
Apoptosis blocks Beclin 1-dependent autophagosome
synthesis: an effect rescued by Bcl-xL

S Luo1 and DC Rubinsztein*,1

Apoptotic cell death is mediated by caspase activation. Autophagy involves the sequestration of cytoplasmic contents into

autophagosomes for traffic to lysosomes for degradation. Although autophagy is antiapoptotic, increased numbers of

autophagosomes have been associated with forms of non-apoptotic cell death. Apoptosis and autophagy may be co-regulated in

the same directions, as the antiapoptotic Bcl-2 and Bcl-xL proteins negatively regulate autophagy by binding to Beclin 1

(mammalian Atg6), and proapoptotic BH3-only proteins may reverse this effect by displacing these interactions. Here, we show

that apoptosis can suppress autophagy. Apoptosis induced by the proapoptotic protein Bax reduced autophagy by enhancing

caspase-mediated cleavage of Beclin 1 at D149. After cleavage, both N- and C-terminal Beclin 1 fragments change their

localisations and these fragments do not interact normally with Vps34, which is required for autophagy. The cleavage of Beclin 1

is a critical event whereby caspases inhibit autophagy, as a non-cleavable Beclin 1 mutant restored autophagy in cells

overexpressing Bax.
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Macroautophagy, which we will call autophagy, is a bulk

degradation system that mediates clearance of long-lived

cytoplasmic proteins, including aggregate-prone proteins,

certain pathogens (like mycobacteria and herpes viruses)

and organelles (like mitochondria).1–4 In mammalian cells,

autophagosome formation begins with a nucleation step,

where membranes of unknown origins form phagophores,

which then expand and fuse to form completed double-

membrane vesicles called autophagosomes. Autophago-

somes are formed at random sites in the cytoplasm, then

traffic along microtubules in a dynein-dependent fashion

towards the microtubule-organising centre where they

are more likely to encounter lysosomes.5 After fusion with

the lysosomes, the contents of the autophagosomes are

degraded.6

Autophagy is controlled by two ubiquitin-like conjugation

processes. The first involves conjugation of Atg12 to Atg5.

Atg5–Atg12 conjugates are localised to phagophores and

dissociate after mature autophagosomes are formed.7 Atg5–

Atg12 conjugation is regulated by the activity of the class III

PI-3-kinase, Vps34.8 Vps34 activity is positively regulated by

themammalian orthologue of yeast Atg6, called Beclin 1.9 The

second modification involves conjugation of microtubule-

associated protein 1 light chain 3 (MAP–LC3/Atg8/LC3) to

phosphatidylethanolamine (PE). LC3 (cytosolic) is cleaved at

its C terminus by Atg4 to form LC3-I. LC3-I is covalently

conjugated to PE to form LC3-II. LC3-II (membrane asso-

ciated) is specifically targeted to Atg5–Atg12-associated,

expanded phagophores and remains associated with auto-

phagosomes even after fusion with lysosomes, after which

LC3-II can be delipidated and recycled. LC3 is the only known

protein that specifically associates with autophagosomes and

not with other vesicular structures. Thus, LC3-II levels

correlate with autophagosome number, which can also be

assessed by scoring LC3-positive vesicles.10

Apoptosis, also called type 1 cell death, is a form of cell

suicide mediated by caspase activation.11 Although auto-

phagy has been demonstrated as a cytoprotective and

antiapoptotic process, increased numbers of autophago-

somes have been associated with forms of non-apoptotic cell

death, called type 2 cell death.11–14 Both apoptosis and

autophagy can be regulated by Bcl-2 family proteins. Bcl-2

family proteins have been divided into subgroups based on

the presence of their Bcl-2 homology (BH) domain(s).15 The

related antiapoptotic proteins Bcl-2 and Bcl-xL contain four

BH domains (BH1–BH4). Bad, Noxa, Bim, Bid, Puma, and

Bnip3/Nix each contain a single BH3 domain, and are a group

of proapoptotic proteins. Bax and Bak contain three BH

domains (BH1–BH3), and either protein is required for

mitochondrial outer membrane permeabilisation leading to

cytochrome c release, which, in turn, results in the activation

of a cascade of caspase enzymes that ultimately execute

apoptosis.16,17 BH3-only proteins appear to kill cells by

binding to the BH3 receptor, the groove formed by the BH1,

BH2 and BH3 domains. This process may either activate

Bax/Bak, or may induce death by displacing antiapoptotic

BH1-4 (Bcl-2/Bcl-xL) proteins, which inhibit Bax/Bak when

bound to them.16–18

The Bcl-2 family proteins also regulate autophagy, because

Beclin 1 has a BH3 domain that binds to a hydrophobic groove
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in Bcl-2/Bcl-xL.19 The binding of Bcl-2/Bcl-xL to Beclin 1

