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WASH inhibits autophagy through suppression
of Beclin 1 ubiquitination
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Autophagy degrades cytoplasmic proteins and organelles
to recycle cellular components that are required for cell
survival and tissue homeostasis. However, it is not clear
how autophagy is regulated in mammalian cells. WASH
(Wiskott–Aldrich syndrome protein (WASP) and SCAR
homologue) plays an essential role in endosomal sorting
through facilitating tubule ﬁssion via Arp2/3 activation.
Here, we demonstrate a novel function of WASH in modulation of autophagy. We show that WASH deﬁciency
causes early embryonic lethality and extensive autophagy
of mouse embryos. WASH inhibits vacuolar protein sorting
(Vps)34 kinase activity and autophagy induction. We
identiﬁed that WASH is a new interactor of Beclin 1.
Beclin 1 is ubiquitinated at lysine 437 through lysine 63
linkage in cells undergoing autophagy. Ambra1 is an E3
ligase for lysine 63-linked ubiquitination of Beclin 1 that is
required for starvation-induced autophagy. The lysine 437
ubiquitination of Beclin 1 enhances the association with
Vps34 to promote Vps34 activity. WASH can suppress
Beclin 1 ubiquitination to inactivate Vps34 activity leading
to suppression of autophagy.
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Introduction
Macroautophagy (herein referred to as autophagy) degrades
cytoplasmic proteins and organelles to recycle cellular
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components that are required for cell survival and tissue
homeostasis (Shintani and Klionsky, 2004; Lee et al, 2010;
Bodemann et al, 2011; Mizushima and Komatsu, 2011). During
autophagy induction, double-membrane vesicles called
autophagosomes are produced to sequester intracellular
cargos and fused with lysosomes to form autolysosomes for
subsequent degradation. Many autophagy-related genes (Atg)
have been identiﬁed and characterized in yeast and some of
them are evolutionarily conserved (Nakatogawa et al, 2009;
Egan et al, 2011). Deﬁciency of some Atg or Atg-related genes
resulted in early embryonic lethality or death of neonates in
mice (Yue et al, 2003; Kuma et al, 2004; Fimia et al, 2007).
Beclin 1, a homologue of the Atg6/vacuolar protein sorting
(Vps)30 protein in yeast, was ﬁrst identiﬁed as a Bcl-2
interacting protein. Bcl-2 sequesters Beclin 1 from the core
Beclin 1–Vps34 complex and inhibits autophagy (Pattingre
et al, 2005). Beclin 1 is critical for localization of autophagic
proteins to a preautophagosomal structure (PAS) through
interaction with the class III phosphoinositide 3 kinase
(PI3KC3/Vps34) (Weidberg et al, 2011). Vps34 can
phosphorylate the D-3 position on the inositol ring of
phosphatidylinositol to generate phosphatidylinositol-3phosphate (PI3P), which is essential for recruiting other
regulatory factors to the site of autophagosome formation
(Miller et al, 2010). Beclin 1 association with Vps34 was
reported to be regulated through their post-translational
modiﬁcations or other protein partners (Fimia et al, 2007;
Takahashi et al, 2007; Zalckvar et al, 2009; Furuya et al, 2010;
Shi and Kehrl, 2010). However, it is unclear how Vps34
activity is regulated in the process of autophagy.
WASH (Wiskott–Aldrich syndrome protein (WASP) and
SCAR homologue) is a recently identiﬁed member of the
WASP family (Linardopoulou et al, 2007). WASH plays an
essential role in endosome sorting through facilitating tubule
ﬁssion via Arp2/3 activation (Derivery et al, 2009; Gomez
and Billadeau, 2009). These reports showed that WASH is an
endosomal protein that exists in the FAM21-containing
multiprotein complex. However, its real in vivo roles have
not been deﬁned yet. Here, we demonstrate a novel function
of WASH in modulation of autophagy. We found that WASH
deﬁciency causes early embryonic lethality and extensive
autophagy of mouse embryos. WASH is a negative regulator
of autophagy through suppression of lysine 437
ubiquitination of Beclin 1 to inhibit Vps34 activity.

Results
WASH deﬁciency causes embryonic lethality
and extensive autophagy
To explore the in vivo roles of WASH, we generated WASHconditional knockout (KO) mice (WASHﬂox/ﬂox) with loxP sites
ﬂanking exon3 of the WASH gene (Figure 1A). WASH  /  mice
were produced by crossing WASHﬂox/ﬂox mice with Ella-Cre
transgenic mice (Figure 1B). Surprisingly, no WASH  /  neonates were obtained from WASH þ /  mice. Indeed, homozygous
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Figure 1 WASH deﬁciency causes embryonic lethality and extensive autophagy. (A) Strategy to generate WASH-knockout (WASH  /  ) mice.
The coding exons of mWASH gene were shown as white boxes. The target vector with exon3 of mWASH gene was ﬂanked with two loxP sites
(arrow) and one neomycin resistance gene. The primers used for genotyping were KO primers for deﬁcient genotypes, loxP primers for loxP site
identiﬁcation, and Southern blot probe for ﬂoxed mWASH gene. KO, knockout, m, mouse. (B) Detection of WASH gene targeting. The ﬂoxed
WASH gene by gene targeting was analysed by Southern blotting (left panel) and PCR (middle panel). The genotypes of the offspring were
analysed by PCR (right panel). (C) WASH deﬁciency is embryonic lethal. E11.5 of WASH deﬁciency showed a shrinked decidua. (D) Histological
analysis of E7.5 WASH þ / þ and WASH  /  embryos. Scale bar, 100 mm. (E) WASH-deﬁcient embryos do not undergo apoptosis. TUNEL assay
was performed for apoptosis detection. PI, propidium iodide. FITC, ﬂuoresceinisothiocyanate. Scale bar, 100 mm. (F) E7.5 embryos of WASH  / 
mice present extensive autophagy. Ultrastructure of isolated E7.5 embryos was stained with antibody against LC3 and visualized by immunoelectron microscopy. Black arrowhead indicates autophagosome. *, Cellular reference. Scale bar, 500 nm (upper panel). WASH þ / þ or WASH  / 
embryos were isolated, and LC3 conversion and p62 level were analysed by immunoblotting (lower panel). Bands were quantiﬁed and analysed
by Image J and shown as means±s.d. ***Po0.001. Above experiments were repeated for three independent times with similar results. Source
data for this ﬁgure is available on the online supplementary information page.

