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The essential autophagy protein and haplo-insufficient tumor 
suppressor, Beclin 1, interacts with several cofactors (Ambra1, Bif-
1, UVRAG) to activate the lipid kinase Vps34, thereby inducing 
autophagy. In normal conditions, Beclin 1 is bound to and inhibited 
by Bcl-2 or the Bcl-2 homolog Bcl-XL. This interaction involves a 
Bcl-2 homology 3 (BH3) domain in Beclin 1 and the BH3 binding 
groove of Bcl-2/Bcl-XL. Other proteins containing BH3 domains, 
called BH3-only proteins, can competitively disrupt the interaction 
between Beclin 1 and Bcl-2/Bcl-XL to induce autophagy. Nutrient 
starvation, which is a potent physiologic inducer of autophagy, can 
stimulate the dissociation of Beclin 1 from its inhibitors, either by 
activating BH3-only proteins (such as Bad) or by posttranslational 
modifications of Bcl-2 (such as phosphorylation) that may reduce 
its affinity for Beclin 1 and BH3-only proteins. Thus, anti-apop-
totic Bcl-2 family members and pro-apoptotic BH3-only proteins 
may participate in the inhibition and induction of autophagy, 
respectively. This hitherto neglected crosstalk between the core 
machineries regulating autophagy and apoptosis may redefine the 
role of Bcl-2 family proteins in oncogenesis and tumor progression.

Introduction

The death and degradation of cells or of their parts constitute 
a normal facet of the healthy life of eukaryotic organisms. During 
organismal homeostasis, extracellular and intracellular macromol-
ecules are constantly degraded and resynthesized. Within cells, 
cytoplasmic organelles are continually renewed by a process involving 
destruction and reconstruction. Further, when one cell divides, 
giving rise to two daughter cells, another cell has to die to maintain 
the population constant. Thus, given the importance of cell death 
and cell degradation in tissue homeostasis, it seems likely that mecha-
nisms have evolved to coordinately regulate these two pathways.

Two prominent mechanisms of self-destruction have captured 
the attention of cell biologists over the last decades: apoptosis and 
autophagy. Apoptosis, also called type 1 cell death, may be defined 
as suicidal cell death with a particular morphology involving nuclear 
chromatin condensation.1,2 Autophagy (sometimes associated with 
so-called type 2 non-apoptotic cell death) is characterized by the 
sequestration of cytoplasmic material in vacuoles for bulk degrada-
tion by lysosomal enzymes.3 Although a process of self-destruction, 
autophagy is not invariably a process of cell death; on the contrary 
autophagy often protects against cell death.4-7 In conditions of stress, 
autophagy can remove damaged organelles (and hence facilitate 
repair)8 or furnish additional ATP by catabolizing cellular macromol-
ecules (and hence favor survival).9,10

The molecular mechanisms of apoptosis and autophagy are quite 
different and involve fundamentally distinct sets of regulatory and 
executioner molecules.11-13 Thus far, there is no known overlap 
between the proteins that are essential for autophagy in Saccharomyces 
cerevisiae and those that regulate programmed cell death in this 
species.14 However, in mammals (and likely other metazoans), there 
is one family of proteins, the so-called Bcl-2 protein family, that 
plays a dual role in the control of apoptosis and autophagy. Although 
Bcl-2 family proteins were initially characterized as cell death regula-
tors, it has recently become clear that they also control autophagy. 
Cellular anti-apoptotic proteins such as Bcl-2,15 Bcl-XL,16 Bcl-w17 
and Mcl-118 can inhibit autophagy. Virus encoded Bcl-2 homo-
logs such as KSHV vBcl-2 and murine γHV68 M11 also suppress 
autophagy.15,19 Conversely, pro-apoptotic BH3-only proteins from 
the Bcl-2 family such as BNIP3,20,21 Bad,18 Noxa, Puma, BimEL22 
and Bik23 can induce autophagy.

Here, we discuss the mechanisms by which Bcl-2 family members, 
well-characterized regulators of apoptosis, also regulate autophagy.

