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Autophagic responses are coupled to the activation of the

inhibitor of NF-jB kinase (IKK). Here, we report that the

essential autophagy mediator Beclin 1 and TGFb-activated

kinase 1 (TAK1)-binding proteins 2 and 3 (TAB2 and

TAB3), two upstream activators of the TAK1-IKK signalling

axis, constitutively interact with each other via their

coiled-coil domains (CCDs). Upon autophagy induction,

TAB2 and TAB3 dissociate from Beclin 1 and bind TAK1.

Moreover, overexpression of TAB2 and TAB3 suppresses,

while their depletion triggers, autophagy. The expression

of the C-terminal domain of TAB2 or TAB3 or that of the

CCD of Beclin 1 competitively disrupts the interaction

between endogenous Beclin 1, TAB2 and TAB3, hence

stimulating autophagy through a pathway that requires

endogenous Beclin 1, TAK1 and IKK to be optimally

efficient. These results point to the existence of an

autophagy-stimulatory ‘switch’ whereby TAB2 and TAB3

abandon inhibitory interactions with Beclin 1 to engage in

a stimulatory liaison with TAK1.
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Introduction

Macroautophagy (hereafter referred to as ‘autophagy’) is a

catabolic pathway involving the sequestration of cytoplasmic

material in double-membraned vesicles, the autophago-

somes. Upon fusion with lysosomes, autophagosomes

become autophagolysosomes and their content gets degraded

by acidic hydrolases, allowing nutrients and macromolecules

to fuel cellular metabolism or sustain stress responses

(Klionsky, 2004; Mizushima et al, 2008). Multiple distinct

perturbations of the cellular physiology can induce autop-

hagy through a complex signalling network that crosstalks

with several stress-response pathways (Kroemer et al, 2010;

Green et al, 2011), including molecular cascades that are

ignited by organellar damage as well as pathways leading

to the activation of prominent transcription factors such as

p53 (Tasdemir et al, 2008b; Scherz-Shouval et al, 2010) and

NF-kB (Herrero-Martin et al, 2009; Criollo et al, 2010; Comb

et al, 2011).

Beclin 1 has been the first mammalian protein shown to

play a critical role in the initiation of autophagy (Liang et al,

1999). Its complex interactome has a major influence on

the positive and negative regulation of autophagy (Kang

et al, 2011). One of the decisive events that ignites the

autophagic machinery is the activation of the class III phos-

phatidylinositol 3-kinase (PI3KC3), also called VPS34, to

generate phosphatidylinositol-3-phosphate, which is required

for the initial steps of vesicle nucleation (Axe et al, 2008).

Beclin 1 is an obligatory allosteric activator of VPS34, operat-

ing within the so-called ‘Beclin 1 core complex’ that involves

Beclin 1, VPS15, VPS34 and, likely, AMBRA1 (He and Levine,

2010). Numerous additional proteins interact with Beclin 1.

Pro-autophagic Beclin 1 interactors include ATG14 (also

called ATG14L or BARKOR), UV radiation resistance-asso-

ciated gene (UVRAG) and Bif-1/endophilin B1, which inter-

acts with Beclin 1 via UVRAG. Autophagy-inhibitory

interactors of Beclin 1 include RUN domain protein

as Beclin 1 interacting and cysteine-rich containing

(RUBICON), anti-apoptotic proteins from the BCL-2 family

(BCL-2, BCL-XL and MCL-1) and the inositol-1,4,5 trispho-

sphate receptor, which interacts with Beclin 1 indirectly via

BCL-2 (He and Levine, 2010; Kang et al, 2011). Beclin 1

possesses a BH3 domain (residues 114–123) through which

it constitutively interacts with BCL-2-like proteins (Maiuri

et al, 2007), and autophagy induction requires the dissocia-

tion of Beclin 1 from such inhibitory liaisons (He and Levine,

2010; Kang et al, 2011).

The transcription factor NF-kB is activated when the

inhibitor of NF-kB (IkB) is phosphorylated by the IkB kinase
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(IKK), a multiprotein complex that is composed by one

regulatory (IKKg, also known as NEMO) and two catalytic

subunits (IKKa and IKKb). IKK is activated in response to

stressors as diverse as reactive oxygen species and DNA

damage as well as by the ligation of death receptors (Baud

and Karin, 2009). Frequently, the activation of IKK is

mediated further upstream by yet another kinase, mitogen-

activated protein kinase kinase kinase 7 (MAP3K7), better

known as TGFb-activated kinase 1 (TAK1) (Ninomiya-Tsuji

et al, 1999; Takaesu et al, 2003; Landstrom, 2010). The

phosphorylation of IkB by IKK stimulates IkB ubiquitination,

thus targeting it for proteasomal degradation. In turn, IkB

degradation allows NF-kB to translocate from the cytoplasm,

where it is usually retained by IkB, to the nucleus, where

NF-kB then becomes active as a cytoprotective and

pro-inflammatory transcription factor (Baud and Karin, 2009).

In both murine and human cells, the genetic inhibition of

TAK1 or any of the IKK subunits (but not that of the NF-kB

subunit p65) prevents the induction of autophagy in response

to a panoply of different stimuli including starvation,

rapamycin, p53 inhibition and endoplasmic reticulum stress

(Herrero-Martin et al, 2009; Criollo et al, 2010; Comb et al,

2011). Conversely, constitutively active IKK subunits potently

stimulate autophagy through a pathway that does not neces-

sarily involve NF-kB, yet relies on the activation of AMPK

and JNK1 (Criollo et al, 2010), as well as on several essential

autophagy-related proteins including Beclin 1, ATG5 and LC3

(Comb et al, 2011).

Altogether, these results point to the existence of a major

crosstalk between autophagy and the TAK1-IKK signalling

axis, yet do not reveal the molecular mechanisms through

which these pathways intersect. Here, we report the discov-

ery that TAK1-binding protein 2 (TAB2) and TAK1-binding

protein 3 (TAB3) function as tonic inhibitors of autophagy.

We found that TAB2 and TAB3 constitutively interact with

Beclin 1 and that this liaison is lost upon treatment with

physiological inducers of autophagy, causing TAB2 and TAB3

to bind TAK1 instead of Beclin 1. Competitive disruption

of the Beclin 1/TAB2/TAB3 complex suffices to induce

Beclin 1- and TAK1-dependent autophagy, underscoring the

importance of the inhibitory interaction between Beclin 1,

TAB2 and TAB3.

