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Abstract Autophagy is a cell ‘self-digestion’ pathway
involving the synthesis, trafficking and delivery of auto-
phagosomes to lysosomes for degradation. Beclin 1 (encoded
by BECN]I) is a core component of the class III phosphati-
dylinositol 3-kinase (PI3K-III) complex, which plays an
important role in membrane trafficking and restructuring
involved in autophagy, endocytosis, cytokinesis and phago-
cytosis. To date, Beclin 1 has largely been characterized in the
context of autophagy; it modulates the lipid kinase activity of
PI3K-II catalytic unit VPS34, which generates phosphati-
dylinositol 3-phosphate (PI(3)P), enabling the recruitment of a
number of autophagy proteins involved in the nucleation of
the autophagosome. Beclin 1 seems to function as an adaptor
for recruiting multiple proteins that modulate VPS34. The
recent identification of Beclin 1 protein modifications has
shed light on its regulation in autophagy, and the discovery of
non-autophagy functions of Beclin 1 has expanded our view of
Beclin 1’s involvement in tissue homeostasis and human
diseases.
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Introduction

Autophagy is a catabolic, intracellular membrane trafficking
pathway exhibited in all eukaryotes from yeast to mammals
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[1], and misregulation of autophagy in humans is linked to
multiple diseases including neurodegenerative diseases [2].
It is one of two major degradative pathways in mammalian
cells and is characterized by the formation of double-
membrane vesicles called autophagosomes that fuse with
the lysosome for degradation. Autophagy generates the
means for survival by degrading cytosolic proteins and
whole organelles and recycling these back to the cytosol as
amino acids and macromolecules. Autophagy is induced in
response to nutrient deprivation as its most evolutionarily
conserved function, but autophagy induction is also trig-
gered by cellular stress and the accumulation of protein
aggregates and damaged organelles, especially in higher
organisms [3]. As a result, autophagy maintains cellular
homeostasis by clearing the cell of misfolded or long-lived
proteins and damaged parts. This is especially important in
the brain; recent genetic and molecular evidence shows that
neurons rely on basal autophagy to ward off intracellular
aggregate accumulation and the resulting neurotoxicity [4].

The action of the autophagy-regulating class III PI3-
kinase (PI3K-III), also known as VPS34 or PIK3C3, and its
Beclin 1-containing complex is required for nucleation of
the phagophore and, in turn, the protective functions of
autophagy [5]. This lipid kinase complex catalyzes the
phosphorylation of phosphoinositides to produce phospha-
tidylinositol(3)P (PI(3)P) [6] and inhibition of PI3K-III
(treatment with 3-methyladenine or wortmannin for exam-
ple), and a subsequent decrease of PI(3)P inhibits autophagy
[7]. Through PI(3)P production, the Beclin 1-VPS34 com-
plex enables the recruitment of and provides a platform for
important autophagy proteins involved in autophagosome
biogenesis such as the mammalian homolog of AtglS§,
WIPI2 [8] and the omegasome protein DFCP1 [9]. Beclin
1-VPS34 complexes are also required for proper maturation
of autophagosomes [10].
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A human Beclin 1 protein
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Fig. 1 Important modulation of Beclin 1 protein structure and Beclin
1’s role in various cellular pathways. a The protein structure of human
Beclin 1 protein including its BH3, CCD and ECD domains. The
regions of Beclin 1 for binding Bcl-2, UVRAG, Atgl4L, VPS34,
RUBICON and Bif-1 are shown with arrowed lines. Reported
phosphorylation sites [44, 45, 46¢, 47¢¢], a ubiquitination site [50]
and a caspase 3 cleavage site [53] are shown. b Beclin 1 is reported to
be involved in a vast array of cellular processes including autophagy,
apoptosis and endocytosis

BECNI was the first-described mammalian autophagy
gene [11] and the first-identified mammalian homolog of
an essential yeast autophagy gene (Atg6) [12]. Not only
was Beclin 1 shown to be a positive regulator of autophagy,
but also the gene BECNI is a haplo-insufficient tumor
suppressor [12—14] that shows reduced expression or is
monoallelically deleted in several cancers [15]. Beclin 1 is
required for embryonic development, as Becnl knockout
mice die early during embryogenesis [13]. The death is
earlier and distinct from that in Azg5 and Azg7 knockout
mice, which survive until the perinatal stage but cannot
survive the starvation period after the switch from pla-
cental-derived nutrients [16].

