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The autophagy effector Beclin 1: a novel BH3-only protein
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BH3 domains were originally discovered in the context
of apoptosis regulators and they mediate binding of
proapoptotic Bcl-2 family members to antiapoptotic Bel-2
family members. Yet, recent studies indicate that BH3
domains do not function uniquely in apoptosis regulation;
they also function in the regulation of another critical
pathway involved in cellular and tissue homeostasis called
autophagy. Antiapoptotic Bcl-2 homologs downregulate
autophagy through interactions with the essential auto-
phagy effector and haploinsufficient tumor suppressor,
Beclin 1. Beclin 1 contains a BH3 domain, similar to that
of Bcl-2 proteins, which is necessary and sufficient for
binding to antiapoptotic Bcl-2 homologs and required for
Bcl-2-mediated inhibition of autophagy. This review will
summarize the evidence that the BH3 domain of Beclin 1
serves as a key structural motif that enables Bcl-2 to
function not only as an antiapoptotic protein, but also as
an antiautophagy protein.
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Introduction

Autophagy is the primary cellular pathway by which
long-lived proteins, cytoplasmic organelles and intracel-
lular pathogens undergo degradation. The pathway
involves sequestration of these cellular constituents in
double- or multimembrane cytoplasmic vesicles called
autophagosomes, with subsequent delivery to the lyso-
some, where they are degraded and recycled (Klionsky
and Emr, 2000; Levine and Klionsky, 2004). Autophagy
promotes cellular survival by enabling cells to maintain
macromolecular synthesis and energy homeostasis dur-
ing nutrient deprivation and other forms of cellular
stress; it also functions in differentiation and develop-
ment, antiaging, innate and adaptive immunity, and
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tumor suppression (Levine and Klionsky, 2004; Shintani
and Klionsky, 2004; Levine and Kroemer, 2008;
Mizushima et al., 2008). The disruption of autophagy
has been implicated in a wide variety of diseases inclu-
ding cancer, neurodegenerative disorders, skeletal and
cardiac myopathies, cancer, inflammatory bowel disease
and infectious diseases (Levine and Kroemer, 2008).

The autophagy pathway is conserved among all
eukaryotes, and in the last decade many autophagy
effectors (called Atg proteins) as well as major protein
regulators have been identified (Levine and Klionsky,
2004; Xie and Klionsky, 2007). Regulators that induce
autophagy include tumor suppressors, such as PTEN,
TSCI1 and TSC2 complexes, and DAPKk; stress-activated
signaling molecules, such as c-Jun N-terminal kinase 1
(JNK1), and those that respond to low energy (for
example, AMP kinase) or endoplasmic reticulum (ER)
stress (for example, PERK, elF2a-kinase and IREI),
and molecules involved in innate immune signaling,
such as toll-like receptors and immunity-related
GTPases (Escalatine et al., 2009). Proteins that inhibit
autophagy include oncogenes, such as class I phospha-
tidylinositol 3-OH kinase (PI3K), Akt, Ras, TOR and
Bcl-2 (Pattingre and Levine, 2006; Maiuri et al., 2008).
The tumor suppressor gene, p53, has been reported to
play a dual role in autophagy (Levine and Abrams,
2008; Tasdemir et al., 2008b), with some studies
suggesting transcription-dependent and transcription-
independent positive regulation of autophagy (Feng
et al., 2005; Crighton et al., 2006) and other studies
suggesting the negative regulation of autophagy by wild
type and mutant forms of p53 in the cytoplasm (Morselli
et al., 2008; Tasdemir et al., 2008a, 2008c).

The molecular structures and mechanism(s) of action
of the autophagy effectors have not been completely
elucidated, but most function by participating in multi-
protein complexes responsible for vesicle induction,
nucleation, elongation, docking and fusion with the
lysosome and degradation (Levine and Klionsky, 2004;
Levine and Kroemer, 2008; Mizushima et al., 2008).
Some autophagy regulators induce autophagy through
the phosphorylation of key components of the induction
complex, such as Atgl and Atgl3. The process by which
targets are selected for autophagy is not understood,
and may be different for different targets. Autophagy
induction triggers the conversion of phosphatidylinosi-
tol to phosphatidylinositol 3-phosphate (PI3P) by the
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vesicle nucleation or class III PI3K complex, and
induces the recruitment of Atg9 and associated
mitochondrial lipids to the growing vesicle (He et al.,
2008). PI3P serves as a signal to recruit proteins required
for vesicle elongation (Obara and Ohsumi, 2008),
which involves two ubiquitin-like conjugation pathways.
One pathway results in the conjugation of Atgl2 to
Atg5 and the formation of the Atgl2—Atg5-Atgl6
complex, which then assists in the second pathway,
resulting in the conjugation of phosphatidylethanol-
amine to Atg8/LC3, and the incorporation of this
lipidated form of Atg8/LC3 into the growing phago-
phore. The docking and fusion of the completed
autophagosome with the Iysosome is directed by
proteins such as LAMP2 and Rab7, which are also
involved in other vesicle trafficking pathways. Ulti-
mately, the autophagosome, along with its contents, is
degraded by lysosomal hydrolases. The degraded con-
tents are recycled by the cell to maintain macromole-
cular synthesis and energy homeostasis, which is
important for survival during nutrient deprivation and
other forms of cellular stress.

The essential autophagy effector, Beclin 1

Beclin 1, initially isolated as a Bcl-2-interacting protein
(Liang et al., 1998), shares 30% sequence identity with
yeast, Atg6/Vps30, which participates in a protein
complex essential for autophagy in yeast (Kametaka
et al., 1998). Beclin 1 was among the first mammalian
autophagy effectors to be identified and along with the
yeast Vps34 homolog, class III PI3K (Kihara et al.,
2001), and the yeast Vpsl5 homolog, p150 (Panaretou
et al., 1997), forms a complex responsible for autophagic
vesicle nucleation in mammals (Aita et al., 1999; Liang
et al., 1999; Kihara et al., 2001). The precise mechanism
by which the Beclin 1/class III PI3K complex mediates
vesicle nucleation is unclear.

