
fcell-06-00137 October 12, 2018 Time: 12:38 # 1

MINI REVIEW
published: 12 October 2018

doi: 10.3389/fcell.2018.00137

Edited by:
Ana Cuenda,

Consejo Superior de Investigaciones
Científicas (CSIC), Spain

Reviewed by:
Ricardo Sanchez-Prieto,

Instituto de Investigaciones
Biomédicas Alberto Sols (IIBM), Spain

Jose M. Lizcano,
Autonomous University of Barcelona,

Spain

*Correspondence:
Manoj B. Menon

menon.manoj@mh-hannover.de

Specialty section:
This article was submitted to

Signaling,
a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 19 July 2018
Accepted: 26 September 2018

Published: 12 October 2018

Citation:
Menon MB and Dhamija S (2018)

Beclin 1 Phosphorylation –
at the Center of Autophagy

Regulation.
Front. Cell Dev. Biol. 6:137.

doi: 10.3389/fcell.2018.00137

Beclin 1 Phosphorylation – at the
Center of Autophagy Regulation
Manoj B. Menon1* and Sonam Dhamija2,3

1 Institute of Cell Biochemistry, Hannover Medical School, Hannover, Germany, 2 Division of Cancer Research, Department of
Thoracic Surgery, Medical Center – University of Freiburg, Freiburg, Germany, 3 Division of RNA Biology and Cancer, German
Cancer Research Center, Heidelberg, Germany

Autophagy is a tightly regulated catabolic process wherein cells under stress sequester
cytosolic constituents like damaged proteins and organelles in double-membrane
vesicles called autophagosomes. The autophagosomes degrade their cargo by
lysosomal proteolysis generating raw materials for the biosynthesis of vital
macromolecules. One of the initial steps in the assembly of autophagosomes
from pre-autophagic structures is the recruitment and activation of the class III
phosphatidylinositol 3-kinase complex consisting of Beclin 1 (BECN1), VPS34, VPS15,
and ATG14 proteins. Several pieces of evidence indicate that the phosphorylation and
ubiquitination of BECN1 at an array of residues fine-tune the responses to diverse
autophagy modulating stimuli and helps in maintaining the balance between pro-
survival autophagy and pro-apoptotic responses. In this mini-review, we will discuss the
importance of distinct BECN1 phosphorylation events, the diverse signaling pathways
and kinases involved and their role in the regulation of autophagy.
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INTRODUCTION

Macro-autophagy, usually referred to as “autophagy” is a catabolic process by which cells subject
cytosolic components for lysosomal degradation and recycling, often in response to metabolic
stress or nutrient starvation (Bento et al., 2016). In response to the metabolic needs of the cells,
autophagy is initiated by the concerted action of the ATG1 (autophagy related 1)/ULK1 (Unc-51
like autophagy activating kinase-1) complex and the PI3K-III complex. This leads to the nucleation
of phagophores which engulf intracellular cargo generating double-membranous structures called
autophagosomes, which eventually fuse with lysosomes to form autolysosomes wherein the
contents are degraded to release amino acids and other metabolites (Figure 1A; Bento et al., 2016).
Many cancer cells display high rates of basal autophagy, providing them resistance to metabolic
stress, which in turn makes autophagy a target for anti-cancer intervention (Bhat et al., 2018). Even
though primarily a pro-survival process, excessive “self-eating” could be deleterious to the cells and
hence the process is tightly regulated and coupled to the energy and nutrient necessities of the cells.
Different nutrient sensing pathways convey signals to the autophagy machinery, phosphorylating
autophagy related gene-products and regulating diverse phases of autophagosome formation and
resolution. Being the master nutrient sensor, the mTORC1 (mammalian target of rapamycin
complex 1) signaling is the primary regulator of autophagy initiation in mammalian cells (Kim and
Guan, 2015; Rabanal-Ruiz et al., 2017). Under nutrient rich conditions mTORC1 phosphorylates
ULK1 and ATG13 in the ULK1 complex effectively suppressing ULK1 activity and autophagy.
Loss of mTORC1 activity during amino-acid and nutrient starvation releases this break on ULK1
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FIGURE 1 | Autophagy and Beclin 1 (BECN1) phosphorylation. (A) The scheme depicts the phases of autophagosome assembly from initiation to nutrient recycling.
The steps include the structural transformation from the pre-autophagosomal structure (PAS) to phagophore to autophagosomes, culminating in the fusion of
autophagosomes with lysosomes facilitating the degradation of their contents in autolysosomes. The regulatory protein complexes involved are depicted with their
components and the presence of regulatory phosphorylation event/events are shown. (B) Primary structure of BECN1 showing the BCL2/BCL-XL binding BH3 motif
(residues 105–130), flexible helical domain (F, residues 141–171), and the central coiled coil domain (CCD, residues 175–265). Evolutionary conserved domain
(residues 248–337) and β/α-repeated, autophagy-related (BARA) domain (265–450aa) is represented together as ECD-BARA (Mei et al., 2016). The approximate
locations of pro-autophagy (green) and inhibitory (red) phosphorylation sites are shown. The contributions of the different domains to complex formation with
interactors are also indicated. (C) Phosphorylation-dependent conversion of inactive BECN1 homodimer/BCL2-complex to an active PI3K-III complex is depicted.
The STK4-mediated BECN1-BH3 domain phosphorylation (negative regulator of autophagy), triple phosphorylation of BCL2 which releases BCL2 from BECN1,
representative phosphorylation events in the N-terminal domain (NTD) promoting BECN1-BCL2 dissociation as well as activating the PI3K-activity are presented
(positive regulation).

activation and initiates autophagy. AMPK (5′ adenosine
monophosphate-activated protein kinase), a kinase which
is activated in response to energy-depletion in the cell also
regulates the activity of the ULK1 complex. mTORC1-dependent
suppression and AMPK-mediated activation of the ULK1
complex are among the most studied mechanisms coupling
nutrient sensing to autophagosome biogenesis. However, several
studies have identified the PI3K-III (phosphatidylinositol
3-kinase, class III) complex as an equally important signaling
hub which fine tunes the autophagy-flux in response to diverse
signals and balances autophagy with apoptosis. Here, we will
summarize the current literature on the regulation of autophagy
by the phosphorylation of the PI3K-III regulatory subunit
BECN1 (Beclin-1) (Table 1).

BECN1 – AT THE CROSS-ROADS OF
AUTOPHAGY AND APOPTOSIS

Beclin 1 was originally identified as a yeast two-hybrid interaction
partner of the anti-apoptotic protein – BCL2 (Liang et al., 1998).
Soon after that, it was described as the mammalian homolog
of yeast Atg6, involved in autophagy and tumor suppression,
often deleted in ovarian and breast cancer (Aita et al., 1999;
Liang et al., 1999). Consistent with its dual role in the processes

of autophagy and apoptosis, homozygous deletion of Becn1 in
mice results in early embryonic lethality, while Becn1+/− mice
are prone to spontaneous and virus-induced tumorigenesis
(Qu et al., 2003; Yue et al., 2003). BECN1 associates with
PIK3C3/ VPS34 (vacuolar sorting protein-34), a class III
phosphoinositide kinase catalytic subunit and the regulatory
subunit VPS15/PIK3R4 to form a highly regulated complex
which promotes PtdIns-3P (phosphatidylinositol 3-phosphate)
generation. AMBRA1 (activating molecule in BECN1 regulated
autophagy) anchors the BECN1-VPS34 complex to dynein
light chains and the phosphorylation of AMBRA-1 by ULK1
is necessary for releasing the complex from the microtubule
motor, facilitating ER (endoplasmic reticulum) localization
and phagosome biogenesis (Gao et al., 2016). Multiple BECN1
interacting proteins are recruited to this minimal unit, including
ATG14/Barkor (BECN1-associated autophagy-related key
regulator), UVRAG (UV-radiation resistance associated gene),
and Rubicon (RUN and cysteine rich domain containing BECN1
interacting protein). However, a complex consisting of VPS34,
BECN1, ATG14 and the membrane anchoring VPS15 is the
essential unit necessary for the localized generation of PtdIns-3P
facilitating initiation of autophagy (Matsunaga et al., 2010).
UVRAG has been shown to associate with BECN1 in a mutually
exclusive manner with ATG14, generating a distinct PI3-kinase
complex which functions in vacuolar protein sorting pathway,
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TABLE 1 | Beclin 1 (BECN1) phosphorylation sites, their domain localization, effect on autophagy and the kinases involved.