Beclin 1 is a scaffold/adaptor protein with three prom-
inent domains: Bcl-2-homology-3 (BH3), coiled coil
(CCD) and an evolutionarily conserved domain (ECD)
(from N- to C-terminal) (Fig. 1a). Beclin 1 was first
characterized as a Bcl-2 binding protein [11], and early
studies found this interaction to be autophagy-inhibitory,
though the precise mechanisms are still unclear. The CCD
provides a platform for many important Beclin 1 protein
interactions including those with UVRAG, Atgl4L (also
named Barkor) and RUBICON [17]. VPS34 binds Beclin 1
at its ECD [18], which was recently described through a
crystallization study as a novel sort of membrane-binding

@ Springer

domain [19¢]. The Beclin 1-VPS34 Class IIT PI3K complex
is known to exist in multiple forms with distinct functions.
The recruitment of various regulators through their physi-
cal interaction with the scaffolding protein Beclin 1 and the
subsequent modulation of VPS34 activity comprise an
essential regulatory mechanism for many VPS34-depen-
dent cellular processes [20]. Yet the molecular details of
such regulation as mediated by the physical interaction
between Beclin 1 and various modulators is not well
understood. In the following section we will describe in
detail the different Beclin 1-binding proteins and resulting
complexes. The specific interaction between Beclin 1 and
its binding partners regulates a vast array of biological and
pathophysiological conditions such as development, path-
ogen infection, heart disease and neurodegeneration [3].

Multiple Beclin 1-VPS34 Complexes

In yeast there are two types of Atg6-Vps34 complexes with
distinct functions: complex I is autophagy-specific, and
complex II controls the vacuolar protein sorting (Vps) path-
way [21]. Both complex I and II contain the shared compo-
nents Vps34, Atg6/Vps30 (the yeast homologue of Beclin 1)
and the regulatory/membrane-anchoring protein VpslS5.
Complex I contains Atgl4 as a unique factor for autophagy,
while complex II includes Vps38, which is required for the
Vps pathway. Mammalian homologs p150 (PIK3R4), VPS34
(PIK3C3) and Beclin 1 remain as conserved core components
in the PI3K-III complex. However, more than two Beclin
1-VPS34 complexes exist in mammals, and these often have
multiple functions that are not well defined [17]. By recruiting
different binding partners and forming distinct PI3K-III
complexes, Beclin 1 modulates PI3K-III activity and thus
regulates autophagy at multiple stages including nucleation
and maturation (of note, VPS34 is the only class III phos-
phoinositide 3 kinase in mammals [22]). Multiple recent
studies including those from our lab have uncovered three
main Beclin 1-VPS34 complexes in mammals. The Beclin
1-Atg14L complex [23, 24] and the Beclin 1-UVRAG com-
plex [25, 26] are likely to be conserved with the yeast Atg6-
Vps34 complex I and complex II, respectively. In addition,
our studies demonstrate that the Beclin 1-Atg14L and Beclin
1-UVRAG interactions are of high affinity, representing sta-
ble VPS34 complexes. It is thought that the competition of
Beclin 1-Atgl4L versus Beclin 1-UVRAG leads to two
mutually exclusive complexes [27]. Recently, we showed that
Beclin 1 dimerizes in an anti-parallel state that is metastable
compared to Beclin 1-UVRAG or Beclin 1-Atgl4L hetero-
dimers [28e¢]. This result suggests that the modulation of the
homodimer-heterodimer transition by these partners may
contribute to the molecular mechanisms that control the for-
mation of various Beclin 1-VPS34 subcomplexes. Atgl4L
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contains a unique endoplasmic reticulum (ER) membrane-
targeting domain and is thought to recruit autophagy
machinery to the ER after induction [29]. Both Atgl4L and
UVRAG are thought to contribute to autophagosome matu-
ration: Atgl4L by sensing autophagosomal membrane cur-
vature [30°] and UVRAG by complexing with the C-Vps
complex [31].

A third Beclin 1-VPS34 complex contains UVRAG as
well as RUBICON, which is a negative regulator of
autophagy [23, 24]. RUBICON also interacts with the
small GTPase Rab7 [32], which may explain its inhibitory
effect on autophagosome maturation. The protein Bif-1,
also called SH3GLBI1 or SH3-domain GRB2-like endo-
philin B1, is required for autophagy and interacts with
Beclin 1 through a direct interaction with UVRAG [33].
Bif-1 is required for autophagosome membrane expansion
and curvature through its N-BAR membrane curvature
domain that binds the tethering factor ARF-GAP [34]. Bif-
1 may have roles in non-autophagy membrane trafficking
pathways, such as fission of Golgi carriers [6]. Recently,
Bif-1 was shown not to act on autophagy initiation but to
regulate degradative endocytic traffic and, in turn, auto-
phagosome maturation [35].