Results

Identification of TAB2 and TAB3 as novel Beclin 1

interactors

To unveil a possible intersection between autophagy and the

TAK1-IKK activation pathway, we identified Beclin 1 inter-

actors in two yeast two-hybrid saturation screens based on a

complex human random-primed cDNA library. This approach

led us to identify 63 Beclin 1-interacting proteins. Beyond

known interactors (such as UVRAG, ATG14 and ZWINT)

(Behrends et al, 2010), our screens identified 11 new proteins

that would bind Beclin 1 with an elevated Predicted Biological

Score (Formstecher et al, 2005) (Figure 1A, also consultable

at the following website http://pim.hybrigenics.com/).

Among these 11 proteins, 1 (desmoplakin) has previously

been described to bind multiple autophagy-relevant proteins

including PIK3C3/VPS34 (but not Beclin 1), and two have

been reported to interact with one single autophagy-related

protein (PLEC1 with SQSTM1/p62 and SNX4 with RABGAP1)

(Behrends et al, 2010). Of note, two among the putative

Beclin 1 interactors, namely TAB2 and its close homologue

TAB3, are known co-activators of TAK1 (Takaesu et al, 2000;

Ishitani et al, 2003). Yeast two-hybrid technology allowed us

to narrow down the domains that mediate the interaction of

TAB2 and TAB3 with Beclin 1 to a C-terminal region that we

called ‘Beclin-binding domain’ (BBD). The BBD spans from

residues 526 to 657 in TAB2 and from residues 518 to 608 in

TAB3 (Figure 1B). Co-immunoprecipitation experiments in-

volving Beclin 1 and multiple TAB2 and TAB3 deletion

constructs (Figure 1C) confirmed the interaction of full-length

Beclin 1 with full-length TAB2 and TAB3, as well as with

TAB2 and TAB3 fragments containing the C-terminal BBD.

The binding of Beclin 1 to TAB2 and TAB3 was lost upon

deletion of their BBDs (Figure 1D and E). Thus, TAB2 and

TAB3 constitute novel bona fide members of the Beclin 1

interactome.

TAB2 and TAB3 dissociate from Beclin 1 upon

autophagy induction

A His-tagged version of Beclin 1 was introduced together with

epitope-tagged TAB2 or TAB3 into human cervical carcinoma

HeLa cells, which were then driven into autophagy by culture

in serum- and nutrient-free conditions (starvation), or by the

administration of the mTOR inhibitor rapamycin or of the p53

inhibitor cyclic pifithrin a (PFTa). These three pro-autopha-

gic stimuli all led to a decrease in the amount of TAB2 of

TAB3 that co-immunoprecipitated with Beclin 1, as compared

with control conditions (Supplementary Figure S1). Con-

sistently, endogenous Beclin 1 co-immunoprecipitated with

TAB2 or TAB3 (but not with TAK1) in control conditions, and

this interaction was rapidly lost upon autophagy induction in

HeLa cells (Figure 1F), as well as in other human cell lines

(non small-cell lung cancer A549 cells, colorectal carcinoma

HCT 116 cells) and mouse embryonic fibroblasts (MEFs, not

shown). While in physiological conditions TAB2 and TAB3

failed to co-immunoprecipitate with TAK1, after the induction

of autophagy with starvation, rapamycin or PFTa, both TAB2

and TAB3 were found to engage in such an interaction.

Kinetic experiments revealed that TAB2 and TAB3 bind

TAK1 as soon as they dissociate from Beclin 1 (Figure 1F).

Inhibition of TAK1 by overexpression of a kinase-dead

dominant-negative (DN) TAK1 mutant (TAK1K63W) (Ono

et al, 2003; Figure 2A and B) or by means of a specific

small-interfering RNA (siRNA) (Supplementary Figure S2)

prevented the relocalization of a green fluorescence protein

(GFP)–LC3 chimera from a diffuse pattern to discrete

cytoplasmic puncta (Tasdemir et al, 2008a) by starvation,

rapamycin or PFTa (Figure 2C and D). Similarly,

TAK1 depletion prevented the autophagy-associated redistri-

bution of a red fluorescent protein (RFP)-tagged FYVE do-

main (FYVE–RFP) (Zhang et al, 2007) to intracellular

membranes containing phosphatidylinositol-3-phosphate

(Figure 2E and F).

Altogether, these results support the idea that TAB2 and

TAB3 dissociate from Beclin 1 to engage with TAK1 when

autophagy is induced.

TAB2 and TAB3 are endogenous inhibitors of autophagy

Depletion of TAB2 or TAB3 by specific siRNAs induced

the accumulation of GFP–LC3þ dots in HeLa and human

osteosarcoma U2OS cells stably expressing GFP–LC3 (Figure

TAB2 and TAB3 control autophagy
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3A and B), in HeLa cells transiently transfected with a GFP–

LC3-encoding plasmid as well as in HCT 116 cells

(Supplementary Figure S3). Moreover, TAB2 or TAB3 knock-

down stimulated the lipidation of endogenous LC3, an

autophagy-associated post-translational modification that

enhances its electrophoretic mobility (shift from the LC3-I

to the LC3-II form), and reduced the abundance of the

autophagic substrate SQSTM1/p62 (Figure 3C), suggesting

TAB2 and TAB3 control autophagy
A Criollo et al
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Figure 2 Reduced interaction between Beclin 1, TAB and TAB3 in conditions of autophagy induction. (A, B) Inhibition of autophagy by
dominant-negative (DN) TAK1. HeLa cells were co-transfected with a GFP–LC3-encoding construct plus pcDNA3.1 (empty vector), or plasmids
for the expression of WT TAK1 (TAK1WT) or the DN TAK1K63W mutant. One day later, cells were either left untreated (control) or driven into
autophagy by starvation or by the administration of 1mM rapamycin or 30 mM pifithrin a (PFTa), followed by immunoblotting for the detection
of TAK1 and endogenous LC3 (A) or immunofluorescence microscopy for the quantification of cells with cytosolic GFP–LC3 puncta (GFP–
LC3VAC cells) (B) (mean values±s.d., n¼ 3; *Po0.01 versus control cells). GAPDH levels were monitored to ensure equal loading. (C, D)
Inhibition of autophagy by knockdown of VPS34, Beclin 1 (BCN1) and TAK1. siRNAs that effectively deplete VPS34, BCN1 and TAK1 were co-
transfected with a GFP–LC3-encoding plasmid in HeLa cells. Autophagy was then induced as in (A) and the frequency of GFP–LC3VAC cells
(mean values±s.d., n¼ 3; *Po0.01 versus control cells) was determined. (E, F) The same setting shown in (C, D) was performed with U2OS
cells and FYVE–RFP (mean values±s.d., n¼ 3; *Po0.01, **Po0.001 versus control cells).