The Bcl-2 Family in Apoptosis Regulation—a Quick Guide

Bcl-2 is the prototype of a family of proteins containing at least 
one Bcl-2 homology (BH) region. In humans and mice, the Bcl-2 
family is split into anti-apoptotic multi-domain proteins (prototypes: 
Bcl-2 and Bcl-XL), which contain four BH domains (numbered 
BH1 to BH4), pro-apoptotic multi-domain proteins (prototypes: 
Bax and Bak), which contain three BH domains (BH1, BH2 and 
BH3), and the pro-apoptotic BH3-only protein family (which  
has more than a dozen members).24,25 Different combinations 
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of Bcl-2 family proteins are expressed in a cell type-, differentia-
tion- and activation state-dependent fashion. Since they engage in 
multiple protein-protein interactions among each other and with 
other cellular proteins, the stoichiometry of Bcl-2 proteins deter-
mines the propensity of cells to succumb to different apoptosis 
inducers including metabolic stressors, genotoxic insults, and the 
absence of obligate growth factors.24,25

The molecular surface of the multidomain anti-apoptotic Bcl-2 
proteins possess a hydrophobic cleft, the BH3 binding groove, which 
can accommodate BH3 domains from pro-apoptotic Bcl-2 protein 
family members. The BH3 domains from pro-apoptotic proteins are 
structurally defined as four-turn amphipathic α-helices, containing 
the sequence motif: Hy-X-X-X-Hy-X-X-X-Sm-D/E-X-Hy, where 
Hy represents hydrophobic residues and Sm represents small resi-
dues, typically glycine. As this motif has no invariant residues, 
often, poorly-conserved BH3 domains cannot be identified solely by 
sequence analysis.

The variability of amino acid composition of both pro-apoptotic 
BH3 domains as well as the residues lining the BH3-binding groove 
of the anti-apoptotic proteins dictate highly variable affinities for 
each specific pair of interactions. These variable affinities, combined 
with the spatial and temporal variations in the concentration of each 
of these proteins regulates the stoichiometry of these interactions. 
Thus, altering the concentration of just one BH3 domain-containing 
protein can influence multiple protein-protein interactions among 
Bcl-2 family proteins, thereby transmitting a pro-apoptotic signal 
throughout the cell and throughout the network of Bcl-2-like 
proteins.11,24,26,27

The principle site of action of apoptosis regulation by Bcl-2-
like proteins is probably the mitochondrial membrane.25 As a rule, 
anti-apoptotic multi-domain proteins (Bcl-2, Bcl-XL, Bcl-w, Mcl-1) 
mainly reside in mitochondria, protecting these organelles against 
mitochondrial membrane permeabilization (MMP), one of the rate-
limiting events of apoptosis induction. In addition, anti-apoptotic 
multi-domain proteins can reside in other cellular compartments 
and hinder the movement of pro-apoptotic proteins to mitochon-
dria. While Bak is normally associated with the outer mitochondrial 
membrane, Bax resides in the cytosol of healthy cells. Either of the 
two principal pro-apoptotic multi-domain proteins (Bax and Bak) are 
required for MMP in a series of different models of apoptosis induc-
tion.28 Although the precise mechanisms of MMP are debated,25 
MMP can result from a conformational change of Bax or Bak (with 
exposure of their N-termini), their full insertion into mitochondrial 
membranes as homo-oligomerized multimers and the formation of 
giant protein-permeable pores.29

BH3-only proteins can be activated by transcriptional induction, 
by post-translational modification or by liberation from endogenous 
inhibitors. They can exert their pro-apoptotic action by at least two 
different mechanisms. Some BH3-only proteins (prototypes: Bad 
and Noxa) preferentially interact with anti-apoptotic Bcl-2 proteins 
(Bad with Bcl-2 and Bcl-XL, Noxa with Mcl-1), dissociating them 
from BH3 or Bax/Bak-like proteins, which in turn mediate MMP. 
Others (prototype: t-Bid) may activate pro-apoptotic multi-domain 
proteins to initiate MMP, either by stimulating the translocation of 
Bax to mitochondrial membranes or by local effects on Bak.11,24,26