No. Kinase Phospho-site (hBECN1) BECN1 domain Effect on autophagy Reference

1 ULK1 S15, S30 NTD Positive Russell et al., 2013; Park et al., 2018

2 PGK1 S30 NTD Positive Qian et al., 2017

3 DAPK3 S90 NTD Positive Fujiwara et al., 2016

4 MAPKAPK2/3 S90 NTD Positive Wei et al., 2015

5 CAMKII S90 NTD Positive Li et al., 2017

6 AMPK S93, S96 NTD Positive Kim et al., 2013

STK4 T108 BH3 motif Negative Maejima et al., 2013

7 DAPK1 T119 BH3 motif Positive Zalckvar et al., 2009b

8 DAPK2 T119 BH3 motif Positive Shiloh et al., 2018

9 ROCK1 T119 BH3 motif Positive Gurkar et al., 2013

10 FAK Y233 CCD Negative Cheng et al., 2017

11 AKT1 S234, S295 CCD, ECD-BARA Negative Wang et al., 2012

12 EGFR Y229, Y233, Y352 CCD, BARA Negative Wei et al., 2013

13 BCR-ABL Y233, Y352 CCD, BARA Negative Galluzzi et al., 2018

14 AMPK T388 BARA Positive Zhang et al., 2016

15 CSNK1G2 S409 BARA Negative Sun et al., 2015

rather than autophagy (Itakura et al., 2008). Rubicon is an
inhibitor of VPS34 function which specifically associates with a
sub-fraction of UVRAG-containing complexes (Matsunaga et al.,
2009; Zhong et al., 2009). Even though there are three distinct
VPS34-BECN1 regulatory units, sufficient evidence exists in
the literature which suggests active cross-talk between these
membrane remodeling complexes in vesicular trafficking and
autophagosome maturation (Liang et al., 2008; Matsunaga et al.,
2009; Zhong et al., 2009; Wu et al., 2018).

Beclin 1 is a multi-domain protein with an N-terminal
BCL2 homology (BH)-3 domain, a central coiled-coil domain
(CCD), an evolutionarily conserved domain (ECD) and an
overlapping C-terminal β-α-repeated, autophagy-specific
(BARA) domain (Figure 1B). The central CCD can dimerize
in antiparallel orientation to generate an inactive BECN1
homodimer or facilitate complex formation with ATG14
or UVRAG, leading to an active PI3-kinase complex. The
interaction between BECN1 BH3 domain and BCL2/BCL-XL
stabilizes CCD-mediated BECN1 dimers, effectively suppressing
autophagosome biogenesis (Pattingre et al., 2005). This forms
the primary mechanism of BECN1-dependent cross-talk
between apoptosis and autophagy and is target for regulation
by post-translational modifications (PTMs) (Levine et al.,
2008). JNK1 (c-Jun N-terminal kinase / MAPK8) or ERK1/2
(MAPK1/3) – mediated phosphorylation of BCL2 upon
starvation induces the dissociation of BECN1-BCL2 complex,
facilitating heterodimerization of BECN1 with ATG14 and
activation of autophagy (Tang et al., 2010; Song et al., 2018b;
Figure 1C). Consistently, over-expression of a BCL2-binding
deficient mutant of BECN1 is sufficient to induce an autophagic
response, even under nutrient-rich conditions (Pattingre et al.,
2005). Thus the release of BECN1 from BCL2/BCL-XL proteins
seems to be an essential step for initiating the autophagic
response. This is further confirmed by the fact that BH3-
only domain proteins like BAD as well as the BH3-mimetic
compound ABT-737 competitively displace BECN1 from

the BH3-binding grooves on BCL2/BCL-XL and activate
autophagosome formation (Maiuri et al., 2007a,b). The BH3-
mimetics are inhibitors of the anti-apoptotic action of the BCL2
family proteins and are strong inducers of apoptosis (Oltersdorf
et al., 2005). However, BECN1 association doesn’t affect the
anti-apoptotic functions of BCL2/BCL-XL and distinct pools
of BCL2 localized to separate sub-cellular membranes seems
to regulate autophagy and apoptosis (Ciechomska et al., 2009;
Chang et al., 2010). Moreover, the ECD, which is crucial for
recruiting VPS34 is necessary for inducing autophagy as well
as tumor suppression, suggesting that the tumor suppressor
function of BECN1 is coupled to the lipid kinase function,
rather than BCL2 association (Furuya et al., 2005). However,
the expression of a BCL2-binding deficient BECN1 mutant
not only promoted autophagy, but also enhanced basal and
starvation-induced apoptosis in MCF7 cells. Interestingly, the
pro-apoptotic effect is abrogated upon siRNA mediated depletion
of ATG5, suggesting that the apoptotic response is downstream
to autophagy (Pattingre et al., 2005). “Autophagic-death” has
been much debated and has already been discounted as a
misnomer and autophagy is now widely being accepted as a
cytoprotective process, which helps in adaptation against stress
(Levy et al., 2017). However, in several cases, the components of
the autophagy machinery contributes to the cell death process
and the term “autophagy-dependent cell death” has been coined
to describe such events of regulated cell death (Galluzzi et al.,
2018; Lima et al., 2018). For example, ferroptosis – a form of
programmed necrosis requires the degradation of iron storage
proteins by autophagy, making it a type of autophagy-dependent
cell death (Gao et al., 2016; Hou et al., 2016). In addition to
this, there is a fine balance between the pro-survival autophagic
response and the apoptosis response under diverse conditions.
For example, inhibition of autophagy by ATG5-depletion leads
to stronger apoptotic cell killing in response to staurosporine in
the H4 glioma cells (Xu et al., 2013). BECN1 and its interactors
may act as mediators of this cross-talk. Caspase and calpain
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mediated cleavage of BECN1 and AMBRA1 seems to be a
mode of suppressing the autophagic response (Cho et al., 2009;
Luo and Rubinsztein, 2010; Russo et al., 2011; Pagliarini et al.,
2012). The embryonic lethality in Ambra1−/− mice is associated
with enhanced apoptotic cell death, in addition to signs of
impaired autophagy (Fimia et al., 2007). BECN1 can also be
involved in autophagic suppression of apoptosis. TRAIL (tumor
necrosis factor related apoptosis inducing ligand), induces
RIPK1 (receptor interacting S/T kinase-1)-dependent BECN1
expression, autophagy and apoptotic cell death (Yao et al., 2015).
Under such conditions, TRAIL-mediated autophagy suppresses
apoptosis by inducing CASP8 degradation and autophagy
inhibition is a prerequisite for efficient cell death response (Hou
et al., 2010). A recent study also reported an autophagy-apoptosis
switch in the context of combinatorial chemotherapy, wherein
the dephosphorylation of BECN1 at S234/S295 leads to enhanced
caspase-cleavage and suppression of autophagy (Song et al.,
2018a).

REGULATION OF AUTOPHAGY BY
BECN1 PHOSPHORYLATION

As indicated previously, the release of BECN1 from
BCL2/BCL-XL association at the ER-membrane is a prerequisite
for its heterodimerization with ATG14 and formation of a
functional PI3K-III complex (Chang et al., 2010). Confirming
the in vitro observations, knock-in mice harboring a
non-phosphorylatable mutant of BCL2 (T69A/S70A/S84A)
are deficient in exercise-induced myocyte autophagy in vivo (He
et al., 2012). Moreover, the recent analysis of a Becn1F121A/F121A

knock-in mouse model, wherein a BH3 domain mutation
abrogates BECN1-BCL2 interaction, revealed constitutively
increased basal autophagy (Rocchi et al., 2017; Fernandez
et al., 2018). Interestingly, the F121A knock-in mice displayed
enhanced life span, health span as well as improved cognitive
function in a mouse model of Alzheimer’s disease (Rocchi
et al., 2017; Fernandez et al., 2018). While ERK/JNK-mediated
phosphorylation of BCL2 seems to be effective in abrogating
BECN1-BCL2 interaction, such phosphorylation events are
not known for BCL-XL, suggesting the existence of other
modes of regulation. Over the years, a number of kinases
have been shown to phosphorylate the N-terminal region of
BECN1, thus affecting the association of the BH3-domain
with the BCL2/BCL-XL proteins (Table 1). In one of the
earliest reports, DAPK1 (death-associated protein kinase-1)
was shown to phosphorylate the BH3-domain residue T119
and consequently abrogate BECN1-BCL2/BCL-XL interaction,
facilitating autophagy initiation upon serum deprivation
(Zalckvar et al., 2009a,b). BECN1-T119 is also targeted by the
closely related kinase DAPK2 as well as ROCK1 (Rho-associated
coiled-coil containing protein kinase-1), with a similar outcome
(Gurkar et al., 2013; Shiloh et al., 2018). A deviation from
the general theme of autophagy stimulation by PTM at the
BH3-domain interface also exists. STK4 (serine/threonine
kinase-4)/Mst1 (mammalian STE20-like protein kinase 1), a
proapoptotic kinase stabilizes BECN1-BCL2/BCL-XL association

by phosphorylating at BECN1-T108, thus inhibiting autophagy in
cardiomyocytes (Maejima et al., 2013; Figure 1C). Interestingly,
T108 phosphorylation also leads to efficient sequestration of
BCL2/BCL-XL by BECN1, activating BAX-mediated apoptosis.
This finding is in contrast to other studies which show that
anti-apoptotic functions of BCL2 are not compromised
by BECN1 and possibly indicates a BECN1-T108 and/or
cardiomyocyte-specific effect (Ciechomska et al., 2009; Chang
et al., 2010).