Figure 1 Identification of novel Beclin 1 interactors. (A) Beclin 1 (BCN1) interactors identified by yeast two-hybrid technology. Proteins
binding to BCN1 are listed and their interacting domains are indicated by black bars. Numbers refer to amino-acid positions. (B) Identification
of TAB2 and TAB3 fragments interacting with BCN1 in the yeast two-hybrid system. Blue lines depict the fragments of TAB2 or TAB3 that were
found to interact with BCN1 (numbers on the right refer to the amount of yeast clones identified for each fragment). The minimal domain
required for the interaction is referred to as Beclin-binding domain (BBD). (C) Constructs derived from TAB2 and TAB3 used in this study.
(D, E) Co-immunoprecipitation of TAB2 or TAB3 with BCN1. The indicated constructs, namely HA-tagged and T7-tagged TAB2, and TAB3
constructs in (D) and (E), respectively, and Flag-tagged Beclin 1 (Flag–BCN1) were transfected into HeLa cells alone or in combination. Twenty-
four hours later, TAB2 and TAB3 were immunoprecipitated with antibodies specific for HA (D) or T7 (E) and the precipitate was separated by
SDS–PAGE and revealed with an antibody specific for Flag. (F) Immunoprecipitation of endogenous BCN1 with endogenous TAB2 or TAB3.
HeLa cells were subjected to autophagy induction with starvation conditions, 1mM rapamycin or 30 mM pifithrin a (PFTa) for the indicated time
and then processed for TAB2 or TAB3 immunoprecipitation followed by the immunodetection of BCN1, TAK1, TAB2 and TAB3. Results in
(E) and (F) are representative for three independent experiments.

TAB2 and TAB3 control autophagy
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that TAB2 and TAB3 act as endogenous inhibitors of auto-

phagy. Accordingly, the depletion of TAB2 or TAB3 led to the

accumulation of bona fide autophagosomes and autophago-

lysosomes, as determined by transmission electron micro-

scopy (Figure 3D and E). Epistatic experiments revealed that

the simultaneous knockdown of TAB2 and TAB3 induced

only slightly more GFP–LC3þ puncta than the depletion of

each of these proteins alone. Moreover, the induction of

autophagy by TAB2 depletion was inhibited by transfection

of non-interferable TAB2 or wild-type (WT) TAB3 (and vice

versa TAB2 transfection antagonized autophagy induction by

TAB3 depletion), suggesting that both proteins inhibit the

formation of autophagic puncta in a similar, overlapping

manner (Figure 3F). Moreover, the depletion of either TAB

induced the formation of FYVE–RFPþ puncta to similar

extents (Figure 3G), suggesting that both TAB2 and TAB3

usually restrain the lipid kinase activity of the Beclin 1

complex.

Figure 3 Induction of autophagosomes by depletion of TAB2 or TAB3. (A, B) Detection of autophagic GFP–LC3þ puncta. HeLa or U2OS cells stably
expressing GFP–LC3 were transfected with siRNAs targeting TAK1, TAB1, TAB2 or TAB3 or with a control siRNA (siUNR). One day later, the subcellular
localization and abundance of GFP–LC3 or immunostained TAB2 or TAB3 was determined by epifluorescence microscopy. Representative images are
shown in (A) (HeLa cells) and quantitative results (mean values±s.d., n¼ 3; *Po0.01 versus siUNR-transfected cells) are depicted in (B) (U2OS cells).
(C) Lipidation of LC3 induced by TAB2 or TAB3 knockdown. Representative immunoblots showing the conversion of non-lipidated LC3 (LC3-I) to its
lipidated variant (LC3-II) as well as SQSTM1/p62 protein levels are shown. GAPDH levels were monitored to ensure equal loading. (D, E) Quantification
of autophagosomes and autophagolysosomes by transmission electron microscopy. Representative images of HeLa cells transfected with siUNR or with
TAB2- or TAB3-targeting siRNAs are shown in (D), and quantitative results are depicted in (E) (mean values±s.d., n¼ 3; *Po0.01 versus siUNR-
transfected cells). (F) Epistatic analysis of the effects of TAB2 and TAB3 depletion on autophagy. HeLa cells stably expressing GFP–LC3 were transfected
with siRNAs specific for TAB2 or TAB3 and/or with cDNAs coding for full-length HA-tagged TAB2 (HA–TAB2) or TAB3 (HA–TAB3). Twenty-four hours
later, the frequency of cells exhibiting 45 GFP–LC3þ cytosolic puncta (GFP–LC3VAC cells) was determined. Results are mean values±s.d. (n¼ 3;
*Po0.01 versus siUNR-transfected cells). (G) U2OS cells stably expressing FYVE–RFP were transfected with siUNR, or with siRNAs specific for TAB2,
TAB3, VPS34, Beclin 1 (BCN1) and TAK1, in the indicated combinations. Forty-eight hours later, the percentage of cells with RFP–FYVEþ puncta cells
was determined. Results are mean values±s.d. (n¼ 3; *Po0.01 versus siUNR-transfected cells).

TAB2 and TAB3 control autophagy
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The accumulation of autophagosomes may result from

enhanced sequestration of cytoplasmic material (increased

on-rate) as well as from reduced removal of autophagosomes

by fusion with lysosomes (reduced off-rate). Therefore, we

measured autophagosome formation induced by TAB deple-

tion in the absence or presence of bafilomycin A1 (BafA1),

which inhibited the colocalization of the autophagic marker

GFP–LC3 and the lysosomal marker LAMP2, in accord with

its known capacity to block the autophagosome–lysosome

fusion (Mizushima et al, 2010) (Figure 4A–C). In the presence

of BafA1, the depletion of TAB2 and TAB3 resulted in more

GFP–LC3þ puncta than in its absence (Figure 4D). Similar

flux determinations were performed in the presence of an

alternative lysosomal inhibitor, ammonium chloride, or pro-

tease inhibitors (E64d plus pepstatin A) (Supplementary

Figure S4). Also, MEFs lacking TAB2 expression due to

homologous recombination (Tab2�/�), but neither WT

MEFs nor their Tab1�/� counterparts, manifested increased

LC3 lipidation, both in the absence and in the presence of

BafA1 (Figure 4E). Autophagy induced by TAB2 or TAB3

knockdown followed the canonical pathway, as it was re-

duced upon depletion of essential autophagy proteins such as

Beclin 1, its associated phosphatidylinositol 3-kinase VPS34,

ATG5 and ATG7 (Figure 4F). Moreover, it involved the

obligatory contribution of TAK1 and that of the three subunits

of the IKK complex, as shown by additional experiments of

siRNA-mediated knockdown (Figure 4G) or transfection with

DN TAK1 (Figure 4H). In conclusion, TAB2 and TAB3 are

endogenous inhibitors of the canonical autophagic pathway,

which requires the action of kinases from the TAK1-IKK

signalling axis.

