopurified GFP-ULK1 by anti-mono- and poly-ubiquitin
immunoblotting (Fig. 3A) Indeed, GFP-ULK1 ubiquitination
increased with WP1130 treatment. In an alternative approach,
we transfected Flp-InTM T-RExTM 293 cells expressing either
GFP or GFP-ULK1 with cDNA encoding HA-ubiquitin and
analyzed immunopurified GFP and GFP-ULK1 by anti-HA
immunoblotting. Whereas we did not detect ubiquitinated

proteins from GFP-expressing cells, we again observed increased
GFP-ULK1 ubiquitination following WP1130 treatment
(Fig. 3B) In order to characterize the type of ubiquitin linkage,
we transfected HEK293 cells with cDNAs encoding different
HA-ubiquitin variants and incubated the cells with WP1130.
Analysis of GFP-Trap�-purified GFP-ULK1 by anti-HA immu-
noblotting indicated that ubiquitination of ULK1 is mainly
established by non-K48-, non-K63-linked ubiquitin chains
(Fig. 3C) In order to confirm ULK1 ubiquitination by an alter-
native approach, we purified ubiquitinated proteins from cellular
lysates using tandem ubiquitin binding entity (TUBE) technol-
ogy. Treatment of HEK293 cells or Flp-InTM T-RExTM 293 cells
with WP1130 increased the amount of purified ULK1 or GFP-
ULK1 compared to untreated cells (Fig. 3D).

It has been previously reported that WP1130 targets the
deubiquitinases (DUBs) USP5, USP9X, USP14, UCHL1 and
UCHL5.27 In order to test whether these DUBs are involved
in the regulation of ULK1 expression levels, we transfected
HEK293 cells simultaneously with the corresponding siRNAs
and analyzed endogenous ULK1 expression after 48 and 72 h,
respectively (Fig. S5A) However, we could not detect any
alterations of ULK1 expression levels. Since USP9X is one
major target of WP1130,27,28,31-33 we also analyzed the effect
of WP1130 on ULK1 expression levels in USP9X¡/o
HCT116 cells.34 WP1130 reduced ULK1 levels in both
USP9XC/o and USP9X¡/o HCT116 cells to a similar extent
(Fig. S5B) indicating that USP9X is not the major target of
WP1130 with regard to ULK1 regulation. In order to identify
the DUB(s) targeted by WP1130, we performed a DUB pro-
filing assay with WP1130 using a library of 35 recombinant
DUBs (DUBProfilerTM Single Point Screening, Ubiquigent,
Dundee, UK). However, none of the tested DUBs was signifi-
cantly inhibited by 1 or 10 mM WP1130 (Fig. S6) Notably,
the 35 DUBs also contained the 5 enzymes previously
reported to be inhibited by WP1130. Finally, we wanted to
confirm that the effect caused by WP1130 is due to the inhibi-
tion of DUBs. For that, we employed the pan-DUB inhibitor
PR619. This inhibitor transferred ULK1 from the soluble to
the insoluble fraction similar to WP1130 (Fig. S7A and B) In
contrast, the more selective DUB inhibitors LDN 57444 (tar-
geting UCHL1) and Spautin-1 (targeting USP10 and USP13)
did not result in a similar reduction of ULK1 in the soluble
fraction (Fig. S7A) Importantly, all analyzed DUB inhibitors

Figure 1 (See previous page).WP1130 induces transfer of GFP-ULK1 to aggresomes. (A) After induction of GFP-ULK1 expression with doxycycline (Dox)

for indicated times, Flp-InTM T-RExTM 293 GFP-ULK1 cells were left untreated (M) or treated with 5 mM WP1130 for 2, 4 or 6 h. Equal protein amounts of

cleared cellular lysates were subjected to anti-ULK1 and anti-ACTB/b-actin immunoblotting. (B) After induction of GFP-ULK1 expression with Dox for 3 h,

cells were left untreated (M) or treated with 5 mM MG132 or 10 nM bortezomib (Bor), respectively. After 30 min, cells were either lysed directly (0) or

5 mMWP1130 was added for 2, 4, or 6 h. Subsequently cells were lysed and cleared cellular lysates were separated by SDS-PAGE and analyzed by immu-

noblotting using antibodies against ULK1 and ACTB/b-actin. (C) After induction of GFP-only (upper panels) or GFP-ULK1 (lower panels) expression with

Dox for 3 h, Flp-InTM T-RExTM 293 cells were treated for indicated times with 5 mM WP1130 and analyzed by confocal laser scanning microscopy. For