mutation of the WASH gene led to early embryonic lethality
(Figure 1C). We observed that WASH was constitutively
expressed in many tissues and various embryonic days of
embryos (Supplementary Figure S1). We further found that
WASH deﬁciency caused embryonic abnormality at embryonic day (E) 7.5 and the abnormal embryos were resorbed at
E9.5. We found that E7.5 embryos of WASH  /  mice had no
obvious three layers (endoderm, mesoderm, and ectoderm)
(Figure 1D). Some cavities, such as ectoplacental cavity,
exocoelomic cavity, and amniotic cavity, were not well
organized. Interestingly, the E7.5 WASH  /  embryonic cells
exhibited massive cell death that was not apoptotic cell death
(Figure 1E). Surprisingly, these embryos presented substantial autophagosome-like structures by electron microscopy
(Figure 1F, upper panel). Moreover, we observed that light
chain 3 (LC3) was localized in the autophagosome-like
structures by immuno-electron microscopy. To conﬁrm this
autophagic phenotype, we isolated E7.5 embryos and lysed
2686 The EMBO Journal VOL 32 | NO 20 | 2013

them for immunoblotting. Microtubule-associated LC3 is an
autophagy indicator by conversion of LC3-I into LC3-II
(Kabeya et al, 2000), and p62 is an autophagy substrate.
We found that WASH  /  embryos exhibited dramatically
enhanced LC3 conversion and a reduced level of p62
(Figure 1F, lower panel). WASH was deleted in the E7.5
WASH  /  embryo which was conﬁrmed by immunoblotting
with anti-WASH antibody (Figure 1F, lower panel). We concluded that excessive autophagy caused by WASH deﬁciency
leads to autophagic cell death of embryos, which is in
agreement with autophagic cell death in previous reports
(Yu et al, 2004; Elgendy et al, 2011). Collectively, WASH
deﬁciency leads to early embryonic lethality and extensive
autophagy of mouse embryos.
WASH inhibits autophagy
To examine how WASH regulates autophagy, we generated
WASH  /  mouse embryonic ﬁbroblasts (MEFs) by expressing
& 2013 European Molecular Biology Organization
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Cre recombinase in WASHﬂox/ﬂox MEFs. WASH-deﬁcient
MEFs were treated with Earle’s balanced salt solution
(EBSS), an amino acid and growth factor-free solution
mimicking a nutrient-deprived condition. As expected,
WASH deﬁciency enhanced much more conversion of LC3-I
into LC3-II and degradation of p62 with nutrient deprivation
compared with wild-type (WT) (WASH þ / þ ) MEFs
(Figure 2A). The autophagic process in WASH  /  MEFs
took place more rapidly than that of WASH þ / þ MEFs.
Notably, a lysosomal inhibitor baﬁlomycin A1 (BafA1) was
able to block the degradation of LC3-II and p62 during
autophagy (Figure 2A), suggesting that WASH  /  MEFs
induce robust autophagy and autophagic ﬂux. Similar results
were obtained by immunoﬂuorescence staining (Figure 2B).
Expectedly, WASH  /  MEFs showed a lower level of polyubiquitinated proteins (Figure 2C), and BafA1 could block
the autophagic process but not a proteasome inhibitor
MG132. Additionally, WASH  /  MEFs showed much more
autophagosomes visualized by immuno-electron microscopy
(Figure 2D). We observed that different morphologies
between the WASH KO embryos and MEFs. The severe
enlarged autophagosomes in WASH KO embryos might be
caused by overactivated autophagy, which might not appear
in cultured MEFs. Taken together, WASH deﬁciency enhances
autophagy induction.

WASH is localized in autophagosomes
WASH was colocalized with GFP-LC3-positive autophagosomes under starvation (Figure 3A), but not under normal
culture conditions (CM). This colocalization was not merged
with EEA1 with EBSS treatment (Figure 3B), an early endosome marker, which colocalizes with WASH in CM culture,
suggesting that WASH exerts its autophagic role independently of its endosomal trafﬁcking function. p16-Arc is a
component of the Arp2/3 complex that is essential for
endosomal sorting and FAM21 is required for the endosomal
localization of WASH (Singh et al, 2003; Gomez and
Billadeau, 2009). p16-Arc or FAM21 silencing did not
inﬂuence autophagy induction compared with the control
shRNA-treated (shCtrl) cells (Supplementary Figure S2A and
B). The VCA domain of WASH is required for the endosomal
sorting function (Derivery et al, 2009; Jia et al, 2010).
Additionally, the VCA domain-truncated WASH (DVCA)
mutant could still rescue the accelerated autophagy
induction in WASH KO MEFs comparable to that of the fulllength (FL) WASH restoration (Supplementary Figure S2C).
These observations indicate that WASH suppresses autophagy independently of its endosomal sorting function. Atg4
is essential for formation of autophagosomes, and Atg4 mutant
(C74A) that impairs LC3 lipidation disrupts the closure of
autophagosomes (Fujita et al, 2008). Importantly, in Atg4

Figure 2 WASH inhibits autophagy. (A) WASH deﬁciency enhances autophagy induction. WASH þ / þ or WASH  /  MEFs were treated with
EBSS for the indicated times in the presence or absence of 20 nM baﬁlomycin A1 (BafA1), and harvested for immunoblotting. Ratios of LC3-II/
b-actin were calculated and shown at the right panel. (B) WASH knockout accelerates LC3 conversion by confocal microscopy. Endogenous LC3
puncta were visualized by staining with antibody against LC3 (left panel), and calculated as shown in the right panel. Nuclei were stained with
DAPI. Scale bar, 10 mm. (C) Poly-ubiquitinated proteins are reduced in WASH  /  MEFs. WASH þ / þ and WASH  /  MEFs were starved in EBSS
for 2 h treated with or without 20 nM BafA1 or 10 mM MG132. Cells were harvested for immunoblotting with anti-poly-ubiquitin antibody
(Enzo, clone FK1) that only recognizes poly-ubiquitinated ubiquitin chains. (D) Autophagosome-like structures in WASH þ / þ and WASH  / 
MEFs were visualized after starvation for 1 h by immuno-electron microscopy with antibody against LC3 (left panel). Black arrowhead
indicates autophagosome. Scale bar, 500 nm. *, Cellular reference. Fifty cells were quantiﬁed from three independent experiments (right panel).
Data were shown as means±s.d. *Po0.05 and **Po0.01. Experiments were repeated for three independent times with similar results. Source
data for this ﬁgure is available on the online supplementary information page.
& 2013 European Molecular Biology Organization
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Figure 3 WASH is localized in autophagosomes. (A) WASH colocalizes with GFP-LC3 upon starvation. HeLa cells stably expressing GFP-LC3
were stained with anti-WASH antibody after treatment with EBSS or culture medium (CM) for 1 h. (B) Autophagy-related WASH does not
colocalize with EEA1. HeLa cells stably expressing GFP-LC3 were cultured with EBSS for 1 h and stained with antibodies against EEA1 and
WASH. (C) WASH localizes to unclosed autophagosomes. HeLa cells stably expressing GFP-Atg5 were transfected with Atg4B(C74A) mutant,
followed by stimulation with EBSS for 1 h. Cells were stained with anti-WASH antibody (red). (D) WASH does not localize in autolysosomes.
HeLa cells were treated with CM or EBSS in the presence or absence of 20 nM BafA1 at 371C for 1 h. WASH and LAMP1 were visualized by
staining with anti-WASH and anti-LAMP1 antibodies. (E) Colocalization of WASH and autophagy substrate p62 during autophagy. HeLa cells
treated with or without EBSS were stained with anti-p62 and anti-WASH antibodies. For (A–E), scale bar, 10 mm. (F) Immuno-electron
microscopy analysis of HeLa cells treated with EBSS for 1 h. Black arrowhead indicates WASH particle, red arrowhead indicates autophagosome, and black arrow denotes autolysosome. In all, 73±2% of autophagosomes contains WASH particles. Scale bar, 100 nm. (G) WASH is not
localized in autolysosomes. Autolysosomes and early endosomes were separated from HeLa cells and immunoblotted with indicated
antibodies. The above experiments were repeated for three independent times with similar results. Source data for this ﬁgure is available
on the online supplementary information page.