The Beclin 1 Interactome in Autophagy

Beclin 1 (the mammalian ortholog of yeast Atg6) was originally 
discovered as a Bcl-2-interacting protein30 and was the first human 
protein shown to be indispensable for autophagy.31 The overall struc-
ture of Atg6/Beclin 1, as well as its essential role in autophagosome 
formation, is evolutionarily conserved throughout all eukaryotic 
phyla. In yeast (Saccharomyces cerevisiae), which lacks Bcl-2 homo-
logs, Atg6 acts as an obligatory allosteric activator of the class III 
phosphatidylinositol 3-kinase (PI3K) Vps34, the enzyme that phos-
phorylates phosphatidylinositol to generate phosphatidylinositol 
3-phosphate (PI3P).32 Another protein present in the yeast Atg6 
interactome is the myristoylated (and hence membrane-anchored) 
kinase, Vps15. The Atg6-dependent, Vps34-mediated generation 
of PI3P is important for the nucleation of the phagophore assembly 
complex as well as for the retrieval of additional membranes to the 
extending isolation membrane.3,12 In yeast, Atg6 also participates 
in a functionally distinct Vps34 complex, comprising Atg6, Vps34, 
Vps15 and Vps38, which is involved in vacuolar sorting, but not 
autophagy.32 An area of active research relates to the question of 
whether the mammalian Atg6 ortholog, Beclin 1, also partipicates in 
similar biochemically and functionally distinct Vps34 complexes.

In mammals, the interaction of Beclin 1 with Vps34 and Vps15 is 
conserved.33 Additional Beclin 1 interactors include UVRAG, Ambra1 
and Bif-1 (also called endophilin B1) (Fig. 1).34-36 Knockdown and 
knockout studies performed on human and mouse cells indicate that 
UVRAG, Ambra1 and Bif-1 are all indispensable for the activation of 
autophagy, as well as for the optimal activation of Vps34. UVRAG and 
Ambra1 directly interact with distinct regions of the Beclin 1 mole-
cule34,35 while Bif-1 interacts with Beclin 1 indirectly via UVRAG.36 
However, the relative contribution of these molecules to autophagy 
(and perhaps autophagy-unrelated functions) is not equivalent. The 
deletion of only one beclin 1 allele, which causes a reduction of Beclin 
1 protein expression by 50%, is sufficient to cause a severe defect in 
autophagy,37,38 a phenotype that is only observed when both alleles of 
ambra1 or bif-1 are deleted.35,36 Beclin 1-/- mice succumb early during 
embryonic development (around day e7.5),37,38 while ambra1-/- mice 
die from exencephaly during birth,35 and bif-1-/- mice are viable.36 
A common denominator of the knockout phenotypes is that beclin 
1+/- as well as bif-1-/- mice tend to develop spontaneous tumors,36-

38 suggesting that a functional Beclin 1 complex (and by extension 
autophagy) may participate in tumor suppression.

In mice and humans, Beclin 1 constitutively interacts with the 
anti-apoptotic proteins of the Bcl-2 family, Bcl-2,15,31 Bcl-XL,18 Bcl-
w17 and Mcl-1.18 In contrast to the previously mentioned proteins 
contained in the Beclin 1 interactome that activate autophagy (e.g., 
Vps34, UVRAG, Ambra1, Bif-1), Bcl-2 and Bcl-XL act as inhibitors 
of autophagy. Distinct regions of Beclin 1 are involved in binding 
to Vps34 and in binding to Bcl-2/Bcl-XL.30,39 Although in some 
cell types, Bcl-2 binding to Beclin 1 disrupts its interaction with 
Vps34, such effects are not universally required for the autophagy 
inhibitory effects of Bcl- Bcl-XL.15,18 Rather, it appears that the Bcl-
2/Bcl-XL—Beclin 1—Vps34 multiprotein complex (compared to 
Beclin 1-Vps34 complexes lacking Bcl-2/Bcl-XL) possess decreased 
Vps34 phosphatidylinositol 3-kinase activity (Fig. 1).15 Induction 
of autophagy by a variety of different inducers including nutrient 
starvation or treatment with the inositol trisphoshate receptor (IP3R) 



©20
08

 L
an

de
s B

io
sc

ie
nc

e.
 D

o 
no

t d
ist

rib
ut

e.