The Beclin 1 yeast ortholog, Atg6/Vps30, was also
independently discovered in a genetic screen for proteins
involved in vacuolar protein sorting (Seaman et al.,
1997), suggesting that Beclin 1 may also function in
other class III PI3K-dependent membrane trafficking
events. In a manner somewhat parallel to yeast, two
distinct complexes, each of which contains class III
PI3 K, p150 and Beclin 1, have recently been identified
in mammalian cells (Itakura et al., 2008). One complex,
considered the equivalent of the yeast complex I that is
essential for autophagy, includes a human ortholog of
yeast Atgl4 that is required for autophagy. The other
complex, considered the equivalent of the yeast complex
IT that functions in the vacuolar protein sorting path-
way, includes ultraviolet irradiation resistance-asso-
ciated gene (UVRAG), which is proposed to be the
human ortholog of yeast, Vps38. Although Mizushima
and colleagues (Itakura et al., 2008) found that the
UVRAG-containing Beclin 1/class III PI3K complex is
not required for autophagosome formation, these
findings contradict an earlier report that UVRAG is
required for autophagy (Liang et al., 2007). Further,
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Bif-1, which binds to UVRAG and regulates membrane
curvature (Takahashi et al., 2007), and Ambral, which
binds to Beclin 1 in a complex containing UVRAG
(Fimia et al., 2007), have each been shown to upregulate
the autophagy function of the Beclin 1/class III PI3K
complex. Thus, additional studies are needed to clarify
the role of distinct human Atgl4- and UVRAG-
containing complexes in autophagy and other mem-
brane trafficking processes.

Definitive evidence for autophagy-independent
functions of Beclin 1 in mammalian cells is still lacking,
and two studies showed that Vps34/class III PI3K-
dependent trafficking events, such as the proteolytic
processing of procathepsin D in route from the trans-
Golgi network to lysosomes or the postendocytic sorting
of the epidermal growth factor receptor were intact in
cells without functional Beclin 1 (Furuya et al., 2005b;
Zeng et al., 2006). However, in plants, Ohsumi and
colleagues (Fujiki et al., 2007) postulated an autophagy-
independent function of ATG6/VPS30, as ATG6/VPS30
mutants, unlike other Arabidopsis thaliana ATG gene
mutants were defective in pollen germination. Further-
more, the embryonic phenotype of beclin I null mice is
more severe than that of other autophagy gene-deficient
mice (for example, Atg5~/~, Atg7~'~ mice; Levine and
Kroemer, 2008), suggesting that beclin I-regulated
processes other than autophagy may be essential in
early mammalian development. Net, given the presence
of distinct Beclin 1/class III PI3K complexes in
mammalian cells, the pleiotropic effects of Beclin 1
orthologs in lower eukaryotes, and the differences
between phenotypes of ATG6 or beclin 1 versus other
mutant ATG genes in plants and mice, it seems likely
that mammalian Beclin 1 also functions in other
membrane-trafficking processes besides autophagy.

Despite these possible autophagy-independent func-
tions of Beclin 1, the best-characterized function of Beclin
1 is its role in autophagy. The autophagy function of
Atg6/Beclin 1 is highly conserved throughout eukaryotic
evolution and is presumed to be important in mediating
many of its biological effects. Genetic knockdown or
knockout studies of beclin 1, or its orthologs in lower
eukaryotes have revealed several important phenotypes,
many of which are likely related to autophagy, as the loss-
of-function mutations of 47G6/beclin 1 are phenocopied
by null mutations in other A7G genes. Like all yeast ATG
genes, ATG6 is essential for survival during starvation and
yeast sporulation (Levine and Klionsky, 2004). Like other
plant ATG genes, A. thaliana or Nicotiana benthamiana
beclin 1 is essential for the prevention of premature
chlorosis and the restriction of programed cell death
during the innate immune response (Liu ez al., 2005; Patel
and Dinesh Kumar, 2008). Like other Caenorhabditis
elegans ATG genes, bec-1 is essential for dauer develop-
ment (Melendez et al., 2003); survival during starvation
(Hars et al., 2007); lifespan extension because of caloric
restriction, insulin- signaling pathway mutations or p53
mutations (Melendez et al., 2003; Hars et al., 2007; Jia
and Levine, 2007; Hansen et al., 2008; Tavernarakis et al.,
2008; Toth et al., 2008); and embryonic development
(Takacs-Vellai et al., 2005).



Studies in targeted mutant mice have revealed several
important functions of beclin 1. Mice with biallelic loss
of beclin 1 are early embryonically lethal (Qu et al.,
2003; Yue et al., 2003), and mice with monoallelic loss of
beclin 1 have an increased incidence of spontaneous
tumorigenesis (Qu et al., 2003; Yue et al., 2003), display
abnormal proliferation of mammary epithelial cells and
germinal center B lymphocytes (Qu et al., 2003), and
have increased susceptibility to neurodegeneration
(Pickford et al., 2008) and desmin-related cardiomyo-
pathy (Tannous et al., 2008). In humans, monoallelic
deletions of beclin 1 are frequently observed in sporadic
breast, ovarian and prostate carcinoma (Aita et al.,
1999), and decreased Beclin 1 expression in the central
nervous system is linked to susceptibility to Alzheimer’s
disease (Pickford er al., 2008). Thus, taken together,
evidence is emerging that Beclin 1 plays an essential role
in tumor suppression, development, aging prevention,
innate immunity, neuroprotection and cardioprotection.

An antiautophagic function for antiapoptotic Bcl-2
proteins

As noted, Beclin 1 was originally isolated as a Bcl-2-
interacting protein (Liang et al., 1998), and several
antiapoptotic members of the Bcl-2 family, such as Bcl-2
and Bcl-Xy, as well as viral Bcl-2 homologs encoded by
oncogenic y-herpesviruses, such as Kaposi’s sarcoma-
associated herpesvirus (KSHV) vBcl-2 and YHV68 M11,
bind to Beclin 1 and are negative regulators of its
autophagy function (Liang et al., 1998; Pattingre et al.,
2005; Maiuri et al., 2007; Sinha et al., 2008; Ku et al.,
2008a). For example, human MCF7 breast carcinoma
cells that typically express low levels of Beclin 1 do not
show starvation-induced upregulation of autophagy
unless Beclin 1 is ectopically expressed. This Beclin
I-mediated rescue of starvation-induced autophagy in
MCEF7 cells is inhibited by the exogenous expression of
human Bcl-2 and Bel-Xy (Liang et al., 1998; Pattingre
et al., 2005), as well as viral Bcl-2 homologs, KSHV
Bcl-2 (Liang et al., 1998; Pattingre et al., 2005) and
YHV68 M11 (Sinha et al., 2008; Ku et al., 2008a). These
results have now been extended to numerous cell lines in
numerous studies, and thus, it appears that the over-
expression of cellular and viral Bcl-2 homologs is a
potent inhibitor of autophagy in diverse settings (Sinha
et al., 2008; Ku et al., 2008a). Furthermore, endogenous
Bcl-2 also likely regulates autophagy, as autophagy-
competent Hela cells undergo a twofold increase in levels
of starvation-induced autophagy upon Bcl-2 siRNA
knockdown (Liang et al., 1998; Pattingre et al., 2005).
Finally, enforced Bcl-2 expression can also inhibit autop-
hagy in vivo, because transgenic mice that express Bcl-2
under the control of a cardiac-specific promoter exhibit
decreased levels of starvation-induced autophagy in
cardiomyocytes (Liang et al., 1998; Pattingre et al., 2005).

