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KEY WORDS Abstract Beclin-1 is the firstly-identified mammalian protein of the autophagy machinery, which func-

. tions as a molecular scaffold for the assembly of PI3KC3 (class III phosphatidylinositol 3 kinase) com-
EIe;Il(lg?:l;compleX' plex, thus controlling autophagy induction and other cellular trafficking events. Notably, there is
Autophagy; ’ mounting evidence establishing the implications of Beclin-1 in diverse tumorigenesis processes,
Non-autophagy; including tumor suppression and progression as well as resistance to cancer therapeutics and CSC (cancer
Cancer therapy stem-like cell) maintenance. More importantly, Beclin-1 has been confirmed as a potential target for the

treatment of multiple cancers. In this review, we provide a comprehensive survey of the structure, func-
tions, and regulations of Beclin-1, and we discuss recent advances in understanding the controversial
roles of Beclin-1 in oncology. Moreover, we focus on summarizing the targeted Beclin-1-regulating stra-
tegies in cancer therapy, providing novel insights into a promising strategy for regulating Beclin-1 to
improve cancer therapeutics in the future.
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1. Introduction

As a cellular self-degradation mechanism, autophagy is extremely
conserved in eukaryotes. In the autophagy process, cellular ele-
ments (e.g., nucleic acids, proteins, lipids, and organelles) can be
decomposed and recycled to deal with nutritional deficits or
address cell stress for maintaining intracellular homeostasis.
Autophagy includes three subclassifications: macroautophagy
(henceforth referred to as autophagy), microautophagy, and
chaperone-mediated autophagy. Autophagy as the major regulated
degradation mechanism, is the best characterized process. It has
been reported that autophagy plays a Janus role in cancer prog-
ress' . Generally, autophagy exhibits a tumor-suppressive effect
in physiological conditions via degrading damaged cellular ele-
ments and eliminating abnormal cells to prevent the initiation and
progression of malignancies” *. However, autophagy can also
have a cytoprotective role in cancer cells via providing the
nutritional demands for cancer cells survival and protecting cells
from drug-induced damage, leading to the development of ma-
lignancies and the resistance to therapeutics” *.

Autophagy machinery is controlled by ATG (autophagy-
related) genes and proteins”'®. The key ATG proteins are func-
tionally categorized into six groups: the ULK1 (Unc-51 like ki-
nase 1, Atgl in yeast) complex (containing ULKI1, ATGI101,
FIP200, and ATG13), the PI3KC3 (class III phosphatidylinositol 3
kinase) complex, the ATG2—WIPI (WD repeat protein interacting
with phosphoinositides, Atgl8 in yeast) complex, the
ATG12—ATG5—ATG16L1 conjugation system, the LC3 (micro-
tubule-associated protein light chain 3, Atg8 in yeast) protein
lipidation system, and ATG9-containing vesicles''™'*. In 1998,
yeast Apg6, also known as Atg6, was found to regulate autophagy
by forming a protein complex'>. Beclin-1 protein was initially
cloned and identified as a novel Bcl-2-interacting protein in the
same year by Beth Levine’s laboratory'®. In 1999, the study of
Levine’s group'’ further demonstrated that Beclin-1 was the
mammalian ortholog of the yeast Atg6 that was an essential
component for autophagy initiation. Similarly, in mammals,
Beclin-1 was found to be a part of PI3KC3-C1 (PI3KC3 complex
I, containing Beclin-1, VPS34, VPS15, and ATG14) and PI3KC3-
C2 (PI3KC3 complex II, containing Beclin-1, VPS34, VPS15, and
UVRAG), which mediate the formation and maturation of auto-
phagosome and endocytic trafficking'® >?. Furthermore, extensive
research by numerous labs revealed that many transcription fac-
tors, epigenetic modulators, RNAs, kinases, and interacting pro-
teins involves in regulating the function and activity of Beclin-1,
which is help to understand the role of Beclin-1 in physiological
and pathological processes, especially in tumorigenesis. Research
into the relationship between Beclin-1 and cancer can be traced
back to 1999, Levine’s group'’ reported that Beclin-1 could
contribute to inhibiting the development or progression of human
malignancies, and allelic loss of BECNI can be observed in 75%
of ovarian, 50% of breast, and 40% prostate cancers> 2. Since
then, Beclin-1 has been identified as a haplo-insufficient tumor
suppressor, and the low expression level of Beclin-1 has been
linked with carcinogenesis and poor prognosis of patients in
diverse cancers (e.g., ovarian, gastric, breast, prostate, cervical,
brain, and liver cancers, as well as oral/hypopharyngeal squamous
cell carcinoma, melanoma, lymphoma, chondrosarcoma, and
cholangiocarcinoma)®~*°. Nevertheless, given the dual effects of
autophagy, Beclin-1 as an autophagy activator has been recently
discovered that plays a controversial role in promoting

oncogenesis, inducing resistance to cancer therapeutics, and
contributing to CSC (cancer stem-like cell) maintenance”' ~**. In
2013, an autophagy-inducing peptide derived from a region of
Beclin-1, known as Tat-Beclin-1, was first developed for the
treatment of virus-infected diseases®. In 2018, Tat-Beclin-1 was
used to treat HER2 (human epidermal growth factor receptor 2)-
positive human breast cancer xenografts in mice models, which
showed a potent antitumor efficacy comparable to the clinical drug
lapatinib (the HER2 inhibitor)*°. Therefore, targeting Beclin-1 has
emerged as a potential strategy for cancer therapy, and several
targeted peptides, small molecules, and other products of
biomedical engineering have been developed for the treatment of
cancer (Fig. 1).

Here, we introduce the structure and functions of Beclin-1 in
autophagic and non-autophagic processes. Besides, we further
review its transcriptional and post-transcriptional regulations as
well as post-translational modifications. In addition, we discuss
recent advances in understanding the role of Beclin-1 in cancer,
based on its autophagic and non-autophagic functions. Moreover,
we focus on summarizing the development of targeted Beclin-1-
regulating strategies in cancer therapy, highlighting the promising
prospects of targeting Beclin-1 for the future cancer therapeutics.

2. Structure and function of Beclin-1
2.1.  Structure of Beclin-1

Human Beclin-1 encoded by BECNI gene is a 450-amino-acid
protein of ~60 kDa molecular weight (Fig. 2A), containing
several structural domains: a B cell lymphoma 2 (Bcl-2)-homol-
ogy-3 (BH3) motif (residues 105—130), a flexible helical domain
(F, residues 141—171), a coiled-coil domain (CCD, residues
175—264), and an evolutionarily conserved domain (ECD, resi-
dues 248—337) together with a (/a-repeated, autophagy-related
(BARA, residues 265—450) domain'**"~*.

2.2.  Beclin-1 interactomes

Many Beclin-1 interactomes can modulate the function of Beclin-1
(Fig. 2B). With ~25% sequence homology to myosin-like proteins,
the CCD of Beclin-1 is essential for its scaffolding role for forming
PI3KC3 complexes'®. ATG14L and UVRAG can competitively
bind to Beclin-1 at CCD, and their mutually exclusive interaction
with Beclin-1 activates the VPS34 activity, resulting in the forma-
tion of PI3KC3-C1 or PI3KC3-C2, respectively®' ! VPS34 can
interact with Beclin-1 at ECD, which is required for autophagy
activation as well as tumor suppression'’. Anti-apoptotic Bcl-2-like
proteins [e.g., Bcl-2, Bcl-Xp, Bcl-B, and Mcl-1 (myeloid cell
leukemia-1)] can bind to Beclin-1 at the BH3 motif and suppress the
interaction of Beclin-1 with ATG14L/UVRAG, leading to the
inhibitory effect against autophagy induction®® >*. Rubicon protein
containing a RUN domain and a cysteine-rich domain can nega-
tively regulate autophagy via interacting with Beclin-1 at the BARA
domain to reduce VPS34 activity’”. Ambral (activating molecule in
Beclin-1-regulated autophagy protein-1) interacts with Beclin-1 at
BH3 and CCD’*”’. As a pro-autophagic effector, Ambral can
competitively displace Bcl-2/Bcl-X| , thus stabilizing the Beclin-1
—VPS34 interaction”®". Bif-1 (Bax-interacting factor-1) is also a
pro-autophagic molecule, which is capable of interacting with
Beclin-1 at CCD through UVRAG to modulate autophagy and
tumorigenesis”’. Additionally, HMGBI1 (high mobility group box 1)
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Figure 1  The mile-stone progress of the autophagy protein Beclin-1 from biological functions to cancer therapy.
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Figure 2  The molecular structure of Beclin-1 and its interactomes. (A) The molecular structure of PI3KC3 complex and Beclin-1. Crystal
structure of PI3KC3 complex from yeast (PDB ID: SDFZ) resolved to 4.40 A by X-ray diffraction: VPS30 (Beclin-1 homolog, light green),
Atg14/VPS38 (ATG14L/UVRAG homolog, Blue), VPS15 (cyan), and VPS34 (green). The three-dimensional structure of Beclin-1 is predicted by
AlphaFold (https://alphafold.ebi.ac.uk/entry/Q53F78), which consists of several structural domains, including a BH3 motif (PDB ID: 5VAU), a
CCD (PDB ID: 3Q8T), and an ECD-BARA domain (PDB ID: 3VP7). AlphaFold produces a per-residue confidence score (pLDDT) between
0 and 100, and residues with different pLDDTs are shown in different colors. (B) Schematic of the major Beclin-1 protein domains and their
respective interactomes.
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domain-like receptor) family members, NLRP4 shows a high af-
finity to the ECD of Beclin-1 and functions as a negative effector of
the autophagic process®*. LRPPRC (leucine-rich pentatricopeptide
repeat-containing protein) is a mitochondrion-associated protein
that inhibits autophagy by forming a ternary complex with Beclin-1

and Bcl-2 to stabilize the Beclin-1—Bcl-2 interaction®.