Dissociation of TAB2 and TAB3 from Beclin 1 induces

autophagy

Overexpression of full-length TAB2 or TAB3 inhibited starva-

tion-, rapamycin- and PFTa-induced autophagy (Figure 5A),

in line with the interpretation that both proteins are negative

regulators of autophagic flux. TAB2 or TAB3 variants lacking

the BBD (TAB2N, TAB3N, TAB3DCC, Figure 1C) failed to

modulate autophagy induced by various stimuli (Figure 5A

and B). However, TAB2 and TAB3 deletion mutants contain-

ing their C-terminal moieties (TAB2C and TAB3C, Figure 1C),

which include the BBD, had the striking property to induce

the accumulation of GFP–LC3þ and FYVE–RFPþ puncta

on their own, as well as to exacerbate autophagy induced

by starvation, rapamycin or PFTa (Figure 5A and B).

Accordingly, expression of TAB2C or TAB3C (but not that of

TAB2N or TAB3N) reduced the interaction between endogen-

ous Beclin 1 and TAB2 or TAB3 (Figure 5C). Moreover, the

depletion of Beclin 1, ATG5, ATG7, TAK1, IKKa, IKKb or

NEMO inhibited the generation of GFP–LC3þ puncta by

TAB2C or TAB3C, suggesting that TAB2C- and TAB3C-in-

duced autophagy is mediated by the canonical pathway and

by TAK1-IKK activity (Figure 5D).

These results suggest that the dissociation of the

multiprotein complex including the pro-autophagic protein

Beclin 1 and the autophagy inhibitors TAB2 and TAB3 might

be sufficient to induce autophagy. To further explore this

possibility, we used yeast two-hybrid technology to deter-

mine the Beclin 1 domain that interacts with TAB2 and TAB3,

finding it comprised between residues 150 and 278

(Figure 6A), a region that overlaps with Beclin 1 central

coiled-coil domain (CCD, residues 144–269) (Kang et al,

2011). In control conditions, such a TAB-binding domain

(TBD) (Figure 6B) co-immunoprecipitated with TAB2 and

TAB3, as did full-length Beclin 1 but not a Beclin 1 deletion

mutant lacking the TBD (Beclin 1DTBD) (Figure 6C).

Moreover, recombinant TAB2 and TAB3 directly interacted

with the TBD (but not with Beclin 1DTBD) in pull-down

experiments (Supplementary Figure S5), and transgene-dri-

ven TBD expression caused endogenous Beclin 1 to dissociate

from TAB2 and TAB3 (Figure 6D and E). Of note, while WT

Beclin 1 failed to induce autophagy upon transfection-en-

forced expression, TBD did so very efficiently (Figure 6F;

Supplementary Figure S6), though slightly less than two gain-

of-function mutants of Beclin 1 with a deleted or inactivated

inhibitory BH3 domain (Figure 6F). TBD was also highly

efficient in stimulating the formation of FYVE–RFPþ puncta

(Figure 6G), suggesting that the disruption of the inhibitory

interactions between Beclin 1, TAB2 and TAB3 stimulates the

lipid kinase activity of the Beclin 1 complex. TBD-induced

autophagy depended on endogenous Beclin 1, ATG5 and

ATG7 as well as on the TAK1-IKK signalling axis, as demon-

strated in knockdown experiments (Figure 6H) or upon

transfection with DN TAK1 (Figure 6I). Taken together,

these results indicate that the dissociation of multiprotein

complex including Beclin 1, TAB2 and TAB3 potently stimu-

lates autophagy.

Discussion

In this work, we provide evidence in favour of an unsus-

pected intersection between autophagy regulation and up-

stream portions of the canonical NF-kB activation pathway.

Under physiological conditions, when autophagy is off,

Beclin 1 associates with several inhibitory factors that, as

we discovered here, include TAB2 and TAB3. However, upon

autophagy activation by several distinct stimuli including its

most physiological inducer, starvation, as well as pharmaco-

logical triggers (rapamycin and PFTa), TAB2 and TAB3

dissociate from Beclin 1 and associate with TAK1. This latter

association is well known to stimulate the kinase activity of

TAK1 (Takaesu et al, 2000; Ishitani et al, 2003; Besse et al,

2007) and to ignite the IKK pathway (Jin et al, 2004;

Kanayama et al, 2004).

TAB2 and TAB3 were found to interact with Beclin 1 in a

direct fashion, using several complementary technologies

(yeast two-hybrid screens and pull-down assays of recombi-

nant proteins), and their interaction was confirmed by

co-immunoprecipitation of tagged as well as endogenous

proteins. These data add TAB2 and TAB3 to the ever-expand-

ing list of Beclin 1 interactors that already comprises close to

20 confirmed proteins (including all four anti-apoptotic BCL-2

family proteins, AMBRA1, ATG14, HMGB1, nPIST, RUBICON,

SLAM, PINK, Survivin, UVRAG, VMP1, VPS15, VPS34,

etc.) (Kroemer et al, 2010; Kang et al, 2011). The detailed

mechanisms through which TAB2 and TAB3 dissociate from

Beclin 1 remain elusive. TAB2 and TAB3 are known to

interact with K63-linked polyubiquitin chains through a

highly conserved zinc finger domain (Kanayama et al,

2004). However, the BBD and the zinc finger domain do not

overlap, and the latter (aa 684–710 in TAB3) is fully preserved

in the TAB3DCC mutant, which fails to interact with Beclin 1.

Moreover, the Beclin 1 site that can undergo K63-linked

TAB2 and TAB3 control autophagy
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polyubiquitination is located in its N-terminal BH3-binding

domain (Shi and Kehrl, 2010), and the fraction of Beclin 1

that co-immunoprecipitates with TAB2 or TAB3 does not

manifest any shift in electrophoretic mobility that would be

compatible with ubiquitination. Rather, TAB2 and TAB3

appear to engage in direct protein-to-protein interactions

involving their CCDs (Ishitani et al, 2003), which overlap

with their BBD and are required for TAK1 binding (Takaesu

et al, 2000; Ishitani et al, 2003), in line with the observation

that the binding of TAB2 and TAB3 to Beclin 1 or TAK1 is

mutually exclusive.