Bcl-2 family members, apoptosis and autophagy

602 Autophagy 2008; Vol. 4 Issue 5

antagonist xestospongin B, is accompanied by the dissociation of 
Beclin 1 from Bcl-2 or Bcl-XL.15,18,40

In short, Beclin 1 acts as an essential activator of an autophagy-
inducing lipid kinase, Vps34. In conditions in which autophagy 
is inhibited, Beclin 1 is inactivated by its interaction with multi-
domain proteins of the Bcl-2 family. Thus, the targeting of Beclin 
1 by Bcl-2 family members represents an essential mechanism of 
autophagy regulation.

Beclin 1 as a Novel BH3-Only Protein

A region within Beclin 1 that binds to Bcl-2 or Bcl-XL was initially 
identified by performing truncation mutations of Beclin 1 (aa 
112–159).18,30,41 Subsequently, sequence analysis suggested that this 
region of Beclin 1 may contain a putative BH3 domain (aa 112–123). 
Indeed, residues important for binding the BH3 domain of Bak, Bad 
and Bim to Bcl-XL are highly conserved in the Beclin 1 BH3 domain. 
These amino acids include L112, L116, G120 and F123 which are 
buried in the hydrophobic groove of Bcl-XL, as well as D121 which 
forms ion pairs with a conserved arginine from Bcl-XL (Fig. 2).41

Two complementary approaches, structural analyses and func-
tional analyses in the background of appropriate mutations, have 
conclusively proven that Beclin 1 possesses a functional BH3 domain. 
The structural evidence obtained from molecular modeling,16 crystal 
structures of Bcl-XL complexed to a peptide corresponding to the 

BH3 domain of Beclin 1,41 and HSQC NMR spectra of 15N-labeled 
Bcl-XL measured in the presence and absence of saturating amounts 
of Beclin 1 BH3 domain peptides42 demonstrated that the amphipa-
thic BH3 helix of Beclin 1 binds to a conserved hydrophobic groove 
of Bcl-XL. These findings are similar to previously determined inter-
actions between Bcl-XL-and other BH3 domains.41

A complementary approach to demonstrate that Beclin 1 interacts 
with Bcl-XL through a BH3 domain has relied upon mutational anal-
yses. Replacements of several critical amino acids within the putative 
BH3 domain of Beclin 1 (L112A, L116A, L116E, L116Q, G120E, 
D121A, F123A) reduce or abrogate the interaction between Beclin 1 
and Bcl-2/Bcl-XL in GST pulldown, analytical gel-filtration and/or 
coimmunoprecipitation assays.15,18,41,42 These data were confirmed 
by fluorescence anisotropy measurements involving recombinant Bcl-
XL protein and BH3 peptides derived from Beclin 1, showing that 
the Beclin 1 BH3 mutants L116A and F123A lose their affinity for 
Bcl-XL.18 Accordingly, these Beclin 1 mutants (L116A and F123A) 
exhibit a gain-of-function phenotype in that they are more potent 
than wild type Beclin 1 in inducing autophagy when transfected 
into cells.15,18 This gain-of-function phenotype correlates with the 
failure of the pro-autophagic activity of these mutants to be inhibited 
by Bcl-2 or Bcl-XL.15,18 Conversely, mutations of Bcl-2 (G145A) or 
Bcl-XL (G138A) that abolish their capacity to interact with BH3 
peptides, also disrupt their interactions with Beclin 1 in co-immu-
noprecipitation assays and in vitro binding assays. As predicted, these 

Figure 1. The Beclin 1 interactome in human cells and possible mechanisms underlying the regulation of its autophagy function. Beclin 1 binds to the Class 
III phosphatidylinositol kinase, Vps34, which is associated with the myristoylated, membrane-anchored kinase, Vps15. The lipid kinase activity of the mul-
tiprotein Beclin 1/Vps34 complex converts phosphatidylinositol into phosphatidylinositol-3-phosphate (depicted as yellow circles), which is involved in the 
nucleation of pre-autophagosomal structures. Beclin 1 interacts with several coactivators including UVRAG, Ambra1 and Bif-1, as well as with the inhibitors, 
Bcl-2 and Bcl-XL. Shown here are two mechanisms for disrupting the interaction between Beclin 1 and Bcl-2 or Bcl-XL, and thereby activating autophagy: 
(1) Proteins that contain BH3 domains or small molecules that mimic BH3 domains can bind to the BH3-binding groove of Bcl-2 or Bcl-XL and competitively 
disrupt the interaction between Bcl-2 or Bcl-XL and Beclin 1. This leads to the de-inhibition of the lipid kinase activity of the class III phosphatidylinositol-3-
kinase Vps34 and autophagy induction. (2) C-Jun-N’-terminal kinase 1 (JNK1)-mediated phosphorylation of Bcl-2 during starvation can disrupt its interaction 
with Beclin 1, leading to autophagy induction.
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Bcl-2 G145A and Bcl-XL G138A mutants are defective in autophagy 
inhibition in cellular assays.15,18