(C74A)-expressed cells, WASH colocalized with Atg5
(Figure 3C), suggesting that WASH is localized in forming
autophagosomes. However, WASH did not colocalize with the
lysosome marker LAMP1 during the autophagy process
(Figure 3D), which suggests that WASH does not function
in autolysosomes. p62 is an autophagic substrate that is
associated with LC3 on isolated membranes and incorporated
into autophagosomes (Mathew et al, 2009; Itakura and
Mizushima, 2011). Expectedly, WASH colocalized with p62
under starvation (Figure 3E). To further conﬁrm the precise
localization of WASH, we performed immuno-electron microscopy. We observed that WASH resided in the unclosed and
closed autophagosomes, but not in the autolysosomes
(Figure 3F). Moreover, WASH was not localized in the autolysosomes that was veriﬁed by detection of fractionation of
organelles (Figure 3G). These results suggest that WASH may
function in regulation of autophagosome formation.
WASH suppresses Vps34 activity
We next wanted to test whether WASH inhibits autophagy
through disturbing the Beclin 1–Vps34 complex. We found
that anti-Beclin 1 antibody could precipitate much more
Vps34 protein in WASH  /  MEFs than in WASH þ / þ MEFs,
especially after EBSS treatment (Figure 4A). WASH deﬁciency
2688 The EMBO Journal VOL 32 | NO 20 | 2013

did not change the stability of Beclin 1 even with EBSS
treatment (Supplementary Figure S3). More importantly,
WASH deﬁciency increased the Beclin 1-bound Vps34 kinase
activity (Figure 4B). WIPI1 is a PI3P-binding protein that is
involved in the formation of phagophores (Proikas-Cezanne
et al, 2007). Notably, GFP-WIPI1 puncta were dramatically
enhanced in WASH  /  MEFs in EBSS-induced autophagy
(Figure 4C). Additionally, in WASH-silenced cells, Beclin 1
could precipitate more Vps34 protein compared with those of
shCtrl cells. WASH depletion augmented Vps34 kinase activity (Figure 4D). By contrast, Flag–WASH-overexpressed MEFs
declined the amount of co-purifying Vps34 protein level and
dots of WIPI1 (Figure 4E and F). Collectively, WASH signiﬁcantly inhibits Vps34 activity during the induction of autophagy.
WASH interacts with Beclin 1
We screened a human spleen cDNA library to ﬁsh out WASH
interactors using a yeast two-hybrid approach. Beclin 1 is a
core component of Vps34 complex (Kihara et al, 2001;
Funderburk et al, 2010). Interestingly, we identiﬁed that
WASH was a novel interacting protein of Beclin 1
(Figure 5A). Bloc1s2, a known interactor of WASH
(Monfregola et al, 2010), was used as a positive control in
& 2013 European Molecular Biology Organization
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Figure 4 WASH inhibits Vps34 activity. (A) WASH deﬁciency enhances the interaction of Vps34 with Beclin 1. WASH þ / þ and WASH  / 
MEFs were treated with EBSS at 371C for 1 h and immunoprecipitated for Beclin 1. IP, immunoprecipitation. Ratio of Vps34/Beclin 1 was
calculated by the Image J software and shown in the right panel. (B) WASH KO MEFs were treated with or without EBSS at 371C for 1 h followed
by kinase assays. Cells were lysed and incubated with anti-Beclin 1 antibody to precipitate the autophagy-related Vps34. Immunoprecipitates
were separated into two equal parts, one for kinase assays and the other for input detection. RLU, relative light unit. (C) WASH deﬁciency
enhances Vps34 activity. WASH þ / þ and WASH  /  MEFs stably expressing GFP-WIPI1 were stimulated with or without EBSS for 1 h followed
by confocal microscopy (left panel). GFP-WIPI1 dots were calculated and shown in the right panel. Scale bar, 10 mm. (D) WASH-silenced HeLa
cells were treated with or without EBSS at 371C for 1 h, and detected as above. (E) WASH attenuates the interaction of Beclin 1 with Vps34.
MEFs stably expressing vector or Flag–WASH were starved with EBSS for 1 h, followed by immunoprecipitation with anti-Beclin 1 antibody.
Ratio of Vps34/Beclin 1 was shown in the right panel. (F) WASH overexpression reduces Vps34 activity. MEFs stably expressing GFP-WIPI1
were transfected with vector or Flag–WASH and then starved with EBSS for 1 h, followed by visualization with confocal microscopy (upper
panel). GFP-WIPI1 dots were calculated and shown in the lower panel. Scale bar, 10 mm. Data are shown as means±s.d. **Po0.01 and
***Po0.001. Experiments were repeated for three independent times with similar results. Source data for this ﬁgure is available on the online
supplementary information page.