On the side of Beclin 1, the domain involved in TAB

binding (residues 150–278) overlaps with the central CCD

(residues 144–269), which is flanked by the BH3 domain on

the N-terminal end (residues 114–123) and an evolutionarily

conserved domain (ECD, residues 244–337) on the C-terminus.
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Thus, TAB2 and TAB3 bind to the regulatory region of Beclin 1

that also mediates interactions with multiple autophagy-

regulatory proteins including AMBRA1 (Fimia et al, 2007),

ATG14 (Sun et al, 2008), nPIST (Yue et al, 2002), RUBICON

(Zhong et al, 2009) and UVRAG (Liang et al, 2006). The

question how TAB2 and TAB3 affect the binding of

these other factors to Beclin 1 will be the subject of future

investigations.

Irrespective of the aforementioned molecular details, one

fascinating aspect of autophagy regulation by TAB2 and TAB3

resides in its circuitry. Clearly, TAB2 and TAB3 are negative

regulators of Beclin 1 (and the Beclin 1-dependent VPS34-

Figure 5 Inhibition of autophagy by full-length TAB2 and TAB3 but induction by their C-terminal fragments. (A) Effects of full-length TAB2 and
TAB3 or their deletion mutants (as in Figure 1C) on autophagy. HeLa cells stably expressing GFP–LC3 were transfected with pcDNA3.1 (empty
vector) or with plasmids encoding the indicated TAB2 and TAB3 variants for 24h, then driven into autophagy by starvation or by the administration
of 1mM rapamycin or 30mM pifithrin a (PFTa) for 4h. Finally, the frequency (mean±s.d., n¼ 3) of cells with 45 GFP–LC3þ cytosolic puncta
(GFP–LC3VAC cells) was assessed (*Po0.01 versus control cells transfected with the same plasmid; #Po0.01 versus pcDNA3.1-transfected cells
treated with the same pro-autophagic trigger). (B) U2OS cells stably expressing FYVE–RFP were co-transfected with pcDNA3.1 or with vectors
encoding TAB2C or TAB3C together with a control siRNA (siUNR) or with siRNAs specific for VPS34, Beclin 1 (BCN1) or TAK1 for 24h, followed by
the quantification of cells exhibiting FYVE–RFPþ dots (FYVE–RFPþ ). Results are mean values±s.d. (n¼ 3; *Po0.01 versus siUNR-, pcDNA3.1-
transfected cells). (C) Inhibition of the interaction between endogenous TAB2, TAB3 and BCN1 by C-terminal fragments of TAB2 and TAB3. Forty-
eight hours after transfection with pcDNA3.1 or plasmids coding for the indicated proteins, cells were lysed, TAB2 or TAB3 was immunoprecipitated
and BCN1 was immunodetected. GAPDH levels were monitored to ensure equal loading. This experiment has been done three times, yielding
comparable results. (D) Mechanisms of autophagy induction by the Beclin-binding domain (BBD)-containing C-terminal fragments of TAB2 and
TAB3. HeLa cells were transfected with pcDNA3.1, TAB2C- or TAB3C-encoding plasmids in combination with the indicated siRNAs for 24h,
followed by the quantification of GFP–LC3VAC cells (mean values±s.d., n¼ 3; *Po0.01 versus siUNR-, pcDNA3.1-transfected cells).

Figure 4 Mechanisms of autophagy induced by depletion of TAB2 or TAB3. (A–D) Impact of bafilomycin A1 (BafA1) on the induction of
GFP–LC3þ puncta by TAB2 and TAB3 depletion. HeLa cells stably expressing GFP–LC3 were transfected with a control siRNA (siUNR) or with
siRNAs targeting TAB2 and TAB3 for 24h. During the last 12h of this period, BafA1 was optionally added. After fixation and permeabilization, LAMP2
was detected by immunofluorescence. Representative confocal microphotographs for the TAB2 siRNA are shown (A), together with the profiles of
colocalization of fluorescent signals (B) along the indicated direction (a–o). Columns in (C) represent the percentage of colocalization of GFP–LC3 and
LAMP2 (mean values±s.d.; *Po0.01 versus siUNR-transfected cells), as quantified in at least 50 cells for each condition. The frequency (mean±s.d.) of
cells with 45 GFP–LC3þ cytosolic puncta (GFP–LC3VAC cells) is plotted in (D). (E) Impact of BafA1 on LC3 lipidation. MEFs with the indicated
genotypes were cultured in complete medium supplemented with BafA1 for 12h and the proportion of LC3-I/LC3-II was determined by
immunoblotting. GAPDH levels were monitored to ensure equal loading. (F, G) Impact of autophagy-relevant proteins and of the TAK1-IKK signalling
axis on GFP–LC3 aggregation induced by the depletion of TAB2 or TAB3. HeLa cells stably expressing GFP–LC3 were transfected with siUNR or with
siRNAs targeting the indicated proteins, alone or in combination, and 48h later GFP–LC3VAC cells were quantified (mean values±s.d., n¼ 4; *Po0.01
versus siUNR-transfected cells). (H) Inhibition of autophagy by dominant-negative (DN) TAK1. HeLa cells stably expressing GFP–LC3 were co-
transfected with pcDNA3.1 (empty vector) or with plasmids encoding WT (TAK1WT) or a DN TAK1 variant (TAK1K63W) together with the indicated
siRNAs for 24h, followed by the quantification of GFP–LC3VAC cells (mean values±s.d., n¼ 3, *Po0.01 versus siUNR-, pcDNA3.1-transfected cells).
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Figure 6 Induction of autophagy by a Beclin 1 fragment that disrupts the interaction between endogenous Beclin 1, TAB2 and TAB3.
(A) Determination of the TAB-binding domain (TBD) within Beclin 1 (BCN1). Yeast two-hybrid technology was used to screen for positive (þ )
or negative interactions (�) between BCN1 fragments and full-length TAB2. (B) Schematic presentation of the constructs used in subsequent
experiments (BBD, Beclin-binding domain). (C) Confirmation of the TBD by immunoprecipitation. The indicated constructs were transfected
into HeLa cells, followed by lysis, immunoprecipitation of HA-tagged full-length TAB2 or TAB3 and detection of His-tagged constructs.
(D, E) Inhibition of the interaction between endogenous BCN1, TAB2 and TAB3 by a BCN1 fragment corresponding to the TBD. HeLa cells were
transfected with pcDNA3.1 (empty vector) or with plasmids encoding the TBD or a His-tagged Beclin 1 variant lacking the TBD (His–
BCN1DTBD), followed by co-immunoprecipitation of endogenous TAB2 (D) or TAB3 (E) and detection of BCN1. (F) Induction of autophagy by
the TBD. HeLa cells stably expressing GFP–LC3 were transfected with pcDNA3.1 or constructs encoding the indicated BCN1 variants. After
24 h, Flag-tagged proteins were detected by immunoblotting and the frequency of cells with 45 GFP–LC3þ cytosolic puncta (GFP–LC3VAC