The ATG14-BECN1-VPS34 complex formation is not
sufficient for initiating autophagy and this complex needs to be
activated by ULK1 (or ULK2) mediated S15 phosphorylation
to generate a PI3K-III complex proficient in PtdIns-3P
production (Russell et al., 2013). ULK1-mediated BECN1-S15
phosphorylation also targets UVRAG-associated complexes,
contributing to autophagosome maturation (Russell et al.,
2013). Recent evidences indicate a role for S15 phosphorylation
in promoting the interaction of BECN1 with the ubiquitin
ligase PARK2/Parkin, facilitating translocation of PARK2
to damaged mitochondria during mitophagy (Kumar and
Shaha, 2018). In addition to S15, ULK1/2 also phosphorylates
BECN1 at S30, exclusively in the ATG14-associated complex
to positively regulate early stages of autophagosome biogenesis
(Park et al., 2018). Interestingly, a glycolytic enzyme – PGK1
(phosphoglycerate kinase 1) also directly phosphorylates
BECN1-S30 leading to enhanced VPS34 activity and autophagy,
in response to glutamine deprivation or hypoxia (Qian et al.,
2017). Glutamine deprivation induced acetylation of PGK1
is necessary for BECN1 association and phosphorylation.
Even though a very attractive idea, whether PGK1 is directly
functioning as a protein kinase phosphorylating BECN1-S30 or
just indirectly promote ULK1/2-mediated S30 phosphorylation
is a debatable question (Park et al., 2018).

AMPK, one of the cellular energy sensors also participates
in control of autophagy by direct phosphorylation of
BECN1. AMPK-mediated phosphorylation of BECN1 at
S93 and S96 is essential for activating the pro-autophagic
VPS34-BECN1-ATG14 complex in response to glucose
starvation (Kim et al., 2013). Enhanced phosphorylation at
S96 is also observed during ethanol-induced autophagy and is
suppressed upon siRNA mediated depletion of AMPK (Hong-
Brown et al., 2017). Interestingly, recent evidence indicates a
role for AMPK-mediated S93/96 phosphorylation of BECN1 in
the regulation of ferroptosis, a form of autophagy-dependent
cell death (Song et al., 2018b). Another AMPK target site is
T388 in the C-terminal region of BECN1. Interestingly, T388
phosphorylation not only enhances the association of BECN1
with the VPS34-ATG14-VPS15 complex, but also reduces
BECN1-BCL2 complex formation and BECN1 dimerization
(Zhang et al., 2016). The structure of BECN1 C-terminus
displays a unique membrane binding fold with 3 structural
repeating units consisting of central helices, short strands and
loops denoted as the BARA domain (Huang et al., 2012; Noda
et al., 2012). Recent in vitro studies also suggest a role for the
BARA domain residues in efficient BECN1 homodimerization
mediated by ECD (Ranaghan et al., 2017). The third unit
(aa387–aa444) of the BARA domain harbors the T388 site in a
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flexible loop, followed by a region (aa425–aa450) shown to be
required for VPS15-dependent membrane localization (Huang
et al., 2012; Fogel et al., 2013). T388 phosphorylation may
interfere with BECN1 dimerization or enhance its membrane
association and thus indirectly modulate BCL2 binding at the
N-terminal BH3 domain. More in vitro studies and structural
analysis of full length BECN1 in dimer form and in complex
with its interaction partners will be necessary to answer the open
questions regarding the homodimer-heterodimer switch.

Beclin 1-S90 and S93 residues were originally identified
as ATG14-dependent phosphorylation sites induced during
starvation-induced autophagy and valinomycin-induced
mitophagy (Fogel et al., 2013). While AMPK seems to be
the only kinase phosphorylating at S93, S90 is a target for
many kinases. S90 phosphorylation is strongly induced upon
amino-acid starvation or treatment with PP2A (protein
phosphatase 2A)-inhibitor okadaic acid and is necessary
for the activation of autophagy (Wei et al., 2015; Fujiwara
et al., 2016). Starvation of mice also induces BECN1-S90
phosphorylation in skeletal muscle, indicating the in vivo
relevance of this modification (Fujiwara et al., 2016).
Interestingly, the SAPK (stress-activated protein kinase)
pathways consisting of JNKs and the p38MAPKs converge
on the BCL2-BECN1 axis to regulate autophagy. While
JNK1 phosphorylates BCL2, inducing the dissociation of the
BECN1-BCL2 complex, the p38-downstream kinases MK2
and MK3 directly phosphorylates BECN-S90 activating the
lipid kinase activity of the BECN1-VPS34-ATG14 complex,
promoting autophagy (Wei et al., 2015). A non-phosphorylatable
BCL2 mutant prevents BECN1-S90 phosphorylation, suggesting
that the removal of steric blockade by BCL2 is required for
phosphorylation by MK2/3 (Wei et al., 2015). DAPK3 is another
kinase which has been proposed to be a BECN1-S90 kinase
and siRNA mediated depletion of DAPK3 suppresses starvation
and PP2A-inhibition induced BECN1-S90 phosphorylation
in HeLa cells (Fujiwara et al., 2016). In response to calcium
stimulation, CaMKII (Calcium/calmodulin-dependent protein
kinase II) mediates S90 phosphorylation, which facilitates
K63-ubiquitination-dependent autophagic degradation of Id1/2
(inhibitor of differentiation-1/2) promoting neuroblastoma
differentiation (Li et al., 2017).

Most of the phosphorylation sites on the C-terminal half of
BECN1 are inhibitory in nature except for AMPK-dependent
T388 phosphorylation (Figure 1B and Table 1). Akt mediated
phosphorylation at S234 and S295 leads to the suppression
of BECN1 functions in autophagy and tumor suppression
(Wang et al., 2012). In an interesting cross-talk between
autophagy and cytoskeleton, the phosphorylated BECN1 is
sequestered by 14-3-3 proteins, which anchors them to vimentin
intermediate filaments, preventing autophagosome formation
(Wang et al., 2012). Another related S/T kinase, CK1γ2 /
CSNK1G2 (Casein kinase 1 gamma 2) targets BECN1-S409 and
this phosphorylation enhances BECN1 acetylation at K430/K437
promoting interaction with Rubicon (Sun et al., 2015). Rubicon
binding to UVRAG-associated VPS34-BECN1 complexes
suppresses vesicular transport and inhibits autophagosome
maturation (Matsunaga et al., 2009; Sun et al., 2015).

In addition to the S/T-kinases, there is also tyrosine
phosphorylation-dependent suppression of BECN1 function in
autophagy. FAK/PTK2 (focal-adhesion kinase/protein tyrosine
kinase-2) mediated phosphorylation at BECN1-Y233 suppresses
cardiomyocyte autophagy and promotes BECN1-dependent
cardiomyocyte hypertrophy in vivo (Cheng et al., 2017). At
the molecular level, Y233 phosphorylation seems to suppress
ATG14-interaction (Cheng et al., 2017). Interestingly, autophagy
is in turn involved in the degradation of focal-adhesions,
with effect on cancer cell metastasis and FAK-mediated
suppression of autophagy could be part of a feed-back loop
(Sharifi et al., 2016; Kawano et al., 2017; Wang et al., 2018).
In the context of host-pathogen interaction, suppression of
autophagy by Salmonella seems to depend on FAK-dependent
mTOR activation, but a direct role for FAK-mediated BECN1
phosphorylation could also be relevant (Owen et al., 2014).
EGFR (human epidermal growth factor receptor / HER1)
is another tyrosine kinase involved in autophagy regulation
by BECN1 phosphorylation. EGFR activation by oncogenic
mutations induces phosphorylation of BECN1 at Y229, Y233,
and Y352, which suppress autophagy and enhance tumorigenesis
in a NSCLC (non-small cell lung carcinoma) xenograft model
(Wei et al., 2013). This multisite tyrosine phosphorylation
alters BECN1-interactome by promoting homodimerization,
BCL2 association and Rubicon binding, while inhibiting the
BECN1-VPS34 complex formation (Wei et al., 2013). In a
parallel study, HER2 (human epidermal growth factor receptor 2)
was shown to form an EGFR/HER2-inhibitor sensitive complex
with BECN1 at the plasma membrane resulting in HER2
phosphorylation, Akt activation and suppression of autophagy
(Han et al., 2013). In EGFR/HER2-inhibitor resistant breast
cancer cells, there is enhanced autophagy in response to the
inhibitor, which can be switched to apoptosis by BECN1
depletion (Han et al., 2013). Considering the similarities
between EGFR and HER2, HER2-dependent suppression of
autophagy could also involve direct BECN1 phosphorylation.
In CML (chronic myelogenous leukemia), the constitutive
active chimeric tyrosine kinase BCR-ABL is involved in
phosphorylating Y233 and Y352 residues, keeping autophagy
under check and promoting leukemogenesis (Galluzzi et al.,
2018). However, upon treatment with receptor tyrosine kinase
inhibitors, there is upregulation of pro-survival autophagy, which
makes co-targeting of autophagy an effective therapeutic strategy
(Levine et al., 2008; Tang et al., 2010).