veriﬁcation of the association via the yeast two-hybrid
assay. Additionally, WASH did not interact with other
components of the Vps34 or the Ulk1/Ulk2 complex
(Supplementary Figure S4). The WASH–Beclin 1 interaction
was veriﬁed in co-transfected human embryonic kidney
epithelial 293T (HEK293T) cells by co-immunoprecipitation
(co-IP) (Figure 5B and C). Using truncated WASH fragments,
we deﬁned that WASH (aa121–221) was necessary and
sufﬁcient for interaction with Beclin 1 (Figure 5D).
Importantly, the deletion of aa121–221 (D121–221) of
WASH failed to restore the accelerated autophagy process
in WASH KO MEFs (Supplementary Figure S5A). However,
the deletion of aa121–221 (D121–221) of WASH was able to
rescue the enhanced EGFR degradation in WASH KO MEFs,
while the WASH (DVCA) mutant had no such activity
(Supplementary Figure S5B). These data conﬁrmed that
& 2013 European Molecular Biology Organization

WASH exerts its autophagy regulation independently of its
endosomal sorting role. Additionally, the central region of
Beclin 1 (aa200–238) was mainly sufﬁcient for association
with WASH (Figure 5E). Moreover, recombinant MBP-tagged
WASH (MBP–WASH) was able to pull down recombinant
Beclin 1 (rBeclin 1) (Figure 5F), indicating that WASH
directly binds to Beclin 1. Moreover, GST–Beclin 1 or antiBeclin 1 antibody could precipitate endogenous WASH and
vice versa (Figure 5G). We observed that the colocalization
rate between WASH and Beclin 1 was declined under nutrient-deprived conditions compared with CM conditions by
confocal microscopy (Figure 5H), indicating that reduced
WASH
binding
appeared
undergoing
autophagy.
Additionally, with EBSS treatment, the decreased association between WASH and Beclin 1 was conﬁrmed by co-IP
assays (Figure 5I).
The EMBO Journal
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Figure 5 WASH associates with Beclin 1. (A) The interaction of WASH with Beclin 1 was validated by yeast two-hybrid assays. Yeast strain
AH109 was co-transfected with Gal4 DNA-binding domain (BD) fused WASH and Gal4 activating domain (AD) fused Beclin 1. p53 and large T
antigen or a known WASH interactor Bloc1s2 was introduced as positive controls. (B, C) WASH co-immunoprecipitates Beclin 1 in mammalian
cells. Flag-tagged Beclin 1 and Myc-tagged WASH were co-transfected into HEK293T cells and immunoprecipitations were performed at 24 h
post transfection. IP, immunoprecipitation. (D) Mapping the interacting regions between WASH and Beclin 1. (E) The indicated Flag-tagged
Beclin 1 constructs encoding different regions of Beclin 1 were co-transfected with full-length HA-tagged WASH (HA–WASH) into HEK293T cells
followed by immunoprecipitation. (F) WASH directly interacts with Beclin 1. Recombinant MBP-tagged WASH (MBP–WASH) or Beclin 1
(rBeclin 1) was expressed in E. coli and then subjected to MBP pull-down assay. (G) GST–Beclin 1 precipitates WASH from HeLa cell lysates.
GST-Beclin 1 or GST was bound to GST beads and incubated with HeLa cell lysates followed by immunoblotting. (H) Endogenous WASH
colocalizes with Beclin 1 via confocal microscopy. HeLa cells cultured in CM or EBSS for 1 h were stained with antibodies against Beclin 1 and
WASH. The colocalization rate (Pearson’s correlation coefﬁcient) between Beclin 1 and WASH was calculated and shown as means±s.d. in the
lower panel. Scale bar, 10 mm. (I) HeLa cells were treated with CM or EBSS for 1 h, followed by immunoprecipitation with antibodies against
WASH (left panel) or Beclin 1 (right panel), and the immunoprecipitates were detected with the indicated antibodies.***Po0.001. All the above
experiments were repeated for at least three times with similar results. Source data for this ﬁgure is available on the online supplementary
information page.

Lysine 437 ubiquitination of Beclin 1 is required for
autophagy induction
To test whether Beclin 1 is ubiquitinated undergoing starvation-induced autophagy, we treated HeLa cells with EBSS to
detect poly-ubiquitination of Beclin 1. We found that Beclin 1
was ubiquitinated during the process of autophagy
(Figure 6A; Supplementary Figure S6), the ubiquitination of
Beclin 1 was through lysine 63 (K63) linkage, but not through
2690 The EMBO Journal VOL 32 | NO 20 | 2013

K48 linkage (data not shown). To further verify the ubiquitination state of Beclin 1, we ﬁrst performed immunoprecipitation with anti-Atg14L antibody, and then did reimmunoprecipitation with anti-Beclin 1 antibody to separate
autophagy-related Beclin 1 (Figure 6B, left panel). We found
that the autophagic Beclin 1 was really poly-ubiquitinated
and this ubiquitination was K63 linked (Figure 6B, right
panel). To identify the ubiquitination site on Beclin 1, we
& 2013 European Molecular Biology Organization
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Figure 6 Lysine 437 ubiquitination of Beclin 1 is required for autophagy induction. (A) Endogenous Beclin 1 is ubiquitinated through K63
linkage during the process of autophagy. HeLa cells starved in EBSS for the indicated times were lysed and immunoprecipitated with anti-Beclin
1 antibody. Immunoprecipitates were dissociated with 1% SDS and re-immunoprecipitated with anti-Beclin 1 antibody, followed by
immunoblotting with antibody speciﬁc for lysine 63-linked poly-ubiquitin chains (anti-K63-Ub). (B) The autophagy-speciﬁc Beclin 1 is
ubiquitinated through K63 linkage. After starved in EBSS for 1 h, HeLa cells were lysed and immunoprecipitated with anti-Atg14L antibody
before dissociated with 1% SDS. Immunoprecipitates were further precipitated with anti-Beclin 1 antibody, followed by immunoblotting with
anti-K63-Ub antibody. The left panel denotes the scheme for separation of autophagy-speciﬁc Beclin 1. The right panel indicates ubiquitination
state of autophagy-speciﬁc Beclin 1. (C) Lysine 437 mutation to arginine (K437R) abrogates ubiquitination of Beclin 1. Different constructs of
Flag-tagged Beclin 1 mutants were co-transfected with HA-tagged ubiquitin (HA–Ub) into HEK293T cells. (D) Beclin 1 (WT) or K437R-Beclin 1
(K437R) mutant was stably expressed in Beclin 1-silenced HeLa cells. Beclin 1-knockdown HeLa cells were infected with lentivirus encoding
3XFlag-tagged WT Beclin 1 (WT) or K437R-Beclin 1 (K437R). (E) K437R-Beclin 1 mutant abrogates the enhanced interaction of Beclin 1 with
Vps34 during autophagy. HeLa cells expressing 3XFlag–Beclin 1 or 3XFlag–K437R-Beclin 1 were treated with EBSS for 1 h, and harvested for
immunoprecipitation. (F) Vps34 kinase activity is impaired by K437R-Beclin 1 mutant. HeLa cells were transfected with the indicated vectors
for 24 h and immunoprecipitated with anti-HA antibody followed by a Vps34 kinase assay. Immunoprecipitates were separated into two equal
parts, one for kinase assays and the other for input detection. (G) K437R-Beclin 1 reduces the activation of Vps34. Beclin 1-silenced HeLa cells
stably expressing GFP-WIPI1 were rescued with WT- or K437R-Beclin 1, followed by stimulation with EBSS for 1 h. GFP-WIPI1 dots were
visualized by confocal microscopy. (H) K437R-Beclin 1 mutant fails to induce autophagy after starvation. Beclin 1-knockdown HeLa cells
expressing WT or K437R mutant of Beclin 1 (K437R) were starved with EBSS for the indicated times. (I) K437R-Beclin 1 mutant suppresses
autophagosome formation. Beclin 1-knockdown HeLa cells expressing WT-Beclin 1 or K437R-Beclin 1 were infected with lentivirus encoding
GFP-LC3, and stimulated with EBSS for 1 h in the presence or absence of 20 nM BafA1. GFP-LC3 dots were visualized by confocal microscopy.
Scale bar, 10 mm. Data are shown as means±s.d. **Po0.01 and ***Po0.001. All the above experiments were repeated for at least three times
with similar results. Source data for this ﬁgure is available on the online supplementary information page.