cells) was assessed (mean values±s.d., n¼ 3; *Po0.01, **Po0.001 versus pcDNA3.1-transfected cells). (G, H) Mechanisms of autophagy
induction by the TBD. (G) U2OS cells stably expressing RFP–FYVE were transfected pcDNA3.1 or plasmids for the expression of TBD, BCN1 or
BCN1DTBD in combination with a control siRNA (siUNR) or siRNAs that effectively deplete VPS4, BCN1 and TAK1. Forty-eight hours later, the
percentage of cells exhibiting FYVE–RFPþ dots (FYVE–RFPþ ) was assessed. (G). Alternatively, HeLa cells stably expressing GFP–LC3 were
transfected with pcDNA3.1 or with a TBD-encoding plasmids plus siUNR or siRNAs specific the indicated proteins. Forty-eight hours later, the
percentage of GFP–LC3VAC cells was determined (H). Results are mean values±s.d. (n¼ 3, *Po0.01 versus siUNR-, pcDNA3.1-transfected
cells). (I) Inhibition of TBD-induced autophagy by dominant-negative (DN) TAK1. Cells were co-transfected pcDNA3.1 or vectors encoding WT
TAK1 (TAK1WT) or a DN TAK1 variant (TAK1K63W) alone or together with a TBD-encoding plasmid for 24 h, followed by the quantification of
GFP–LC3VAC cells (mean values±s.d., n¼ 3; *Po0.01 versus pcDNA3.1-transfected cells).
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mediated production of phosphatidylinositol-3-phosphate),

because knockdown of TAB2 or TAB3 induces autophagy,

overexpression of TAB2 and TAB3 inhibits autophagy and

fragments of Beclin-1 and TAB2 and TAB3 that contain the

TBD or the BBD, respectively, induce autophagy as they

disrupt the endogenous Beclin 1/TAB2/TAB3 complex. This

inhibitory effect of TAB2 and TAB3 on autophagy appears

to be dominant, as their deletion (by homologous recombina-

tion) or depletion (by siRNAs) induces an increase in the

autophagic flux.

Interestingly, the induction of autophagy by TAB2 and

TAB3 depletion or TBD transfection is not only inhibited by

depletion of Beclin 1 (or VPS34) but also is limited by the

knockdown of TAK1 or any IKK subunit. As our paper was

under revision, another report was published that confirmed

the role of TAB2 and TAB3 as negative regulators of autop-

hagy (Takaesu et al, 2011). siRNA-mediated depletion of TAB2

and TAB3 was found to decrease the abundance of SQSTM1/

p62 both in WT MEFs and in MEFs expressing a crippled

version of TAK1 that lacks its ATP-binding site (due to the

knockout of exon 2) (Takaesu et al, 2011). In sharp contrast,

we found that the depletion of TAK1 or the overexpression of

a DN TAK1 mutant inhibited autophagy in HeLa or U2OS cells

responding to the depletion of TAB2 and TAB3 or to the

overexpression of Beclin 1 TBD. Thus, TAK1 may either

contribute to autophagy induction in a context-dependent

fashion or do so through a mechanism that does not involve

its catalytic activity.

The depletion of TAB2 or TAB3 induces autophagy, yet

TAK1 appears to be necessary, at least to some extent, for this

response, as shown here. We and others found that TAK1 is

required for the optimal induction of autophagy by a number

of stimuli including starvation, endoplasmic reticulum stress,

rapamycin, PFTa, TGFb and the ligation of the death receptor

TRAIL (Herrero-Martin et al, 2009; Criollo et al, 2010; Ding

et al, 2010), suggesting a rather broad implication of TAK1 in

autophagic signalling. However, it appears counterintuitive

that depletion of TAB2 or TAB3 induces autophagy, as TAK1

normally relies on TAB2 and TAB3 as its obligatory cofactors

(Takaesu et al, 2000; Ishitani et al, 2003; Besse et al, 2007).

This discrepancy may either be explained by the kinetics of

depletion (the pool of TAB2 and TAB3 that interacts with

Beclin 1 might be less stable than the pool of TAB2 and TAB3

that is free to associate with TAK1) or by the existence of a

TAB-independent mode of activation of TAK1 that will have

to be explored in future studies.

Irrespective of these incognita, it is tempting to link the

present data (which indicate that TAB2 and TAB3 act as

negative regulators of the Beclin 1/VPS34 complex) and

those published in the literature (showing that TAB2 and

TAB3 act to stimulate TAK1) with our observation that TAB2

and TAB3 preferentially interact with Beclin 1 before, and

with TAK1 after, the induction of autophagy. In a possible

scenario, TAB2 and TAB3 would dissociate from Beclin 1

(thus unleashing the lipid kinase activity of the Beclin

1/VPS34 complex) and associate with TAK1 (thus activating

the TAK1-IKK signalling axis), overall functioning as a

‘switch’ in the control of autophagy by molecularly linking

a de-inhibitory reaction to a stimulatory one (Supplementary

Figure S7).

The existence of such a molecular ‘switch’ (and likely

others that remain to be discovered) may explain why

autophagy is accompanied by a series of stereotyped

alterations in major stress-response signalling pathways,

irrespective of the nature of the initiating stimulus. For

instance, starvation stimulates well-known pro-autophagic

pathways, including the activation of AMPK and of the

Beclin 1/VPS34 complex, but also completely unexpected

molecular cascades, such as those linked to the activation

of IKK and to the depletion of cytoplasmic p53 (Criollo et al,

2010). Conversely, the inhibition, deletion or depletion of p53

as well as the activation of TAK1 or IKK (by transfection of

constitutively active IKK subunits) stimulates AMPK-driven

autophagy (Tasdemir et al, 2008b; Herrero-Martin et al, 2009;

Criollo et al, 2010). Inhibition of p53 also leads to the

activation of IKK, which is necessary for autophagy induc-

tion, and, vice versa, artificial stimulation of IKK causes p53

depletion (Criollo et al, 2010). Both p53 inhibition and IKK

activation cause the dissociation of the BCL-2/Beclin 1 com-

plex (Tasdemir et al, 2008b; Herrero-Martin et al, 2009;

Criollo et al, 2010). However, BH3 mimetics that directly

disrupt the BCL-2/Beclin 1 complex (Maiuri et al, 2007)

also induce p53 depletion and IKK activation (Malik et al,

2011a). Cumulatively, these results suggest that the pathways

underlying the regulation of autophagy cannot follow a linear

hierarchy but must be interconnected in a complex network.