GFP-ULK1 expressing cells, zoomed insets are displayed. The GFP-only or GFP-ULK1 signal is displayed in green and the Hoechst signal in blue in the

merged images. (D) After induction of GFP-ULK1 or GFP-only expression with Dox for 3 h, Flp-InTM T-RExTM 293 cells were treated with 5 mMWP1130 for

the indicated intervals. Following WP1130 treatment, detergent-soluble and -insoluble fractions were prepared and analyzed for ULK1, GFP, and ACTB/

b-actin levels by immunoblotting. (A, B and D) Data shown are representative of at least 3 independent experiments. Fold changes were calculated by

dividing each normalized ratio (protein to loading control) by the average of the ratios of the control lane (control lane: fold change D 1.00, n � 3).

Results are mean§ SD and are given below the corresponding blots.
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did not induce caspase activity in the
relevant time frame (Fig. S8) In sum-
mary, we showed that WP1130
increases ubiquitination of GFP-
ULK1. Although this effect is likely
caused by the inhibition of DUBs,
the previously identified WP1130 tar-
gets are apparently not involved.

WP1130-induced recruitment to
aggresomes reduces ULK1 kinase
activity

Since we observed that WP1130
treatment leads to the transfer of ULK1
to aggresomes, we next analyzed
whether this process also affects ULK1
kinase activity. We have previously
identified PRKAB2/AMPK-b2 as
direct ULK1 substrate.24 Thus, we ana-
lyzed the phosphorylation status of
PRKAB2/AMPK-b2 by immunoblot-
ting. For GFP-ULK1, induction of
ectopic over-expression is sufficient to
increase ULK1 kinase activity (Fig. 4A)
For endogenous ULK1, we starved
HEK293 cells in EBSS in order to
induce ULK1 kinase activity (Fig. 4B)
WP1130 treatment reduced PRKAB2/
AMPK-b2 phosphorylation as detected
by a faster migration in SDS-PAGE
(Fig. 4A and B) We also analyzed
phosphorylation of PRKAA/AMPK-a
at Thr172. Our group has previously
shown that phosphorylation of this
activating site is indirectly regulated by
ULK1.24 WP1130 treatment clearly
reduced PRKAA/AMPK-a phosphory-
lation at Thr172 in GFP-ULK1-
expressing (Fig. 4A) or wild-type
HEK293 cells (Fig. 4B) without affect-
ing total PRKAA/AMPK-a levels.
Taken together, these observations sug-
gest that the WP1130-mediated trans-
fer of ULK1 to aggresomes negatively
regulates ULK1 activity. In order to
exclude the possibility that WP1130
functions as a direct ULK1 kinase
inhibitor, we performed an in vitro
kinase assay with recombinant GST-
ULK1 and the substrate GST-myelin
basic protein (MBP) in the absence and
presence of WP1130. WP1130 did not influence ULK1-depen-
dent phosphorylation of MBP (Fig. 4C) This observation is sup-
ported by a kinase screen with WP1130, which was performed
by the MRC Protein Phosphorylation Unit in Dundee (UK).
None of the 141 tested kinases (including ULK1 and ULK2)

were significantly inhibited by WP1130. The data can be found
online at http://www.kinase-screen.mrc.ac.uk/screening-com-
pounds/591459. Collectively, these results demonstrate that
WP1130 negatively regulates ULK1 activity indirectly through
ULK1 aggregation.

Figure 2.WP1130 induces aggregation of endogenous ULK1. (A) HEK293, HeLa, or U2OS cells were left

untreated or were treated with 5 mM WP1130 for 2, 4 or 6 h. Cleared cellular lysates were subjected to

anti-ULK1 and anti-ACTB/b-actin immunoblotting. (B) HEK293 cells were left untreated or were treated

with 5 mMWP1130 for indicated intervals. Then detergent-soluble or -insoluble fractions, or whole-cell

lysates (WCL) were prepared and analyzed by anti-ULK1 and anti-ACTB/b-actin immunoblotting. (C)

HEK293 cells were left untreated or were treated with 5 mM WP1130 for indicated intervals. Then

detergent-soluble or -insoluble fractions were prepared and analyzed for ULK1, RB1CC1, ATG13,