Another important Beclin 1-binding protein is AMBRALI,
a positive regulator of autophagy and a requirement for
neural tube development [36]; it is also required for starva-
tion-induced autophagy [37¢]. Interestingly, AMBRAI has
recently been implicated in mitochondrial dynamics and
degradation [38¢, 39]. Beclin 1 also plays a role in apoptosis
through its binding to the anti-apoptotic protein Bcl-2 [40].
Bcl-2 negatively regulates Beclin 1 by sequestering it away
from its VPS34 kinase complex partners and thereby pre-
venting autophagy [41]. Beclin 1 may not only be important
for the balance of autophagosome formation and maturation,
but may also play a role in modulating cell death versus
survival by interacting with factors in the apoptosis pathways
[42]. Through its differential binding to the various partners
described above, the adaptor molecule Beclin 1 may act as a
switch between the complexes in order to achieve the regu-
lation of autophagy in a highly coordinated manner in
mammals. Beclin 1 acts, therefore, as a master regulator of
PI3K-III activity that controls autophagosome nucleation
and maturation by toggling between the Atgl4L, the UV-
RAG complex and the RUBICON complex [17].

Post-Translational Modifications of Beclin 1
in Autophagy Control

Recent research shows that Beclin 1 is modified post-
translationally by phosphorylation, ubiquitination and
cleavage, allowing Beclin 1 to fine-tune PI3K-III activity

and autophagy in response to various intracellular and
extracellular signals (Fig. 1a) [43]. Beclin 1 was first pro-
posed to be a phosphoprotein in a paper that showed DAPK
phosphorylates Beclin 1 [44]. The phosphorylation resulted
in autophagy activation due to disruption of the inhibitory
Beclin 1-Bcl-2 interaction. More recently, Akt phosphor-
ylation of Beclin 1 was demonstrated; loss of this
phosphorylation increased autophagy and inhibited Akt-
mediated tumorigenesis [45°¢]. Most recently, demonstra-
tion of phosphorylation of Beclin 1 (as well as VPS34) by
AMPK provided some idea of the mechanism of autophagy
induction after glucose withdrawal [46¢]. Similarly, phos-
phorylation of Beclin 1 by the autophagy-initiating kinase
ULKI1 responded to amino acid starvation by enhancing the
autophagy-promoting activity of the Beclin 1-Atgl4L
complex [47¢]. This is conserved to C. elegans Atg6, and
of interest therapeutically, a Beclin 1 phosphomimic
mutant greatly stimulated autophagy [47¢°]. A second study
directly connects the ULK1 complex with Beclin 1 com-
plexes: novel autophagy regulators SCOC and FEZ1 were
shown to complex with both ULK1 and UVRAG [37°].
Collectively, these studies not only shed light on the cross-
talk between two autophagy kinase complexes (ULKI1
protein kinase and VPS34 lipid kinase) essential for
phagophore initiation, but also illustrate how the balance
between autophagosome initiation and maturation could be
mediated by toggling between Beclin 1 and UVRAG [48].

Ubiquitination is an alternative means of Beclin 1
modulation. TRAF6 K63-linked ubiquitination of Beclin 1
was shown to induce autophagy [49], suggesting a possible
feedback loop; the authors also demonstrated that A20
inhibits autophagy by deubiquitinating Beclin 1, thereby
inhibiting the autophagy-activating ubiquitination by
TRAF6. It was shown separately that the TRAF6 addition
of K63-linked ubiquitin is in Beclin 1’s BH3 domain [50].
NEDD#4 also polyubiquitinates Beclin 1, which leads to its
degradation, thereby inhibiting autophagy [51¢]. Con-
versely, it was show that Beclin 1 is deubiquitinated by
USP10 and USP13, and adding complexity, Beclin 1 itself
controls the protein stabilities of USP10 and USP13 by
regulating their deubiquitinating activities, in turn regu-
lating the levels of tumor suppressor p53 [52e¢].