The antiautophagy function of Bcl-2 appears to be
exerted at the ER. Although an initial report suggested
that endogenous Beclin 1 localized entirely to the trans-
Golgi network (Kihara et al., 2001), subsequent studies
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showed that endogenous Beclin 1, similar to ectopically
expressed Beclin 1, also localizes to mitochondria and
ER (Liang et al., 1998; Pattingre et al., 2005). Only ER-
targeted Bcl-2, and not mitochondrial-targeted Bcl-2,
can inhibit starvation-induced autophagy, suggesting
that only the interaction of Bcl-2 and Beclin 1 at the ER
negatively regulates autophagosome formation. At least
in certain cell types, such as HT-29 human colon
carcinoma cells, enforced Bcl-2 expression decreases
the amount of class III PI3K/Vps34 that coimmuno-
precipitates with Bcl-2 and decreases Beclin 1-associated
class III PI3K activity (Liang ef al., 1998; Pattingre
et al., 2005). It is not yet known how the
ER-localized Bcl-2-Beclin 1 complex regulates the
formation and/or activity of the Beclin 1/class III
PI3K complex.

The binding of endogenous Bcl-2 antiapoptotic
homologs to Beclin 1 may regulate basal autophagy
levels and cell survival. In multiple different cell lines,
including MCF7 cells that lack a functional caspase 3,
the enforced expression of wild-type Beclin 1 does not
increase basal levels of autophagy or induce cell death
(Liang et al., 1998; Pattingre et al., 2005). Yet, the
enforced expression of Bcl-2-binding defective mutants
of Beclin 1 induces increased levels of autophagy, as well
as cell death that is blocked by siRNA against a
downstream autophagy gene, atg5, but not by caspase
inhibitors. Thus, Bcl-2 homologs appear to function as a
rheostat, which maintain homeostatic levels of auto-
phagy that promote cell survival while preventing
excessive levels of autophagy that promote cell death.
It is not yet clear whether this antiautophagy function of
Bcl-2 homologs contributes to their antideath role in
physiological settings. Although the role of autophagy
as a cell death pathway is controversial (Kroemer and
Levine, 2008), it is nonetheless tempting to speculate
that Bcl-2 homologs may serve as inhibitors of multiple
death pathways, including not only apoptosis, but also
autophagy.

Beclin 1 contains a BH3 domain that is sufficient and
essential for binding to Bcl-2 homologs

Beclin 1 is predicted to consist of at least three domains
within the evolutionarily conserved C-terminal two-
thirds of the protein. The first of these is a coiled-coil
domain, which shares ~25% of its sequence identity
with coiled-coil domains from proteins such as myosin,
and includes a poorly conserved leucine zipper. This
domain is involved in heterodimerization with UVRAG,
another coiled-coil domain-containing protein involved
in vesicle trafficking (Liang et al., 2006). The first
10 residues of the leucine zipper also constitute a nuclear
export signal essential for the cytoplasmic localization of
Beclin 1, as well as its function in autophagy and tumor
suppression (Liang et al., 2001). The structure and
molecular function of the remaining domains in this
evolutionarily conserved region have not been identified,
but these domains are required for interactions with
Vps34/class 111 PI3K, Beclin 1-dependent PI3K activity,
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autophagy (Furuya et al, 2005b), and peripheral
membrane association (Liang er al., 1998). Although
this evolutionarily conserved region of Beclin 1 is
essential for the process of autophagy, the molecular
mechanisms by which it mediates autophagy are not
understood.

The N-terminal one-third of Beclin 1 is the most
variable in sequence, with equivalent regions from
evolutionarily distant orthologs sharing less than 15%
sequence identity. This variable N-terminal region of
Beclin 1 may serve to regulate protein interactions and/
or the autophagy function of the evolutionarily con-
served C-terminal region. Truncation experiments
showed that residues 88-140 of human Beclin 1 are
sufficient for binding to antiapoptotic Bcl-2 homologs
(Liang et al., 1998; Pattingre et al., 2005). Within this
region, recent structural, mutagenic and biochemical
analyses show that residues 108-127 constitute a BH3
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Figure 1 Comparison of BH3 domains from Beclin 1 and different
proapoptotic proteins. (a) Sequence alignment. Backgrounds of
conserved residues are colored by residue type: yellow hydro-
phobic, green small, blue basic and red acidic. (b) Structural
superposition. BH3 domains are represented by different colored
ribbons; Beclin 1 (dark green,); Bad (violet) and Bak (teal).
Residues conserved among BH3 domains that are involved in
binding to the antiapoptotic Bcl-2 homologs are shown in atomic
detail. All molecular figures were prepared with the program
PYMOL (http://www.pymol.org).
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domain, similar to that required for the binding of
proapoptotic proteins to antiapoptotic Bcl-2 homologs
(Figure 1; Feng et al., 2007, Maiuri et al., 2007,
Oberstein et al., 2007). Consistent with the variable
sequence of the N-terminal regions of Beclin 1, the
molecular mechanisms of the regulation of Beclin 1 may
also vary among different eukaryotes; for example, yeast
lack Bcl-2 homologs suggesting that Bcl-2 binding to the
N-terminal region of Atg6/Beclin 1 is not conserved.