Taken together, these results demonstrate that Beclin 1 possesses a 
BH3-only domain that dictates its physical and functional interaction  
with the BH3 binding groove of multi-domain proteins of the Bcl-2 
family.

Mechanisms of Regulation of Beclin 1-Bcl-2/Bcl-XL Binding

As mentioned above, autophagy induction correlates with the 
dissociation of Beclin 1 from Bcl-2 or Bcl-XL. Recent data suggest 
that multiple distinct mechanisms may account for the release of 
Beclin 1 from its inhibitory interaction with Bcl-2 or Bcl-XL.

Since the Beclin 1 BH3 domain interacts with the BH3-binding 
groove of the multi-domain, anti-apoptotic Bcl-2 proteins (see above), 
one plausible model is that other proteins BH3 domain-containing 
proteins may competitively displace the Beclin 1 BH3 domain, 
disrupting the interaction of Beclin 1 and Bcl-2/Bcl-XL. This would 
release Beclin 1 from the inhibitory effects of Bcl-2/Bcl-XL. The first 
evidence in support of this model was provided by studies using the 
BH3-mimetic compound ABT-737, an agent designed to bind to the 
BH3 binding groove of Bcl-2 or Bcl-XL (but not Mcl-1).43 ABT-737 
inhibits the binding of Beclin 1 BH3 peptide to Bcl-XL in a competi-
tive manner, with an IC50 in the micromolar range, as determined by 
measuring the binding of synthetic peptides to purified recombinant 
Bcl-XL in vitro.18 Similarly, ABT-737 pretreatment abolishes the 
immunoprecipitation between Beclin 1 and Bcl-2 or Bcl-XL (but 
not Mcl-1) in cells that are resistant to the pro-apoptotic action of 
ABT-737. This effect correlates with the induction of high levels of 
autophagy. ABT-737-induced autophagy cannot be inhibited by Bcl-
2 or Bcl-XL overexpression, yet it is abolished by transfection with 
Mcl-1 or by the siRNA-mediated knockdown of Beclin 1.18 These 
results clearly demonstrate that competitive disruption of the Beclin 
1 interaction with Bcl-2 or Bcl-XL suffices to induce autophagy.

To date, EGL-1 is the only pro-apoptotic, BH3-only protein iden-
tified in the nematode, Caenorhabditis elegans. Transgenic expression 
of EGL-1 causes an increase in baseline autophagy, as measured using 
an LGG-1::DsRED reporter construct (LGG-1 is the C. elegans 
ortholog of Atg8/LC3). In wild-type nematodes, starvation strongly 
induces autophagy, and this induction is blunted in egl-1-deficient 
nematode embryos. This suggests that BH3-only proteins may act 
as obligate inducers of autophagy, at least in C. elegans.18 In human 
cells, upon nutrient starvation, the amount of endogenous Beclin 1 
that co-immunoprecipitates with Bcl-XL or Bcl-2 declines15,18 while 
the amount of the BH3 protein Bad (whose activation is known to 
be triggered by serum withdrawal) that co-immunoprecipitates with 
Bcl-XL or Bcl-2 increases.18 The knockdown of Bad (in human HeLa 
cells) or its knockout (in mouse embryonic fibroblasts) results in a 
partial defect in starvation-induced autophagy that can be restored 
by the addition of excess ABT-737.18 Enforced overexpression of 
Bad (but not a Bad mutant with a disruption in the BH3 domain) is 
sufficient to induce autophagy both in normal conditions and in the 
setting of caspase inhibition.18 Together, these results indicate that 
BH3-only proteins may play an evolutionarily conserved role in the 
activation of starvation-induced autophagy.