AMBRA1, BECN1 and ACTB/b-actin by immunoblotting. Asterisks indicate unspecific background

bands. (A–C) Data shown are representative of at least 3 independent experiments. Fold changes were

calculated by dividing each normalized ratio (protein to loading control) by the average of the ratios

of the control lane (control lane: fold change D 1.00, n � 3). Results are mean § SD and are given

below the corresponding blots.
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WP1130 blocks the autophagic flux
It has been previously speculated that WP1130 might increase

autophagy.27 Since we observed reduced ULK1 activity upon
WP1130 treatment, we next wanted to determine the effect of
this compound on the autophagic flux. For that, we applied 3

independent readouts. First, we analyzed localization of endoge-
nous LC3 in HEK293 cells by immunofluorescence. Starvation
of the cells in EBSS resulted in an increase of LC3 puncta, which
was further increased by treatment with bafilomycin A1 (Fig. 5A)
This effect was completely blocked by WP1130. All

Figure 3. DUB inhibition leads to increased GFP-ULK1 ubiquitination. (A) After induction of GFP-ULK1 expression with Dox for 3 h, Flp-InTM T-RExTM 293

cells were incubated in full medium (M) with or without 5 mM WP1130 for 0.5 h. Subsequently, cells were lysed and GFP-immunopurification was per-

formed. Purified GFP-ULK1 was analyzed by anti-ULK1 and anti-ubiquitin (P4D1) immunoblotting. ULK1 signal is red and ubiquitin signal is green in the

merged image. (B) Flp-InTM T-RExTM 293 cells were transiently transfected with cDNA encoding HA-ubiquitin 24 h prior to WP1130 treatment. After

induction of GFP or GFP-ULK1 expression with Dox for 3 h, cells were incubated in full medium (M) with or without 5 mM WP1130 for 1.5 h. Subse-

quently, cells were lysed and GFP-immunopurification was performed. Purified GFP (left panels) and GFP-ULK1 (right panels) were analyzed by anti-GFP,

anti-ULK1 and anti-HA immunoblotting. GFP or GFP-ULK1 signal is red and HA signal is green in the merged images. (C) Flp-InTM T-RExTM 293 cells were

transiently transfected with cDNAs encoding different HA-ubiquitin variants (WT, KallR, K48only, K63only, K48/63only, K48R, K63R, K48/63R) 24 h prior to

WP1130 treatment. After induction of GFP-ULK1 expression with Dox for 3 h, cells were incubated in full medium (M) with or without 5 mM WP1130 for

1.5 h. Subsequently, cells were lysed and GFP-immunopurification was performed. Purified GFP-ULK1 was analyzed by anti-ULK1 and anti-HA immuno-

blotting. ULK1 signal is red and HA signal is green in the merged image. (D) HEK293 cells or GFP-ULK1-expressing Flp-InTM T-RExTM 293 cells were left

untreated or were treated with 5 mM WP1130 for indicated intervals. Subsequently, cells were lysed and immunopurification of ubiquitinated proteins

was performed using agarose-TUBE2. Purified ubiquitinated proteins were analyzed by anti-ULK1 (as indicated) or anti-ubiquitin (FK2) immunoblotting.

www.tandfonline.com 1463Autophagy

D
ow

nl
oa

de
d 

by
 [

B
jö

rn
 S

to
rk

] 
at

 0
2:

17
 1

9 
Se

pt
em

be
r 

20
15

 



WP1130-treated cells showed similar LC3 puncta numbers, and
there was no further increase with EBSS, indicating that autoph-
agy is blocked at an early stage of the pathway. Second, we ana-
lyzed LC3 turnover in HEK293 cells by immunoblotting
(Fig. 5B). This assay essentially confirmed the results obtained by
LC3 immunofluorescence. All lysates derived from cells incubated
with WP1130 showed similar LC3-II levels, and again there was
no further increase with EBSS treatment. Of note, WP1130

treatment alone increased LC3-II levels. Third, we performed a
long-lived protein degradation assay in HEK293, HeLa and
U2OS cells (Fig. 5C) In all 3 cell lines, WP1130 significantly
reduced the degradation of long-lived proteins. As a control we
employed 3-methyladenine (3-MA), which is an inhibitor of the
PtdIns3K complex and accordingly also blocks an initial step of
the autophagic machinery. In summary, WP1130 efficiently
blocks the autophagic flux in HEK293, HeLa, and U2OS cells.