impairs autophagy, as the complex containing Beclin 1 and

Vps34 has less PI-3-kinase activity when associated with Bcl-

2/Bcl-xL.20 The inhibitory effect of Bcl-2/Bcl-xL on autophagy

can be suppressed if Beclin 1 is dissociated from these

proteins by BH3-only proteins like Bad.21 Thus, apoptosis and

autophagy may be co-regulated in the same directions.

However, BH1-3 proteins, like Bax, have not been implicated

in autophagy regulation.

Results

Bax inhibits autophagy. We initially tested whether Bax

could disrupt the Beclin 1–Bcl-xL interaction, analogous to

what was observed with BH3-only proteins, and confirmed

that this was the case (Figure 1a). We then tested if Bax

overexpression enhanced autophagy. In contrast to what

was seen with Bad overexpression,21 we found that Bax

significantly reduced LC3-II levels (Figure 1b), and found that

this effect was Bax-dose-dependent (Figure 1c, Supple-

mentary Figure S1a–b). Bax also reduced LC3-II or GFP-

LC3-II levels in cells treated with Bafilomycin A1 (Baf), which

blocks LC3-II degradation, suggesting that Bax decreased

autophagosome synthesis (Figure 1b, Supplementary Figure

S1a–b). We also tested whether Bax decreased autophagy

in conditions where it was stimulated. Supplementary Figure

S2 shows that Bax still attenuated LC3-II synthesis in cells

treated with the potent autophagy inducer, trehalose.22 The

effects of Bax on autophagy appeared to be caspase-

dependent, as they were largely reversed by the pan-

caspase inhibitor, z-VAD-fmk. This effect was observed

both by LC3-II immunoblotting (Figure 1c) and by scoring

GFP–LC3 vesicle numbers (Figure 1d). High concentrations

(100mM) of zVAD-fmk may inhibit cathepsins in cells23 and

calpain in vitro.24 The potential inhibitions of cathepsins and

calpain are unlikely to have a major impact on our results,

because we used a much lower concentration in the

experiments (20 mM). We confirmed that the decrease of

LC3-II levels caused by Bax was dependent on caspase-3

activity, as a caspase-3 inhibitor reversed this effect

(Figure 1e).

Caspases cleave and inactivate Beclin 1. We tried to

identify the mechanism whereby Bax reduces autophagy,

and noted that Bax reduced Beclin 1 expression (Figure 2a).

As, pan-caspase inhibition stabilised Beclin 1 in the presence

of Bax (Figure 2a, Supplementary Figure S3a–b) and also

rescued the Bax-mediated inhibition of autophagy (Figure 1c

and d, Supplementary Figure S3b), we considered that

Beclin 1 may be a caspase substrate and that this may be the

mechanism for these Bax effects.

The treatment of cells with both TNF-a and cycloheximide

(CHX) is an established method for caspase activation.25

Consistent with the Bax overexpression data, TNFþCHX

reduced Beclin 1 levels by at least 50% and this effect was

inhibited by caspase inhibition (Figure 2b). This is likely to be

significant as a 50% reduction of Beclin 1 affects autophagic

activity.26 The caspase-dependent reduction in full-length

Beclin 1 levels was associated with the appearance of a

fragment of this protein that was recognized by a tag on the C

terminus of exogenous Beclin 1 (Figure 2b). TNF-a þCHX

treatment also caused a reduction in the levels of endogenous

Beclin 1.Wewere unable to detect a Beclin 1 fragment using a

Beclin 1 N-terminal antibody, suggesting rapid turnover of this

fragment (Supplementary Figure S4a). However, the caspase

inhibitor, z-VAD-fmk abolished the ability of TNFþCHX to

reduce Beclin 1 levels (Supplementary Figure S4b). Auto-

phagic degradation is unlikely to have a significant role in the

Beclin 1 turnover under these conditions, because the potent

chemical autophagy inducer trehalose failed to alter Beclin 1

levels significantly in both Atg5 wild-type (autophagy-compe-

tent) and Atg5 null (autophagy-deficient) mouse embryonic

fibroblasts (MEFs) (Supplementary Figure S5). Consistent

with these data, staurosporine, another apoptosis-inducing

treatment, also resulted in Beclin 1 cleavage detected with an

antibody directed to the C-terminus of endogenous Beclin 1

(Figure 2c). Interestingly, we observed an extra 50 kDa band

in this assay, however, this size band was not detected in the

assay with Beclin 1-Flag. We cannot exclude the possibility

that this 50 kDa band is an intermediate fragment.