A second mechanism that may link starvation to the dissociation 
of Beclin 1 from its inhibitory interaction with Bcl-2 involves the 
phosphorylation of Bcl-2 by the stress-activated c-Jun N-terminal 

protein kinase 1 (JNK1) (Fig. 1).44 Upon nutrient withdrawal, JNK1 
is activated and induces phosphorylation of serine and threonine 
residues (T69, S70 and S87) in the non-structured loop of Bcl-2 that 
is located between the N-terminal BH4 and BH1 domain. JNK1  
inhibition or replacement of wild type Bcl-2 by a non-phos-
phorylatable Bcl-2 mutant (T69A/S70A/S87A) abolishes the 
starvation-induced dissociation of Bcl-2 and Beclin 1 and inhibits 
autophagy. Expression of constitutively active JNK1 leads to Bcl-2 
phosphorylation, dissociation of Bcl-2 from Beclin 1, and stimula-
tion of autophagy; however, active JNK1 fails to stimulate autophagy 
when Bcl-2 is replaced by its non-phosphorylatable mutant. In 
jnk1-/- MEFs, starvation fails to induce Bcl-2 multi-site phosphory-

Figure 2. Beclin 1 BH3 domain bound to the hydrophobic surface groove of 
Bcl-XL (A) or Bcl-2 (B). The molecular surface of Bcl-2/Bcl-XL is color-coded by 
atom type: yellow represents carbon, blue represents nitrogen, red represents 
oxygen, and green represents sulfur. The Beclin 1 BH3 helix is shown in 
gray ribbon. Conserved residues within the BH3 helix, L112, L116, D121 
and F123, that are involved in binding to the hydrophophic groove of Bcl-2 
homologs are represented in atomic detail with atoms colored as above, 
except that carbon is depicted in grey. This figure demonstrates that confor-
mational changes are required to accommodate a BH3 domain in the hydro-
phobic grooves of Bcl-2/Bcl-XL. The crystallographic structure of the Beclin 1 
BH3 domain bound to Bcl-XL has been previously determined41 whereas in 
(B), the Beclin 1 BH3 domain is modeled into a molecular surface representa-
tion of Bcl-2, based on a structural superposition of Bcl-2 and Bcl-XL.
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lation, dissociation of the Bcl-2/Beclin 1 complex, or autophagy. 
Furthermore, a multi-site Bcl-2 phosphomimetic mutant (T69E/
S70E/S87E) fails to co-immunoprecipitate with Beclin 1 and has 
no autophagy-inhibitory activity. Together, these findings indicate 
that JNK1-mediated phosphorylation of Bcl-2 causes its dissociation 
from Beclin 1, thereby inducing autophagy.

Although the two mechanisms for the dissociation of Beclin 
1 from Bcl-2/Bcl-XL described above (competitive disruption by 
BH3-only proteins or phosphorylation of Bcl-2) appear distinct, 
they may be functionally linked. Phosphorylation of recombinant 
Bcl-2 reduces its affinity for Bax as well as for the BH3-only protein 
Bid, while the non-phosphorylatable Bcl-2 mutant (T69A/S70A/
S87A) exhibits enhanced binding to three different the BH3-only 
proteins (Bid, Bad and Bim) in co-immunoprecipitation assays.45 
These observations indicate that multi-site phosphorylation in the 
nonstructured loop reduces the affinity of Bcl-2 for BH3 domains in 
general, including that of Beclin 1. Another plausible, but as-of-yet 
unexplored, possibility is that phosphorylated Bcl-2 might change its 
profile of selectivity for distinct BH3 domains in a way that Bcl-2-
bound Beclin 1 is replaced by other BH3-only proteins, leading to 
the selective liberation of Beclin 1.