Typically, a BH3 domain is defined as a four-turn
amphipatic a-helix, bearing the sequence motif: Hy-X-
X-X-Hy-K/R-X-X-Sm-D/E-X-Hy, in which Hy are
hydrophobic residues and Sm represents small residues,
typically glycine (Figure la). However, this domain is
often difficult to identify from sequence alignments
alone, as there are no invariant residues and even the
pattern of residues is poorly conserved. Thus, combined
analyses of sequence, structure, and a common mole-
cular mechanism of binding to Bcl-2 homologs, may be
required to identify these domains. Residues of human
Beclin 1 that correspond to the residues conserved
among BH3 domains are L112, L116, K117, G120,
D121 and F123 (Figure 1la). Structural evidence
obtained from crystal structures of peptides correspond-
ing to the human Beclin 1 residues 108—127 bound to
Bcl-X;, (Oberstein et al., 2007), or from standard
heteronuclear multidimensional NMR spectroscopy of
variously labeled Bcl-Xp-Beclin 1 (104-131) fusion
protein (Feng et al., 2007) showed that like BH3
domains from proapoptotic proteins, these Beclin 1
residues fold into a four-turn o-helix when bound to
Bcl-2 homologs (Figure 1b).

Proapoptotic Bcl-2 proteins are grouped into two
categories: (1) the multidomain proapoptotic proteins
that contain three BH domains, BH4, BH3 and BH1; and
(2) the BH3-only proapoptotic proteins that contain only
the BH3 domain. In both these groups, the BH3 domain
is required for interaction with antiapoptotic Bcl-2
proteins. Antiapoptotic viral and cellular Bcl-2 homologs
have very divergent sequences, but share similar three-
dimensional structures consisting of a central hydropho-
bic a-helix surrounded by six amphipathic helices,
delineated into four BH domains: BH4, BH3, BH1 and
BH2 (Muchmore et al, 1996; Loh et al., 2005). A
hydrophobic groove on the molecular surface of the
antiapoptotic cellular Bcl-2 homologs (Sattler et al., 1997;
Petros et al., 2000; Liu et al., 2003), as well as viral Bcl-2
homologs, such as KSHV Bcl-2 (Huang et al., 2002) and
vyHV68 M11 (Loh et al., 2005), is responsible for binding
BH3 domains of proapoptotic proteins (Figure 2a)
(Sattler et al., 1997; Petros et al., 2000; Huang et al.,
2002, 2003; Liu et al., 2003; Loh et al., 2005). However,
the structurally analogous surface groove of EBV
BHRF1 is occluded and cannot bind BH3 domains
(Huang et al., 2003). Recent structural data have shown
that the BH3 domain of Beclin 1 also binds in the BH3-
binding groove of Bcl-X; (Figure 2b; Feng et al., 2007;
Oberstein et al., 2007) and YHV68 M11 (Figure 2c)
(Sinha et al., 2008; Ku et al., 2008a).

Residues conserved among BH3 domains participate
in the binding interface with the antiapoptotic Bcl-2
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Figure 2 Binding of BH3 domains to Bcl-2 homologs. Molecular surfaces of M11 and Bcl- X are colored by atom type—oxygen red,
nitrogen blue, sulfur green and carbon gray. BH3 domains are displayed in dark green ribbon with conserved residues involved in
binding to antiapoptotic Bcl-2 homologs shown in atomic detail (a) Bad bound to Bel-X; . (b) Beclin 1 bound to Bel-X; . (¢) Beclin 1

bound to M11.

homologs (Figures 1b and 2). The three hydrophobic
residues conserved among the BH3 domains are packed
against hydrophobic residues that line the BH3-binding
groove of the antiapoptotic Bcl-2 homologs. The main
chain atoms of the remaining two conserved residues,
usually a glycine—aspartate pair, pack in an antiparallel
manner against the main chain atoms of a glycine—
arginine pair that is highly conserved among the BHI
domains of antiapoptotic Bcl-2 homologs. Further, the
conserved BH3 domain aspartate ion pairs with the BH1
domain arginine conserved among the antiapoptotic
Bcl-2 homologs. These interactions are preserved in the
structures of the Beclin 1 BH3 domain bound to either
Bcl-Xp (Figure 2b; Feng et al., 2007; Oberstein et al.,
2007) or YHV68 M11 (Figure 2¢; Sinha et al., 2008; Ku
et al., 2008a).

Several studies have identified residues within the
BH3 domain of Beclin 1 required for binding to Bcl-2
homologs as well as residues within the BH3-binding
groove of the Bcl-2 homologs required for binding to
Beclin 1. Mutational analyses of Beclin 1 residues
conserved among the BH3 domains show that the
Beclin 1 BH3 domain is necessary for binding to Bcl-2.
Selected substitution of key Beclin 1 residues, such as
L112A, L116A, L116E, L116Q, GI20E, D121A and
F123A, either reduce or abrogate the interaction
between Beclin 1 and either Bcl-2 or Bcel-X;, as tested
by qualitative binding assays, such as analytical size
exclusion chromatography, affinity pull-downs and
coimmunoprecipitation assays (Feng et al., 2007; Maiuri
et al., 2007; Oberstein et al., 2007). Similarly, alanine
substitution of Beclin 1 residues L112, L116 and F123
reduce or prevent coimmunoprecipitation with YHV68
M11 (Sinha et al., 2008). Quantitative binding assays,
such as isothermal calorimetry or fluorescence aniso-
tropy measurements further confirm that the Beclin 1
BH3 domain residue mutants such as L116A and
F123A, have unmeasurable affinity for Bcl-Xy or Bcl-2
(Feng et al., 2007; Oberstein et al., 2007).

As predicted, mutations of residues within the BH3-
binding groove of the Bcl-2 homologs also block

interactions with Beclin 1. For example, mutations of
conserved glycines in the BH1 domain of the Bcl-2
homologs, G145A for Bcl-2 (Pattingre et al., 2005) and
G138A for Bel-X; (Feng et al., 2007; Oberstein et al.,
2007), abolish binding to wild-type Beclin 1 in coimmu-
noprecipitation assays. Similarly, double mutations of
conserved YHV68 M11 residues G86A + R87A (Sinha
et al., 2008; Ku et al., 2008a) in the BH1 domain, or of
residues Y60A + L74A (Sinha et al., 2008) lining the
hydrophobic groove, prevent YHV68 M11 binding to
wild-type Beclin 1. Thus, the combined structural,
biochemical and mutagenic analyses show that Beclin 1
contains a BH3 domain that is sufficient and essential for
binding to Bcl-2 homologs. Further, the BH3 domains
from Beclin 1 and various proapoptotic proteins bind to
the Bcl-2 homologs by very similar mechanisms.