To identify the caspase cleavage site, we screened the

potential caspase consensus sequences within Beclin 1 and

found that Asp149 (149D) was a preferred caspase cleavage

site. To verify this caspase cleavage site, we mutated 149D to

Glu (149E). Figure 2d shows, that, in contrast to wild-type

Beclin 1, Beclin 1-149E is no longer cleaved. As caspase-3 is

a major caspase acting in apoptotic execution pathways, we

tested if it was able to cleave Beclin 1 in vitro. Figure 2e shows

that caspase-3 is capable of cleaving wild-type Beclin 1 but

not mutated Beclin 1-149E. These data revealed that Beclin 1

is a substrate of caspase-3 and that 149D is the major

cleavage site. This caspase recognition sequence is well

conserved in Beclin 1 orthologues inmany species (Figure 2f).

Notably, this site is not conserved in yeasts that are thought to

lack caspases.

We tested if the N-terminal and C-terminal caspase

cleavage products of Beclin 1 (Beclin 1 N and C) were still

able to induce autophagy. We have established that auto-

phagy regulates the clearance of mutant huntingtin (htt)

fragments and other aggregate-prone proteins, and that the

percentage of cells with aggregates of mutant htt correlates

inversely with autophagic activity, all other things being

equal.27,28 When Beclin 1 was co-transfected with a GFP-

tagged exon 1 mutant htt fragment (GFP-74Q) in SK-N-SH

human neuroblastoma cells, the aggregation of mutant htt

was markedly reduced, compared with vector-cotransfected

cells, as previously reported.29However, neither Beclin 1 N or

C by themselves, nor together, had any significant effect on

the clearance of mutant htt aggregation, suggesting that both

Beclin 1-N and C have lost autophagic activity (Figure 3a).

Similarly, full-length Beclin 1 overexpression consistently

increased autophagosome numbers (Figure 3b), whereas its

N-terminal and C-terminal caspase cleavage products had no

significant effects. The effects of Beclin 1 on htt aggregation is

autophagy dependent as it is lost in cells treated with the

autophagy inhibitor, 3-methyl adenine (3MA) (Figure 3a) and

in autophagy-deficient Atg5 null MEFs (Figure 3c). Consis-

tently, Beclin 1, rather than Beclin 1-N or -C, reduced mutant

httEx1 aggregation in Atg5 wild-type MEFs (Figure 3c). The
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Figure 1 Bax reduces autophagosome formation. (a) Bcl-xL (0.6mg), Bcl-xL (0.6mg)/Beclin 1 (0.6mg), Bcl-xL (0.6mg)/Beclin 1 (1.2mg)/Bad (0.6mg) and Bcl-xL (0.6mg)/Beclin 1
(1.8mg)/Bax (0.6mg) were transfected into HeLa cells. To achieve similar expression levels of Bcl-xL and Beclin 1, we used different amounts of Bcl-xL and Beclin 1 in each
transfection. Empy vectors were used to keep the amount of DNA in each transfection constant. After 20 h, cells were lysed and anti-Flag was used for immunoprecipitation.
Immunoprecipitates were detected with anti-Bcl-xL and anti-Flag (Beclin 1), respectively. Total lysates were detected with anti-Bcl-xL, anti-Flag, anti-Bad and anti-Bax, respectively.
(b) HeLa cells were transfected with empty vector (lanes 1, 3), or Bax (lanes 2, 4). After 20 h, one of the two sets (lanes 3–4) was treated with Bafilomycin A1 (Baf) for 4 h. This
treatment blocks LC3-II degradation and is saturating; thus, the changes in LC3-II reflect altered autophagosome synthesis.8 The cells were then lysed and subjected to SDS-PAGE
and blotting with anti-LC3 (top), anti-tubulin (bottom), respectively. Note that lighter exposures were used in the Baf conditions to enable assessment of changes in LC3-II levels, as Baf
dramatically increases LC3-II levels. Endogenous LC3-I levels appear very low in HeLa cells as LC3 antibody has stronger immunoreactivity to LC3-II than LC3 I.33 (c) GFP-LC3 was
co-transfected with increasing levels of Bax plasmid, as indicated in duplicate. (In all experiments of this type, the total amount of transfected DNA is kept constant by using empty
vector.) After transfection, one set was treated with DMSO (lanes 1–6) and the other set was treated with z-VAD-fmk (20mM) (lanes 7–12). After 20 h, cell lysates were subjected to
western blot with anti-GFP (top and middle) and anti-tubulin (bottom). (d) GFP-LC3/vector, or GFP-LC3/Bax were transfected into HeLa cells. The GFP-LC3/Bax transfections were
treated with either DMSO or z-VAD-fmk (20mM), and GFP–LC3 transfection was also treated with DMSO following transfection. After 20 h, cells were fixed and the numbers of GFP
puncta were scored. Pictures were taken under fluorescent microscope. These transfections do not give rise to GFP–LC3 aggregates 5. *P1o0.05; P2o0.01. (e) Vector or Bax were
transfected into HeLa cells. The Bax transfections were treated with either DMSO or caspase-3 inhibitor (Ac-DEVD-CHO) (20mM), and vector transfection was also treated with DMSO
following transfection. In a parallel experiment, cells were treated with Bafilomycin A1 for the last 4 h before harvesting. After 20 h, cell lysates were subjected to western blots and
probed with anti-LC3, anti-tubulin antibodies. LC3-II densitometry is indicated (versus tubulin)
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expression levels of Myc-Beclin 1, Myc-Bec-N and Myc-