Furthermore, proteolytic cleavage of Beclin 1 adds to its
regulation and thus controls its activities in cells [10].
Beclin 1 is subject to caspase 3 cleavage [53], and it was
recently shown that this proteolytic cleavage depleted
Beclin 1 in the brains of patients with Alzheimer’s disease
(AD), contributing to adverse pathology [54¢¢]. Beclin 1 is
also a substrate of calpain cleavage [55]. These data con-
tribute to an essential and growing knowledge of how
Beclin 1, a non-enzymatic scaffold protein, is essential to
so many important cellular pathways.
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Potential Role of Beclin 1 in Endocytic and Phagocytic
Pathways

Accumulating evidence now shows that Beclin 1 is
involved in functions beyond autophagy [10]. The endo-
cytic pathway has been known to contribute to autophagy
[56], but it was recently reported that endocytic traffic itself
was disrupted in C. elegans lacking BEC-1 [57¢] and
Drosophila lacking Atg6 [58¢]. The presence of Atg6/
Vps30 in the CVT-directing yeast Vps34 complex II and
Beclin 1 in the mammalian homolog complex containing
VPS34 and UVRAG, which is linked to degradation,
implicates Beclin 1 in non-autophagy membrane traffic. In
mammalian cells, however, the role of Beclin 1 in endo-
cytosis is controversial [35, 59]. It was previously shown
that VPS34 is an effector of the small GTPase Rab5 [60]
and that Rab5 binds to the Beclin 1-VPS34 complex in
order to form autophagosomes [61]. Given the role of Rab5
in early endosome traffic and endosome maturation [62], it
remains possible that Beclin 1 may function in the Rab5-
VPS34 mediated endocytic pathway. Very recently, the
regulation of endocytosis and autophagosome-lysosome
fusion by Beclin 1-VPS34 was demonstrated to be critical
in highly specialized podocytes, contributing to important
kidney homeostasis [63]. Alternatively, Beclin 1 may
regulate fusion of endosomes and autophagosomes (am-
phisome formation). In addition, it was recently shown that
Beclin 1 is required for autophagosome fusion to lyso-
somes [64], strengthening the idea of a strong relationship
between the autophagic and endocytic pathways [65],
perhaps mediated by Beclin 1.

Beclin 1 also plays a role in phagocytosis. It was shown
that Beclin 1-dependent PI(3)K activity, not Atg5-depen-
dent or -independent autophagy, is required for phagocyte
engulfment of apoptotic cells [66]. Additional evidence
showed that during phagosome maturation, the interaction
of VPS34 with Rab5 and dynamin was important for the
engulfment of apoptotic cells [67], most likely through
production of PI(3)P on the phagosome membrane. Inter-
estingly, it was reported that Beclin 1 was involved in the
clearance of apoptotic cells during embryonic development
by regulating the expression of a phospholipid other than
PI(3)P, phosphatidylserine (PS) [68]. Last, Beclin 1 is
implicated in cytokinesis: the Beclin 1-UVRAG complex
mediates the cell division process [35], and it is suggested
that this occurs in an autophagy-independent manner [69].

The Role of Beclin 1 in Neurodegeneration
and Neuroprotection

A recent surge of research has revealed that the cellular
process of macroautophagy (involving critical steps such as
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formation, trafficking, fusion and degradation of auto-
phagosomes) in which Beclin 1 is intimately involved is
conserved from yeast to mammals. However, the regula-
tion and functional adaptation of autophagy in the cells and
tissues of higher organisms are poorly understood, even
more so in the central nervous system (CNS) [4]. Our
previous study reported early evidence linking Beclin 1 to
excitotoxicity in mouse brains containing a Lurcher
mutation in GluRd2 via the PDZ-containing protein nPIST
[70]. However, the exact mechanism whereby Beclin 1
mediates the autophagy dysfunction that contributes to
neurodegeneration is unclear [71]. In addition, closed head
injury results in upregulation of Beclin 1 protein perhaps as
part of a stress response in the brain including upregulation
of autophagy [72].