OTHER PTMS REGULATING BECN1

Beclin 1 is a signaling hub in the context of autophagy as well
as vesicular sorting pathway and is subjected to a wide array
of PTMs. In addition to 23 phosphorylation sites, proteomic
data publicly available in the PhosphoSitePlus R© database shows
the presence of nine ubiquitination and three acetylation
sites on human BECN1 (Hornbeck et al., 2015). Much like
the phosphorylation sites, the best analyzed ubiquitination
site is in the BH3 domain and TRAF6-mediated K63-linked
ubiquitination at BECN1-K117 prevents BCL2/BCL-XL
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association, facilitating TLR4 (toll-like receptor 4) induced
autophagy (Shi and Kehrl, 2010a,b; Min et al., 2018). TRIM50
(Tripartite Motif Containing 50) is another ubiquitin ligase
which adds pro-autophagic K63-linked ubiquitin chains to
BECN1, but the exact lysine residues targeted by this ligase
are not known (Fusco et al., 2018). During starvation-induced
autophagy, K63-linked poly-ubiquitination at BECN1-K347 is
necessary for efficient VPS34 association and activation (Xia
et al., 2013). This modification is mediated by the CUL4-DDB1
E3-ubiquitin ligase complex, with BECN1 interactor AMBRA1
as one of its components (Xia et al., 2013).

An interesting mechanism of BECN1-ubiquitination
dependent suppression of autophagy emerged from the
pharmacology front, when a screen for autophagy inhibitors
identified a small molecule named spautin-1, which causes
ubiquitination and proteasomal-degradation of BECN1 (Liu
et al., 2011). Depletion of BECN1 leads to the degradation
of ATG14 and destabilization of the pro-autophagic
ATG14-BECN1-VPS34 complex, suppressing autophagy
(Thoresen et al., 2010; Liu et al., 2011). The targets of spautin-1
are the ubiquitin specific proteases USP10 and USP13, but
the ubiquitin ligases and the specific ubiquitination sites
involved in degradative BECN1 ubiquitination in this context
is not known so far (Liu et al., 2011). Ataxin-3, another
deubiquitinating enzyme is involved in deubiquitinating
K48-linked poly-ubiquitin chains from BECN1-K402, thus
stabilizing BECN1 and promoting starvation-induced autophagy
(Ashkenazi et al., 2017). Inhibition of the chaperone protein
HSP90 (heat-shock protein-90) also induces K48-linked
poly-ubiquitination and degradation of BECN1, suppressing
TLR-mediated autophagy (Xu et al., 2011). Ring family
ubiquitin ligase RNF216 (ring-finger protein-216) is
another protein which suppresses autophagy by inducing
K48-linked poly-ubiquitination and degradation of BECN1 in
TLR-stimulated macrophages and colon cancer (Xu et al., 2014;
Wang et al., 2016). Although the ubiquitin ligase NEDD4 (neural
precursor cell expressed developmentally down-regulated
protein 4) was shown to inhibit autophagy by K11-linked
poly-ubiquitination and degradation of BECN1, recent evidences
suggest a pro-autophagic role for this protein (Platta et al., 2012;
Pei et al., 2017; Sun et al., 2017). However, K11-ubiquitination of
BECN1 at K437 is indeed a negative regulator of BECN stability
and is counteracted by the ER-tail-anchored ubiquitin specific
protease USP19 (Jin et al., 2016). Interestingly, ubiquitination
seems to be a very important means of fine-tuning autophagic
response, especially in the case of TLR/immune signaling
and bacterial autophagy. CUL3-KLHL20 E3-ubiquitin ligase
complex mediated ubiquitination of several ATG proteins
including BECN1 and subsequent proteasomal-degradation
is involved in the termination of autophagy (Liu et al.,
2016).

In addition to phosphorylation and ubiquitination, S409
phosphorylation primed acetylation at K430/K437 is an
important regulatory mechanism inducing association of
BECN1with Rubicon and suppressing autophagy (Sun et al.,
2015). While S409 phosphorylation enhances the interaction of
BECN1 with the acetyl transferase p300 facilitating acetylation,

SIRT1 seems to be the specific deacetylase targeting BECN1
(Sun et al., 2015). Even though there is no direct proof for
methylation of BECN1, the consensus sequences surrounding
S90, identify R87 as a possible regulatory methylation target
(Fogel et al., 2013). Moreover, BECN1 is also subjected to
O-GlcNAcylation, but the target sites and functional relevance of
this modification has not been investigated in detail (Matsunaga
et al., 2010).

BECN1 MODIFICATIONS AND
FUNCTIONS: CHALLENGES AHEAD

There is mass-spectrometric evidence for PTMs at almost
30% of all the modifiable residues (S/T/Y/K) on BECN11.
Regulatory sites are uniformly spread throughout the length of
the protein and analysis of missense mutations in pathologies
like HCC (hepatocellular carcinoma) has identified large
scale changes affecting relevant residues (Levy et al., 2017;
Wu et al., 2018). The functional relevance of these sites,
especially ubiquitination sites are unexplored so far. Much of
our understanding on BECN1modifications and autophagy in
general is deduced from non-physiological setting in cultured
cells. A comparative analysis of autophagy in response to distinct
stimuli like amino-acid starvation, glucose starvation, protein
aggregation, hypoxia and TLR-stimulation will be useful to
make note of basic and stimulus-specific factors involved. This
could also be helpful in demystifying the signaling aspect of
autophagy-dependent phenotypes in animal models. In addition
to PTMs, transcriptional upregulation of BECN1 is also often
associated with enhanced autophagy in response to diverse
stimuli (Matsunaga et al., 2009; Gao et al., 2016; Song et al.,
2018b). While the initiation and termination of autophagy
depends on dynamic PTMs, the long-term effects are mediated
by transcription regulatory circuits. The literature on basal
autophagy signaling, responses to therapy and related phenotypes
in cancer are rather scattered and incomprehensible, due to
overlapping transcriptional and post-translational regulatory
networks. There is a need to revisit some of the early
findings related to autophagy-dependent cell death, especially
to distinctly separate this from defective autophagy-induced
apoptosis.

Even though the functions of BECN1 can be simply
represented as regulation of vacuolar protein sorting and
autophagy, relevance of this signaling molecule encompass
immunity, metabolism, and cancer (Zhong et al., 2016). Modified
themes of BECN1 functions in these membrane associated
complexes have emerged, which makes it a target for therapeutic
intervention in pathologies ranging from cancer to Alzheimer’s
disease (Fimia et al., 2007; Xu et al., 2013; Rocchi et al.,
2017). In addition, there are BECN1-independent mechanisms
of autophagy and autophagy-independent roles for BECN1
in cancer (Scarlatti et al., 2008; Smith et al., 2010; Elgendy
et al., 2014). The biochemical analysis of BECN1 and associated
factors are constantly changing our understanding on the

1http://www.phosphosite.org/
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structure-function correlation of different BECN1 domains.
For example, a recent study suggests the involvement of
C-terminal BARA domain in BECN1 dimerization and BCL2
interaction, which may argue against the antiparallel homodimer
model represented in Figure 1C (Ranaghan et al., 2017). The
field of BECN1 research will be entering its third decade
soon. Persistent work from several groups, integrating diverse
biological systems have revealed a lot, but the complexities of

this multifaceted signaling molecule is far from being completely
understood.

AUTHOR CONTRIBUTIONS

Both authors contributed to the drafting and revision of the
manuscript and approved it for publication.