mutated all the indicated lysines to arginines (Figure 6C;
Supplementary Figure S6), which were evolutionarily conserved from yeast to humans. We deﬁned that the ubiquitination site of Beclin 1 was at lysine 437 (Figure 6C). A recent
report showed that Beclin 1 can be ubiquitinated in TLR4& 2013 European Molecular Biology Organization

induced autophagy in macrophages (Shi and Kehrl, 2010).
They found that Beclin 1 is ubiquitinated at Lys117. However,
we found that K117R-Beclin 1 mutant expressed in Beclin 1silenced HeLa cells could still be ubiquitinated under EBSS
treatment (Supplementary Figure S7).
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We generated cells stably expressing WT- or K437R-Beclin 1
in Beclin 1-silenced HeLa cells (Figure 6D). The expression
levels of WT- and K437R-Beclin 1 were similar to that of
endogenous Beclin 1. WT-Beclin 1 could precipitate much
more Vps34 compared with K437R-Beclin 1 mutant, especially under starved conditions (Figure 6E), suggesting that
K437 ubiquitination is required for starvation-induced autophagy. Furthermore, K437R-Beclin 1 mutant attenuated the
Beclin 1-associated Vps34 kinase activity (Figure 6F), which
was veriﬁed by GFP-WIPI1 punctate formation (Figure 6G).
K437R-Beclin 1-rescued HeLa cells failed to convert LC3 and
degrade p62 with EBSS treatment (Figure 6H), which was
further veriﬁed by GFP-LC3 punctate patterns (Figure 6I).
Collectively, K437 ubiquitination of Beclin 1 is required for
autophagy induction.
WASH suppresses Beclin 1 ubiquitination to inactivate
Vps34 activity
Interestingly, Flag–WASH overexpression dramatically reduced the ubiquitination level of Beclin 1, which was K63linked, but not K48-linked ubiquitination (Figure 7A).
Consistently, K437 mutation abolished the ubiquitination of
Beclin 1. We stained Beclin 1 and K63-Ub in Flag–WASH or
vector-transfected HeLa cells followed by confocal microscopy. We found that the colocalization between Beclin 1
and K63-Ub was remarkably declined in WASH-overexpressed HeLa cells with EBSS treatment (Figure 7B).
Importantly, WASH overexpression signiﬁcantly suppressed
LC3 lipidation after EBSS treatment (Figure 7C). Additionally,
we found that WASH KO MEFs showed much more polyubiquitinated Beclin 1 compared with WT MEFs after starvation (Figure 7D), which is K63 linked, but not K48 linked
(data not shown). Moreover, ubiquitinated Beclin 1 dramatically elevated Vps34 kinase activity, whereas WASH
overexpression signiﬁcantly decreased the Vps34 activity
(Figure 7E).
To further identify the E3 ligase of Beclin 1, we used antiBeclin 1 antibody to pull down candidates from the EBSStreated lysates. Interestingly, we found that Beclin 1 could
precipitate Ambra1 (Figure 7F), as well as DDB1, Cullin 4, and
Rbx1, which are the components of the DDB1–Cullin 4
complex (Jin et al, 2006; Braun et al, 2011; Fischer et al,
2011). Ambra1 was reported as a candidate substrate receptor
for the DDB1–Cullin 4 E3 ubiquitin ligase complex (Jin et al,
2006). Importantly, knockdown of Ambra1 dramatically
declined ubiquitination of Beclin 1 under EBSS treatment
(Figure 7G). In contrast, Flag–Ambra1 overexpression remarkably enhanced Beclin 1 ubiquitination (Figure 7H). To
further verify that the Ambra1 is an E3 ligase for K63-linked
ubiquitination of Beclin 1, we performed an in vitro ubiquitination reconstitution assay. Expectedly, Ambra1 could
directly ubiquitinate Beclin 1 in the in vitro ubiquitination
reconstitution system (Figure 7I). Importantly, Beclin 1 could
be polyubiquitinated by WT and K48-mutated ubiquitin
(K48R), but not by K63-mutated ubiquitin (K63R), suggesting
that Ambra1 contributes to the K63-linked ubiquitination of
Beclin 1. TRAF6 and NEDD4 were reported to be the two E3
ligases for Beclin 1 ubiquitination that regulates the Vps34
activity (Shi and Kehrl, 2010; Platta et al, 2012). We observed
that knockdown of NEDD4 or TRAF6 failed to affect the Beclin 1
ubiquitination under EBSS treatment (Supplementary Figure
S8). Thus, these observations indicate that Ambra1 is an E3
2692 The EMBO Journal VOL 32 | NO 20 | 2013

ligase for K63-linked Beclin 1 ubiquitination in starvationinduced autophagy. More importantly, WASH overexpression
dramatically reduced the association between Beclin 1 and
Ambra1 (Figure 7J), which was veriﬁed by in vitro incubation
of recombinant proteins (Figure 7K). These data indicate that
WASH and Ambra1 can competitively bind Beclin 1, and
WASH suppresses the Beclin 1 ubiquitination through the
competitive binding inhibition.