Although interactions of the BH3 domain residues
appear to be conserved in each interacting BH3 domain-
Bcl-2 homolog pair, the contribution of each of these
residues to the total affinity of binding varies signifi-
cantly between each pair of interactions. For instance,
the conserved Beclin 1 BH3 domain residues, G120 and
D121, are not essential for binding to YHV68 M1l
(Sinha et al., 2008). As suggested by NMR studies
examining residues of YHV68 M11 affected by binding
to the BH3 domain of Beclin 1 versus BH3 domains
from the proapoptotic proteins, Bad or Bax (Sinha et al.
2008), the variation in amino acids constituting the BH3
domains, as well as in the residues lining the BH3-
domain-binding groove of the interacting Bcl-2 homo-
logs, probably result in a wide range of binding affinities
for each pair of interactions, enforcing a degree of
specificity in these interactions.

Mechanisms of Bcl-2-mediated inhibition of
Beclin 1-dependent autophagy

The BH3 domain of Beclin 1, and interactions between
the BH3 domain of Beclin 1 and Bcl-2 homologs,
are essential for the antiautophagy activity of Bcl-2
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proteins. Two major lines of evidence suggest that Bcl-2
proteins inhibit autophagy by binding to the BH3
domain of Beclin 1. First, mutation of residues in either
Beclin 1 or Bcl-2 homologs that block Beclin 1-Bcl-2
homolog interactions, without exception, also block the
ability of Bcl-2 to inhibit autophagy. Bcl-2, Bcl-X; and
viral Bcl-2 s inhibit autophagy when wild-type Beclin 1 is
expressed, but not when Bcl-2 binding-defective Beclin 1
mutants are expressed. (Liang et al., 1998; Pattingre
et al., 2005). Conversely, Bcl-2 homolog mutants that
cannot bind to Beclin 1, such as Bcl-2 G145A (Pattingre
et al., 2005), Bcl-X; G138A (Maiuri et al., 2007) and
vyHV68 M11 G86A + R87A or Y60A +L74A (Sinha
et al., 2008; Ku et al., 2008a), are defective in autophagy
inhibition. Second, studies using the peptidomimetic
inhibitor, ABT-737, a small molecule designed to bind
to the BH3-binding groove of Bcl-2 or Bel-X; (Olters-
dorf et al., 2005), show that ABT-737 competitively
inhibits the binding of peptides corresponding to the
Beclin 1 BH3 domain to Bcl-X;, and abrogates the
inhibition of autophagy by Bcl-X (Maiuri et al., 2007),
providing further evidence that Bcl-2-mediated down-
regulation of autophagy depends on binding through
the Bcl-X;, BH3-binding groove.

Although the research reviewed above conclusively
demonstrates that the binding of the Beclin 1 BH3
domain to Bcl-2 homologs is essential for the Bcl-2-
mediated downregulation of autophagy, as yet, we do
not understand how this interaction results in autop-
hagy inhibition. In mammals, Beclin 1, class III PI3K
and p150 (Kihara et al., 2001; Furuya et al., 2005b), and
either Atgl4 (Itakura et al., 2008) or UVRAG (Liang

NO AUTOPHAGY

et al., 2007), Bif-1/Endophilin 1 (Takahashi et al., 2007)
and Ambral (Fimia et al., 2007) have been shown to be
essential components of the multiprotein, membrane-
associated, autophagosome nucleation complex. The
binding of Beclin 1 to Bcl-2 may inhibit the interaction
of Beclin 1 with class III PI3K, although class III PI3K
does not appear to interact directly with the Beclin 1
BH3 domain (Pattingre et al., 2005; Ku et al., 2008b).
Furthermore, both Beclin 1 and Bif-1 can form homo-
oligomers (Takahashi et al., 2007; Ku et al., 2008b), and
the binding of Bcl-2 homologs may also prevent higher-
order oligomerization of Beclin 1 (Liang et al., 2008).
Therefore, it appears likely that the binding of Bcl-2
homologs to Beclin 1 sterically hinders its interactions
with other essential components of the autophagy
nucleation complex, inhibiting the autophagy-inducing
function of Beclin 1 (Figure 3). However, the molecular
mechanism(s) by which Beclin 1 functions in autophagy
and consequently, the exact mechanism(s) by which the
Beclin  1-Bcl-2 interaction disrupts the autophagy
function of Beclin 1 remain to be understood.

Regulation of Bcl-2-mediated inhibition of
Beclin 1-dependent autophagy

Two major mechanisms have been identified that
regulate Bcl-2/Bcl-X; binding to Beclin 1 and Bcl-2/
Bcl-X;, inhibition of Beclin 1-dependent autophagy
(Figure 3), including JNK1-mediated Bcl-2 phoshoryla-
tion and competitive disruption of Bcl-2/Bcl-X; binding
to Beclin 1 by other BH3 domains. Earlier, we showed
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Atg14/UVRAG
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40000000
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Figure 3 Schematic representation of the role of the Beclin 1 BH3 domain in the regulation of autophagy. The vesicle nucleation
complex consists of Vps34 (also known as class III PI3K) and activators, such as Beclin 1, either Atg 14 or UVRAG, Ambral and
Bif-1. The binding of Bcl-2 homologs to the BH3 domain of Beclin 1 prevents the assembly of an autophagy-competent complex (left).
Disruption of the Beclin 1-Bcl-2 homolog interaction, either by competitive displacement of the Beclin 1 BH3 domain by other BH3
domain-containing proteins (upper right) or due to JNK1-mediated phosphorylation of Bcl-2 (lower right) results in the assembly of an
autophagy-competent complex. The lipid kinase activity of this complex then catalyses the conversion of PI to PI3P (shown with violet

circles) resulting in autophagy.
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that the Bcl-2-Beclin 1 interaction is regulated by
nutrient status, with the highest levels of interaction in
nutrient-rich conditions (when autophagy is suppressed)
and the lowest levels of interaction in starvation
conditions (when autophagy is maximally stimulated;
Liang et al., 1998; Pattingre et al., 2005). More recently,
we showed that the starvation-induced activation of
JNKI1 causes multisite phosphorylation at residues T69,
S70 and S87 in the unstructured loop between the BH4
and BH3 domains of Bcl-2, which leads to the
dissociation of Bcl-2 and Beclin 1 (Wei et al., 2008a).
Bcl-2 is not phosphorylated in cells lacking JNK1, or in
which JNKI1 is inhibited. In these cells, starvation-
induced dissociation of Bcl-2 and Beclin 1 and starva-
tion-induced autophagy are abrogated. Similarly, in
cells that express a T69A 4 S7T0A + S§7A Bcl-2 mutant
that cannot be phosphorylated instead of wild-type
Bcl-2, there is no starvation-induced dissociation of Bcl-
2 and Beclin 1, and no starvation-induced autophagy.
Conversely, the expression of constitutively activated
JNKI1 leads to Bcl-2 phosphorylation, the lack of Bcl-2
and Beclin | binding during normal growth conditions,
and increased basal levels of autophagy. Further, a
multisite T69E + S7TOE + S§7E Bcl-2 phosphomimetic
mutant does not bind to Beclin 1 and does not inhibit
autophagy (Wei et al., 2008a). Thus, multisite phos-
phorylation of the Bcl-2 unstructured loop by JNKI is
responsible for the disruption of Bcl-2-Beclin 1-binding
during starvation, and subsequent autophagy activa-
tion. Interestingly, viral Bcl-2s lack this unstructured
loop with analogous phosphorylation sites and consti-
tutively inhibit the autophagy function of Beclin 1 (Wei
et al., 2008a), suggesting that they have evolved
mechanisms to escape normal physiological regulation
of Bcl-2-Beclin 1 interactions.