Emerging evidence demonstrates that autophagy is pri-
marily responsible for the turnover of aggregate-prone pro-
teins or macromolecular complexes. In fact, an increasing
body of work has shown the neuroprotective function of
Beclin 1 through removal of disease-related proteins in the
CNS including APP metabolites [73, 74], a-synuclein [75],
Huntingtin [76] and mutant ataxin [77]. In an AD mouse
model, reduced Beclin 1 expression causes an increase in
intraneuronal and extracellular amyloid beta accumulation
and accelerated neurodegeneration. Remarkably, AD-asso-
ciated amyloid pathology in mice can be rescued by re-
introduction of Beclin 1, strengthening the idea that it is a
potential target protein for AD treatments [73]. Similar
results were seen when increased expression of Beclin 1
reduced accumulation of alpha-synuclein and repaired
associated neuritic alterations caused by the toxic accumu-
lation of alpha-synuclein in a mouse model for Parkinson’s
disease (PD) [75]. Very recently, it was shown that Beclin 1
is depleted in AD disease brains as a result of caspase-3
cleavage [54¢°]. Furthermore, overexpression of Beclin 1
was associated with the clearance of mutant ataxin-3 and
neuroprotection in a model of Machado-Joseph disease
[78].

These results suggest the therapeutic potential of mod-
ulating Beclin 1-associated PI3K-III activity for the treat-
ment of neural proteinopathies. However, whether the
neuroprotective role of Beclin 1 is mediated through
strictly autophagy-dependent or independent pathways is
unclear. Endocytic trafficking is indeed particularly
important for synaptic function [79]; thus, the effects on
neurodegenerative disease may reflect both the endocytic
and autophagic functions of Beclin 1. Therefore, it is
important to dissect the molecular mechanism underlying
the Beclin 1 protection against neurodegeneration. For
instance, which specific Beclin 1-VPS34 subcomplex or
Beclin 1 function is involved in the removal of pathological
mutants of disease proteins and, in turn, neuroprotection
remains to be determined. At this time, the function of
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Beclin 1 in the brain has not been elucidated, and brain or
neuron type-specific conditional knockout models should
be characterized. In addition, the sequence information in
Beclin 1 required for the interaction with various binding
partners should be identified for the generation of specific
binding mutants of Beclin 1. These mutants can then be
used to dissect the specific Beclin 1-VPS34 subcomplex
important for neuroprotection in different neuropathologi-
cal conditions.

Conclusions

Beclin 1 is implicated in multiple biological processes, and
it is critical to understand Beclin 1’s multiple functions in
higher organisms as its deregulation has been linked to
multiple diseases [3]. Previous thought might have placed
primary responsibility on the role of Beclin 1 in autophagy
because in mammals it has almost exclusively been char-
acterized in the context of autophagy. Through recruitment
of critical effectors such as UVRAG and Atgl4L, Beclin 1
coordinates overarching membrane trafficking pathways
and cellular functions that are critical to mammalian
development and cell viability (Fig. 1b). Autophagy main-
tains cellular homeostasis: for instance neurons rely on basal
levels of autophagy to remove intracellular toxic aggregates,
and in neurodegenerative disease conditions, autophagy
clears disease-associated mutant proteins. Autophagy-
enhancing drugs could perhaps be of use as anti-cancer or
anti-aging therapies and may even prevent neurodegenera-
tion by clearing toxic aggregates. We must, however, be
cautious; autophagy can be cytotoxic when autophagosome
synthesis is activated but autophagosome degradation and
substrate clearance are impaired [80]. We need highly spe-
cific drug targets such as components in the Beclin 1-VPS34
complexes, which play a role in various critical pathways
including autophagy, endocytosis and apoptosis. Two
important lines of study have shown that decreased levels of
Beclin 1 are causal in cancer [12] and Alzheimer’s disease
[73]; the authors attributed these results to Beclin 1’s role in
autophagy, but in light of recent studies that implicate
Beclin 1 in other cellular processes, the mechanisms should
be reexamined. Of particular interest, Beclin 1 has been
recently linked to multiple neurodegenerative diseases;
however, the function of Beclin 1 in the brain has not been
elucidated. Nonetheless, characterization of Beclin 1 in the
progression of neurodegenerative disorders and other dis-
eases will assist in developing therapies.

Many questions remain to be answered: what triggers
differential Beclin 1 complexing with VPS34 and other
components, how does Beclin 1 regulate specific functions
of VPS34, how do Beclin 1 post-translational modifications
affect its function, and what are the non-autophagy

functions of Beclin 1? Multiple lines of evidence have
linked altered expression of Beclin 1 to several major
human diseases such as cancer, infectious diseases and, in
particular, neurodegenerative disorders, but the exact
mechanism underlying the influence of Beclin 1 levels in
disease progression is unknown. It is thus imperative to
understand the precise molecular mechanism(s) whereby
Beclin 1 regulates VPS34 functions in autophagy and other
membrane trafficking pathways, the disruption of which
may underlie the pathogenesis of multiple diseases.
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