2.3.  Functions of Beclin-1

As a PI3KC3 complex member, Beclin-1 can function in auto-
phagy and cellular trafficking processes. Currently, numerous non-
autophagic functions of Beclin-1 in apoptosis, ferroptosis, nec-
roptosis, DNA damage response, tumor metastasis, angiogenesis,
and immune regulation have been revealed.

2.2.1. Functions as a PI3KC3 complex member

2.2.1.1. PI3KC3-Cl. Structurally, the tetrameric PI3KC3-Cl
can directly contact with membrane structures, and the aromatic
finger (residues 359—361) in the BARA domain of Beclin-1 has a
vital role in membrane association®®. The PI3KC3-C1 contains two-
armed V-shaped tips for membrane interaction: the N-terminal
myristoylation site of VPS15 and the kinase domain of VPS34
together with the BARA domain of Beclin-1 and the Barkor auto-
phagosome targeting sequence domain of ATGI4L%"°®. This
domain of ATG14L is capable of sensing membrane curvature and
preferentially promoting PI3KC3-C1 contact with the high-
curvature membrane, which confers a critical role for PI3KC3-C1
in the nucleation and elongation of phagophore® "', During auto-
phagosome biogenesis, Beclin-1 as a core subunit of PI3KC3-Cl1
plays a role in the formation of autophagosomes’*’>. The
autophagy-inducing signals (e.g., starvation and cellular stress) can
activate the ULK1 complex’*”°, which then recruits the PI3KC3-C1
to the initiation site for autophagosome formation and phosphory-
lates components of the PI3KC3-Cl1 (including Beclin-1) to
trigger the nucleation of phagophore’® "%, ATG9-containing
vesicles have been suggested to supply membranes for autophago-
some precursor formation'''>. The ATGI14L mediates the
lipid specificity to target membranes’”, thus allowing that PI3KC3-
C1 can recognize its substrate phosphatidylinositol and promote
the production of PI3P (phosphatidylinositol 3-phosphate)®.
The nucleation of the phagophore takes place within the PI3P-
enriched subdomain of ER (endoplasmic reticulum), named
omegasome™. The enrichment of PI3P contributes to recruiting
ATG2—WIPI complex to omegasomes®'*>. WIPI recruits the
ATG12—ATG5—ATG16L1 complex to conjugate LC3 proteins
with PE (phosphatidylethanolamine)®* ®°, meaning that the phag-
ophore is nucleated. Lipidated LC3 (LC3-PE) proteins not only
function as a scaffold for core autophagy proteins (e.g., the ULK1
complex and PI3KC3-C1) but also provide recognition sites for
autophagy cargo receptors (e.g., SQSTM-1/p62), which are essen-
tial for later autophagy process (Fig. 3A)*° %, Various post-
translational modifications of Beclin-1, which are discussed in the
next section, can mediate its localization and stability and affect its
preference of binding partners, thus regulating autophagic activity.

2.2.1.2. PI3KC3-C2. The PI3KC3-C2 also has two-armed V-
shaped tips for its membrane association, including the BARA2
domain of UVRAG instead of the BAST domain of ATG14L°"%,
Based on the flexibility between the two arms, PI3KC3-C2 can
interact with lowly curved flat endosomal membranes®”*°. As a part
of PI3KC3-C2, Beclin-1 also has a key role in various cellular

trafficking processes, such as autolysosome formation, endocytic
trafficking, as well as cytokinesis (Fig. 3B)?*""*>°°_The function of
PI3KC3-C2 in autophagosome formation is controversial. Although
UVRAG was reported to be involved in the early autophagy stage,
reduced autophagosome formation was not observed in UVRAG-
deficient cells”'. PI3KC3-C2 regulates endosome trafficking by
producing PI3P in intracellular membranes, which is recruited by
binding to activated Rab5 via VPS15, thus driving early endosomal
tethering and fusion®'-*>, And PI3KC3-C2 promotes the maturation
of early endosomes into late endosomes by binding to Rab7 via
VPS34 and VPS15°%. PI3P produced by PI3KC3-C2 is necessary for
the endosomal-protein-sorting role of the Retromer complex, which
mediates the recycling and retrieval of cargo proteins to the trans-
Golgi network or the cell surface”. Besides, PI3P also recruits a
multi-protein complex, namely ESCRT (endosomal sorting com-
plex required for transport), which mediates the sorting of ubig-
uitinated endocytic proteins towards the intraluminal vesicle of the
multivesicular endosome™. Beclin-1 can interact with Rubicon to
form PI3KC3-C2—Rubicon complex that localizes on lysosomes/
late endosomes, leading to negative regulation of later events in both
autophagy and endocytic trafficking”>”°. In addition to the regula-
tion of endocytic trafficking, the production of PI3P by PI3KC3-C2
at the furrow and midbody regions is required for successful
abscission in the process of cytokinesis’’. In addition, UVRAG
association with C-Vps enhances autophagic and endocytic protein
degradation independently of PI3KC3-C2 through mediating
autophagosome-lysosome fusion and endosome-lysosome fusion””.

2.2.2.  Non-autophagic functions of Beclin-1

Recent studies demonstrate that Beclin-1 has non-autophagic
functions (Fig. 3C). Although as a BH3-only protein, Beclin-1
does not function as a pro-apoptotic molecule. Interestingly,
Beclin-1 can regulate autophagy and apoptosis through its
caspase-mediated cleavage®’. Caspases can lead to cleavage of
Beclin-1 to generate N- and C-terminal fragments without the
autophagy-inducing ability’’~°°. Only the C-terminal fragment is
capable of sensitizing cells to apoptotic signals instead of the
N-terminal fragment containing the BH3 domain. Beclin-1-C can
translocate to the mitochondrial membrane to induce cytochrome
¢ release from mitochondria”’. Furthermore, Beclin-1-C promotes
the mitochondria translocation of pro-apoptotic protein Bax to
enhance apoptosis and reduce autophagy'®’. These results reveal
that Beclin-1 can mediate the cross-regulation between apoptosis
and autophagy, which may prove its targeting potential to regulate
the two forms of cell death for therapeutic purposes.

In addition to apoptosis, Beclin-1 also plays the autophagy-
independent role in other types of regulated cell death, including
ferroptosis and necroptosis. AMPK (activated 5’-adenosine
monophosphate-activated protein kinase)-mediated phosphoryla-
tion of Beclin-1 at Ser90, Ser93, and Ser96, which induces the
Beclin-1—SLC7A11 (solute carrier family 7 member 11) inter-
action to directly block system Xc™ activity, thus promoting fer-
roptosis''. Furthermore, Beclin-1 has been identified as a new
negative regulator of the necrosome complex. Beclin-1 interacts
with the phosphorylated form of MLKL (mixed lineage kinase
domain like pseudokinase) in necrosome complex, which reduces
MLKL oligomerization, resulting in the inhibition of nec-
roptosis'®. These findings provide an insight into the autophagy-
independent function of Beclin-1 in ferroptosis and necroptosis,
which may accelerate its therapeutic implications in ferroptosis-
or necroptosis-related diseases.
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Moreover, Beclin-1 is also reported to participate in DNA
damage response dependent or independent of autophagy. The
Beclin-1—UVRAG interaction is capable of activating NHEJ
(non-homologous end joining), which contributes to maintaining
genomic stability'*. Despite the autophagic pathway, Beclin-1
can participate in DNA damage response in an autophagy-
independent manner. Nuclear Beclin-1 directly collaborates with
DNA topoisomerase 11§ to repair ionizing radiation-induced DNA
double-strand breaks' %,

In addition, Beclin-1 has a role in tumor metastasis, angio-
genesis, and immune regulation based on its autophagy-
independent functions. For instance, Beclin-1 overexpression
was reported to promote the plasma membrane localization of E-
cadherin in MCF7 cells through its non-autophagic function,
thereby suppressing the EMT (epithelial—mesenchymal transi-
tion) and tumor metastasis'*’. In primary mouse melanoma tumor
models, compare to Becnl wild-type mice, Becnl (+/—) hemi-
zygous mice displayed an aggressive tumor growth phenotype
with increased angiogenic activity via enhancing expression and
stability of HIF-2« (hypoxia-inducible factor-2a) protein'”. Be-
sides, Beclin-1 overexpression was also shown to suppress
angiogenesis through inhibiting the expression of vascular endo-
thelial growth factor and matrix metalloprotease 9 in vitro'"’.
Additionally, Beclin-1 also takes part in immune regulation' "',
Beclin-1 deficiency resulted in the aberrant activation of MEKK3
(mitogen-activated protein kinase kinase 3)/p38 signaling in
neutrophils, which promoted B cell chemotaxis through
Cxcl9—Cxcr3 axis, thus resulted in the malignant transformation
of precursor B cells'””. More details about the role of Beclin-1 in
tumor metastasis, angiogenesis, and immune regulation are sum-
marized in section 4.

3. Regulation of Beclin-1 in cancer

3.1.  Transcriptional and post-transcriptional regulations of

BECNI

The expression of the BECNI gene and active protein content of
Beclin-1 can be controlled by various transcriptional regulations
(e.g., transcription factors and epigenetic alterations) and post-
transcriptional regulation (e.g., microRNAs, LncRNAs, and
alternative splicing of Beclin-1 mRNA) (Fig. 4).