REFERENCES
Aita, V. M., Liang, X. H., Murty, V. V., Pincus, D. L., Yu, W., Cayanis, E., et al.

(1999). Cloning and genomic organization of beclin 1, a candidate tumor
suppressor gene on chromosome 17q21. Genomics 59, 59–65. doi: 10.1006/
geno.1999.5851

Ashkenazi, A., Bento, C. F., Ricketts, T., Vicinanza, M., Siddiqi, F., Pavel, M., et al.
(2017). Polyglutamine tracts regulate beclin 1-dependent autophagy. Nature
545, 108–111. doi: 10.1038/nature22078

Bento, C. F., Renna, M., Ghislat, G., Puri, C., Ashkenazi, A., Vicinanza, M., et al.
(2016). Mammalian autophagy: how does it work? Annu. Rev. Biochem. 85,
685–713. doi: 10.1146/annurev-biochem-060815-014556

Bhat, P., Kriel, J., Shubha Priya, B., Basappa, Shivananju, N. S., and Loos, B. (2018).
Modulating autophagy in cancer therapy: advancements and challenges for
cancer cell death sensitization. Biochem. Pharmacol. 147, 170–182. doi: 10.1016/
j.bcp.2017.11.021

Chang, N. C., Nguyen, M., Germain, M., and Shore, G. C. (2010). Antagonism of
Beclin 1-dependent autophagy by BCL-2 at the endoplasmic reticulum requires
NAF-1. EMBO J. 29, 606–618. doi: 10.1038/emboj.2009.369

Cheng, Z., Zhu, Q., Dee, R., Opheim, Z., Mack, C. P., Cyr, D. M., et al. (2017).
Focal adhesion kinase-mediated phosphorylation of beclin1 protein suppresses
cardiomyocyte autophagy and initiates hypertrophic growth. J. Biol. Chem. 292,
2065–2079. doi: 10.1074/jbc.M116.758268

Cho, D. H., Jo, Y. K., Hwang, J. J., Lee, Y. M., Roh, S. A., and Kim, J. C. (2009).
Caspase-mediated cleavage of ATG6/Beclin-1 links apoptosis to autophagy in
HeLa cells. Cancer Lett. 274, 95–100. doi: 10.1016/j.canlet.2008.09.004

Ciechomska, I. A., Goemans, G. C., Skepper, J. N., and Tolkovsky, A. M. (2009).
Bcl-2 complexed with Beclin-1 maintains full anti-apoptotic function. Oncogene
28, 2128–2141. doi: 10.1038/onc.2009.60

Elgendy, M., Ciro, M., Abdel-Aziz, A. K., Belmonte, G., Dal Zuffo, R., Mercurio, C.,
et al. (2014). Beclin 1 restrains tumorigenesis through Mcl-1 destabilization
in an autophagy-independent reciprocal manner. Nat. Commun. 5:5637.
doi: 10.1038/ncomms6637

Fernandez, A. F., Sebti, S., Wei, Y., Zou, Z., Shi, M., McMillan, K. L., et al. (2018).
Disruption of the beclin 1-BCL2 autophagy regulatory complex promotes
longevity in mice. Nature 558, 136–140. doi: 10.1038/s41586-018-0162-7

Fimia, G. M., Stoykova, A., Romagnoli, A., Giunta, L., Di Bartolomeo, S.,
Nardacci, R., et al. (2007). Ambra1 regulates autophagy and development of
the nervous system. Nature 447, 1121–1125. doi: 10.1038/nature05925

Fogel, A. I., Dlouhy, B. J., Wang, C., Ryu, S. W., Neutzner, A., Hasson, S. A., et al.
(2013). Role of membrane association and Atg14-dependent phosphorylation
in beclin-1-mediated autophagy. Mol. Cell. Biol. 33, 3675–3688. doi: 10.1128/
MCB.00079-13

Fujiwara, N., Usui, T., Ohama, T., and Sato, K. (2016). Regulation of beclin 1
protein phosphorylation and autophagy by protein phosphatase 2A (PP2A) and
death-associated protein kinase 3 (DAPK3). J. Biol. Chem. 291, 10858–10866.
doi: 10.1074/jbc.M115.704908

Furuya, N., Yu, J., Byfield, M., Pattingre, S., and Levine, B. (2005). The
evolutionarily conserved domain of Beclin 1 is required for Vps34 binding,
autophagy and tumor suppressor function. Autophagy 1, 46–52.

Fusco, C., Mandriani, B., Di Rienzo, M., Micale, L., Malerba, N., Cocciadiferro, D.,
et al. (2018). TRIM50 regulates Beclin 1 proautophagic activity. Biochim.
Biophys. Acta 1865, 908–919. doi: 10.1016/j.bbamcr.2018.03.011

Galluzzi, L., Vitale, I., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P.,
et al. (2018). Molecular mechanisms of cell death: recommendations of the
Nomenclature Committee on Cell Death 2018. Cell Death Differ. 25, 486–541.
doi: 10.1038/s41418-017-0012-4

Gao, M., Monian, P., Pan, Q., Zhang, W., Xiang, J., and Jiang, X. (2016). Ferroptosis
is an autophagic cell death process. Cell Res. 26, 1021–1032. doi: 10.1038/cr.
2016.95

Gurkar, A. U., Chu, K., Raj, L., Bouley, R., Lee, S. H., Kim, Y. B., et al.
(2013). Identification of ROCK1 kinase as a critical regulator of Beclin1-
mediated autophagy during metabolic stress. Nat. Commun. 4:2189. doi: 10.
1038/ncomms3189

Han, J., Hou, W., Lu, C., Goldstein, L. A., Stolz, D. B., Watkins, S. C., et al. (2013).
Interaction between Her2 and Beclin-1 proteins underlies a new mechanism of
reciprocal regulation. J. Biol. Chem. 288, 20315–20325. doi: 10.1074/jbc.M113.
461350

He, C., Bassik, M. C., Moresi, V., Sun, K., Wei, Y., Zou, Z., et al. (2012). Exercise-
induced BCL2-regulated autophagy is required for muscle glucose homeostasis.
Nature 481, 511–515. doi: 10.1038/nature10758

Hong-Brown, L. Q., Brown, C. R., Navaratnarajah, M., and Lang, C. H.
(2017). FoxO1-AMPK-ULK1 regulates ethanol-induced autophagy in muscle
by enhanced ATG14 association with the BECN1-PIK3C3 complex. Alcohol.
Clin. Exp. Res. 41, 895–910. doi: 10.1111/acer.13377

Hornbeck, P. V., Zhang, B., Murray, B., Kornhauser, J. M., Latham, V.,
and Skrzypek, E. (2015). PhosphoSitePlus, 2014: mutations, PTMs and
recalibrations. Nucleic Acids Res. 43, D512–D520. doi: 10.1093/nar/gku
1267

Hou, W., Han, J., Lu, C., Goldstein, L. A., and Rabinowich, H. (2010). Autophagic
degradation of active caspase-8: a crosstalk mechanism between autophagy and
apoptosis. Autophagy 6, 891–900. doi: 10.4161/auto.6.7.13038

Hou, W., Xie, Y., Song, X., Sun, X., Lotze, M. T., Zeh, H. J., et al. (2016). Autophagy
promotes ferroptosis by degradation of ferritin. Autophagy 12, 1425–1428.
doi: 10.1080/15548627.2016.1187366

Huang, W., Choi, W., Hu, W., Mi, N., Guo, Q., Ma, M., et al. (2012). Crystal
structure and biochemical analyses reveal Beclin 1 as a novel membrane binding
protein. Cell Res. 22, 473–489. doi: 10.1038/cr.2012.24

Itakura, E., Kishi, C., Inoue, K., and Mizushima, N. (2008). Beclin 1 forms two
distinct phosphatidylinositol 3-kinase complexes with mammalian Atg14 and
UVRAG. Mol. Biol. Cell 19, 5360–5372. doi: 10.1091/mbc.E08-01-0080

Jin, S., Tian, S., Chen, Y., Zhang, C., Xie, W., Xia, X., et al. (2016). USP19
modulates autophagy and antiviral immune responses by deubiquitinating
Beclin-1. EMBO J. 35, 866–880. doi: 10.15252/embj.201593596

Kawano, S., Torisu, T., Esaki, M., Torisu, K., Matsuno, Y., and Kitazono, T.
(2017). Autophagy promotes degradation of internalized collagen and regulates
distribution of focal adhesions to suppress cell adhesion. Biol. Open 6,
1644–1653. doi: 10.1242/bio.027458

Kim, J., Kim, Y. C., Fang, C., Russell, R. C., Kim, J. H., Fan, W., et al. (2013).
Differential regulation of distinct Vps34 complexes by AMPK in nutrient stress
and autophagy. Cell 152, 290–303. doi: 10.1016/j.cell.2012.12.016

Kim, Y. C., and Guan, K. L. (2015). mTOR: a pharmacologic target for autophagy
regulation. J. Clin. Invest. 125, 25–32. doi: 10.1172/JCI73939

Kumar, A., and Shaha, C. (2018). SESN2 facilitates mitophagy by helping Parkin
translocation through ULK1 mediated Beclin1 phosphorylation. Sci. Rep. 8:615.
doi: 10.1038/s41598-017-19102-2

Levine, B., Sinha, S., and Kroemer, G. (2008). Bcl-2 family members: dual regulators
of apoptosis and autophagy. Autophagy 4, 600–606.