Figure 4. ULK1 activity is inhibited by WP1130. (A) After induction of GFP-ULK1 expression with Dox for 3 h, Flp-InTM T-RExTM 293 cells were incubated in

full medium (M) or starvation medium (EBSS) for 1 or 2 h in the presence or absence of 5 mM WP1130 for the indicated intervals. Subsequently, cells

were lysed and cleared cellular lysates were separated by SDS-PAGE and analyzed by immunoblotting using antibodies against ULK1, PRKAA/AMPK-a

(pThr172), PRKAA/AMPK-a, PRKAB1/2 (AMPK-b1/2) and ACTB/b-actin. (B) HEK293 cells were treated and analyzed as in (A). (C) For an in vitro kinase

assay, 1 mg GST-myelin basic protein (MBP) was incubated with 0.5 mg GST-ULK1 in the absence or presence of 5 mM WP1130. As controls, GST-MPB or

GST-ULK1 were incubated alone. After Coomassie staining of the gels (left panel), autoradiography was performed (right panel). (A and B) Solid arrow-

heads indicate the phosphorylated form of PRKAB2/AMPK-b2; open arrowheads indicate the unphosphorylated form. Data shown are representative of

at least 3 independent experiments. Fold changes were calculated by dividing each normalized ratio (protein to loading control) by the average of the

ratios of the control lane (control lane: fold changeD 1.00, n � 3). Results are mean § SD and are given below the corresponding blots.
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Taken together, we showed that WP1130 targets ULK1/2
for ubiquitination and subsequent transfer to aggresomes,
and thereby reduces the overall ULK1/2 enzymatic activity.
Furthermore, the WP1130-mediated functional knockdown
of ULK1/2 is accompanied with a reduced autophagic
potential.

Discussion

The mammalian ULK1-ATG13-RB1CC1-ATG101 complex
is centrally involved in the initiating steps of autophagy. In recent
years, the molecular regulation of this complex has been deci-
phered. Generally, major attention has been attributed to the

Figure 5. For figure legend, see page 1466.

www.tandfonline.com 1465Autophagy

D
ow

nl
oa

de
d 

by
 [

B
jö

rn
 S

to
rk

] 
at

 0
2:

17
 1

9 
Se

pt
em

be
r 

20
15

 



phosphorylation of the components of this complex. However,
additional posttranslational modifications have been suggested to
play an important role for ULK1 complex regulation, including
acetylation and ubiquitination.18,19 Here we report that the treat-
ment of cells with the DUB inhibitor WP1130 leads to increased
ULK1 ubiquitination and subsequent recruitment of ULK1 to
aggresome-like structures. This ultimately results in reduced
ULK1 activity. Furthermore, WP1130 treatment blocks the
autophagic flux in HEK293, HeLa, and U2OS cells. Collectively,
we hypothesize that the regulation of ULK1 ubiquitination
might represent an efficient strategy to modulate autophagy in
general and the ULK1 complex in particular.

The observed WP1130 effect might be caused by the fact that
the proteasome cannot handle the increased abundance of ubiq-
uitinated proteins in general and of ubiquitinated ULK1 in par-
ticular. Accordingly, ULK1 is transported to aggresomes due to
proteasomal overload. An alternative possibility is that ULK1 is
indeed regulated by a specific ubiquitin conjugation-deconjuga-
tion cycle, which becomes disrupted by WP1130-treatment.
However, these 2 possibilities are not mutually exclusive and can-
not be easily distinguished. Generally, non-K63 ubiquitin chains
accumulate upon proteasome inhibition.35 In turn, it has been
previously reported that WP1130 treatment leads to the accumu-
lation of JAK2-containing K63-linked ubiquitin chains or gener-
ally to the accumulation of cellular proteins containing both
K48- and K63-linked polyubiquitin chains.26,27 We observe that
ULK1 is recruited to aggresome-like structures containing K63-
linked ubiquitin. In addition, we found that immunopurified
GFP-ULK1 apparently contains non-K48-, non-K63-linked
ubiquitin chains. However, it has to be kept in mind that the
“ubiquitin barcode” of ULK1 might vary during the trafficking
from soluble fractions (which was analyzed in our experiments)
to insoluble structures.

Recently, Nazio et al. have reported that MTOR controls
ULK1 ubiquitination and function through the class III
PtdIns3K complex component AMBRA1 and the associated E3-
ligase TRAF6.19 In their model, MTOR inhibits AMBRA1
under normal growth conditions through phosphorylation.
Upon autophagy induction, AMBRA1 becomes dephosphory-
lated and supports TRAF6-mediated ULK1 ubiquitination. The
authors show K63-linked ULK1 ubiquitination, but they do not
comment on the lysine residues being ubiquitinated. Generally,
Nazio et al. report ULK1 stabilization and self-association upon

ubiquitination. Whereas the latter observation might be in line
with ours, we observe a prominent decline in ULK1 activity
upon ubiquitination, which is in contrast to their results. Like
Nazio et al., we were not able to identify the ubiquitinated lysine
residues of ULK1 so far. In addition to TRAF6, it has been
reported that the RFWD2/COP1 E3 ligase (ring finger and WD
repeat domain 2) interacts with the ULK1 complex.36 Presum-
ably this interaction is mediated via RB1CC1. However, the
authors do not observe any alterations of ULK1 expression upon
ectopic expression of RFWD2.36 It is likely that additional E3
ligases targeting ULK1 will be identified in the future.