3.1.1.  Transcription factors

Diverse transcription factors have been shown to regulate BECNI
transcription via binding to the sites of BECNI promoter. The E2F
transcription factors could correspond to the promoter region for
BECNI to participate in the regulation of its expression. As one of
NF-«B (nuclear factor kappa B) family members, P65 binds and
activates the BECNI promoter, thus up-regulating BECNI
expression, highlighting an autophagy-related mechanism
whereby p65 could promote cell survival''®'''. Recently,
X-linked inhibitor of apoptosis and cellular inhibitor of apoptosis
1 are two key inhibitors of apoptosis proteins that could activate
NF-«B and induce autophagy by upregulating the transcription of
BECNI, which might be associated with the chemotherapy
resistance in several human cancers''’. Conversely, TRIM59
(tripartite motif containing 59 protein) acts as a negative modu-
lator of the NF-«B pathway, attenuating the transcription of
BECNI gene, thus regulating autophagy in non-small cell lung
cancer (NSCLC)''"?. GABP (GA binding protein) could activate

the transcriptional activity of BECNI gene and autophagosome
initiation in case of nutrient starvation''*. FOXM1 (Forkhead Box
M1) directly binds to the promotor regions and enhances the
promoter activity of BECNI gene and regulates their expression,
thus enhancing autophagy and promoting survival of triple-
negative breast cancer cells''>. KLF5 (Kriippel-like factor 5) is
transcription factor that could bind and inhibit BECNI promoter
collaboratively with HDAC3 (histone-deacetylase 3), resulting in
the suppression of BECN/ transcription''®. The downregulation of
KLFS5 increases BECNI expression and induces cell autophagy in
prostate cancer cells, leading to desensitization to docetaxel''°.

3.1.2.  Epigenetic alteration

Epigenetic alterations that involve modification of chromatin
structure has been shown to be associated with the transcriptional
regulation of BECNI gene. As the human BECNI gene contains a
1.5 kb CpG island from its 5’ end to the intron 2, which can be
aberrantly methylated in breast cancer, resulting in the decreased
expression of BECNI''". EHMT2/G9a (euchromatic histone-
lysine N-methyltransferase 2) can increase amounts of dimethy-
lation of lysine 9 on histone H3 that binds to the BECNI promoter
and repressed the transcription of BECNI gene through an
epigenetic mechanism''®. Besides, treatment with BIX-01294 (an
EHMT?2 inhibitor) could reverse the suppression of Beclin-1 by
the action of EHMT?2, resulting in autophagy induction in breast
cancer MCF7 cells''®,

3.1.3.  MicroRNAs

MicroRNAs (miR) can function as post-transcriptional regulator
that influence protein expression of Beclin-1 via suppressing
protein synthesis or degrading mRNA. MiR-30a/376b/221 can
directly down-regulate the translational levels of Beclin-1 in
several types of human cancers, which attenuate rapamycin
(an autophagy inducer that up-regulates BECNI)-induced auto-
phagy''*~'??, MiR-216a and miR-409-3p can interact with the 3'-
untranslated region of BECNI mRNA, which inhibit Beclin-1
synthesis and reduce autophagic activity, involving in the radio-
or chemo-resistance in the treatment of human cancers'*>'?*,
MiR-26a negatively regulates autophagy by reducing BECNI
mRNA in human retinoblastoma cell'>>. MiR-17-5p directly tar-
gets BECNI mRNA and suppresses irradiation-induced autophagy
mediated by Beclin-1 in the glioma'?®. MiR-124-3p could nega-
tively regulate the expression of Beclin-1in breast cancer cells'*’.
Recent studies revealed that the expression of miR-93/21/1301/
216 b showed the inverse correlation with the expression of
Beclin-1 and inhibits autophagic activity in glioblastoma, bladder
cancer, ovarian cancer, and melanoma, respectively128 131

3.1.4. LncRNAs

Long non-coding RNAs (IncRNAs) participate in regulating a
variety of biological processes via affecting gene expres-
sion'**'* and the regulatory functions of several IncRNAs in
BECNI gene expression have been revealed. LncRNA H/9 can
up-regulate the BECNI via inhibiting SAHH (S-adenosylhomo-
cysteine hydrolase) to decrease DNMT3B (DNA methyltransfer-
ase 3 B)-mediated methylation of BECNI promoter, thus
increasing autophagy activity and promoting tamoxifen resistance
in breast cancer'*. Overexpression of IncRNA PANDAR can
promote BECNI expression at the transcription and translation
levels in lung cancer, thus inhibiting the development of lung
cancer'*. Overexpression of IncRNA FIRRE can induce the
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translocation of PTBP1 (polypyrimidine tract-binding protein)
from the nucleus to the cytoplasm, which consequently stabilizes
BECNI mRNA and facilitate autophagy in colorectal cancer'*®.
Moreover, IncRNA is known as a competing endogenous RNA
(ceRNA) by sponging to miRNAs to modulate the expression of
these miRNA targets. For example, IncRNA HOTAIR as a ceRNA
for miR-17-5p can reduce miR-17-5p to promote the BECNI
expression, thus enhancing autophagy in renal cancer cells'?’.
Similarly, IncRNA PVT]I can function as a ceRNA for miR-216 b
to regulate BECNI expression in lung cancer cells'*®.

3.1.5.  Alternative splicing

The alternative splicing mechanism of mRNA enables cells to
produce diverse variants from a specific gene'*”'*’. Recent re-
ports reveal that BECNI mRNA undergoes alternative splicing due
to the splicing consensus sequences in the BECNI gene. A BECNI
transcript variant with a deletion of exon 11 was found and its
translational protein showed an attenuated activity in starvation-
induced autophagy, indicating that alternative splicing of
BECNI mRNA may serve as a negative autophagic regulatorm
Through the alternative splicing mechanism, a novel splice variant
of BECNI, namely BECNIs/BECNI-«, whose protein product can
bind to Parkin and have a function in mitochondria-selective
autophagy'*""'*. Recently, two novel mRNA splicing variants
of BECNI, called BECNI-B and BECNI-v, were identified in
human ovarian cancer cells'**. The product of BECNI-g isoform
lacks the BH3 domain as well as part of the CCD and ECD
compared to functional Beclin-1, compromising its ability to
interact with VPS34, leading to the inhibition of autophagy'*’.
The product of BECNI-v lacks the BH3 domain as well as part of
the CCD and BARA domain, still maintaining its capacity to
interact with VPS34 and thus showing a minor effect on

autophagy'*’. The discovery of diverse BECNI splice variants
indicates the complex regulatory mechanisms of BECNI. It is
hypothesized that the composition and respective expression level
of these isoforms in cancer cells might be regulated to modulate
autophagy and mitophagy under particular environmental stim-
ulus, including starvation or hypoxia. More investigations are
required to elucidate the regulation mechanism of alternative
splicing on BECNI and to understand the role of BECNI splice
variants in autophagy.

3.2.  Post-translational modifications of Beclin-1

Various post-translational modifications (e.g., phosphorylation,
ubiquitination, ISGylation, SUMOylation, acetylation, and
cleavage) can modulate Beclin-1 function to affect autophagy and
other Beclin-1-involved cellular processes (Fig. 5).

3.2.1.  Phosphorylation

Phosphorylation is a crucial modification of Beclin-1 involved in
the induction or inhibition of the autophagy process*®. The up-
stream signaling initiates a phosphorylation cascade via loss of
mTORC1 (mammalian target of rapamycin complex 1) activity'**.
mTORCI as a master nutrient sensor can sense amino-acid and
nutrient starvation and thus activates the ULK1 complex and
initiates autophagy process'**. Activated ULK1 phosphorylates
the N-terminal of Beclin-1 at Serl5 or Ser30, which can subse-
quently activate PI3KC3-C1 and promote the induction of auto-
phagy’”'*>. Moreover, PGK1 (phosphoglycerate kinase 1) also
mediates the activating phosphorylation of Beclin-1 at Ser30,
which specifically promotes cell proliferation and brain tumori-
genesis under hypoxic conditions'*’. In addition, under cellular
energy-depletion conditions, AMPK can regulate the activity of
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Post-translational modifications of Beclin-1. (A) Phosphorylation of Beclin-1. Phosphorylation-modified residues that lead to the

inhibition of autophagy are indicated in orange, and those with autophagy-activating effects are indicated in blue. (B) Ubiquitination of Beclin-1.
Ubiquitination-modified residues that promote the degradation of Beclin-1 are indicated in green, and those with pro-stabilization effects are

indicated in red. (C) ISGylation, SUMOylation, and acetylation of Be:

clin-1. ISGylation-modified residues and acetylation-modified residues that

both inhibit autophagy are indicated in purple and yellow, respectively. The SUMOylation-modified residue that induces autophagy is indicated in
grey. (D) Cleavage of Beclin-1. Beclin-1 is a direct substrate of caspase and calpains in apoptosis, and the cleavage of Beclin-1 can be inhibited by
ABHDS. Cleaved Beclin-1 is sufficient to suppress autophagy and promote apoptosis. (E) Positions of post-translational modifications of Beclin-
1. Beclin-1 is visualized and oriented in a structure model based on the crystal structure of Beclin-1 predicted by AlphaFold (https://alphafold.ebi.

ac.uk/entry/Q53F78).