Bec-C are shown in Supplementary Figure S6.

Non-caspase-cleavable Beclin 1 rescues autophagy in

Bax-expressing cells. We tested if Beclin 1 cleavage was

the major determinant of the inhibition of autophagy by

caspases and confirmed that this was the case, as the Bax

reduced autophagosome numbers in vector-transfected

cells, but the autophagosome numbers were restored in

Beclin 1-149E-transfected cells. The autophagosome

numbers were partially restored by cleavable wild-type

Beclin 1 (Figure 4a). We confirmed that the expression of

Beclin 1-149E in the presence of Bax was similar to those of

wild-type Beclin 1 in otherwise normal cells not exposed to

Bax overexpression (Figure 4b). We then confirmed that

Bax also reduced autophagosome numbers in starvation

conditions, which normally increase the numbers of LC3

vesicles per cell (Supplementary Figure S7a).

Supplementary Figure S7b shows that Beclin 1-149E

exerted a protective effect against the reduction of
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(lanes 1–6) was treated with DMSO and the other set was treated with z-VAD-fmk (lanes 7–12). After 20 h, cell lysates were subjected to western blot with anti-Flag (top), anti-
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cleave Beclin 1 or Beclin 1-149E containing cell lysates. Samples were subjected to 12% SDS-PAGE and blotting with anti-Flag. Note that the extent of the Beclin 1 fragment
migration differs in Figure 2b, d and e as different percentage gels were used. (f) Alignment of Beclin 1 from different species, showing caspase consensus sequence

Caspases inhibit autophagy

S Luo and DC Rubinsztein

271

Cell Death and Differentiation



autophagosomes induced by Bax in starvation conditions, in

a way that was analogous to what we observed in full media.

Similarly, Beclin 1 D149E restored LC3-II levels in Bax-

transfected cells in both Baf or non-Baf-treated cells in full

media (Figure 4c).

To exclude the possibility that Beclin 1-149E acts as a

caspase-3 inhibitor, we assayed caspase-3 activity in Bax-

overexpressing cells in the presence or absence of wild-type on

Beclin 1-149E. As expected, caspase-3 activity was enhanced

by Bax overexpression. However, this effect was not affected in

cells overexpressing either wild-type Beclin 1 and Bax or Beclin

1-149E and Bax, compared with cells overexpressing Bax alone

(Supplementary Figure S8a). These data were confirmed by the

cleavage assay of poly(ADP-ribose) polymerase (PARP), a

classical caspase-3 substrate. Similar levels of the 85-kDa

PARP caspase fragment were detected in cells with Bax alone,

Bax and Beclin 1 or Bax and Beclin 1-149E (Supplementary

Figure S8b).