Levy, J. M. M., Towers, C. G., and Thorburn, A. (2017). Targeting autophagy in
cancer. Nat. Rev. Cancer 17, 528–542. doi: 10.1038/nrc.2017.53

Li, X., Wu, X. Q., Deng, R., Li, D. D., Tang, J., Chen, W. D., et al. (2017).
CaMKII-mediated Beclin 1 phosphorylation regulates autophagy that promotes
degradation of Id and neuroblastoma cell differentiation. Nat. Commun. 8:1159.
doi: 10.1038/s41467-017-01272-2

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 October 2018 | Volume 6 | Article 137

https://doi.org/10.1006/geno.1999.5851
https://doi.org/10.1006/geno.1999.5851
https://doi.org/10.1038/nature22078
https://doi.org/10.1146/annurev-biochem-060815-014556
https://doi.org/10.1016/j.bcp.2017.11.021
https://doi.org/10.1016/j.bcp.2017.11.021
https://doi.org/10.1038/emboj.2009.369
https://doi.org/10.1074/jbc.M116.758268
https://doi.org/10.1016/j.canlet.2008.09.004
https://doi.org/10.1038/onc.2009.60
https://doi.org/10.1038/ncomms6637
https://doi.org/10.1038/s41586-018-0162-7
https://doi.org/10.1038/nature05925
https://doi.org/10.1128/MCB.00079-13
https://doi.org/10.1128/MCB.00079-13
https://doi.org/10.1074/jbc.M115.704908
https://doi.org/10.1016/j.bbamcr.2018.03.011
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/cr.2016.95
https://doi.org/10.1038/cr.2016.95
https://doi.org/10.1038/ncomms3189
https://doi.org/10.1038/ncomms3189
https://doi.org/10.1074/jbc.M113.461350
https://doi.org/10.1074/jbc.M113.461350
https://doi.org/10.1038/nature10758
https://doi.org/10.1111/acer.13377
https://doi.org/10.1093/nar/gku1267
https://doi.org/10.1093/nar/gku1267
https://doi.org/10.4161/auto.6.7.13038
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1038/cr.2012.24
https://doi.org/10.1091/mbc.E08-01-0080
https://doi.org/10.15252/embj.201593596
https://doi.org/10.1242/bio.027458
https://doi.org/10.1016/j.cell.2012.12.016
https://doi.org/10.1172/JCI73939
https://doi.org/10.1038/s41598-017-19102-2
https://doi.org/10.1038/nrc.2017.53
https://doi.org/10.1038/s41467-017-01272-2
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-06-00137 October 12, 2018 Time: 12:38 # 8

Menon and Dhamija Beclin Phosphorylation in Autophagy

Liang, C., Lee, J. S., Inn, K. S., Gack, M. U., Li, Q., Roberts, E. A., et al.
(2008). Beclin1-binding UVRAG targets the class C Vps complex to coordinate
autophagosome maturation and endocytic trafficking. Nat. Cell Biol. 10,
776–787. doi: 10.1038/ncb1740

Liang, X. H., Jackson, S., Seaman, M., Brown, K., Kempkes, B., Hibshoosh, H., et al.
(1999). Induction of autophagy and inhibition of tumorigenesis by beclin 1.
Nature 402, 672–676. doi: 10.1038/45257

Liang, X. H., Kleeman, L. K., Jiang, H. H., Gordon, G., Goldman, J. E., Berry, G.,
et al. (1998). Protection against fatal Sindbis virus encephalitis by beclin, a novel
Bcl-2-interacting protein. J. Virol. 72, 8586–8596.

Lima, S., Takabe, K., Newton, J., Saurabh, K., Young, M. M., Leopoldino, A. M.,
et al. (2018). TP53 is required for BECN1- and ATG5-dependent cell death
induced by sphingosine kinase 1 inhibition. Autophagy 14, 942–957. doi: 10.
1080/15548627.2018.1429875

Liu, C. C., Lin, Y. C., Chen, Y. H., Chen, C. M., Pang, L. Y., Chen, H. A.,
et al. (2016). Cul3-KLHL20 ubiquitin ligase governs the turnover of ULK1
and VPS34 complexes to control autophagy termination. Mol. Cell 61, 84–97.
doi: 10.1016/j.molcel.2015.11.001

Liu, J., Xia, H., Kim, M., Xu, L., Li, Y., Zhang, L., et al. (2011). Beclin1 controls the
levels of p53 by regulating the deubiquitination activity of USP10 and USP13.
Cell 147, 223–234. doi: 10.1016/j.cell.2011.08.037

Luo, S., and Rubinsztein, D. C. (2010). Apoptosis blocks Beclin 1-dependent
autophagosome synthesis: an effect rescued by Bcl-xL. Cell Death Differ. 17,
268–277. doi: 10.1038/cdd.2009.121

Maejima, Y., Kyoi, S., Zhai, P., Liu, T., Li, H., Ivessa, A., et al. (2013). Mst1 inhibits
autophagy by promoting the interaction between Beclin1 and Bcl-2. Nat. Med.
19, 1478–1488. doi: 10.1038/nm.3322

Maiuri, M. C., Criollo, A., Tasdemir, E., Vicencio, J. M., Tajeddine, N., Hickman,
J. A., et al. (2007a). BH3-only proteins and BH3 mimetics induce autophagy by
competitively disrupting the interaction between Beclin 1 and Bcl-2/Bcl-X(L).
Autophagy 3, 374–376.

Maiuri, M. C., Le Toumelin, G., Criollo, A., Rain, J. C., Gautier, F., Juin, P., et al.
(2007b). Functional and physical interaction between Bcl-X(L) and a BH3-like
domain in Beclin-1. EMBO J. 26, 2527–2539. doi: 10.1038/sj.emboj.7601689

Matsunaga, K., Morita, E., Saitoh, T., Akira, S., Ktistakis, N. T., Izumi, T., et al.
(2010). Autophagy requires endoplasmic reticulum targeting of the PI3-kinase
complex via Atg14L. J. Cell Biol. 190, 511–521. doi: 10.1083/jcb.200911141

Matsunaga, K., Saitoh, T., Tabata, K., Omori, H., Satoh, T., Kurotori, N., et al.
(2009). Two Beclin 1-binding proteins, Atg14L and Rubicon, reciprocally
regulate autophagy at different stages. Nat. Cell Biol. 11, 385–396. doi: 10.1038/
ncb1846

Mei, Y., Ramanathan, A., Glover, K., Stanley, C., Sanishvili, R., Chakravarthy, S.,
et al. (2016). Conformational flexibility enables the function of a BECN1 region
essential for starvation-mediated autophagy. Biochemistry 55, 1945–1958.
doi: 10.1021/acs.biochem.5b01264

Min, Y., Kim, M. J., Lee, S., Chun, E., and Lee, K. Y. (2018). Inhibition of TRAF6
ubiquitin-ligase activity by PRDX1 leads to inhibition of NFKB activation and
autophagy activation. Autophagy 14, 1347–1358. doi: 10.1080/15548627.2018.
1474995

Noda, N. N., Kobayashi, T., Adachi, W., Fujioka, Y., Ohsumi, Y., and Inagaki, F.
(2012). Structure of the novel C-terminal domain of vacuolar protein sorting
30/autophagy-related protein 6 and its specific role in autophagy. J. Biol. Chem.
287, 16256–16266. doi: 10.1074/jbc.M112.348250

Oltersdorf, T., Elmore, S. W., Shoemaker, A. R., Armstrong, R. C., Augeri, D. J.,
Belli, B. A., et al. (2005). An inhibitor of Bcl-2 family proteins induces regression
of solid tumours. Nature 435, 677–681. doi: 10.1038/nature03579

Owen, K. A., Meyer, C. B., Bouton, A. H., and Casanova, J. E. (2014). Activation of
focal adhesion kinase by Salmonella suppresses autophagy via an Akt/mTOR
signaling pathway and promotes bacterial survival in macrophages. PLoS
Pathog. 10:e1004159. doi: 10.1371/journal.ppat.1004159