In this setting, the stimulation of autophagy by physiological

inducers (such as starvation or organellar stress) or pharma-

cological agents (such as rapamycin and PFTa) triggers an

ensemble of intimately linked changes that are coupled to

each other in self-amplificatory loops (Malik et al, 2011b).

While the ‘switch’ that we postulate here (and that involves

the dissociation of TAB2 and TAB3 from Beclin 1 and their

association with TAK1) cannot explain all these coordinated

alterations, it unveils some clues explaining the obligatory

synchronization of autophagy induction with TAK1-IKK

activation.

Materials and methods

Yeast two-hybrid system
Two different Beclin 1 baits have been screened. The first one was
constituted by Beclin 1 residues 46–362, as previously identified in
a screen for BCL-2-interacting proteins (Maiuri et al, 2007) fused in
C-terminal to the lexA DNA-binding domain (pB28) (Formstecher
et al, 2005). The second one was constituted by full-length Beclin 1
fused in N-terminal to the lexA DNA-binding domain (pB29)
(Formstecher et al, 2005). A random-primed human placenta cDNA
library based on the pP6 vector (Fromont-Racine et al, 2002)
was transformed into the Y187 Saccharomyces cerevisiae strain.
Ten million independent yeast colonies were collected, pooled and
stored at �801C as equivalent aliquot fractions of the same library.
In both screens, 480 millions diploid cells have been tested. The
first bait (Beclin 1 residues 46–432) has been screened with 1mM 3-
amino-1,2,4-triazole, while the full-length bait required 100mM 3-
amino-1,2,4-triazole, due to consistent autoactivation. Prey frag-
ments from positive clones were PCR amplified and sequenced at
their 50 and 30 junctions on a PE3700 Capillary DNA Sequencer (PE
Applied Biosystems, Foster City, USA) (Fromont-Racine et al, 2002).
The results were used to identify the corresponding genes in the
GenBank database (NCBI). The baits used to map the Beclin-
interacting domain have been obtained by recombination (gap
repair) in the C-terminal of the lexA DNA-binding domain, using the
following oligonucleotides: OLI6565 GGGCTGGCGGTTGGGGTTAT
TCGCAACGGCGACTGGCTGGAATTCACCACAGCCCAGGCGAAACA;
OLI6566 GGGCTGGCGGTTGGGGTTATTCGCAACGGCGACTGGCTGG
AATTCGACACTCAGCTCAACGTCACT; OLI6567 GGGCTGGCGGTTG
GGGTTATTCGCAACGGCGACTGGCTGGAATTCACCAACGTCTTTAAT
GCAACC; OLI6568 AATCATAAATCATAAGAAATTCGCCCGGAATTA
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GCTTGGCTGCAGGTCTCAAGTGACGTTGAGCTGAGTGTC; OLI6569
AATCATAAATCATAAGAAATTCGCCCGGAATTAGCTTGGCTGCAGG
TCTCAGTGCCAGATGTGGAAGGTTG; OLI6570 AATCATAAATCATAA
GAAATTCGCCCGGAATTAGCTTGGCTGCAGGTCTCATCAAACTTGT
TGTCCCAGAA.

Chemicals, cell lines and culture conditions
Unless otherwise indicated, chemicals were purchased by Sigma-
Aldrich (St Louis, USA), and media and supplements for cell culture
from Gibco–Invitrogen (Carlsbad, USA). Rapamycin was obtained
by Tocris Bioscience (Ellisville, USA). All cells were maintained in
standard culture conditions (371C, 5% CO2). Human cervical
carcinoma HeLa and human osteosarcoma U2OS cells (and their
GFP–LC3 and FYVE–RFP-expressing derivatives) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (FCS) and 10mM HEPES. Human colon
carcinoma HCT 116 cells were maintained in McCoy’s medium
supplemented with 10% FCS, 100mg/l sodium pyruvate and 10mM
HEPES, while WT, Tab1�/� and Tab2�/� MEFs were cultured in
DMEM supplemented with 10% FCS, 10mM HEPES and 1% non-
essential amino acids. For serum and nutrient starvation, cells were
cultured in serum-free Earle’s balanced salt solution (EBSS) (Boya
et al, 2005).

siRNAs, plasmids and transfections
siRNA transfections were performed by means of the Oligofecta-
mines reagent (Invitrogen), according to the manufacturer’s
instructions. The following custom-designed siRNA duplexes were
purchased from Sigma-Proligo (The Woodlands, USA): siBCN1
(sense 50-CUCAGGAGAGGAGCCAUUUdTdT-30) (Boya et al, 2005);
siVPS34 (sense 50-ACGGTGATGAATCATCTCCAAdTdT-30); siTAB1_1
(sense 50-GCCUUGGCUGAGAAGGCAAdTdT-30); siTAB1_2 (sense 50-GC
AUUACAACCAGACAGUUGAUAUUdTdT-30); siTAB2_1 (sense 50-GGAA
CGACUUCAAAGAGAAdTdT-30); siTAB2_2 (sense 50-GGAACGACUU-
CAAAGAGAAdTdT-30); siTAB3_1 (sense 50-GGUUGAAGUCUGAAGUU
AAdTdT-30); siTAB3_2 (sense 50-GCACAUACCUCGGUAUAGUdTdT-30)
siTAK1_1 (sense 50-GUAGAUCCAUCCAAGACUUTTdTdT-30); and siTA
K1_2 (sense 50-GAUGGUAUAUACCAAGUUdTdT-30). An irrelevant
siRNA duplex (siUNR, sense 50-GCCGGUAUGCCGGUUAAGUdTdT-30)
was employed as a negative control. Plasmid transfection was
carried out by means of the Lipofectamine 2000s reagent
(Invitrogen), as recommended by the manufacturer. A plasmid
encoding a GFP–LC3 chimera (Kabeya et al, 2000) was co-
transfected with the empty vector pcDNA3.1 (Invitrogen) or with
mammalian expression vectors encoding HA–TAK1, Flag–TAK1WT,
Flag–TAK1K63W, HA–TAB1, HA–TAB2, HA–TAB3 or T7–TAB3
(Takaesu et al, 2000). TAB2N (the HA-tagged N-terminus of TAB2,
residues 1–392), HA–TAB2C (the HA-tagged C-terminus of TAB2,
residues 393–693), T7–TAB3N (the T7-tagged N-terminus of
TAB3, residues 1–392), T7–TAB3C (the T7-tagged C-terminus
of TAB3, residues 393–712) and T7–TAB3DCC were generated by
PCR as previously described (Ninomiya-Tsuji et al, 1999; Takaesu
et al, 2000). Constructs encoding His-tagged Beclin 1 (His–BCN1),
Flag-tagged WT Beclin 1 (Flag–BCN1) and Flag-tagged Beclin 1
mutants (Flag–BCN1F123A, Flag–BCN1I125A and Flag–BCN1DBcl2BD)
(Pattingre et al, 2005) were a generous gift of Dr B Levine (Texas
Southwestern University, Dallas, USA). His–BCN1DTBD was con-
structed by first inserting at positions 148 and 276 of the His–BCN1
coding vector two EcoRI restriction sites by site-directed mutagen-
esis (with the Quickchanger Lightning Site-directed mutagenesis
kit, Agilent, Santa Clara, USA) based on the primers 50-GAATGCAC
AGATACTCTTTTAGACCAGGAATTCACTCAGCTCAACGTCACTGAAAA
TGA-30 and 50-CAACGTCTTTAATGCAACCTTCCACATCGAATTCAGTG
GACAGTTTGGCACAATCAATAAC-30 and their exact inverse comple-
mentary sequences. The resulting plasmid was then digested with
EcoRI and religated in the absence of the TBD-coding trait.