Discussion
Herein, we showed that WASH negatively regulates autophagy through suppression of Beclin 1 polyubiquitination.
K437 ubiquitination of Beclin 1 is required for autophagy
induction. Our data suggest that, for autophagy induction,
Beclin 1 is rapidly ubiquitinated at K437 via K63 linkage, and
then ubiquitinated Beclin 1 binds to Vps34 to augment Vps34
activity. For autophagy suppression, WASH binds to Beclin 1
to impede its ubiquitination. Thus, non-ubiquitinated
Beclin 1 fails to associate with Vps34 to inactivate its kinase
activity, leading to autophagy suppression.
During embryo development, cells take various processes,
including proliferation, differentiation, and cell death, rendering the embryo to transform into an adult organism. Lossof-function studies demonstrated that autophagy played a
crucial role in embryogenesis. Here, we found that WASH
was expressed in early embryonic stages and WASH deﬁciency caused extensive embryonic autophagy. Actually, we
did a rescue experiment by crossing WASH þ /  Atg5 þ / 
mice with WASH þ /  Atg5 þ /  mice. WASH  /  Atg5  / 
mice were born at the expected Mendelian frequency, and
they appeared almost normal at birth and died 1 day of
delivery. In this case, WASH deﬁciency did not rescue the
Atg5 KO phenotype, but Atg5 deletion could rescue the
WASH KO phenotype. These data indicate that Atg5 deﬁciency could inhibit WASH-mediated excessive autophagy,
which implies that WASH is an upstream regulator in Atg5mediated autophagy. The suppression of autophagy by Atg5
deﬁciency could partially rescue the lethal phenotype of
WASH KO embryos, suggesting that excessive autophagy
might be a main cause to WASH KO embryonic lethality at
E7.5. Whether other defects may account for the embryonic
lethality needs to be further investigated. WASH deﬁciency
also caused embryonic lethality of Drosophila, suggesting
that autophagy homeostasis in development might be highly
evolutionarily conserved.
WASH generates directed actin ﬁlaments to aid ﬁssion of the
budding vesicles via Arp2/3 activation (Derivery et al, 2009;
Gomez and Billadeau, 2009). WASH is a major nucleationpromoting factor (NPF) and asymmetric distribution on
endosomes. We show that WASH in autophagosomes
undergoing autophagy is not localized in the endosomes
(Figure 3B). Interestingly, the Beclin 1-associated WASH was
not in the FAM21-containtaing WASH complex. Moreover,
WASH KO MEFs did not affect endosomal trafﬁcking. p16Arc is a component of Arp2/3 complex (Singh et al, 2003),
whose depletion did not inﬂuence autophagy induction. Our
ﬁndings indicate that the autophagy-associated WASH is not
involved in the endosomal trafﬁcking.
Similarly to its orthologue in yeast, Vps34 in mammalian
cells exists in two complexes, in which Beclin 1, Vps34, and
p150/Vps15 are the core components (Zeng et al, 2006;
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Figure 7 WASH suppresses the ubiquitination of Beclin 1 to inactivate Vps34 activity. (A) WASH overexpression suppresses the ubiquitination
of Beclin 1. HEK293T cells were transfected with the indicated vectors for 24 h followed by an Ni-NTA-based pull-down assay and
immunoblotted with anti-poly-ubiquitin (anti-poly-Ub) (left panel), and anti-K63-speciﬁc ubiquitin (anti-K63-Ub) (middle panel) antibodies.
The same blot was stripped and probed with anti-K48-speciﬁc ubiquitin (anti-K48-Ub) antibody (right panel). (B) WASH overexpression
hinders K63-linked ubiquitination of Beclin 1. HeLa cells stably expressing vector or Flag–WASH were treated with CM or EBSS with or without
BafA1 for 1 h and then stained with antibodies against endogenous Beclin 1 and K63-linked polyubiquitin (K63-Ub). The colocalization rate
(Pearson’s correlation coefﬁcient) between Beclin 1 and K63-Ub was calculated and shown in the right panel. (C) WASH overexpression
inhibits LC3 lipidation. HeLa cells stably expressing vector or Flag–WASH were treated with CM or EBSS with or without BafA1 for 1 h and then
stained with antibody against endogenous LC3. LC3 dots were calculated and shown in the right panel. (D) WASH deﬁciency increases K63linked ubiquitination of Beclin 1. WASH þ / þ and WASH  /  MEFs were treated with EBSS at 371C for 1 h and lysed for immunoprecipitation
(IP) with anti-Beclin 1 antibody and probed with antibody against K63-linked poly-ubiquitin. (E) WASH overexpression inhibits Vps34 activity.
HeLa cells were transfected with the indicated vectors and subjected to immunoprecipitation with anti-Beclin 1 antibody for Vps34 kinase
activity assay. Immunoprecipitates were separated into two equal parts, one for kinase assay and the other for input detection. RLU, relative
light unit. (F) Beclin 1 associates Ambra1 upon autophagy induction. HeLa cells treated with EBSS for 1 h were lysed for immunoprecipitation
with anti-Beclin 1 antibody. Immunoprecipitates were immunoblotted with the indicated antibodies. (G) Ambra1 knockdown declines Beclin 1
ubiquitination. HeLa cells with Ambra1 knockdown were treated with EBSS for 1 h, followed by immunoprecipitated with anti-Beclin 1
antibody. Immunoprecipitates were dissociated with 1% SDS and re-immunoprecipitated with anti-Beclin 1 antibody, followed by immunoblotting with the indicated antibodies. (H) Ambra1 overexpression increases Beclin 1 ubiquitination. HeLa cells with Ambra1 overexpression
were treated as above. (I) Ambra1 can directly ubiquitinate Beclin 1 by an in vitro ubiquitination assay. Recombinant Beclin 1 (rBeclin 1) and
components of the ubiquitination system were expressed and puriﬁed as described in Materials and methods. The reaction started by mixing
the indicated components in ubiquitination buffer at 371C for 1 h and followed by immunoblotting. (J, K) WASH and Ambra1 competitively
bind to Beclin 1. HeLa cells with vector or WASH overexpression were starved for 1 h and lysed for immunoprecipitation with anti-Beclin 1
antibody (J). Recombinant Ambra1 and WASH proteins were incubated with GST–Beclin 1, followed by GST pull-down assays (K). Scale bar,
10 mm. Data are shown as means±s.d. **Po0.01 and ***Po0.001. Data were repeated for at least three times with similar results. Source data
for this ﬁgure is available on the online supplementary information page.
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Funderburk et al, 2010). The Vps34 complexes are ﬁnely
controlled by each component. UVRAG (UV irradiation
resistance-associated gene) can activate the Beclin 1–Vps34
complex when cells encounter nutrient limitation (Liang
et al, 2006; Itakura et al, 2008). Atg14L (yeast Atg14-like)
augments Vps34 kinase activity and enhances autophagy
(Itakura et al, 2008; Matsunaga et al, 2009; Zhong et al,
2009). Notably, Rubicon (RUN domain and cysteine-rich
domain containing, Beclin 1-interacting protein) is
assembled in the Beclin 1–Vps34 complex (Itakura et al,
2008; Matsunaga et al, 2009; Zhong et al, 2009), which
inhibits autophagy through disturbing autophagosome
maturation. Interestingly, we demonstrate that WASH
associates with Beclin 1 and is present in the Atg14L–Beclin
1–Vps34 complex, suggesting that WASH might function in
the early stage of autophagosome biosynthesis.
Phosphorylation of Beclin 1 by several kinases liberates
Beclin 1 from its binding partners of Bcl-2 family to induce
autophagy (Zalckvar et al, 2009). Vps34 can be
phosphorylated by Cdk1 that disrupts the Beclin 1–Vps34
complex (Furuya et al, 2010), negatively regulating
autophagy during mitosis. A recent report showed that
Beclin 1 can be ubiquitinated by an E3 ubiquitin ligase
TRAF6 in TLR4-induced autophagy in macrophages. They
found that the K63-linked ubiquitination of Beclin 1 is at K117
of the BH3 domain during TLR4-triggered autophagy in
macrophages. However, we found that the K63-linked
ubiquitination of Beclin 1 is at K437 of C-terminus under a
nutrient-deprived condition in HeLa cells. We identiﬁed that
Ambra1 is an E3 ligase for K63-linked ubiquitination of Beclin
1 in starvation-induced autophagy. Ambra1, also called as
DCAF3, is interacted with the DDB1–Cullin 4 E3 ubiquitin
ligase complex (Jin et al, 2006; Fischer et al, 2011). DCAF
substrate receptors confer the E3 substrate speciﬁcity (Wertz
et al, 2004; Bennett et al, 2010; Fischer et al, 2011). Ambra1 is
the substrate receptor for ubiquitination of Beclin 1 in
starvation-induced autophagy. However, whether different
autophagic stimuli cause distinct lysine ubiquitination of
Beclin 1 or distinct lysine ubiquitination in different cell
types via different ubiquitin ligases needs to be further
investigated.