Pagliarini, V., Wirawan, E., Romagnoli, A., Ciccosanti, F., Lisi, G., Lippens, S., et al.
(2012). Proteolysis of Ambra1 during apoptosis has a role in the inhibition
of the autophagic pro-survival response. Cell Death Differ. 19, 1495–1504.
doi: 10.1038/cdd.2012.27

Park, J. M., Seo, M., Jung, C. H., Grunwald, D., Stone, M., Otto, N. M., et al.
(2018). ULK1 phosphorylates Ser30 of BECN1 in association with ATG14 to
stimulate autophagy induction. Autophagy 14, 584–597. doi: 10.1080/15548627.
2017.1422851

Pattingre, S., Tassa, A., Qu, X., Garuti, R., Liang, X. H., Mizushima, N., et al. (2005).
Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell 122,
927–939. doi: 10.1016/j.cell.2005.07.002

Pei, G., Buijze, H., Liu, H., Moura-Alves, P., Goosmann, C., Brinkmann, V.,
et al. (2017). The E3 ubiquitin ligase NEDD4 enhances killing of membrane-
perturbing intracellular bacteria by promoting autophagy. Autophagy 13,
2041–2055. doi: 10.1080/15548627.2017.1376160

Platta, H. W., Abrahamsen, H., Thoresen, S. B., and Stenmark, H. (2012). Nedd4-
dependent lysine-11-linked polyubiquitination of the tumour suppressor Beclin
1. Biochem. J. 441, 399–406. doi: 10.1042/BJ20111424

Qian, X., Li, X., Cai, Q., Zhang, C., Yu, Q., Jiang, Y., et al. (2017). Phosphoglycerate
kinase 1 phosphorylates beclin1 to induce autophagy. Mol. Cell 65, 917–931.e6.
doi: 10.1016/j.molcel.2017.01.027

Qu, X., Yu, J., Bhagat, G., Furuya, N., Hibshoosh, H., Troxel, A., et al. (2003).
Promotion of tumorigenesis by heterozygous disruption of the beclin 1
autophagy gene. J. Clin. Invest. 112, 1809–1820. doi: 10.1172/JCI20039

Rabanal-Ruiz, Y., Otten, E. G., and Korolchuk, V. I. (2017). mTORC1 as the main
gateway to autophagy. Essays Biochem. 61, 565–584. doi: 10.1042/EBC2017
0027

Ranaghan, M. J., Durney, M. A., Mesleh, M. F., McCarren, P. R., Garvie, C. W.,
Daniels, D. S., et al. (2017). The autophagy-related beclin-1 protein requires
the coiled-coil and BARA domains to form a homodimer with submicromolar
affinity. Biochemistry 56, 6639–6651. doi: 10.1021/acs.biochem.7b0
0936

Rocchi, A., Yamamoto, S., Ting, T., Fan, Y., Sadleir, K., Wang, Y., et al.
(2017). A Becn1 mutation mediates hyperactive autophagic sequestration of
amyloid oligomers and improved cognition in Alzheimer’s disease. PLoS Genet.
13:e1006962. doi: 10.1371/journal.pgen.1006962

Russell, R. C., Tian, Y., Yuan, H., Park, H. W., Chang, Y. Y., Kim, J., et al. (2013).
ULK1 induces autophagy by phosphorylating Beclin-1 and activating VPS34
lipid kinase. Nat. Cell Biol. 15, 741–750. doi: 10.1038/ncb2757

Russo, R., Berliocchi, L., Adornetto, A., Varano, G. P., Cavaliere, F., Nucci, C.,
et al. (2011). Calpain-mediated cleavage of Beclin-1 and autophagy deregulation
following retinal ischemic injury in vivo. Cell Death Dis. 2:e144. doi: 10.1038/
cddis.2011.29

Scarlatti, F., Maffei, R., Beau, I., Codogno, P., and Ghidoni, R. (2008). Role of non-
canonical Beclin 1-independent autophagy in cell death induced by resveratrol
in human breast cancer cells. Cell Death Differ. 15, 1318–1329. doi: 10.1038/cdd.
2008.51

Sharifi, M. N., Mowers, E. E., Drake, L. E., Collier, C., Chen, H., Zamora, M., et al.
(2016). Autophagy promotes focal adhesion disassembly and cell motility of
metastatic tumor cells through the direct interaction of paxillin with LC3. Cell
Rep. 15, 1660–1672. doi: 10.1016/j.celrep.2016.04.065

Shi, C. S., and Kehrl, J. H. (2010a). Traf6 and A20 differentially regulate
TLR4-induced autophagy by affecting the ubiquitination of Beclin 1. Autophagy
6, 986–987. doi: 10.4161/auto.6.7.13288

Shi, C. S., and Kehrl, J. H. (2010b). TRAF6 and A20 regulate lysine 63-linked
ubiquitination of Beclin-1 to control TLR4-induced autophagy. Sci. Signal.
3:ra42. doi: 10.1126/scisignal.2000751

Shiloh, R., Gilad, Y., Ber, Y., Eisenstein, M., Aweida, D., Bialik, S., et al. (2018). Non-
canonical activation of DAPK2 by AMPK constitutes a new pathway linking
metabolic stress to autophagy. Nat. Commun. 9:1759. doi: 10.1038/s41467-018-
03907-4

Smith, D. M., Patel, S., Raffoul, F., Haller, E., Mills, G. B., and Nanjundan, M.
(2010). Arsenic trioxide induces a beclin-1-independent autophagic pathway
via modulation of SnoN/SkiL expression in ovarian carcinoma cells. Cell Death
Differ. 17, 1867–1881. doi: 10.1038/cdd.2010.53

Song, X., Lee, D. H., Dilly, A. K., Lee, Y. S., Choudry, H. A., Kwon, Y. T.,
et al. (2018a). Crosstalk between apoptosis and autophagy is regulated by
the arginylated Bip/beclin-1/p62 complex. Mol. Cancer Res. 16, 1077–1091.
doi: 10.1158/1541-7786.MCR-17-0685

Song, X., Zhu, S., Chen, P., Hou, W., Wen, Q., Liu, J., et al. (2018b). AMPK-
mediated BECN1 phosphorylation promotes ferroptosis by directly blocking
System Xc(-) activity. Curr. Biol. 28, 2388–2399.e5. doi: 10.1016/j.cub.2018.
05.094

Sun, A., Wei, J., Childress, C., Shaw, J. H. T., Peng, K., Shao, G., et al. (2017). The E3
ubiquitin ligase NEDD4 is an LC3-interactive protein and regulates autophagy.
Autophagy 13, 522–537. doi: 10.1080/15548627.2016.1268301

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 October 2018 | Volume 6 | Article 137

https://doi.org/10.1038/ncb1740
https://doi.org/10.1038/45257
https://doi.org/10.1080/15548627.2018.1429875
https://doi.org/10.1080/15548627.2018.1429875
https://doi.org/10.1016/j.molcel.2015.11.001
https://doi.org/10.1016/j.cell.2011.08.037
https://doi.org/10.1038/cdd.2009.121
https://doi.org/10.1038/nm.3322
https://doi.org/10.1038/sj.emboj.7601689
https://doi.org/10.1083/jcb.200911141
https://doi.org/10.1038/ncb1846
https://doi.org/10.1038/ncb1846
https://doi.org/10.1021/acs.biochem.5b01264
https://doi.org/10.1080/15548627.2018.1474995
https://doi.org/10.1080/15548627.2018.1474995
https://doi.org/10.1074/jbc.M112.348250
https://doi.org/10.1038/nature03579
https://doi.org/10.1371/journal.ppat.1004159
https://doi.org/10.1038/cdd.2012.27
https://doi.org/10.1080/15548627.2017.1422851
https://doi.org/10.1080/15548627.2017.1422851
https://doi.org/10.1016/j.cell.2005.07.002
https://doi.org/10.1080/15548627.2017.1376160
https://doi.org/10.1042/BJ20111424
https://doi.org/10.1016/j.molcel.2017.01.027
https://doi.org/10.1172/JCI20039
https://doi.org/10.1042/EBC20170027
https://doi.org/10.1042/EBC20170027
https://doi.org/10.1021/acs.biochem.7b00936
https://doi.org/10.1021/acs.biochem.7b00936
https://doi.org/10.1371/journal.pgen.1006962
https://doi.org/10.1038/ncb2757
https://doi.org/10.1038/cddis.2011.29
https://doi.org/10.1038/cddis.2011.29
https://doi.org/10.1038/cdd.2008.51
https://doi.org/10.1038/cdd.2008.51
https://doi.org/10.1016/j.celrep.2016.04.065
https://doi.org/10.4161/auto.6.7.13288
https://doi.org/10.1126/scisignal.2000751
https://doi.org/10.1038/s41467-018-03907-4
https://doi.org/10.1038/s41467-018-03907-4
https://doi.org/10.1038/cdd.2010.53
https://doi.org/10.1158/1541-7786.MCR-17-0685
https://doi.org/10.1016/j.cub.2018.05.094
https://doi.org/10.1016/j.cub.2018.05.094
https://doi.org/10.1080/15548627.2016.1268301
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-06-00137 October 12, 2018 Time: 12:38 # 9