The human genome encodes 79 DUBs which are predicted to
be catalytically active, and they can be subdivided into 5 subfami-
lies.37 Apparently, the reported WP1130 targets are not, or at
least not only, involved in the regulation of ULK1. Especially
USP9X has been established as target of WP1130.27,28,31-33

However, ULK1 levels in the soluble fraction remained unaltered
in cells which are deficient for USP9X or in which USP9X has
been knocked down by siRNA. Furthermore, LC3 turnover
occurred normally in USP9X-negative HCT116 cells, but was
blocked by WP1130 treatment in both wild-type (WT) and
USP9X-negative cells (data not shown). Taken together, it is well
conceivable that additional DUBs or a combination of DUBs
mediate the WP1130 effect on ULK1. Of note, the pan-DUB
inhibitor PR619 phenocopied the effect of WP1130, indicating
that ULK1 accumulation is indeed caused by the inhibition of
DUBs. Accordingly, future studies need to reveal the exact posi-
tions of the post-translationally modified lysine residues of
ULK1, the enzymes involved in ubiquitin conjugation/deconju-
gation, and the subtype of ubiquitin linkage in order to establish
a more complete model of ubiquitin-dependent ULK1
regulation.

It is a difficult approach to determine whether the inhibitory
effect of WP1130 on autophagy is solely mediated through the
alteration of ULK1/2 ubiquitination, aggregation, and activity.
The usage of genetic ULK1/2 knockout systems does not repre-
sent an entirely feasible approach since autophagy is largely
blocked in these cell models. So far we can only say that putative
ULK1/2-independent autophagy pathways are not equally
affected by WP1130 (data not shown). Furthermore, of the ana-
lyzed proteins so far (i.e., ULK1, ATG13, RB1CC1, BECN1,
and AMBRA1), only ULK1 is redistributed to aggresomes upon
WP1130 treatment. Nevertheless, future studies will have to

Figure 5 (See previous page). The autophagic flux is inhibited by WP1130. (A) HEK293 cells were treated with full medium (Med) or starvation medium

(EBSS) in the presence or absence of 20 nM bafilomycin A1 (Baf A1) or 5 mM WP1130 for 2 h and were visualized by confocal laser scanning microscopy.

The LC3 signal is displayed in red and the Hoechst signal in blue in the merged images. At least 168 cells were scored for each condition. The number of

LC3 puncta and the number of cells per image were quantified using CellProfiler analysis software. Data represent mean§ SD; **P < 0.01 (Student t test,

2-sample assuming unequal variances). (B) HEK293 cells were incubated in full medium (Med) or starvation medium (EBSS) in the absence or presence

of 20 nM bafilomycin A1 (Baf A1) and/or 5 mM WP1130 for 2 h. Equal protein amounts from cleared cellular lysates were analyzed for LC3 and GAPDH

by immunoblotting. Data shown are representative of at least 3 independent experiments. Fold changes were calculated by dividing each normalized

ratio (protein to loading control) by the average of the ratios of the control lane (control lane: fold change D 1.00, n � 3). Results are mean § SD and are

depicted in a bar diagram. **P < 0.01 (Student t test, 2-sample assuming unequal variances) (C) Cellular proteins of HEK293, HeLa and U2OS cells were

labeled with L-[14C]valine as described in the Materials and Methods section. Cells were washed and treated with indicated medium (control or EBSS)

and inhibitors (5 mMWP1130, 100 nM bafilomycin A1, 10 mM 3-methyladenine) for 4 h. For each sample, the radioactivity of the acid-soluble fraction of

the medium and the radioactivity in the cells remaining in the well were measured. Percent degradation was assessed as the acid-soluble radioactivity

of the medium divided by the total radioactivity. Data shown are mean of triplicates § SD; **P < 0.01 (Student t test, 2-sample assuming unequal

variances).
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show whether additional components of the autophagic machin-
ery are regulated by DUBs and thus are potentially involved in
the WP1130-mediated inhibition of autophagy.