A competing hypothesis is that there are indeed two independent 
signaling routes that link starvation to the dissociation of Beclin 1 
and Bcl-2-like proteins. For example, the dissociation of Beclin 1 
and Bcl-XL could occur preferentially as a result of Bad activation 
(presumably because Akt becomes inactive, resulting in dephosphor-
ylation of Bad and hence its dissociation from cytosolic 14-3-3σ).11 
In contrast, disruption of the Beclin 1/Bcl-2 interaction could be 
preferentially regulated by the phosphorylation level of Bcl-2 (which 
increases as a result of JNK1 activation). It is not yet known whether 
Beclin 1/Bcl-XL binding, like Beclin 1/Bcl-2 binding, is regulated 
by JNK1-mediated phosphorylation, although the potential phos-
phorylation sites in the nonstructured loop are conserved between 
Bcl-2 and Bcl-XL.

Apoptosis versus Autophagy Regulation by Bcl-2 Proteins

As discussed above, Bcl-2 proteins are best known for their 
capacity to inhibit or to induce apoptosis, with BH3-only proteins 
functioning in apoptosis induction. Beclin 1 is a novel member of the 
BH3-only branch of the Bcl-2 family; yet, overexpression of Beclin 
1 solely induces autophagy and has no detectable apoptogenic effects 
(Levine B and Kroemer G, unpublished results). How is it possible 
that proteins that share structural domains and a common molecular 
target have such different physiological functions? The microinjec-
tion of a peptide encompassing the BH3 domain of Beclin 1 can 
induce Bax-dependent apoptosis.18 However, enforced expression of 
full-length Beclin 1 fails to trigger MMP and apoptosis, suggesting 
that some regions of Beclin 1 outside of the BH3 domain may exert 
an inhibitory, anti-apoptotic function. How such an inhibitory effect 
would be accomplished remains an open question. One possibility is 
that other domains of Beclin 1 could neutralize potential “apopto-
genic” effects of the BH3 domain by targeting Beclin 1 to the ER 
(or other non-mitochondrial sites), thereby hindering Beclin 1 from 
interacting with the apoptosis-regulatory mitochondrial pool of Bcl-2 
or Bcl-XL. Another possibility is that the Beclin 1 BH3 domain may 
bind with lower affinity to the Bcl-XL/Bcl-2 BH3-binding groove 
than do BH3 domains from pro-apoptotic proteins. Therefore, at 

physiologically relevant concentrations, the Beclin 1 BH3 domain 
would not displace the pro-apoptotic proteins from the Bcl-2/Bcl-XL 
BH3 binding groove to induce apoptosis. In addition, the induction 
of apoptosis by microinjection of a Beclin 1 BH3 peptide may simply 
represent an artifact of non-physiological high concentrations, and 
may not be biologically relevant to the function of the full-length 
protein endogenously expressed in cells. Thus, BH3 domains may 
represent yet another example of divergent evolution wherein a 
common structural motif, the BH3 domain, is utilized by diverse 
groups of functional proteins, including not only apoptotic family 
members but also autophagy proteins, to mediate their interactions 
with Bcl-2/ Bcl-XL molecules to regulate diverse cellular functions.

One particularly intriguing aspect about the regulation of 
autophagy by BH3 domains relates to concepts of spatio-temporal 
organization and organelle specificity. ABT-737 induces the colo-
calization of GFP-LC3 with the mitochondrial marker HSP60 to 
a greater degree than with the endoplasmic reticulum (ER) marker 
calreticulin,18,46 indicating that it may stimulate “mitophagy” 
(autophagy of mitochondria)47 more efficiently than “reticulophagy” 
(autophagy of the ER).48 However, a substantial part of the nega-
tive regulation of Beclin 1 appears to occur at the ER. This has 
been demonstrated by comparative studies of Bcl-2 and Bcl-XL 
mutants whose expression is restricted to the ER or mitochondria, by 
replacing the Bcl-2/Bcl-XL carboxy-terminal insertion sequence with 
an equivalent sequence from cytochrome b5 or ActA, respectively.49 
Only ER-targeted, but not mitochondrion-targeted Bcl-2 and Bcl-XL 
suppress autophagy.9,15,50,51 Furthermore, the treatment of cells with 
ABT-737 decreases the fraction of Beclin 1 that co-immunopre-
cipitates with ER-targeted Bcl-2 but does not affect the amount of 
Beclin 1 that co-immunoprecipitates with mitochondrion-targeted 
Bcl-2.18 A similar result is obtained when the interaction of Beclin 1 
with wild type Bcl-2 (which interacts both with ER membranes and 
with mitochondria) is evaluated after subcellular separation into the 
microsomal fraction (that is enriched in ER) and the heavy membrane 
fraction (that is enriched in mitochondria); ABT-737 diminishes the 
interaction between wild type Bcl-2 and Beclin 1 in microsomes but 
not in the heavy membrane fraction.18 An analogous approach led 
to the conclusion that Bcl-2 phosphorylation preferentially effects 
the interaction of Bcl-2 with BH3 only proteins in the microsomal 
(ER-enriched) fraction.45 More recently, it has been shown that only 
the ER-enriched pool of Bcl-2 is subjected to regulation of Beclin 
binding by JNK1-mediated phosphorylation.44