The competitive binding of BH3 domains to Bcl-2
homologs represents another mechanism by which Bcl-2/
Bcl-X; -mediated inhibition of Beclin-1-dependent autop-
hagy can be modulated. This was shown experimentally by
the competitive displacement of Beclin 1 bound to Bcl-2 or
Bcl-X; by Bad, a BH3-only proapoptotic protein. As
discussed above, nutrient deprivation reduces the amount
of Beclin 1 that coimmunoprecipitates with Bcl-2/Bcl-Xq,
resulting in increased levels of starvation-induced autop-
hagy. This correlates with an increase in the amount of Bad
that coimmunoprecipitates with Bcl-2/Bcl-X (Maiuri
et al., 2007). Increased levels of autophagy in response to
starvation are not observed upon siRNA-mediated knock-
down of bad in human HeLa cells or in bad knockout
mouse embryonic fibroblasts (MEFs), but starvation-
induced autophagy is restored in these cells upon treatment
with ABT-737, a BH3 domain peptidomimetic. Finally,
enforced expression of Bad, but not a Bcl-2-binding
defective Bad mutant, is sufficient to induce autophagy,
both in normal conditions and upon caspase inhibition.

Therefore, various BH3 domain-containing proteins
that either bind with higher affinity to Bcl-2 homologs
than does the BH3 domain of Beclin 1, or that are present
in substantially higher concentrations, may competitively
displace the Beclin 1 BH3 domain bound to Bcl-2, leading
to abrogation of Bcl-2/Bcl-X;-mediated inhibition of
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Beclin 1-dependent autophagy. Indeed, in addition to
Bad, other BH3-only proteins, such as Nix/Bnip3 (Daido
et al., 2004; Chang et al., 2007; Hamacher-Brady et al.,
2007; Schweers et al., 2007, Zhang et al., 2008), Bik
(Rashmi ez al., 2008), Noxa, Puma and BimEL (Abedin
et al., 2007) have been shown to induce autophagy and
may, in a similar manner, function as competitive
inhibitors of Beclin 1-Bcl-2/Bcl-Xy interactions. Thus,
the BH3 domain not only functions directly in autophagy
regulation by mediating interactions between Beclin 1
and antiapoptotic Bcl-2 homologs, it may also function,
in the context of the BH3 domain-containing proapop-
totic Bcl-2 proteins, in the indirect modulation of
autophagy by influencing the interaction of Beclin 1 with
Bcl-2/Bcl-X..

In addition to the two regulatory mechanisms discussed
above, it is likely that other mechanisms, such as
regulation of Beclin 1 and Bcl-2 expression and changes
in the subcellular localization of either protein and/or
post-translational modifications of Beclin 1, also mod-
ulate the interaction of Beclin 1 with Bcl-2 homologs
as well as Bcl-2 homolog-mediated inhibition of Beclin
1-dependent autophagy. These potential regulatory
mechanisms are important areas of future research.

The BH3 domain: a structural motif integrating the
regulation of autophagy and apoptosis

BH3 domain-containing proteins bind with differential
affinity to various Bcl-2 homologs, and may competi-
tively affect the binding of other BH3 domain-contain-
ing proteins to Bcl-2. The competitive binding of the
BH3 domain-containing proteins may be further modu-
lated by the combined effect of post-translational
modifications as well as spatial and temporal variations
in the concentrations of each of the BH3 domain-
containing proteins. Thus, Beclin 1 and proapoptotic
BH3 domain-containing proteins may each indirectly
regulate apoptosis and autophagy, respectively. As
noted, proapoptotic BH3-only proteins induce autop-
hagy by competitively disrupting the low-affinity Beclin
1-Bcl-2/Bcl-X interaction (Maiuri et al., 2007). An
important question is whether, through this mechanism,
autophagy is invariably activated in cells exposed to
apoptotic stimuli. A corollary question is whether the
proapoptotic BH3-only proteins can also serve a
prosurvival function by activating an adaptive auto-
phagy response, and/or an apoptosis-independent pro-
death function by activating toxic levels of autophagy
that lead to self-cannibalization.

Bcl-2 phosphorylation and its differential effect on the
binding of different BH3 domain-containing proteins,
provide a mechanism to further fine-tune the regulation
of these cellular events. This concerted regulation has
been investigated only in the context of cellular response
to nutrient starvation (Wei et al., 2008b), although
similar parallel mechanisms may well regulate the
response to other stress-inducing stimuli. Nutrient
deprivation results in increasing levels of JNKI-
mediated Bcl-2 multisite phosphorylation, with levels
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of phosphorylated Bcl-2 dependent upon the duration of
starvation. This may lead to the differential Bcl-2
phosphorylation level-dependent dissociation of differ-
ent BH3 domain-containing proteins bound to Bcl-2
(Wei et al., 2008b). For example, Wei et al. (2008b)
showed that early after starvation, low levels of multisite
Bcl-2 phosphorylation result in increased dissociation of
the Bcl-2-Beclin 1 complex and increased Beclin
I-dependent autophagy, which may be an attempt to
promote cell survival. However, after prolonged starva-
tion, when autophagy can no longer keep cells alive,
higher levels of multisite phosphorylated Bcl-2 lead to its
dissociation from the BH3 domain containing proapop-
totic proteins, such as Bax, concurrent with caspase 3
activation and apoptosis (Wei et al., 2008b). Thus, the
differential affinities of Bcl-2 for the BH3 domain of
Beclin 1 versus that of proapoptotic Bcl-2 family members
may provide a mechanism for post-translational modifica-
tions of Bcl-2 to temporally coordinate the dual regulation
of autophagy and apoptosis by Bcl-2.