The ULK1 complex is tightly controlled by a network of
upstream nutrient- or energy-sensing kinases, including AKT,
MTOR, and AMPK. All these kinases directly phosphorylate
ULK1 and thus act to regulate the ULK1 complex (reviewed in
ref. 2, 7-11). Accordingly, different small compounds targeting
these kinases modulate autophagy, e.g., rapamycin (inhibition of
MTOR) or resveratrol (activation of AMPK). Notably, these sub-
stances generally induce autophagy. With regard to the inhibition
of the autophagic flux, current compounds either target later
steps of the autophagic machinery (e.g., bafilomycin A1, chloro-
quine), or the PIK3C3/VPS34-BECN1 complex (e.g., 3-methyl-
adenine). As a serine/threonine kinase, ULK1 represents an
appropriate target for pharmacological modulation, and recently
the structure of the ULK1 kinase domain in complex with multi-
ple inhibitors has been reported.38 We propose that the develop-
ment of more specific inhibitors of ULK1-deubiquitinating
enzymes and thus the modulation of ULK1 ubiquitination might
represent an alternative strategy to regulate ULK1 function, next
to direct inhibition of the kinase activity. Generally, it has been
proposed that MTOR inhibitors and other anticancer drugs
induce cytoprotective autophagy, ultimately leading to a compro-
mised efficacy of these compounds.11 Therefore, combinatorial
therapies employing these agents and parallel ULK1 inhibition
might represent a promising anticancer strategy.

Materials and Methods

Cells
HEK293 cells, HeLa cells, U2OS cells, and Flp-InTM T-

RExTM 293 cells (R780-07, Invitrogen, Life Technologies) indu-
cibly expressing GFP-ULK1 WT, GFP-ULK1 kinase-dead (kd),
GFP-ULK2 WT or GFP-only were cultured in DMEM (4.5 g/l
D-glucose, L-glutamine [Gibco, Life Technologies, 41965-
039]), supplemented with 10% fetal calf serum, 50 U/ml penicil-
lin and 50 mg/ml streptomycin (full medium). Expression of the
respective fusion protein was induced with 0.1 mg/ml doxycy-
cline (Takara, Clontech, 631311). Wild-type and USP9X¡/o
HCT116 cells (previously described in ref. 34 and kindly pro-
vided by Fred Bunz, The Kimmel Cancer Center) were cultured
in McCoy 5A medium (PromoCell, C-73220) supplemented
with 10% fetal calf serum, 50 U/ml penicillin and 50 mg/ml
streptomycin. For amino acid starvation, HEK293 cells and
derivatives were washed once and incubated in EBSS (Gibco,
Life Technologies, 14155-048) supplemented with 1.8 mM
CaCl2 and 0.813 mMMgSO4 for the indicated times.

Antibodies, recombinant proteins, and reagents
Anti-ACTB/b-actin (clone AC-74, A5316), anti-ATG101

(SAB4200175), anti-ATG13 (SAB4200100), and anti-
TUBA4A/a-tubulin (clone B-5-1-2, T5168) were purchased
from Sigma-Aldrich; anti-BECN1 (11427) and anti-ULK1 (H-
240, sc-33182) from Santa Cruz Biotechnology; anti-RB1CC1/