Previously, we showed that Beclin 1 regulates Atg5–Atg12

conjugation, a step that precedes LC3-II formation.8 Supple-

mentary Figure S9 confirms that the levels of the endogenous

Atg5–Atg12 conjugate are decreased in the Beclin 1-knock-

down cells. Consistent with these findings, Bax decreased

Atg5–Atg12 conjugation in vector-transfected cells, whereas

Beclin 1-149E partially restored the levels of the conjugate

(Supplementary Figure S10a–b).

Mechanism of the loss-of-function of Beclin 1 cleavage

fragments. Beclin 1 is a predominantly cytoplasmic protein,

enriched in mitochondria and ER.20,30.These localisations

are important for its function(s). We tested if the localisations

of caspase-cleaved fragments of Beclin 1 are different from

full-length Beclin 1. We generated Beclin 1–GFP (Bec–GFP),

N-terminal Beclin 1–GFP (1-149aa, Bec-N-GFP), and

C-terminal Beclin 1–GFP (150–450aa, Bec-C-GFP). Bec–

GFP was predominantly localised in the cytoplasm, as

previously reported. However, Bec-N-GFP was mainly

localised in the nucleus, and Bec-C-GFP was localised in

both cytoplasm and nucleus (Figure 5(a–b)). Similar effects

were observed with these constructs when tagged with Myc,
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(myc-Bec-Nþ Bec-C) into Atg5 wild-type MEFs. After 48 h, cells were fixed and aggregation was evaluated. *Po0.05
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rather than with GFP (Figure 5c). As the interaction between

Beclin 1 and Vps34 is essential for autophagy, we tested

whether the cleaved Beclin 1 fragments still retained the ability

to bind Vps34. Figure 5d and Supplementary Figure S11 show

that Beclin 1 N-terminal bound only weakly to Vps34, whereas

this interaction is almost lost for Beclin 1 C-terminal. These

data, along with the mislocalisation of cleaved Beclin 1, can

explain why the cleavage results in a loss-of-function.

Bcl-xL rescues autophagy in bax-expressing cells. Then

we asked whether antiapoptotic Bcl-2/Bcl-xL antagonizes the

ability of Bax to reduce autophagy. Interestingly, Figure 6a

shows that Bcl-xL (column 3) dramatically increased

autophagosome number in cells where Bax is over-

expressed, compared with the cells overexpressing Bax but

no Bcl-xL (column 2). Bcl-xL (column 4) decreased

autophagosome number in cells without overexpression of

Bax, in comparison with the cells without overexpression of

Bax and Bcl-xL (column 1). However, we also observed that

Bax (column 3) restored the loss of autophagosomes caused

by Bcl-xL (column 4). This effect may be because of Bax

disrupting the Bcl-xL–Beclin 1 interaction (Figure 1a), similar

to the effect of BH3-only proteins on autophagy.31 The

pictures of autophagosomes in these cells are shown in

Figure 6b. Figure 6c shows LC3-II levels in the cells where

vector, Bax, Bax–Bcl-xL, or Bcl-xL overexpressed. The LC3-

II levels are consistent with autophagosome numbers in the

cells overexpressing Bax, Bax–Bcl-xL or Bcl-xL (Figure 6a, b).

Finally, we observed that Bcl-xL rescued both the loss of

Beclin 1 and the increased cell death caused by Bax

overexpression (Figure 6d, Supplementary Figure S12).

Discussion

We find that autophagosome synthesis is inhibited after

caspase activation, and this appears to be predominantly

mediated by caspase cleavage of Beclin 1. Our finding that

Beclin 1 is a caspase substrate is consistent with a recent

study by Cho et al.32 that made the same initial observation,32

but did not identify the cleavage site. However, the main

conclusion of our study is that caspases/apoptosis inhibit

autophagy. This is novel and has not been shown in the Cho

paper, which reported that Atg6/Beclin 1 modulates sensitivity

of cells to TRAIL-induced cell death, an issue distinct from our
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study. Furthermore, Cho et al.32 did not examine if the

caspase cleavage of Beclin 1 was critical for autophagy

inhibition (as caspases could potentially cleave many other

autophagymodulators). Although caspase-cleavage of Beclin

1 appears to be a major determinant of the effects we have

observed (because they are abrogated by non-caspase

cleavable Beclin 1 mutants and pan-caspase or caspase 3

inhibitors), we cannot exclude additional factors influencing

Beclin 1 expression under these conditions.