Immunoblotting and immunoprecipitation
For immunoblotting, cells were washed with cold PBS at 41C and
lysed as previously described (Criollo et al, 2007a, b). In all
experiments, 50mg of proteins was separated according to
molecular weight on 4–12% SDS–PAGE precast gels (Invitrogen)
and electrotransferred onto Immobilon membranes (Millipore,
Bedford, USA). Unspecific binding sites were blocked by incubating
membranes for 30min in TBS supplemented with 0.05% Tween-20
and 5% w/v non-fat powdered milk. Primary antibodies recogniz-
ing the following proteins were employed: Beclin 1, SQSTM1/p62,

TAB2, TAB3 (from Santa Cruz Biotechnology, Santa Cruz, USA);
LC3, TAB1, TAK1, VPS24, ATG7, His, HA (from Cell Signaling
Technology, Danvers, USA); ATG5 (from MBL International,
Woburn, USA); Flag (from Sigma-Aldrich); T7 (from Millipore).
Upon overnight incubation at 41C, primary antibodies were
detected with the appropriate horseradish peroxidase-labelled
secondary antibodies (Southern Biotechnologies Associates; Bir-
mingham; UK) and the SuperSignal West Pico chemoluminescent
substrate (Thermo Fisher Scientific Inc., Rockford, USA). A primary
antibody that specifically recognizes glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, from Millipore) was used to ensure equal
lane loading. For immunoprecipitation, 7�106 cells were lysed as
previously described (Criollo et al, 2007b), and 300 mg of proteins
was pre-cleared for 1 h with 30ml of Pure ProteomeTM Protein G
Magnetic Beads (Millipore), followed by incubation for 2 h in the
presence of 2mg of specific antibodies or IgG controls. Subsequent
immunoblotting was carried out using TrueBlotTM-HRP
(eBioscience, San Diego, USA) secondary antibodies.

Pull-down experiments with recombinant proteins
Recombinant full-length Beclin 1 (BCN1), the BCN1 TBD, a variant
of BCN1 lacking the TBD (BCN1DTBD) and the BBDs from TAB2 and
TAB3 were all generated as GST-tagged proteins using the PGEX 6P1
vector (GE Healthcare Life Science, Piscataway, USA) and optionally
liberated from GST using the PreScission Protease (GE Healthcare
Life Science), following the manufacturer’s recommendations.
Glutathione SepharoseTM 4B beads (GE Healthcare Life Science)
were washed in interaction buffer (100mM Tris pH 7.4, 300mM
NaCl, 0.5% NP-40, 1% glycerol and CompleteTM Protease Inhibitor
Cocktail Tablet, from Roche Applied Science, Indianapolis, USA)
and then GST-tagged recombinant proteins (25–100mg) were
immobilized on 30ml beads for 2.5 h at 41C. Thereafter, beads were
washed three times and diluted 1:10 in interaction buffer (final
volume¼ 500ml) followed by incubation for 1.5 h at 41C on a roller
with 50 mg of untagged recombinant proteins. Finally, beads were
washed three times and proteins were eluted at 951C for 5min in
the presence of SDS. In all, 5ml of eluates was analysed by
immunoblotting.

Light and immunofluorescence microscopy
Cells were processed for immunofluorescence staining according to
established protocols (Criollo et al, 2007b; Boehrer et al, 2008).
Fixed and permeabilized cells were incubated with primary
antibodies overnight and then revealed with the appropriate
AlexaFluors conjugates (Molecular Probes–Invitrogen). Nuclei
were counterstained with 10mg/ml Hoechst 33342 (Molecular
Probes–Invitrogen). Fluorescence and confocal fluorescence micro-
scopy assessments were performed with an IRE2 microscope (Leica
Microsystems, Weitzler, USA) equipped with a DC300F camera and
with an LSM 510 microscope (Carl Zeiss, Jena, Germany),
respectively. To determine the percentage of colocalization of
fluorescent signals, the Image J software (freely available from
the National Institute of Health, Bethesda, MD, USA at the address
http://rsb.info.nih.gov/ij/) was used. Cells exhibiting 45 GFP–
LC3þ or FYVE–RFPþ puncta were considered as positive (GFP–
LC3VAC and FYVE–RFPþ, respectively).

Electron microscopy
Cells were fixed for 1 h at 41C in 0.1M Sörensen phosphate buffer
(pH 7.3) supplemented with 1.6% glutaraldehyde, washed, fixed
again in aqueous 2% osmium tetroxide, stained in 2% uranyl
acetate in 30% methanol and finally embedded in Epon. Electron
microscopy was performed with a Tecnai 12 Spirit electron
microscope (FEI, Eindhoven, The Netherlands), at 80 kV, on
ultrathin sections (80 nm) stained with lead citrate and uranyl
acetate.

Statistical procedures
All experiments were performed in triplicate parallel instances and
repeated at least three times. Unless otherwise specified, figures
report the results from one representative experiment (mean
values±s.d., n¼ 3). Data were analysed with Microsoft Excel
(Microsoft Co., Redmond, USA) and statistical significance was
assessed by means of two-tailed unpaired Student’s t-tests.
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Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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