FIP200 (A301-574A) from Bethyl Laboratories; anti-AMBRA1
(pab0224-P) from CovalAb S.A.S.; anti-GAPDH (clone 6C5,
ab8245), anti-HA (clone 12CA5, ab16918), and anti-LMNB1/
lamin B1 (ab16048) from Abcam; anti-PRKAA/AMPKa
(2793), anti-phospho-PRKAA/AMPK-a Thr172 (2535), anti-
PRKAB1/2 (AMPK-b1/2) (4150), anti-LC3B (2775), anti-
ULK1 (clone D8H5, 8054), and anti-ubiquitin (clone P4D1,
3936) from Cell Signaling Technology; anti-ubiquitin (clone
FK2, 04-263) and anti-ubiquitin K63-specific (clone Apu3, 05-
1308) from Merck Millipore; anti-LC3 (PM036) and anti-
SQSTM1/p62 (PM045) from MBL International; and anti-GFP
(11814460001) from Roche Diagnostics. IRDye�680- and
IRDye�800-conjugated secondary antibodies (926-68020/21
and 926-32210/11) were provided by LI-COR Biosciences.
Alexa Fluor� 568-coupled donkey anti-rabbit IgG (HCL)
(A10042) or donkey anti-mouse IgG (HCL) (A10037) and
Alexa Fluor� 594-coupled goat anti-rabbit IgG (HCL)
(A11037) were purchased from Molecular Probes, Life Technol-
ogies. Hoechst 33342 (H1399) was purchased from Life Tech-
nologies; bafilomycin A1 (B1793), NEM (E3876), pepstatin A
(77170), and 3-methyladenine from Sigma-Aldrich; puromycin
(ant-pr-1) from InvivoGen (San Diego, CA, USA); Bortezomib
(5.043.140.001), calpeptin (03-34-0051), cathepsin Inhibitor III
(219419), MG132 (474790), Q-VD-OPh (551476), and Spau-
tin-1 (567569) from Calbiochem, Merck Millipore; and PR619
(SI9619) and LDN 57444 (SI9639) from LifeSensors. WP1130
was purchased from Calbiochem, Merck Millipore (681685) or
Axon Medchem BV (1779). GFP-Trap� coupled to agarose
beads (gta-200) was purchased from ChromoTek. Agarose-
TUBE2 was purchased from LifeSensors (UM402). Staurospor-
ine (BML-EI156) was obtained from Enzo Life Sciences. [14C]
Valine (NEC291EU050UC) was purchased from PerkinElmer.
GST-ULK1 (SRP5205) and GST-MPB (SRP5096) were pur-
chased from Sigma-Aldrich. [32P]Adenosine 5’-triphosphate
(SRP-301) was provided by Hartmann Analytic.

Expression constructs and transfections
Cloning of the cDNAs encoding human ULK1 or the kinase-

dead mutant (D165A) of ULK1 into pcDNA5/FRT/TO-GFP
and the generation of the corresponding Flp-InTM T-RExTM 293
cells has been previously described.24 Human ULK2 cDNA was
amplified from Jurkat J16 cells and cloned into pcDNA5/FRT/
TO-GFP. This vector was cotransfected with pOG44 into
Flp-InTM TRExTM 293 cells (Invitrogen, Life Technologies,
R780-07). Stable transfectants were selected with 200 mg/ml
hygromycin B (Invitrogen, Life Technologies, 10687-010) and
5 mg/ml blasticidin (Invitrogen, Life Technologies, A11139-02).
pCDNA3.1-based vectors encoding different HA-Ubiquitin var-
iants (WT, KallR, K48R, K63R, K48/63R, K48only, K63only,
and K48/63only) were obtained from https://mrcppureagents.
dundee.ac.uk (generated by the MRC Protein Phosphorylation
and Ubiquitylation Unit, University of Dundee, UK). For tran-
sient transfection, typically 10-cm diameter dishes of GFP-
ULK1 Flp-InTM T-RExTM 293 cells were cultured, and were
transfected with 14 mg DNA using FuGENE� HD transfection
reagent (Roche Diagnostics, 04709713001)
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Immunoblotting and immunopurification
HEK293 cells or derivatives were incubated in full medium or

EBSS supplemented with reagents and time points as indicated.
Whole-cell lysates were prepared by heating cell pellets in 2x
Laemmli reducing sample buffer for 5 min at 95�C. Detergent-
soluble and detergent-insoluble fractions were obtained by lysing
cells in lysis buffer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA,
1% [v/v] Triton X-100 [Carl Roth GmbH C Co. KG, 3051.2],
1 mM Na3VO4, 50 mM NaF, 0.1% [v/v] DTT, 150 mM
NaCl, Protease Inhibitor Cocktail [Sigma-Aldrich, P2714]) for
30 min on ice and centrifuged for 10 min at 20,000 g at 4�C.
The supernatant fraction was used as the detergent-soluble frac-
tion and the residual pellet fraction was heated in 2x Laemmli
buffer for 5 min at 95�C and used as the detergent-insoluble
fraction. In the case of the detergent-soluble fraction, equal pro-
tein amounts (as determined by Bradford assay) were separated
on SDS-PAGE followed by standard immunoblot analysis. For
the preparation of whole-cell lysates and detergent-insoluble frac-
tions the cell number was adjusted. To immunopurify GFP-
ULK1, cells were lysed in the above-mentioned lysis buffer for
detergent-soluble fractions (additionally containing 2 mM NEM)
for 30 min on ice and centrifuged for 10 min at 20,000 g at
4�C. Immunopurification was carried out for 16 h at 4�C with
rotation after addition of GFP-Trap� beads. The agarose beads
were washed 3 times with lysis buffer containing 2 mM NEM,
heated for 5 min at 95�C in 2£ Laemmli buffer and used for
immunoblotting. Affinity purification of ubiquitinated proteins
was carried out with Agarose-TUBE2 as described in the user’s
manual. The lysis buffer was supplemented with 2 mM NEM.