We believe that our data provide new and important insights

into the relationship between apoptosis and autophagy. As

autophagic flux will be downregulated in cells after caspase

activation, the antiapoptotic effects of autophagy will not

compete with apoptosis once the latter process is established,

and may explain why autophagic and apoptotic morphologies

generally do not coexist.

We assayed autophagosome numbers both by western

blotting of LC3-II and by counting LC3 dots in cells.

The reductions of either parameter induced by Bax were

similar (about 50% – see Figure 1e and 6a), although

perhaps the effects on LC3 dots were slightly more

obvious. One possible explanation for the slightly larger

magnitude of effect on Bax on GFP–LC3 dots than on LC3-II

expression as measured by western blot analysis is that Atg6

and Beclin 1 may not be directly required for Atg8/LC3

lipidation as an isolated process, although they are required

for the localisation of lipidated LC3 to autophagosomal

membranes. Therefore, the assays used in this study may
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be underrepresenting the inhibitory effects of Bax over-

expression on autophagy.

Our data also reveal another role for Bcl-2 family members

in autophagy regulation. In contrast with BH3-only proteins

that can act to enhance autophagy by relieving the inhibition of

the inhibitory effects of the Bcl-2–Bcl-xL interactionwith Beclin 1,

Bax/caspase induction results in Beclin 1 cleavage and

decreased autophagy (Supplementary Figure S13). This

model is also supported by the observation that when

autophagosome numbers are decreased by either Bax (by

cleaving Beclin 1), or Bcl-xL (by binding to Beclin 120),

co-transfection of Bcl-xL with Bax normalizes autophagosome

numbers (Figure 6, Supplementary Figure S13). This may

occur because Bcl-xL antagonizes the proapoptotic effects of

Bax, whereasBax, in turn, disrupts theBeclin 1–Bax interaction

(seeFigure 1a). Thus, there are two scenarios that appear to be

operating with Bax overexpression, depending on the anti-

apoptotic state of the cells (Figure 1a versus Figure 6). In cells

without increased antiapoptotic capacity (e.g., without Bcl-xL

overexpression or caspase inhibitor treatment), Bax over-

expression will lead to decreased Beclin 1 levels by caspase

cleavage and this will decrease autophagic flux. However, in
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cells with sufficient antiapoptotic capacity (e.g., with Bcl-xL

overexpression or caspase inhibitor treatment) then Bax will

disrupt the Bcl-xl–Beclin interaction and induce autophagy.

Another important factor that will regulate the differential effects

of Bcl-2 family members is subcellular localisation. For

instance, ER-localised, but not mitochondrial Bcl-2 appears to

be relevant for autophagy inhibition.20 Conversely, mitochon-

drial Bcl-2 is relevant for its antiapoptotic effects. As these

protective roles of Bcl-2 would reduce caspase activity after

proapoptotic insults, they would also be predicted to preserve

autophagy in cells exposed to various toxic agents. Thus, in

certain circumstances, Bcl-2/Bcl-xL may have opposite effects

on autophagy, depending on whether it is associated with

mitochondria or the ER.

Materials and Methods
DNA construction. Beclin 1 or its truncated forms were generated by PCR
and subcloned into pCMV-5a vector (C-terminal Flag-tagged expression vector),
pCMV-6M (N-terminal Myc-tagged expression vector), pEGFP-N3 (C-terminal
GFP-tagged expression vector). Beclin 1 point mutants were generated with
Stratagene Quikchange Mutagenesis kit (Stratagene, Cheshire, UK). Mouse Bad
was purchased from Cell Signaling (Hitchin, UK) and subcloned into pcDNA3. Bax
and Bcl-xL were the products from Addgene (Cambridge, MA, USA) and cloned into
pcDNA3. Vps34 was cloned into pcDNA3. All the DNA constructs were confirmed by
DNA sequencing.

Antibodies and reagents. Rabbit polyclonal antibodies: anti-Beclin 1 (C-)
(1 : 1000) (Sigma, Gillingham, UK); anti-Beclin 1 (N-) (1 : 1000) (Sigma); anti-Myc
(1 : 1000) (Sigma); anti-PARP p85 (1 : 1000) (Promega, Southampton, UK). Anti-
mouse monoclonal antibodies: anti-Flag (M2) (1 : 1000), anti-tubulin (1 : 5000)
(Sigma), anti-Myc (9E10) (1 : 1000) (Sigma). Anti-Flag M2-agarose affinity gel
Sigma). TNF-a, recombinant caspase-3 were purchased from Chemicon
International (Dundee, UK). Cycloheximide was from Sigma. Bafilomycin A1 (Baf)
was purchased from Millipore (Dundee, UK) (400 nM). Caspase-3 inhibitor
(Ac-DEVD-CHO) and Pan-caspase inhibitor (z-VAD-fmk) were from Calbiochem
(Nottingham, UK). Cells were treated with 20 mMAc-DEVD-CHO and 20mM z-VAD-
fmk. Both 3-methyladenine (3-MA) and trehalose were from Sigma.