Materials and methods
Antibodies and reagents
A rabbit polyclonal antibody against WASH was raised from the
VCA domain of WASH protein. The VCA domain was subcloned into
pGEX6P-1 vector, and puriﬁed with a GST-sepharose (GE
Healthcare) column, followed by treatment of PreScission protease
to remove the GST tag. The anti-WASH antibody speciﬁcally recognized both mouse and human WASH in recombinant or endogenous
forms. Commercial antibodies rabbit polyclonal antibodies
anti-LC3, anti-Beclin 1, anti-Atg14L, anti-Ambra1, anti-DDB1, antiCullin 4, anti-Rbx1, anti-TRAF6, anti-NEDD4, anti-EGFR, anti-p16Arc, and anti-Vps34 were from Cell Signaling Technology.
Anti-poly-ubiquitin antibody (clone FK1) was from Enzo. Mouse
monoclonal antibodies anti-b-actin and anti-Flag were from SigmaAldrich. Rabbit polyclonal antibodies anti-LC3 and anti-p62 were
from MBL. Anti-HA, anti-EEA1, anti-Myc, and anti-FAM21 were
from Santa Cruz Biotechnology. Donkey anti-rabbit IgG secondary
antibodies conjugated with Alexa-488, Alexa-594, or Alexa-405
were purchased from Molecular Probes. Donkey anti-mouse IgG
secondary antibodies conjugated with Alexa-488 or Alexa-594 were
from Molecular Probes. HRP-conjugated secondary antibodies were
from Santa Cruz. BafA1 and MG132 were from Sigma-Aldrich.
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Cell culture
HEK293T, HEK293A, and HeLa cells were cultured in Dulbecco’s
modiﬁed Eagle’s medium (DMEM) (Gibco), containing 10% fetal
bovine serum (FBS), b-mercaptoethanol, 100 mg/ml streptomycin,
and 100 U/ml penicillin. MEFs were obtained from E14.5 embryos,
and supplied with DMEM containing 20% FBS. EBSS was used as
starvation culture for the indicated time points.
Generation of WASH  /  mice
The target vector of WASH-conditional KO mice (WASHﬂox/ﬂox) was
constructed to ﬂank exon3 of mouse WASH gene with two loxP
sites as described previously (Li et al, 2011). The vector was
transfected into embryonic stem (ES) cells of 129 mice. After
neomycin selection, the ES clones ﬂanking loxP sites were
microinjected into blastocysts of C57BL/6 mice. WASH þ /ﬂox mice
were obtained after several rounds of selection. WASHﬂox/ﬂox mice
were generated via intercrossing of WASH þ /ﬂox mice. WASH þ / 
mice were produced by crossing WASHﬂox/ﬂox mice with EIIa-Cre
transgenic mice. WASH  /  mice were generated by intercrossing of
WASH þ /  mice.
Generation of WASH  /  MEFs
MEFs were prepared from E14.5 WASHﬂox/ﬂox embryos and infected
with the lentivirus encoding the Cre recombinase for 48 h. MEF cells
were further selected with 2 mg/ml puromycin to generate WASHdeﬁcient cells. WASH expression was conﬁrmed by western blotting
and immunostaining. WASHﬂox/ﬂox MEFs were infected with lentivirus encoding the indicated GFP fusion proteins with or without
Cre recombinase ﬂanked by an internal ribosome entry site (IRES).
Forty-eight hours after infection, MEFs were analysed by ﬂow
cytometry, and GFP-positive cells were collected for subsequent
experiments.
Yeast two-hybrid screening
Yeast two-hybrid screening was performed using a MatchmakerTM
Gold Yeast Two-Hybrid system (Clontech/Takara) under the guidelines provided by the manufacturer. Brieﬂy, WASH was subcloned
into pGBKT7 vector (BD-WASH). Yeast AH109 cells were transfected
with BD-WASH and plasmids containing a human spleen cDNA
library (Clontech/Takara) and then plated on SD medium lacking
adenine, histidine, tryptophan and leucine. Selected clones were
isolated and identiﬁed by DNA sequencing. Recovery of the plasmids and b-gal assay were carried out as described previously
(Zhao et al, 2007). Bloc1s2 was subcloned into pGADT7 vector
(AD-Bloc1s2) and co-transfected with BD-WASH, whose interaction
served as a positive control.
Vps34 kinase assay
Endogenous Vps34 or overexpressed Flag–Vps34 was immunoprecipitated by antibody against Beclin 1. Immunoprecipitated beads
were washed for three times and added with sonicated phosphatidylinositol (Sigma) (1 ml of 5 mg) and (1 ml of 10 mM) ATP in 30 ml
reaction buffer (40 mM Tris (pH 7.5), 20 mM MgCl2, 1 mg/ml BSA)
for 30 min at room temperature (RT). The conversion of ATP into
ADP level was measured by an ADP-GloTM Kinase Assay Kit
(Promega) according to the manufacturer’s instructions.
In vitro ubiquitination reconstitution assay
Uba1, UbcH5c, Rbx1, ubiquitin, and Cullin 4 were subcloned into
pET-28a vectors. Ambra1 was subcloned into pMAL-c2p vector.
Beclin 1 was subcloned into pGEX-6p-1 vector. Plasmids were