Beclin 1 as a novel BH3-only protein

The first structure of the complex of Bcl-Xp bound to
the minimal Beclin 1 region required for binding to Bcl-2
homologs, indicated that the Bcl-2-binding region
constituted a BH3 domain, which bound to Bcl-X; in
a manner similar to BH3 domains from proapoptotic
proteins (Oberstein et al., 2007). On the basis of this
structural evidence, the authors postulated that Beclin 1
may function as a proapoptotic BH3-only protein.
Further, it was suggested that the role of Beclin 1 in
tumor suppression may be explained by this proposed
proapoptotic role, rather than by its proautophagic
function. However, to date, there is no physiologically
relevant evidence of a proapoptotic function for Beclin 1
or that such a proposed function contributes to its
tumor suppressor action.

Mauiri et al. (2007) found that, while the microinjection
of high concentrations of a peptide corresponding to the
BH3 domain of Beclin 1 induces Bax-dependent apoptosis,
enforced overexpression of full-length Beclin 1 fails to
trigger mitochondrial membrane permeability transition
or apoptosis . This suggests that some region outside of the
BH3 domain of Beclin 1 may exert a preventive,
antiapoptotic function that ‘neutralizes’ the potential
apoptogenic effects of the isolated BH3 domain. Further-
more, the reduced expression or knockdown of mamma-
lian Beclin 1 has been shown to increase, rather than
decrease, apoptosis in several different settings, such as in
HeLa cells subjected to nutrient deprivation (Boya ez al.,
2005); endothelial cells treated with angiogenesis
inhibitors (Nguyen et al., 2007, Ramakrishnan et al.,
2007); chondrocytes subjected to hypoxia (Bohensky et al.,
2007); conjunctival cell death upon exposure to benzalk-
onium chloride or ultraviolet radiation (Bohensky ez al.,
2007); HEPG2 cells after antiFas antibody or doxorubicin
treatment (Daniel ez al., 2006); MEFs treated with C(2)-
ceramide (Fujiwara et al., 2008); human myeloid leukemia
cells treated with retinoic acid or vitamin D3 (Wang,
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2008); human bronchial epithelial cells exposed to cigarette
smoke extract (Kim et al., 2008); cultured hepatoma cells
(Harada et al., 2008); various human carcinoma cell lines
upon irradiation (Apel et al., 2008); and renal tubular
epithelial cells after cisplatin injury (Yang et al., 2008). In
addition, increased apoptosis has been reported in
nematodes with a null mutation in the C. elegans beclin 1
ortholog, bec-1 (Takacs-Vellai et al., 2005).

Similarly, there is no evidence that Beclin 1 functions
as a tumor suppressor by playing a proapoptotic role. In
tumor-prone epithelial cells in beclin 1*/~ mice or in
tumor-prone immortalized epithelial cells derived from
such mice, there is no evidence of decreased apoptosis
with allelic loss of beclin 1 (Karantza-Wadsworth et al.,
2007; Mathew et al., 2007; Qu et al., 2007). Yet, in the
setting of beclin 1 allelic loss, epithelial cells display a
defect in cell growth control (Qu et al., 2003) and are
more prone to DNA damage and chromsomal instabil-
ity (Karantza-Wadsworth et al., 2007; Mathew et al.,
2007), suggesting that apoptosis-independent functions
of Beclin 1 contribute to its tumor suppressor action.
Thus, it does not appear that the BH3 domain enables
Beclin 1 to function physiologically as a BH3-only
proapoptotic protein, or that such a proposed role
contributes to its tumor suppressor activity.

Another theoretical argument for a proapoptotic
function of Beclin 1, in addition to the observation that
it is a BH3-only protein, is based on the observed
competitive inhibition of BH3 domains from different
BH3-only proteins in binding to Bcl-2 antiapoptotic
homologs. As discussed, the competitive inhibition of
Beclin 1 binding to Bcl-2 homologs by BH3-only
proapoptotic proteins is a mechanism by which these
proteins indirectly upregulate autophagy (Feng et al.,
2007; Oberstein et al., 2007). Similarly, it is theoretically
possible that the Beclin 1 BH3 domain might induce
apoptosis by the competitive inhibition of Bcl-2 binding
to BH3 domains of proapoptotic Bcl-2 proteins.
However, this seems unlikely because all cellular Bcl-2
homologs bind BH3 domains of specific subsets of
proapoptotic proteins with substantially higher affinity
compared with their affinity for the Beclin 1 BH3
domain (Sinha et al., 2008). Instead, it seems more likely
that the BH3 domain of Beclin 1 serves as a structural
motif that enables the coordinate regulation of apopto-
sis and autophagy. Thus, although the formal possibility
that Beclin 1 may function as a proapoptotic protein in
certain settings remains, we propose that Beclin 1 is a
novel type of BH3-only protein, in which the BH3
domain enables the antiapoptotic Bcl-2 homologs to
inhibit autophagy (through direct binding) and enables
the proapoptotic BH3-only homologs to stimulate
autophagy (through competitive inhibition of binding
to Bcl-2/Bcl-Xy).

Bcl-2 inhibition of Beclin 1-dependent autophagy:
a potential mechanism of oncogenesis?

Bcl-2 was the first cellular protein shown to function as
an oncoprotein by blocking apoptotic cell death, rather



than by increasing cellular proliferation (McDonnell
et al., 1989; Vaux et al., 1998). In light of emerging
evidence that Beclin 1 and the autophagy pathway
function as tumor suppressors (Edinger and Thompson,
2003; Ogier-Denis and Codogno, 2003; Gozuacik and
Kimchi, 2004; Shintani and Klionsky, 2004; Furuya
et al., 2005a; Jin, 2006; Levine, 2006; Pattingre and
Levine, 2006), a critical unanswered question is whether
the antiautophagy activity of Bcl-2 also contributes to
its oncogenic activity. Although in normal cells,
autophagy is activated by the disruption of Bcl-2—Beclin
1 interactions; Bcl-2 overexpression, a common occur-
rence in human cancers, can also suppress the physio-
logical activation of autophagy both in cultured cells
and in mice (Liang et al., 1998; Pattingre et al., 2005).
Furthermore, KSHV vBcl-2, and likely other viral Bcl-
2s encoded by other oncogenic y-herpesviruses, irrever-
sibly bind to Beclin 1 and function as constitutive
inhibitors of autophagy, because they lack the unstruc-
tured loop between the BH4 and BH3 domain that
undergoes regulatory phosphorylation (Wei et al.,
2008a). Therefore, it is plausible that cellular Bcl-2
overexpression and viral Bcl-2s disrupt the tumor
suppressor activity of the autophagy pathway by
blocking the Beclin 1 function.