the autophagic components, including ULK1 and Beclin-1'#"+14%,

AMPK also phosphorylates the N-terminal of Beclin-1 at Ser90
and Ser93, resulting in the autophagy induction’”'*’. Interest-
ingly, AMPK has a dual role in autophagy process via phos-
phorylating Beclin-1 at different sites. AMPK can phosphorylate
the BARA domain at Thr388, which inhibits the PI3KC3 forma-
tion via suppressing the Beclin-1—VPS34 interaction'**. Besides,
AMPK-mediated phosphorylation of Beclin-1 at Ser90, Ser93,

and Ser96 can promote ferroptosis via inducing the Beclin-1
—SLC7A11 interaction'®". Furthermore, Ser90 of Beclin-1 can be
phosphorylated by other kinases, such as MAPKAPK2/3
(mitogen-activated protein kinase-activated protein kinases
2/3)!9925%  DAPK3 (death-associated protein kinase 3)"!, and
CAMKII (Ca*"/calmodulin-dependent protein kinase 1I)'?,
leading to autophagy initiation. PP2A (protein phosphatase 2A)
also directly dephosphorylates Ser90 of Beclin-1 and okadaic acid
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(a PP2A inhibitor) could induce Ser90 phosphorylation under non-
starved conditions'”'. As members of the DAPK family, DAPK 1
and DAPK?2 can phosphorylate Beclin-1 at Thr119 (a key residue
within the BH3 motif), which can impede the Beclin-1—Bcl-X;/
Bcl-2 interaction, thus promoting the activation of the autophagic
machinery'™ ">, Upon metabolic stress, the serine/threonine
ROCK1 (Rho kinase 1) can bind and phosphorylate Beclin-1 at
Thr119, which also reduces Beclinl—Bcl-2 association and en-
hances Beclin-1-induced autophagy'’°. Recently, a study reported
that the STK4/MST1 (serine/threonine kinase 4) could phos-
phorylate Beclin-1 within its BH3 motif at Thr108, which could
increase the binding affinity of Beclin-1 and Bcl-X; /Bcl-2'". The
serine/threonine kinase Akt phosphorylates Beclin-1 at Ser234
and Ser295, leading to autophagy inhibition, which demonstrates a
cross-talk between oncogenic kinases and autophagy proteins'>®.
The CSNK1G2 (casein kinase I gamma 2) phosphorylates Beclin-
1 at Ser409, which is helpful for the Beclin-1—p300 interaction to
promote Beclin-1 acetylation, thus governing Beclin-1 function in
autophagosome maturation and tumor growth'*”. Tyrosine kinases
(TKs), including receptor TKs (RTKs) and non-receptor TKs
(NRTKS), can phosphorylate substrates at tyrosine residues, which
have been reported to participate in Beclin-1 phosphorylation to
modulate autophagy process. EGFR (epidermal growth factor
receptor), an oncogenic RTK, mediates multisite tyrosine phos-
phorylation (Tyr229, Tyr233, and Tyr352) of Beclin-1, thus sup-
pressing autophagy activity and affects endocytic trafficking,
which may contribute to tumor progression and chemoresistance
to TK inhibitors'®. HER2 can induce tyrosine phosphorylation at
Tyr233 similar to active EGFR that also inhibits Beclin-1 function
to promote HER2-mediated tumorigenesis*®. The BCR—ABL is
an active constitutive TK that directly binds and mediates Beclin-1
tyrosine phosphorylation at Tyr233 and Tyr352, which suppresses
autophagy induction by inhibiting the formation of PI3KC3 and
enhancing interaction between the negative interactome Rubicon
and Beclin-1'°". Furthermore, the BCR—ABL suppresses Beclin-
1-mediated autophagy and thereby bypasses the negative effect of
autophagy on tumor cell survival and proliferation'®’. As another
crucial NRTK protein, JAK2 (Janus kinase 2) interacts with
Beclin-1 induced by Interleukin-6 (IL-6) and phosphorylates it at
Tyr333, leading to enhanced Beclin-1—VPS34 interaction and
increased autophagy activity'®. This study demonstrates that the
IL-6—JAK2 axis activates Beclin-1-mediated autophagy by
inducing Beclin-1 Tyr333 phosphorylation and promotes chemo-

therapy resistance in colorectal cancer'®’.

3.2.2.  Ubiquitination and deubiquitination

Ubiquitination not only functions as a signal for the degradation of
targeting protein, but also participates in the regulation of the
localization, composition, or activity of multiprotein complex-
es'®71% In the process of ubiquitination of Beclin-1, ubiquitin
molecules will be covalently attached to its lysine residues
through a cascade catalyzed by E1, E2, and E3 enzymes. NEDD4
(neural-precursor-cell-expressed developmentally downregulated
4) is an E3 ubiquitin ligase of Beclin-1 that could modify Lys11-
and Lys63-linkage ubiquitination, resulting in its degradation'®.
Without any known catalytic activities, c-FLIP (cellular FLICE-
like inhibitory protein) functions as a scaffold protein that binds
to Beclin-1 and masks key residues of Beclin-1 recognized by
NEDD4, thus preventing NEDD4-mediated ubiquitination and
degradation of Beclin-1'’. Additionally, the Cul3 (Cullin3)
ubiquitin ligase is involved in Lys48 ubiquitination of Beclin-1 at
K53, K185, and K270, and KLHL38 (Kelch-like protein 38) plays

a role in the recognition and interaction of CUL3 and Beclin-1 in
breast cancer cells'®®. Cul3-KLHL38 facilitates the ubiquitination
and degradation of Beclin-1 and inhibits autophagic activity, lea-
ding to tumor progression of breast cancer'®®. TRIMS50 could ubi-
quitinate Beclin-1 in Lys63-dependent manners, thus promoting
the PI3KC3 formation and enhancing the autophagy activity
113.169 TR AF6 (tumor necrosis factor receptor-associated factor 6)
also can induce Lys63-linked ubiquitination that has a pivotal role
in TLR4 (Toll-like receptor 4)-induced autophagy'’®'’'. The
deubiquitinating enzyme A20 could inhibit the autophagy induc-
tion in response to TLR signaling by directly deubiquitinating
Beclin-1 and limiting the TRAF6-mediated Lys63-linked ubig-
uitination' """, CAMKII-mediated Ser90 phosphorylation of
Beclin-1 can increase the TRAF6-mediated Lys63-linked ubig-
uitination of Beclin-1, leading to activation of autophagy in ion-
omycin/EB1089 treated neuroblastoma cells'**. Moreover, USP15
(ubiquitin-specific protease-15) regulates the TRAF6—Beclin-1
signaling axis by inducing deubiquitination of Beclin-1, thereby
attenuating autophagy induction and negatively regulating lung
cancer progression (migration and invasion) induced by TLR4
stimulation' >, Ambral is an E3 ligase that also contributes to
lys63-linked ubiquitination to induce Beclin-1-dependent auto-
phagy under starvation conditions'’>. WASH (Wiskott-Aldrich
syndrome protein and SCAR homologue) could competitively
bind Beclin-1 to impede its ubiquitination, resulting in inactivated
VPS34 activity and autophagy suppression'’>. Solute carrier
family 9 subfamily A member 3 regulator 1 could bind to Beclin-1
and subsequently blocks ubiquitin-dependent Beclin-1 degrada-
tion, thereby stimulating autophagy and suppressing breast
cancer cell proliferation'”*. Recently, lysine-specific demethylase
2 A has been shown to mediate the ubiquitination as well as
degradation of Beclin-1, thus inhibiting autophagy and promoting
CircRNF144B—miR-342-3p  axis-mediated ovarian cancer
progression' .

As a deubiquitinating enzyme, USP14 negatively controls
Lys63-linked ubiquitination of Beclin-1, thus regulating the pro-
cess of autophagy'’®'””. Moreover, USP14 knockdown in human
breast carcinoma MDA-MB-231 cells and human hepatic adeno-
carcinoma SK-HEP-1 cells resulted in increased cell migration
and invasion, indicating that USP14 is negatively implicated in the
cancer progression by inhibiting Beclin-1 ubiquitination'’’.
Moreover, USP9X, USP10, and USP13 have been confirmed as
deubiquitinases that can mediate the deubiquitination of Beclin-1,
thus modulating autophagy activity'’®'”?. Recently, Kras-
mediated USP5 activation is reported to deubiquitinate K48-
linked polyubiquitination of Beclin-1 and stabilize Beclin-1,
resulting in autophagy and p53 protein instability, thereby pro-
moting Kras-driven lung tumor growth'®’.

3.2.3. ISGylation and delSGylation

Similar to ubiquitylation, ISGylation is a reversible process, in
which conjugates a ubiquitin-like modifier, namely ISG15 (inter-
feron-stimulated gene 15 protein), to a substrate protein'®'. The
expression of ISG15 induced by Type I IFN (interferons) can
mediate ISGylation of Beclin-1 at Lys117, Lys263, Lys265, as
well as Lys266'%. Furthermore, the ISGylation of Beclin-1
competes for its Lys63-linked polyubiquitination, leading to the
inhibition of PI3KC3 activity and autophagy flux'®*. Moreover,
HERCS5 (HECT and RLD domain containing 5 protein) is an E3
enzyme that could interact with Beclin-1 and catalyze ISGylation
of Beclin-1'%. USPI18 could remove conjugated ISG15 from
Beclin-1, thus positively regulating autophagy'®*. These findings
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may provide a novel mechanistic insight into the link between
immunity and autophagy implemented by ISGylation and del-
SGylation of Beclin-1. However, further research is needed to
elaborate on the roles of ISGylation and deISGylation of Beclin-1
in oncology.

3.2.4.  SUMOylation and deSUMOylation

As another post-translational modification process, SUMOylation
dynamically attaches a SUMO (small ubiquitin-like modifier) to a
lysine residue of a target molecule, which can affect various
molecular pathways'®*. PIAS3 (protein inhibitor of activated
signal transducer and activator of transcription 3) has been iden-
tified as a SUMO E3 ligase for Beclin-1 that amplifies the SUMO3
conjugates predominantly at Lys380 of Beclin-1 under cellular
starvation conditions, which induces autophagy via facilitating
PI3KC3 complex formation and promoting PI3KC3 activity'®>.
Conversely, deSUMOylation of Beclin-1 could be mediated by
SUMO-specific peptidase SENP3 (SUMO-specific protease 3),
which suppresses autophagy via impairing PI3KC3 complex for-
mation and inhibiting PIK3C3 activity in human liver, breast,
colorectal, and cervical carcinoma cell lines'®. The reversible
SUMOylation of Beclin-1 by PIAS3 and SENP3 provides a fine-
tuning mechanism for tumor cells to regulate autophagy to cope
with different situations.