then transformed into E. coli strain BL21 (DE3). DE3 clones were
cultured (OD600 ¼ 0.6) and then induced with 0.2 mM isopropyl-bD-thiogalactopyranoside (IPTG) at 161C for 24 h. Cells were collected and lysed and further puriﬁed by Ni-NTA resin columns, MBP
columns (Novagen) or GST-sepharose columns (GE Healthcare).
His-DDB1 was expressed in Sf9 cells using a baculovirus expression
system and puriﬁed by an Ni-NTA column. The in vitro ubiquitination reconstitution assay was performed by mixing E1 (Uba1), E2
(UbcH5c), E3 (Ambra1, DDB1, Cullin 4, and Rbx1), ubiquitin and
Beclin 1 (after cleaving GST tag by Precision digestion) in the
ubiquitination buffer (50 mM Tris–HCl, 5 mM MgCl2, 2 mM dithiothreitol, and 2 mM ATP, pH 7.4) of 30 ml volume at 371C for 1 h.
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Immunoﬂuorescence assay
MEFs or HeLa cells were grown on 0.01% poly-L-lysine-treated
coverslips and transfected with the indicated vectors by
Lipofectamine2000 (Invitrogen) for 24 h as described previously
(Fan et al, 2003). After starvation stimulation, cells were ﬁxed
with 4% paraformaldehyde (PFA) (Sigma-Aldrich) for 30 min at RT
followed by permeabilization with 50 mg/ml digitonin for 20 min at
RT. Ten percent of donkey serum was used for blocking and primary
antibodies were added for 2 h at RT. After washing with PBS, the
coverslips were stained with Alexa488-, Alexa594- or Alexa405conjugated secondary antibodies. Images were obtained with laser
scanning confocal microscopy (Olympus FV500).
Separation of autolysosomes and early endosomes
Autolysosomes and early endosomes were separated as previously
described (Tjelle et al, 1996; Yu et al, 2010) and analysed by
immunoblotting.
Electron microscopy
For transmission electron microscopy (TEM), HeLa cells or MEFs
were harvested by trypsin digestion and ﬁxed with 2.5% glutaraldehyde on ice for 2 h followed by postﬁxation in 2% osmium
tetroxide (Zhao et al, 2007). Brieﬂy, cells were immersed in SPIPON812 resin after dehydrating with sequential washes in 50, 70,
90, 95, and 100% ethanol. The ultrathin sections were collected on
copper grids and counterstained using uranyl acetate and lead
citrate. For mouse embryo electron microscopy, E7.5 embryos
were prepared and treated the same as above. For immuno-EM,
HeLa cells or MEFs were starved for 1 h, ﬁxed with 4% PFA and
0.05% glutaraldehyde for 2 h on ice and then cryo-sectioned by a
Tokuyasu method and mounted in copper grids followed by
blocking in 1% BSA. The sections were stained with anti-WASH
(30 ng/ml) antibody and further stained with 10 nM gold-linked antirabbit IgG. Next, they were ﬁxed with 2.5% glutaraldehyde and
stained with neutral uranyl acetate before coating with 2% methyl
cellulose. Images were taken with an FEI Tecnai spirit transmission
electron microscope.
RNA interference
RNA interference sequences were designed according to pSUPER
system instructions (Oligoengine). HeLa cells were transfected
with pSUPER vector encoding target sequence against Beclin 1
(#1 50 -TCAGGAGAGGAGCCATTTA-30 , #2 50 -TGGACAGTTTGGCA
CAATC-30 ), WASH (#1 50 -GTCGGATCTCTTCAACAAG-30 , #2 50 -GGC
CAAGATTGAGAAGATC-30 ), Ambra1 (#1 50 -CCCAGAAAAGAATGC
TGTC-30 , #2 50 -AGGGCAAGAGAGTAGAACT-30 ), p16-Arc (#1 50 -GGT
GGACGTGGATGAATAT-30 , #2 50 -CAGGCAGCATTGTCTTGAA-30 ),
FAM21 (#1 50 -GGCCTACTACAGTTTCTAC-30 , #2 50 -CAGTGAAGA
AGGCTCTGTA-30 ), NEDD4 (#1 50 -CCAAGATTGGAGAGACCAT-30 , #2
50 -ACCTAAAACCAGTGGCTCA-30 ), TRAF6 (#1 50 -CTGAAAGTGAC
TGCTGTGT-30 , #2 50 -CCTGTAGCGCTGTAACAAA-30 ), or scramble
sequences. Forty-eight hours after transfection, stably silenced
clones were selected by 1 mg/ml puromycin.

Immunoprecipitation
HEK293T cells were transfected with the indicated vectors for 24 h.
Cells were harvested and treated with lysis buffer (150 mM NaCl,
50 mM Tris–Cl, 1% Triton X-100, protease inhibitor cocktail, pH
7.4). Supernatants were achieved by centrifugation (15 000 g,
15 min, 41C), and incubated with the indicated antibodies for 6 h
at 41C followed by immunoprecipitation with 30 ml protein A/G
agarose. The precipitates were completely washed with PBS and
tested by immunoblotting. For poly-ubiquitinated Beclin 1 assay,
immunoprecipitates were denatured by boiling with 1% SDS and reimmunoprecipitated with anti-Beclin 1 antibody.
Statistical analysis
Student’s t-test was used as statistical analysis by using Microsoft
Excel.
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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