In vitro kinase assay
For in vitro phosphorylation, 1 mg GST-MBP was incubated

with 0.5 mg GST-ULK1 in 50 mM Tris-HCl, pH 7.5, 0.1 mM
EGTA, 0.1 mM DTT, 5 mM Mg(CH3COO)2 and 0.1 mM
[32P]ATP in the absence or presence of 5 mM WP1130. The
reaction was stopped by the addition of SDS sample buffer after
30 min at 30�C, and was then subjected to SDS-PAGE. After
Coomassie staining of the gel, autoradiography was performed.

Confocal laser scanning microscopy and LC3 puncta
quantification

HEK293 cells or Flp-InTM T-RExTM 293 cells inducibly
expressing GFP-ULK1 WT, GFP-ULK1 kd, GFP-ULK2 WT,
or GFP-only were seeded on poly-L-lysine coated cover slips.
Expression of the respective fusion protein was induced with
0.1 mg/ml doxycycline for 3 or 16 h. Incubation of cells was per-
formed in media and for times as indicated. Cells were fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS; Gibco,
Life Technologies, 14190-094) buffer for 15 min. For analysis of
GFP fusion proteins, cells were directly embedded in Mowiol
4-88 (Carl Roth GmbH C Co. KG, 0713.1) containing 1 mg/
ml Hoechst. For immunofluorescent staining of endogenous
LC3, ubiquitin, K63-linked ubiquitin and SQSTM1/p62,
HEK293 cells were washed 3 times with PBS, incubated in
50 mM NH4Cl for 10 min and incubated in PBS for another
5 min. Cells were permeabilized with 0.05% saponin (Sigma-

Aldrich, 47036-50G-F) in PBS for 5 min and incubated for 1 h
with the corresponding primary antibodies diluted in 0.05%
saponin in PBS. Cells were washed 3 times with 0.05% saponin
in PBS and incubated for 1 h with the appropriate secondary
antibodies. After washing 2 times with 0.05% saponin in PBS
and once with PBS, coverslips were embedded in Mowiol 4-88
containing 1 mg/ml Hoechst. For superresolution microscopy
cover slips were embedded in VECTASHIELD mounting
medium with DAPI (Vector Laboratories, H-1200). Cells were
analyzed on a Zeiss LSM 710, Zeiss LSM 780 or Zeiss Elyra PS
microscope (Oberkochen, Germany). Hoechst, DAPI, GFP,
Alexa Fluor� 568 and Alexa Fluor� 594 were excited at 405 nm,
488 nm, 561 nm and 594 nm, respectively. The number of LC3
puncta and number of cells per image were quantified using Cell-
Profiler analysis software.

Long-lived protein degradation assay
Cells were incubated for 72 h with 0.125 mCi/ml L-[14C]

valine-supplemented medium, followed by 2 washes and a 16-h
chase in fresh medium containing 10 mM nonradioactive
L-valine to allow degradation of short-lived proteins. Next, the
cells were washed and treated with the indicated medium and
inhibitors for 4 h. For each sample, the radioactivity of the acid-
soluble fraction of the medium and the radioactivity in the cells
remaining in the well were measured.

Statistical analysis
For western blotting, fold changes were calculated by dividing

each normalized density ratio (protein of interest to loading con-
trol) by the average of the density ratios of the control lane (con-
trol lane: fold change D 1.00, n � 3). Results are mean §SD and
are given below the corresponding blots or are depicted in a bar
diagram. For LC3 immunofluorescence, at least 168 cells were
scored for each condition. The number of LC3 puncta and the
number of cells per image were quantified using CellProfiler
analysis software. Data represent mean § SD and are depicted in
a bar diagram. For the long-lived protein degradation assay, the
radioactivity of the acid-soluble fraction of the medium and the
radioactivity in the cells remaining in the well were measured for
each sample. Percent degradation was assessed as the acid-soluble
radioactivity of the medium divided by the total radioactivity.
Data shown are mean of triplicates § SD and are depicted in a
bar diagram. For all analyses, P values were determined by the
Student t test (2-samples, unequal variances) and the significance
levels were set as follows: * indicates P < 0.05, ** indicates
P < 0.01, *** indicates P < 0.001.
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