3.2.5. Acetylation and deacetylation

As a reversible protein modification process, lysine acetylation
can reversibly alter the structure as well as the function of pro-
teins, therefore, is involved in almost all cellular processes]%.
Lysine acetylation has been reported as a novel regulatory
mechanism affecting the structure and function of Beclin-1, thus
inhibiting autophagosome maturation and autophagy induction.
Beclin-1 can be acetylated by PCAF (p300/CBP-associated factor)
at Lys430 and Lys437, which favors its interaction with Rubicon
that alters the composition of PI3KC3 complex and hampers
autophagosome maturation'>. In contrast, SIRT1 (sirtuin 1) can
deacetylate Beclin-1, leading to attenuated Beclin-1—Rubicon
interaction'””. Moreover, decreased acetylation of Beclin-1 by the
mutation of K430 and K437 sites in MCF7 xenografts results in
enhanced autophagosome maturation, decreased cellular prolifer-
ation and tumor growth, demonstrating that an acetylation-
dependent regulatory mechanism of Beclin-1 promotes tumor
growth'’.

3.2.6. Cleavage
Beclin-1 is demonstrated as a target of the cleavage mediated by
caspase or calpain. Its protein levels can be controlled by
proteolysis-dependent mechanism to regulate its autophagic
functions. The cleavage of Beclin-1 mediated by caspase has been
reported to link the autophagic and apoptotic pathways'®"'%5,
Caspase can cleave the polypeptide chain of Beclin-1 into frag-
ments, thereby abrogating its autophagic function and enhancing
the apoptotic pathway’’°%'%%1°° ABHDS5 (abhydrolase domain
containing 5 protein), a cellular lipolytic activator, can compete
with Caspase-3 for binding to the cleavage sites of Beclin-1, thus
preventing its cleavage by Caspase-3'°'. Moreover, calpains has
been shown to be responsible for Beclin-1 cleavage at a specific
site between BH3 and CCD domain, leading to the inhibition of
autophagy'?>'%?.

Overall, various transcriptional and post-transcriptional regula-
tions of BECNI gene that can affect its expression level and as well
as splice variants, as well as post-translational modification of

Beclin-1 proteins that can affect its stability, interactions and
functions, have been well revealed as essential regulatory mecha-
nisms to fine-tune the process of autophagy. However, it is still
waiting for further researches to determine how different regulations
affect each other and how regulations diverge under diverse con-
ditions. Besides, the post-translational modification of Beclin-1 also
provides the cell with a novel strategy to regulate other processes,
such as apoptosis and ferroptosis. More investigations on the
regulation of Beclin-1 are required to deepen our understanding of
its regulatory roles in non-autophagic processes.

4. The role of Beclin-1 in cancer

Hitherto, alterations of BECNI gene and its products Beclin-1,
including mutation status of BECNI, monoallelic deletion of
BECNI, as well as altered expression profiles of Beclin-1 protein
expression, have been reported in diverse cancers (Table 1). Given
the complexity of autophagy, Beclin-1 shows complicated roles in
different subtypes, stages, and genetic contexts of cancers. On one
hand, Beclin-1 acts as a haplo-insufficient tumor suppressor, as its
monoallelic deletion or decreased expression is associated with
tumorigenesis and tumor progression. However, on the other hand,
Beclin-1 may also have a role in the progression of tumors by
supporting tumor cell survival under cellular stress
(Fig. 6A)'"*'. Besides, diverse non-autophagic functions of
Beclin-1 make its roles in cancer more complex. In addition,
autophagy contributes to the drug resistance of tumor cells, the
homeostasis of CSCs, as well as the regulation of TME (Fig. 6B
and C).

4.1.  The oncosuppressive role of Beclin-1

Beclin-1 has been implicated as a tumor suppressor, activating
autophagy and preventing tumorigenesis. Monoallelic deletion of
BECN!I or loss of Beclin-1 expression has been widely reported to
favor the occurrence and progress of numerous types of malignant
tumors. Heterozygous disruption of the BECNI gene leads to a
high incidence of spontaneous malignant tumors (e.g., hepato-
cellular and lung carcinomas, as well as B cell/lymphoblast cell
lymphomas) in mice models®***. Additionally, Becnl heterozy-
gosity allows the survival of the immortalized baby mouse kidney
epithelial cells possessing an apoptotic defect during starvation,
and Beclin-1 haploinsufficiency promotes epithelial tumorigen-
esis”®. These results indicate that Beclin-1 serves as an onco-
suppressive regulator in tumorigenesis.

4.1.1.  Autophagy-related role

Beclin-1-mediated autophagy has been shown to function as an
important tumor-suppressive mechanism. Firstly, Beclin-1-
mediated autophagy can limit the progress of malignant tumors
by inducing tumor cell death. Compared to wild-type mice,
Becnl™?AFI214 knock-in mice with the disrupted Beclin-1—Bcl-
2 interaction exhibited enhanced basal autophagic flux, resulting
in a lower incidence of age-associated spontaneous malig-
nancies”>°. Beclin-1 overexpression results in reduced cell pro-
liferation, enhanced apoptosis, and blocked cell cycle in colorectal
cancer HT29, HCT-15 and HCT-116 cell lines>'®>%7, glioblastoma
Ug7 cellsz‘m, cervical cancer HeLa cells>*’ , as well as gastric
cancer MKN-45 cells*’, whereas down-regulating Beclin-1 cau-
ses increased proliferation of colorectal cancer HCT116 and

SW620 cell lines**' as well as human lung cancer A549 cells®*”.
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Table 1

The alterations of the BECNI gene and Beclin-1 expression in cancers clinically.

Cancer types Alterations of BECNI/Beclin-1 Clinical correlation Ref.
Ovarian cancer Monoallelic deletion of BECNI (~75%) Shallow deletion of BECNI with low mRNA 196—200
expression shows higher sensitivity to platinum-
based therapies and is associated with better overall
and disease-free survival.
Ovarian cancer Loss or down-regulation of Beclin-1 protein ~ Loss or decreased expression of Beclin-1 is 26,201,202
expression correlated with ascending histological grade,
advanced stage, poor progression-free, and shorter
overall survival.
Breast cancer The mutation IVS1—4 T > A) of BECNI / 203
was detected in 1 of 94 breast cancers
(1.0%).
Breast cancer Monoallelic deletion of BECNI gene / 204,205
(~50%)
Breast cancer Down-regulated Beclin-1 protein and mRNA  Decreased Beclin-1 expression is correlated with a 27,28
expression poor 5-year overall survival rate and poor distant
metastasis-free survival of ER-positive, HER2-
negative breast cancer.
Breast cancer Beclin-1 is differentially expressed High-level Beclin-1 expression was related to 206
according to the molecular subtype of breast TNBC-type tumors, which have high nuclear
cancer. pleomorphism and a high mitotic index.
Prostate cancer Monoallelic deletion of BECNI (~40%) / 23
Prostate cancer Down-regulated Beclin-1 protein expression  Beclin-1 expression is negatively correlated with the 29
Gleason score, and decreased expression of Beclin-1
may collaboratively represent an aggressive
malignant phenotypic feature of prostate carcinoma
cells.
Gastric cancer The mutations (24 C > A, 1165 C > T, / 203
IVS1-4T > A, and IVS5+7 C > T) of
BECNI were detected in 5 of 180 gastric
cancers (2.8%).
Gastric cancer Down-regulated Beclin-1 protein and mRNA  Beclin-1 expression is positively linked to the 30,207208
expression favorable prognosis of patients, and decreased
Beclin-1 expression is associated with poor
differentiation, advanced stage, and shorter overall
survival.
Gastric cancer Up-regulated Beclin-1 protein and mRNA Increased Beclin-1 expression is related to better 209—212
expression disease-free survival and longer overall survival,
with a smaller tumor size, mixed histologic type,
better histological grade, lower recurrence rate, less
lymphatic, vascular, and neural invasion.
Gastric cancer / Positive Beclin-1 expression is correlated with 213
lymph node metastasis, vessel invasion, hepatic
metastasis, and poor survival.
Colorectal cancer The mutations (1049 C > G and IVS5+7 / 203
C > T) of BECNI was detected in 3 of 50
colorectal cancers (2.8%).
Colorectal cancer Beclin-1 is differentially expressed: Extensive Beclin-1 overexpression is significantly 42,214
underexpression (15.5%), the normal-like linked with nodal involvement, high histological
pattern (40.6%), limited overexpression grade, and vascular invasion.
(23.2%), and extensive overexpression
(21.3%).
Colorectal cancer Up-regulated Beclin-1 protein and mRNA Increased Beclin-1 expression is positively 209,215—-218
expression correlated with histological grade and clinical stage
related, with better disease-free survival and longer
overall survival, and it is negatively related to liver
and distant metastasis.
Oral squamous cell Down-regulated Beclin-1 protein expression  Decreased Beclin-1 expression is correlated with 31
carcinoma poor differentiation, lymph node metastasis,
advanced clinical tumor-node-metastasis stage, and
a poor Prognosis.
Oral squamous cell / Increased Beclin-1 expression is correlated with the 219

carcinoma

degree of tumor infiltration.
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Table 1 (continued)
Cancer types Alterations of BECN1/Beclin-1 Clinical correlation Ref.
Lung cancer The mutation IVS1—-4 T > A) of BECNI / 203
was detected in 1 of 124 lung cancers
(0.8%).
NSCLC Down-regulated Beclin-1 protein expression  Decreased Beclin-1 expression is associated with 220,221
higher tumor recurrence rate, more advanced stages,
poor overall survival, and poor progression-free
survival, with more lymph node metastasis and
more poorly differentiated tumors.
Hepatocellular Down-regulated Beclin-1 protein and mRNA  Decreased Beclin-1 expression is related to tumor 32,222—-224
carcinoma expression recurrence, poor differentiation, and poor prognosis.
Cervical cancer Down-regulated Beclin-1 protein expression  Decreased Beclin-1 expression is associated with 33
pelvic lymph node metastasis and histological
grade.
Cholangiocarcinoma Down-regulated Beclin-1 protein expression  Decreased Beclin-1 expression is correlated with 34
lymph node metastasis and poor 3-year progression-
free survival.
Chondrosarcoma Down-regulated Beclin-1 protein and mRNA  Decreased Beclin-1 expression is correlated with 35
expression increasing tumor grade and poor overall survival.
Brain cancer Down-regulated Beclin-1 protein and mRNA  Decreased Beclin-1 expression is correlated with 36,37
expression higher-grade brain cancer.
Meningiomas / High-level expression of Beclin-1 is correlated to 225