Based on these results, we postulate that BH3-only proteins 
may differentially induce autophagy and apoptosis, by acting on (at 
least) two distinct subcellular compartments. BH3-only proteins 
(or BH3 mimetics) trigger autophagy by liberating Beclin 1 from 
its inhibition by Bcl-2/Bcl-XL, presumably at the level of the ER. 
BH3-only proteins (or BH3 mimetics) trigger apoptosis, by (directly 
or indirectly) stimulating the mitochondrion-permeabilizing activity 
of pro-apoptotic multi-domain proteins from the Bcl-2 family 
such as Bax and Bak.25 In apparent accord with this interpretation, 
Bax and Bak thus far have not been implicated in the regulation 
of autophagy. However, it should be noted that some interaction 
does occur between Beclin 1 and Bcl-2/Bcl-XL at the mitochondria. 
Further studies are required to determine whether such an interac-
tion contributes to apoptosis and/or autophagy regulation.
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Concluding Remarks

The results discussed in this review indicate that proteins from 
the Bcl-2 family not only participate in the regulation of cell death, 
but also are important inhibitors or inducers of autophagy in 
nematode, murine and human cells. At first glance, it may appear 
counterintuitive that pro-apoptotic BH3-only proteins partici-
pate in the induction of autophagy, which in many settings has a 
cytoprotective effect.5,6 There are two partially overlapping explana-
tions to reconcile this apparent contradiction. First, the system of 
autophagy/apoptosis control may be dictated by distinct thresholds 
(in addition to the spatial regulation evoked above). Activation of 
BH3-only proteins at a low, subapoptotic level (that fails to engage 
the activation of pro-apopotic multidomain proteins such as Bax and 
Bak) would induce autophagy. Only when the buffering capacity of 
anti-apoptotic Bcl-2 proteins is exhausted would the activation of 
BH3-only proteins succeed in stimulating Bax or Bak and thereby 
induce MMP and subsequent cell death. Second, one might specu-
late that the pro-apoptotic proteins of the Bcl-2 family have been 
designed to trigger catabolic reactions in response to stress, for the 
mobilization of energy reserves and/or the elimination of damaged 
macromolecules from the organism. Such catabolic reactions would 
have been “invented” by evolution first at the unicellular level—and 
hence affect portions of the cell rather than the entire cell—and later 
would have been used in metazoans for the elimination of entire cells 
by apoptosis.52

Another major implication of the overlapping regulation of 
autophagy and apoptosis relates to the role of pro-apoptotic Bcl-2 
proteins as tumor suppressors and that of anti-apoptotic proteins as 
oncogenes. The oncogenic potential of Bcl-2 family members has 
been attributed to disabled apoptosis,24 which is one of the hallmarks 
of cancer.53 However, autophagy—which turns out to be regulated 
by Bcl-2 proteins as well - has recently emerged as a cellular pathway 
that is essential for the maintenance of genomic stability and tumor 
suppression.37,38,54-58 Thus, overexpression of Bcl-2/Bcl-XL (or loss 
of BH3-only proteins) may not only participate in oncogenesis by 
inhibiting apoptosis, which results in improved survival of tumor 
cells in adverse conditions of endogenous (metabolic) or exogenous 
(chemotherapy-associated) stress.59 Bcl-2/Bcl-XL overexpression may 
also participate in oncogenesis by inhibiting autophagy, which results 
in genomic instability and tumor progression.
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