Menon and Dhamija Beclin Phosphorylation in Autophagy

Sun, T., Li, X., Zhang, P., Chen, W. D., Zhang, H. L., Li, D. D., et al. (2015).
Acetylation of Beclin 1 inhibits autophagosome maturation and promotes
tumour growth. Nat. Commun. 6:7215. doi: 10.1038/ncomms8215

Tang, D., Kang, R., Livesey, K. M., Cheh, C. W., Farkas, A., Loughran, P., et al.
(2010). Endogenous HMGB1 regulates autophagy. J. Cell Biol. 190, 881–892.
doi: 10.1083/jcb.200911078

Thoresen, S. B., Pedersen, N. M., Liestol, K., and Stenmark, H. (2010).
A phosphatidylinositol 3-kinase class III sub-complex containing VPS15,
VPS34, Beclin 1, UVRAG and BIF-1 regulates cytokinesis and degradative
endocytic traffic. Exp. Cell Res. 316, 3368–3378. doi: 10.1016/j.yexcr.2010.
07.008

Wang, H., Wang, Y., Qian, L., Wang, X., Gu, H., Dong, X., et al. (2016).
RNF216 contributes to proliferation and migration of colorectal cancer
via suppressing BECN1-dependent autophagy. Oncotarget 7, 51174–51183.
doi: 10.18632/oncotarget.9433

Wang, R. C., Wei, Y., An, Z., Zou, Z., Xiao, G., Bhagat, G., et al.
(2012). Akt-mediated regulation of autophagy and tumorigenesis through
Beclin 1 phosphorylation. Science 338, 956–959. doi: 10.1126/science.122
5967

Wang, Y., Yin, S., Zhang, L., Shi, K., Tang, J., Zhang, Z., et al. (2018). A tumor-
activatable particle with antimetastatic potential in breast cancer via inhibiting
the autophagy-dependent disassembly of focal adhesion. Biomaterials 168, 1–9.
doi: 10.1016/j.biomaterials.2017.10.039

Wei, Y., An, Z., Zou, Z., Sumpter, R., Su, M., Zang, X., et al. (2015).
The stress-responsive kinases MAPKAPK2/MAPKAPK3 activate starvation-
induced autophagy through Beclin 1 phosphorylation. eLife 4:e05289. doi: 10.
7554/eLife.05289

Wei, Y., Zou, Z., Becker, N., Anderson, M., Sumpter, R., Xiao, G., et al. (2013).
EGFR-mediated Beclin 1 phosphorylation in autophagy suppression, tumor
progression, and tumor chemoresistance. Cell 154, 1269–1284. doi: 10.1016/j.
cell.2013.08.015

Wu, S., He, Y., Qiu, X., Yang, W., Liu, W., Li, X., et al. (2018). Targeting
the potent Beclin 1-UVRAG coiled-coil interaction with designed peptides
enhances autophagy and endolysosomal trafficking. Proc. Natl. Acad. Sci. U.S.A.
115, E5669–E5678. doi: 10.1073/pnas.1721173115

Xia, P., Wang, S., Du, Y., Zhao, Z., Shi, L., Sun, L., et al. (2013). WASH
inhibits autophagy through suppression of Beclin 1 ubiquitination. EMBO J. 32,
2685–2696. doi: 10.1038/emboj.2013.189

Xu, C., Feng, K., Zhao, X., Huang, S., Cheng, Y., Qian, L., et al. (2014). Regulation
of autophagy by E3 ubiquitin ligase RNF216 through BECN1 ubiquitination.
Autophagy 10, 2239–2250. doi: 10.4161/15548627.2014.981792

Xu, C., Liu, J., Hsu, L. C., Luo, Y., Xiang, R., and Chuang, T. H. (2011). Functional
interaction of heat shock protein 90 and Beclin 1 modulates Toll-like receptor-
mediated autophagy. FASEB J. 25, 2700–2710. doi: 10.1096/fj.10-167676

Xu, Y., Yuan, J., and Lipinski, M. M. (2013). Live imaging and single-cell
analysis reveal differential dynamics of autophagy and apoptosis. Autophagy 9,
1418–1430. doi: 10.4161/auto.25080

Yao, Z., Zhang, P., Guo, H., Shi, J., Liu, S., Liu, Y., et al. (2015). RIP1 modulates
death receptor mediated apoptosis and autophagy in macrophages. Mol. Oncol.
9, 806–817. doi: 10.1016/j.molonc.2014.12.004

Yue, Z., Jin, S., Yang, C., Levine, A. J., and Heintz, N. (2003). Beclin 1, an autophagy
gene essential for early embryonic development, is a haploinsufficient tumor
suppressor. Proc. Natl. Acad. Sci. U.S.A. 100, 15077–15082. doi: 10.1073/pnas.
2436255100

Zalckvar, E., Berissi, H., Eisenstein, M., and Kimchi, A. (2009a). Phosphorylation
of Beclin 1 by DAP-kinase promotes autophagy by weakening its interactions
with Bcl-2 and Bcl-XL. Autophagy 5, 720–722.

Zalckvar, E., Berissi, H., Mizrachy, L., Idelchuk, Y., Koren, I., Eisenstein, M., et al.
(2009b). DAP-kinase-mediated phosphorylation on the BH3 domain of beclin
1 promotes dissociation of beclin 1 from Bcl-XL and induction of autophagy.
EMBO Rep. 10, 285–292. doi: 10.1038/embor.2008.246

Zhang, D., Wang, W., Sun, X., Xu, D., Wang, C., Zhang, Q., et al. (2016). AMPK
regulates autophagy by phosphorylating BECN1 at threonine 388. Autophagy
12, 1447–1459. doi: 10.1080/15548627.2016.1185576

Zhong, Y., Wang, Q. J., Li, X., Yan, Y., Backer, J. M., Chait, B. T., et al. (2009).
Distinct regulation of autophagic activity by Atg14L and Rubicon associated
with Beclin 1-phosphatidylinositol-3-kinase complex. Nat. Cell Biol. 11,
468–476. doi: 10.1038/ncb1854

Zhong, Z., Sanchez-Lopez, E., and Karin, M. (2016). Autophagy, inflammation,
and immunity: a troika governing cancer and its treatment. Cell 166, 288–298.
doi: 10.1016/j.cell.2016.05.051

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Menon and Dhamija. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 October 2018 | Volume 6 | Article 137

https://doi.org/10.1038/ncomms8215
https://doi.org/10.1083/jcb.200911078
https://doi.org/10.1016/j.yexcr.2010.07.008
https://doi.org/10.1016/j.yexcr.2010.07.008
https://doi.org/10.18632/oncotarget.9433
https://doi.org/10.1126/science.1225967
https://doi.org/10.1126/science.1225967
https://doi.org/10.1016/j.biomaterials.2017.10.039
https://doi.org/10.7554/eLife.05289
https://doi.org/10.7554/eLife.05289
https://doi.org/10.1016/j.cell.2013.08.015
https://doi.org/10.1016/j.cell.2013.08.015
https://doi.org/10.1073/pnas.1721173115
https://doi.org/10.1038/emboj.2013.189
https://doi.org/10.4161/15548627.2014.981792
https://doi.org/10.1096/fj.10-167676
https://doi.org/10.4161/auto.25080
https://doi.org/10.1016/j.molonc.2014.12.004
https://doi.org/10.1073/pnas.2436255100
https://doi.org/10.1073/pnas.2436255100
https://doi.org/10.1038/embor.2008.246
https://doi.org/10.1080/15548627.2016.1185576
https://doi.org/10.1038/ncb1854
https://doi.org/10.1016/j.cell.2016.05.051
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Beclin 1 Phosphorylation – at the Center of Autophagy Regulation
	Introduction
	Becn1 – At The Cross-Roads Of Autophagy And Apoptosis
	Regulation Of Autophagy By Becn1 Phosphorylation
	Other Ptms Regulating Becn1
	Becn1 Modifications And Functions: Challenges Ahead
	Author Contributions
	References