Melanoma Down-regulated Beclin-1 protein and mRNA
expression
Lymphoma Down-regulated Beclin-1 protein and mRNA
expression
Hypopharyngeal Down-regulated Beclin-1 protein and mRNA
squamous cell expression
carcinoma

Esophageal squamous
cell carcinoma

Loss of Beclin-1 protein expression in 33%
of esophageal squamous cell carcinomas.

Pancreatic ductal Up-regulated Beclin-1 protein expression

better prognosis, lower pathological grade, and
longer survival.

Decreased Beclin-1 expression is associated with 38,226,227
tumor progression and distant metastasis.

Decreased Beclin-1 expression is associated with 39,228
poor overall survival and progression-free survival

Decreased Beclin-1 expression is correlated with 40

poor differentiation and more lymph node

metastasis.

Beclin-1 expression is negatively correlated with the 229,230

depth of invasion, lymph node metastasis, and
clinical stage.
Increased Beclin-1 expression is correlated with the 231

adenocarcinoma absence of lymphatic invasion and a low rate of
distant metastasis
Nasopharyngeal / Increased Beclin-1 expression is correlated with 232
carcinoma poorer overall survival, progression-free survival,
and distant metastasis-free survival.
Papillary thyroid Up-regulated Beclin-1 protein expression Increased Beclin-1 expression is significantly 233
carcinoma correlated with tumorigenesis and lymph node
metastasis.
Enforced Beclin-1 expression in breast cancer MCF-7 cells can 4.1.2.  Autophagy-independent role

inhibit cell proliferation in vitro and suppress tumor growth in vivo
in MCF-7 xenograft nude mice models'’. Beclin-1 overexpression
induces autophagy and suppresses the proliferation of esophageal
cancer EcalQ9 cell line, and inhibits the growth of Ecal09 xeno-
graft tumor in nude mice’”. Furthermore, Beclin-1-mediated
autophagy conduces to reducing DNA damage and maintaining
chromosomal stability, thus preventing tumorigenesis. BECNI
heterozygosity impairs the autophagy activity of immortalized
mouse mammary epithelial cells, which is related to DNA damage
accumulation (the gamma phosphorylated form of the histone
H2AX foci) in immortalized mouse mammary epithelial cells, ul-
timately promoting mammary tumorigenesis’*'. Importantly,
Beclin-1 cooperated with UVRAG could regulate the DNA damage
pathways and centrosome stability of colorectal cancer HT29 cells
in an autophagy-independent manner, and Beclin-1 knockdown

sensitizes cells to DNA damage and apoptosis' .

Increasing evidence provided several autophagy-independent mo-
lecular mechanisms contributing to the tumor-restraining potential
of Beclin-1. For instance, Beclin-1 affects the p53 level through
modulating the deubiquitination activity of USP10 and USP13, and
loss of Beclin-1 may promote tumorigenesis by decreasing the
levels of p53'”. Besides, Beclin-1 negatively regulates the pro-
teasomal degradation of the tumor promoter Mcl-1 through
competitively displacing USP9X'"%*°_ Besides, co-regulation of
decreased Beclin-1 and subsequently increased Mcl-1 is associated
with melanoma progression'’®. Beclin-1 also involves in the regu-
lation of the specific trafficking function, endosome maturation, and
immunosuppressive function to inhibit tumorigenesis, which is the
oncosuppressive role of Beclin-1 beyond autophagy. BECNI het-
erozygosity can lead to augmented mammary stem and progenitor
cell activity and aberrant up-regulation of the NF-«B activator,
namely tumor necrosis factor receptor superfamily member 11a,
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its autophagic or non-autophagic roles. (B) Beclin-1 contributes to the development or elimination of drug resistance to cancer therapy, and
Beclin-1-induced autophagy has discrepant roles in CSC stemness maintenance. (C) Beclin-1 serves as a multifaceted regulator of TME, as it

shows dual effects of promoting and inhibiting cancer.

thus promoting spontaneous mammary tumorigenesis following
parity in FVB/N mice”*°.

Recently, it is reported that Beclin-1 could increase E-cadherin
plasma membrane localization in MCF7 cells to promote cell—cell
adhesion and down-regulation of beta-catenin/Wnt target genes
and mesenchymal markers, thereby suppressing the EMT as well
as inhibiting tumor growth and progression'®’. Moreover, Beclin-1
contributes to controlling a specific stage of early endosome matu-
ration, which involves in negatively regulating the intensity and
duration of both EGFR and IGF-1 (insulin-like growth factor-1)
signaling'®***">** Loss of Beclin-1 has a potential role in
enhancing these signaling pathways in breast carcinoma cells,
leading to the activation of oncogenic drivers, including Akt and

ERK (extracellular signal-regulated kinase), thus promoting
migration or invasion of breast cancer' ©048, Besides, Beclin-1
can regulate the endocytic trafficking and degradation of the
growth factor and nutrient receptors (EGFR and transferrin re-
ceptor) to suppress tumor proliferation®*’. Moreover, over-
expression of Beclin-1 could markedly decrease invasion and
induce apoptosis in A549 cells through up-regulation of the tumor
suppressor ECRG4 (esophageal cancer-related gene 4)”°.
Additionally, Beclin-1 has been reported to serve as a
neutrophil-specific immune checkpoint, providing an autophagy-
independent mechanism for neutrophil-driven carcinogen-
esis' "%, Myeloid-deficient Becnl mice were shown to develop
neutrophilia with a high incidence of spontaneous precursor B cell
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lymphoma'?. Beclin-1 deficiency resulted in the aberrant acti-
vation of MEKK3/p38 signaling in neutrophils, which promoted B
cell chemotaxis through the Cxcl9—Cxcr3 axis'*’. The interaction
of Beclin-1-deficient neutrophils and B cells could further
continuously activate oncogenic signaling, including CD40L/ERK
and IL-21/STAT3/IRF1, and contributed to the increased expres-
sion of PD-L1 (programmed death ligand 1), thus promoting the
malignant transformation of precursor B cells'’”. This study offers
evidence to support that Beclin-1 involves in B cell carcinogenesis
beyond its role in autophagy and might be a promising target for
cancer immunotherapy.

Furthermore, Beclin-1 is currently reported to play a novel role
in regulating system Xc~ activity by binding to SLC7A11, which
is pivotal for inducing ferroptosis, and Beclin-1 overexpression
obviously strengthens the anti-tumor activity of erastin (a fer-
roptosis inducer) by increasing ferroptosis in vitro and
in vivol()l,lﬁl.

The progress of research on the potential anticarcinogenic
mechanisms of Beclin-1 is described to illustrate its suppressive
role in tumorigenesis. Although the specific mechanism by which
Beclin-1 hinders tumorigenesis is still unclear, there is mounting
evidence that Beclin-1 modulates autophagy-dependent and -in-
dependent pathways, which constantly changes our understanding
of its oncosuppressive potential. Therefore, further research is
needed to delineate the oncosuppressive mechanisms of Beclin-1
in autophagy and beyond.

4.2.  The oncogenic role of Beclin-1

Several reports have shown the controversial result that Beclin-1
can function as an oncogenic molecule associated with tumori-
genesis and tumor progress. Increased expression of Beclin-1 can
be correlated with oncogenesis, vessel invasion, or lymph node
metastasis of a variety of cancers, including breast, gastric,
nasopharyngeal, and papillary thyroid carcinomas, and can be
linked with these cancer patients’ poor overall survival as well as
progression-free survival and distant metastasis-free sur-
vival??%213:232233 1 addition, Beclin-1 knockdown in human
triple-negative breast cancer cells could inhibit tumor growth,
migration, and invasion by inducing GO/G1 cell cycle arrest and
incompletely repressing the EMT of tumor cells*>. Similarly,
Beclin-1 knockdown impairs EMT of colon cancer SW620 and
LOVO cells*®. In Ewing sarcoma SK-ES-1 cells, knocking down
Beclin-1 suppresses cell proliferation, invasion, and migration by
inhibiting matrix metalloprotease 9>>*. Moreover, Beclin-1 over-
expression enhances the migratory ability of NSCLC (non-small
cell lung cancer) cells by affecting the ubiquitination of Vimentin
(a mesenchymal marker), and Beclin-1 knockdown significantly
inhibits cell migration®>. These studies reveal that Beclin-1 has
an oncogenic role in tumor growth, migration, and invasion.