It should be noted that not only is Beclin 1 a
haploinsufficient tumor suppressor, but other proteins
that positively regulate the Beclin 1-class III PI3K
complex, including UVRAG, Bif-1 and Ambral also
function in negative growth control and/or tumor
suppression (Levine and Kroemer, 2008). Thus, the
Beclin 1-class III PI3K vesicle nucleation complex is
probably an important nexus in autophagy control and
tumor suppression, including the suppression of lym-
phomagenesis. B-cell lymphomas are the most common
spontaneous tumors that arise in mice with either
monoallelic deletion of beclin 1 (Qu et al., 2003; Yue
et al., 2003) or biallelic loss of bif-1 (Takahashi et al.,
2007). Therefore, it is likely that cellular Bcl-2, which
contributes to lymphomas in patients and mouse
models, and viral Bcl-2s, may exert their oncogenic
activity, at least in part, through autophagy inhibition.
Specific agents that disrupt Bcl-2/Bcl-X;—Beclin 1 BH3
domain binding without disrupting Bcl-2/Bcl-X; -proa-
poptotic BH3 protein binding, and/or mutations in Bcl-
2/Bcl-Xy that selectively disrupt its interaction with
Beclin 1, will be required to address this hypothesis.

A related question is whether, beyond tumor suppres-
sion, cellular and viral Bcl-2 homologs also regulate
other processes involving Beclin 1 and autophagy, such
as apoptotic corpse clearance, innate immunity, the
prevention of neurodegenerative disease and adaptive
and maladaptive responses in heart disease (Levine and
Kroemer, 2008). At a minimum, given the central role of
Beclin 1 and autophagy in intracellular pathogen
degradation (xenophagy), and activation of innate and
adaptive immunity (Schmid et al., 2006; Levine and
Deretic, 2007; Orvedahl and Levine, 2008), it seems
likely that viral Bcl-2 targeting of the Beclin 1 function
may contribute to y-herpesvirus pathogenesis. Indeed,
autophagy inhibition by another herpesvirus-encoded
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protein, herpes simplex virus type I ICP34.5, which
binds to a different region of Beclin 1, has been shown to
be essential for herpes simplex virus type I-induced
lethal encephalitis (Orvedahl et al., 2007). A high
research priority will be to determine whether the
cellular and viral Bcl-2 homologs also contribute to
human disease through binding to the BH3 domain of
Beclin 1 and subsequent autophagy inhibition.

Bcl-2—Beclin 1 interactions: a novel therapeutic target
for autophagy induction?

Beclin 1 is a central player in autophagosome formation,
and Bcl-2/Bcl-X; function as important regulators of
levels of Beclin 1-mediated autophagy. Thus, the Bcl-2/
Bcl-X;—Beclin 1 complex represents an important
therapeutic target for autophagy modulation. Com-
pounds that disrupt the complex will lead to increased
autophagy and may be useful for the prevention and/or
treatment of certain diseases, such as aging, certain
cancers, infectious diseases and neurodegenerative dis-
eases. Compounds that stabilize the complex may be
useful in scenarios in which it may be desirable to inhibit
autophagy, such as in established tumors in which
autophagy is considered a prosurvival mechanism.

The BH3 peptidomimetics were originally developed
in the context of targeted cancer therapies designed to
increase apoptosis in tumor cells by disrupting interac-
tions between antiapoptotic Bcl-2 homologs and proa-
poptotic BH3-only proteins. Not surprisingly, given the
central role of BH3 domains in Bcl-2 regulation of both
apoptosis and autophagy, they also constitute a class of
drugs that can induce autophagy by disrupting the
interaction between Bcl-2 homologs and the BH3
domain of Beclin 1. The first example of such an
inhibitor was ABT-737 (Oltersdorf et al., 2005), which
specifically targets antiapoptotic Bcl-2 homologs that
bind the Bad BH3 domain with high affinity. Assays
measuring the binding of synthetic peptides to purified
recombinant Bcl-Xy in vitro show that ABT-737 also
competitively inhibits the binding of Beclin 1 BH3
peptides, with an ICsq in the micromolar range (Maiuri
et al., 2007). Consistent with this finding, in cells
resistant to the proapoptotic action of ABT-737,
pretreatment with this inhibitor abolishes the immuno-
precipitation of Beclin 1 with Bcl-2 or Bcl-X; and
induces high levels of autophagy (Maiuri et al., 2007).
ABT-737-induced autophagy cannot be inhibited by
Bcl-2 or Bel-X; overexpression, yet is abolished upon
either transfection with Mcl-1, which does not bind
ABT-737, or by the siRNA-mediated knockdown of
Beclin 1. Together these results clearly show that
competitive disruption of the Beclin 1 interaction with
Bcl-2 or Bel-X by small molecule inhibitors suffices to
induce autophagy (Maiuri et al., 2007). Further refine-
ments of BH3 peptidomimetics, based on structural
analyses of Bcl-2 homolog/Beclin 1 BH3 domain
complexes, may enable an increase in the specificity
and/or potency of autophagy induction by this class of
agents.
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At present, it is controversial whether the proauto-
phagy action of BH3 peptidomimetics should be
enhanced or reduced in developing agents for cancer
therapy. Autophagy induction may promote the survi-
val of tumor cells, thereby counteracting or limiting the
efficacy of apoptosis induction by these compounds.
However, excessive autophagy may also promote cell
death through self-cannibalization and help kill tumor
cells. Indeed, recent evidence has shown that an
experimental BH3 mimetic, obatoclax, kills gluococor-
ticoid-resistant leukemic cells in a manner that is
independent of Bax and Bak, but dependent on Atg5,
Atg7 and Beclin 1 (Bornhauser et al., 2008). Therefore,
different BH3 mimetics may induce either autophagy-
dependent cell survival or autophagy-dependent cell
death, depending on the magnitude of autophagy
induction. It will be important to determine the optimal
levels of autophagy induction by BH3 peptidomimetics
not only for the treatment of specific cancers, but also in
the potential treatment of other diseases in which
autophagy stimulation may be beneficial.

Conclusion

In conclusion, the research we have reviewed here shows
that the essential autophagy effector, Beclin 1, contains a
BH3 domain with a conserved molecular mechanism of
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