Cell culture. HeLa, SK-N-SH cells and Atg5 knockout MEFs were cultured with
standard methods in DMEM supplemented with 10% FCS (Sigma). Transfection was
performed with Lipofectamine 2000 (Invitrogen, Paisley, UK) according to standard
methods. In cellular Beclin 1 cleavage assays, cells were treated with 10 ng/ml TNF-a
and 30mg/ml CHX or Staurosporine (STS, 1mM) for indicated times. To inhibit
autophagy, cells were treated with 10mM 3-MA for 24 h following transfection. To
stimulate autophagy, we treated cells with 100mM trehalose for the indicated times.

siRNA transfection. HeLa cells were split 1 day before transfection to 50%
confluence and left overnight in antibiotic-free DMEM containing 10% FBS. Beclin 1
siRNAs (Ambion, Warrington, UK) were transfected with DharmaFect 1 according to
the manufacturer’s instructions. Non-targeting siRNA (Dharmacon, Lafayette, CO,
USA, cat no: D-001210-01) was the control siRNA. HeLa cells were maintained in
10% FBS DMEM containing no antibiotics for 48 h after transfection.

In vitro caspase cleavage. Cells were lysed in lysis buffer (50mM HEPES,
5mM DTT, 0.1 mM. EDTA, 0.1% CHAPS, pH 7.4, supplied by Calbiochem in
Caspase-3 activity assay kit). Beclin 1 in the lysates was then cleaved with 1 U
caspase-3 in cleavage buffer (50mM HEPES, 50mM NaCl, 0.1% CHAPS, 10mM
DTT, 1 mM EDTA, 5% Glycerol) for 1 h at 371C. The cleaved products were
subjected to western blot analysis.

Caspase-3 activity assay. Caspase-3 activity assay was performed
according to the instructions in the Caspase-3 cellular activity assay kit
(Calbiochem, cat no: 235419). Briefly, caspase substrate Ac-DEVD-pNA in assay
buffer was added to the same amount of cellular lysates (15 ml) as for in vitro
caspase cleavage and the mixtures were incubated for 1 h at 371C. Absorbance
was read at 405 nm.

Estimation of aggregates. To measure aggregates, approximately 200
transfected cells were counted in multiple random visual fields per slide. All
coverslips were scored with the observer blinded to the identity of the slides. Cells
were analysed using a fluorescent microscope (Eclipse E600, Nikon, Japan). The
figures show data from representative experiments in triplicate. Cells were counted
as aggregate-positive if one or several aggregates were visible within a cell.

Estimation of numbers of autophagosome per cell. GFP-LC3
puncta were scored under a fluorescent microscope (� 100). Approximately 50
GFP-positive cells were counted in multiple random visual fields per slide. All
coverslips were scored with the observer blinded to the identity of the slides. The
figures show data from experiments in triplicate, at least.

Quantification of autoradiographs. To quantify western blot band
densitometry, the relevant specified bands were analysed using ChemiImager
(Alpha Innotech Co., San Leandro, CA, USA).

Statistics. T-test was used and P-values were determined by unconditional
logistical regression analysis by using the general loglinear option of SPSS 9.1
software (SPSS, Chicago, IL, USA).

Immunoprecipitation. Immunoprecipitation (IP) was performed using Buffer
A (20mM Tris-HCl, pH 7.2, 2 mM MgCl2, 150mM NaCl, 5 mM NaF, 1 mM Na3VO4,
0.5% NP-40, protease inhibitor cocktail (Roche)). Cells were lysed in Buffer A for
20min on ice, followed by centrifugation at 13 000� g for 15min. Then, 500mg–
1mg total protein were used as the starting material for IPs. Anti-Flag M2-agarose
affinity gel was added to a final concentration of 5 mg/ml and incubated for 2 h to
overnight at 41C. IP products were either directly boiled in Laemmli buffer and
subjected to PVDF membrane transfer and western blot.
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