4.2.1.  Autophagy-related role

The oncogenic roles of Beclin-1 are primarily associated with its
autophagy-inducing function, which can support tumor cells to
survive under nutrient-poor or hypoxic conditions. For instance,
Beclin-1-mediated autophagy could promote the formation of VM
(vasculogenic mimicry) induced by hypoxia in glioma by gener-
ating reactive oxygen and activating Akt. Silencing Beclin-1 by
siRNA not only significantly inhibited hypoxia-induced VM for-
mation in U87MG cells but also hampered migration and invasion
of US7TMG cells, suggesting its positive role in the progress of
glioma®®. Additionally, Beclin-1 contributes to the aberrant

proliferation of HTLV-1 (human T cell leukemia virus type 1)-
transformed T cells by inducing the cytoprotective autophagy and
maintaining the persistent activity of NF-xB and STAT3, which
are two key pro-survival factors associated with the pathogenesis

of HTLV-1-mediated oncogenesis™’.

4.2.2.  Autophagy-independent role

Beclin-1 also exerts its oncogenic role in an autophagy-independent
manner. Beclin-1 has been reported to participate in chromosome
congression by promoting proper outer kinetochore assembly
through its interaction with Zwint-1 (the subunit of the structural
kinetochore)*”®. The depletion of Beclin-1 remarkably decreases
the outer kinetochore proteins in HeLa cells, such as CENP-E/F and
ZW107%. As a consequence, the chromosome congression of these
Beclin-1-depleted HeLa cells would be negatively affected®®.
Recently, it is reported that Beclin-1 is elevated in the nucleus
in malignant human colorectal tumor specimens, which is nega-
tively correlated with Retinoblastoma expression””’. Silencing of
Beclin-1 facilitates MDM?2 and MDMX (murine double minute 2
and X) complex formation to promote MDMX polyubiquitination
and degradation, thus up-regulating and stabilizing Retinoblastoma,
leading to growth suppression of HCT-116 cells independent of
p53%?. Besides, Beclin-1 knockdown significantly inhibits tumor
growth in HCT-116 xenograft models by activating Retinobla-
stoma”’,

The oncogenic role of Beclin-1 in the tumorigenesis and
progress of several cancer types has been investigated, while it is
urgent to establish an intact mechanism framework. Despite of the
controversial role of Beclin-1 in cancer pathology, it is undeniable
that Beclin-1 is a promising molecular target for the treatment of
cancer. These opposite findings reveal that the Janus functions of
Beclin-1 may attribute to the differential expression of itself and
its effector molecules or its major subcellular localization in
distinct tumor cells.

4.3.  Beclin-1 and drug resistance to cancer therapy

Beclin-1 has also been shown to involve in the resistant mecha-
nism to chemotherapy and targeted cancer therapy in diverse tu-
mors. The differential expression of Beclin-1 is shown between
drug-sensitive and -resistant cell lines. For instance, the expression
levels of Beclin-1 and other ATG proteins were down-regulated in
oxaliplatin-resistant colon cancer SNU-C5 cells than in
oxaliplatin-sensitive SNU-C5 cells**’. On the contrary, compared
with normal human hypopharyngeal squamous cell carcinoma
FaDu cell line, autophagy, and Beclin-1 expression were enhanced
in cisplatin-resistant FaDu cells’®'. These competing findings
demonstrate that Beclin-1 also plays a dual role in resistance to
cancer therapy.

Recent studies revealed that regulating Beclin-1 might
contribute to overcoming resistance to cancer therapy. Compared
to the Enzalutamide-sensitive prostate cancer cells, the expression
of Beclin-1 was decreased in Enzalutamide-resistant cells, and
ectopically expressed Beclin-1 in the resistant cells led to the
significantly increased Enzalutamide-sensitivity”®>. Compared
with etoposide/cisplatin-sensitive groups, Beclin-1 expression was
up-regulated in etoposide/cisplatin-resistant small cell lung cancer
H446 and Letp cells and patient tissues and Beclin-1 inhibition
reversed the in vitro chemoresistance of etoposide/cisplatin-
resistant H446 and Letp cells’®’. Moreover, Beclin-1 signifi-
cantly increased and autophagosome formation was increased in
the TRAIL (TNF-related apoptosis-inducing ligand)-resistant
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colon cancer DLD1 cells, and Beclin-1 knockdown restores the
response to TRAIL in resistant DLD1 cells***. Beclin-1 knock-
down increased imatinib sensitivity in gastrointestinal stromal
tumors GIST-T1 and GIST-882 cells, and miR-30a could sensitize
these cells to imatinib via down-regulating Beclin-1 and inhibiting
autophagy”®. Besides, Beclin-1 expression was significantly
increased in the oxaliplatin-resistant colorectal cancer cells
compared with the parental cells, and miR-409-3p could enhance
the cell chemosensitivity to oxaliplatin by suppressing Beclin-1-
mediated autophagy'**.

Additionally, Beclin-1 also participates in the development of
resistance caused by the dysfunction of its upstream regulatory
molecules. For example, IL-6 can induce the JAK2—Beclin-1
interaction, consequently, leading to the phosphorylation of
Beclin-1 at Tyr333 to induce autophagy, a mechanism by which
the IL-6/JAK2/Beclin-1 signaling pathway regulates chemo-
therapy drug resistance in colorectal cancer'®®. Downregulation of
KLFS5 results in elevated Beclin-1 expression and enhanced
autophagy activity in prostate cancer cells, which results in
decreased drug sensitivity to docetaxel in vitro and in vivo''®. A
serine/threonine kinase NEK2 (never in mitosis-related kinase 2),
can stabilize Beclin-1 by promoting the deubiquitination mediated
by USP7, consequently conferring drug resistance in multiple
myeloma®®®. These inspiring findings suggest that targeting
Beclin-1 could be a promising strategy to reverse the resistance to
chemotherapy as well as targeted therapy for cancer patients.

4.4.  Beclin-1 and CSCs

Similar to stem cells, CSCs allow the self-renewal of cells and the
generation of differentiated cells, thus promoting cell survival and
malignancy”®”*®*, Several studies indicate that Beclin-1 contrib-
utes to the self-renewal of CSCs, contributing to the tumorige-
nicity of CSCs. Beclin-1 expression is increased at both mRNA
and protein levels with the elevated autophagic flux in breast
CSCs/progenitor cells and depletion of Beclin-1 in breast CSCs/
progenitor cells reduces the incidence of in vivo xenograft for-
mation, which suggests that Beclin-1 is essential for the tumori-
genicity of CSCs****°. The interaction between Beclin-1 and
TRAF6 can be induced and enhanced by the IL-17B/IL-17RB
(interleukin-17 B and its corresponding receptor) signaling
cascade in gastric CSCs, leading to ubiquitination of Beclin-1 and
autophagy induction, which further enhance the stemness and
tumorigenesis ability of gastric CSCs in vitro and promote tumor
growth and invasion in vivo®’’. SOX2 (sex-determining region
Y-box2), a core regulator of embryonic, activates autophagy by
transcriptional activation of Beclin-1 and drives CSCs properties
in colorectal cancer’’'. Most importantly, Beclin-1 knockdown
could partially diminish SOX2-driven malignant phenotypes in
colorectal cancer SW480 cells, demonstrating the involvement of
Beclin-1 in SOX2-induced CSCs properties in colorectal can-
cer’’!. These studies reflect that Beclin-1 seems to conduce to the
maintenance and tumorigenicity of CSCs.

On the other hand, given the suppressive role of pro-death
autophagy in cancer progression, several studies have reported
conflicting results that autophagy enhancement reduces the self-
renewal of CSCs, induces differentiation of CSCs, and promotes
therapy sensitivity>’>>’*. Currently, a study reported the disruptive
effects of Beclin-1 on CSCs maintenance. Silencing BECNI by
short hairpin RNA (shRNA) results in the inhibition of autophagy
on glioblastoma CSCs, which enhances the expression of stemness
markers and promote proliferation and clonogenicity of
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glioblastoma CSCs”'". These findings suggest that Beclin-1
knockdown reinforces the stemness of glioblastoma CSCs and
awakens them from the dormant state”’*.

In conclusion, the published literature reveals that Beclin-1-
induced autophagy has discrepant roles in CSC stemness main-
tenance, suggesting that there is a more complex relationship
between autophagy and CSCs. Additionally, it remains to
demonstrate whether the non-autophagy functions of Beclin-1 are
involved in the regulation of CSCs. Further investigations are
required to explore the molecular mechanism of Beclin-1 in CSCs
maintenance, which may provide potential molecular targets to
eliminate CSCs for better cancer therapy.

4.5. Beclin-1 and TME

Tumor microenvironment (TME) has a pivotal role in cancer
biology, which is composed of tumor cells and various stromal
cell populations (e.g., fibroblasts, endothelial cells, neutrophils,
macrophages, and adipocytes), as well as extracellular-matrix
components, soluble mediators, and cytokines produced by these
cells?”>. The TME can inhibit host antitumor immunity, promote
the transformation, growth, and invasion of tumors, and facilitate
therapeutic resistance and dormant metastases”’®. Since auto-
phagy has crucial functions in cross-talk between tumor cells and
TME*"", Beclin-1 as a key autophagy regulator also contributes to
regulating TME.

Due to the poor blood supply in solid tumors, decreased
available oxygen and insufficient nutrient supply widely exist in
TME. Hypoxia-induced autophagy can result in apoptosis reduc-
tion in a Beclin-1-dependent way, which enhances the tolerance of
tumor cells to nutrient deprivation. Silencing BECNI by the small
interfering RNA (siRNA) significantly abrogated such apoptosis
reduction and tolerance to nutritional deprivation in hepatocellular
carcinoma cells, suggesting that Beclin-1-mediated autophagy
facilitates tumor survival under hypoxia and starvation conditions
in TME?’®, Moreover, the upregulation of autophagy in mesen-
chymal stem cells can support tumor cell survival under the
nutrient-deprived condition”’. Additionally, the expression of
Beclin-1 in mesenchymal stromal cells contributes to cancer in-
vasion and metastasis’®. SiRNA-mediated downregulation of
Beclin-1 can decrease the expression of IL-18 and collagen re-
ceptor DDR2 (discoidin domain receptor 2) in mesenchymal
stromal cells, which can foster tumor invasiveness by shaping the
TMEZ0.

Natural killer (NK) cells function as the fundamental effector
cells in antitumor innate immunity®®'. Hypoxia-induced auto-
phagy in breast cancer MCF-7 cells can degrade NK-derived
GzmB (granzyme B) to reduce susceptibility to NK-mediated
tumor cell lysis in vitro, and knocking down BECNI to inhibit
autophagy in MCF-7 cells can restores intracellular GzmB
level”®. Furthermore, inhibition of autophagy by silencing
BECNI can induce tumor regression in two aggressive syngeneic
murine models: B16-F10 melanoma tumors and 4T1 breast car-
cinoma tumors®*. This study elucidates the mechanism by which
Beclin-1-mediated autophagy protects tumor cells from NK-
mediated killing. A recent report reveals another pro-
tumorigenic mechanism of Beclin-1 via suppressing the infiltra-
tion of NK cells into TME***. Knocking down BECNI in mouse
melanoma B16-F10 cells lead to the activation of the MAPKS/
JNK-JUN/c-Jun signaling pathway, which promotes the over-
expression and release of CCL5 cytokine in the TME to induce a
massive infiltration of NK cells into TME, thus suppressing
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melanoma growth by breaking the immunosuppressive TME
barrier”®. This study provides a novel therapeutic strategy based
on inhibiting Beclin-1 in tumor cells to improve the infiltration of
NK cells to the TME and execute their cytotoxic function against
cancer cells within the TME.

Macrophages that infiltrate TME can be driven by tumor-
derived secretions to acquire a polarized M2 phenotype, which is
regarded as a pro-tumor macrophage phenotype>**. Tumor cell-
released autophagosomes (TRAPs) isolated from multiple mu-
rine tumor cell lines and pleural effusions or ascites of cancer
patients could mediate immunosuppression in TME by increasing
PD-L1 expression to polarize macrophages towards a tumor-
promoting (M2-like) phenotype”®. Silencing BECNI by shRNA
in the murine melanoma cell line B16F10 could cause the
reduction of TRAPs secretion with attenuated ability to induce
PD-L1 expression in macrophages, supporting that Beclin-1 is
crucial for the formation of TRAPs and participates in the po-
larization of tumor-associated macrophages®®. Interestingly,
Beclin-1-mediated autophagy in macrophages can suppress M2
macrophage polarization. Silencing BECNI by siRNA in mouse
RAW 264.7 macrophages could efficiently restrain autophagy
activity and increase the polarization of RAW 264.7 to M2 mac-
rophages>®. The results of the two studies reveal the reverse roles
of Beclin-1-mediated autophagy in the polarization of macro-
phages that might depend on different microenvironments and
different types of cells.

In addition, tumor dormancy is defined as an adaptive mech-
anism to stress conditions within the TME. The Beclin-
1—DIRAS3 interaction is responsible for the survival of dormant
ovarian cancer cells via the induction of autophagy to face
nutrient-deprived stress. This study steers a rational design
strategy of DIRAS3-derived peptide that aims to inhibit Beclin-1
for eliminating ovarian tumors>®’.

Overall, Beclin-1 serves as a multifaceted regulator of TME, as
it shows dual effects of promoting and inhibiting cancer. Addi-
tionally, the roles of Beclin-1 differ in the diverse cell types in the
TME, making it hard to predict the exact outcome of targeting
Beclin-1 for cancer therapy. Therefore, more detailed in-
vestigations are needed to elucidate the specific role of Beclin-1 in
tumor cells, immune cells, and other stromal cells. And given the
complexity of the TME, therapeutic targeting Beclin-1 requires
much caution and refinement.

5. Targeted Beclin-1-regulating strategies for cancer therapy

Although mutations of the BECNI gene are notably rare in can-
cers, monoallelic losses of the BECNI gene have been observed in
many human cancers according to haploinsufficiency network
analyses. Given its widespread deregulation and crucial role in
tumorigenesis and tumor progression, Beclin-1 has become a
potential therapeutic target to develop novel anti-tumor strategies.
Moreover, non-homozygous copy number losses of the BECNI
gene contribute to maintaining the autophagy pathway in cancer
cells, which allows cells to tolerate stress, thus conferring resis-
tance to antitumor therapy. However, as a scaffolding protein,
targeting Beclin-1 had long been thought impossible. Despite
being traditionally referred to as “undruggable”, considerable
progress has recently been made in targeted pharmacological
regulation of Beclin-1 for cancer therapy. In this section, the
current targeted Beclin-1-regulating strategies, including targeted
peptides, small molecules, and other strategies are summarized
(Fig. 7).

5.1.  Peptides

Currently, Tat-Beclin-1 has been reported to be applied for the
inhibition of tumorigenesis and the treatment of cancers*®!'%!+2%5,
Tat-Beclin-1 was shown to disrupt HER2—Beclin-1 interaction in
four HER-positive breast cancer cell lines BT-474 cells, BT-474-
VH2 cells, SK-BR3 cells, and MDA-MB-361 by inducing a strong
autophagic flux*®.

Based on the structure of the CCD of Beclin-1, several
hydrocarbon-stapled peptides were designed to specifically
interact with the CCD of Beclin-1 with a high affinity**’. Among
these designed peptides, Tat-SP4 (Fig. 7A) significantly inhibits
the self-association of Beclin-1 and enhances its interaction with
Atgl4L/UVRAG to induce autophagy and enhance endolysoso-
mal degradation. More importantly, Tat-SP4 shows the anti-tumor
effect against the proliferation of cancer cells via activating the
function of Beclin-1, thus promoting autophagy and endolysoso-
mal degradation of EGFR*®. As the suppression mechanism is
orthogonal to that employed by EGFR-TKIs (tyrosine kinase in-
hibitors), Tat-SP4 synergized with erlotinib (an EGFR-TKI) could
significantly inhibit the proliferation of A549 and H1975 cells by
enhancing their sensitivity to erlotinib>”’. Recently, through staple
scanning and sequence permutation, these peptides were opti-
mized to make the hydrocarbon staple closer to the interface of
CCD, thus improving the affinity to the target protein Beclin-17°".
Compared to the prototype peptide Tat-SP4, the optimized peptide
17-01s-31 (Fig. 7B) showed approximately 10-fold higher binding
affinity to target protein Beclin-1 and approximately 5-fold more
potent inhibitory efficacy in EGFR-overexpressed and HER2-
positive breast cancer SKBR3 cell line®®'. However, i7-01s-31
inhibits the proliferation of SKBR3 cells via inducing necrotic
cell death instead of apoptosis, and the molecule mechanism of
such necrotic cell death is required to further investigate whether it
is induced by enhanced autophagy induction or increased EGFR
and HER2 degradation®”'. Given the pro-survival role of Beclin-1
in dormant ovarian cancer cells, a Beclin-1-inhibiting peptide,
named Tat-D3S2, was designed based on the switch II region of
DIRAS3 (residues 93—107), which could be taken up by ovarian
cancer cells by linking to Tat peptide (Fig. 7C)**’. The results
show that Tat-D3S2 inhibits amino acid deprivation-induced
autophagy by the selective disruption of the Beclin-1—DIRAS3
interaction in ovarian cancer cells”®’. However, further detailed
research is required to evaluate its therapeutic potential to elimi-
nate dormant ovarian tumors.

Beclin-1-activating peptides (Tat-Beclin-1, Tat-SP4, and i7-
01s-31) have been shown to have the activities to regulate the
protein-protein interactions of Beclin-1 to enhance autophagy and
promote the endolysosomal degradation of EGFR or HER2, thus
inhibiting the proliferation of EGFR- or HER2-driven cancer cells.
Furthermore, Beclin-1-targeting peptide Tat-D3S2 inhibits auto-
phagy through the selective disruption of protein-protein interac-
tion (Beclin-1—DIRAS3) critical for autophagosome initiation,
thus eliminating dormant ovarian tumors that express DIRAS3. In
conclusion, the development of Beclin-1-targeting peptides
has demonstrated the feasibility of regulating a specific
protein—protein interaction of Beclin-1 critical to its autophagic
and non-autophagic functions. However, due to the low proteolytic
and conformational stability of peptides, their clinical efficacy
may be limited. More studies are needed to characterize the
thermodynamics and kinetics of these Beclin-1-targeting peptides,
which may further inform the design of more potent and stable
peptides for clinical application.
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Figure 7  Illustration of targeted Beclin-1-regulating strategies for cancer therapy. (A, B) Sequence and chemical structure of (A) Tat-SP4 and
(B) i7-01s-31 and their predicted binding modes to Beclin-1 CCD. Modified residues are colored in blue, and residues colored in black remain
unchanged. R8 and S5 represent two residues that were chemically modified to form the hydrocarbon linkage. (C) The sequence of Tat-D3S2 and
its predicted binding sites to Beclin-1 CCD and ECD. (D, E) The binding mode of Beclin-1 together with (D) AG-690/12088124 and (E)
piceatannol. The two small-molecule Belcin-1 activators superimposed in the active site of the ECD of Beclin-1 (PDB ID:4DDP). (F) TpB is
composed of three different components, which endow it with some unique characteristics. TpB could specifically accumulate in weakly acidic
tumors (pH 6.5) and effectively deliver Beclin-1 to cancer cells by forming an a-helix across the plasma membrane. (G) Schematic diagram of the
recombinant OVV-BECNI structure. BECNI full-length gene was inserted into the TK-flanking regions of the shuttle plasmid pCB, and ho-
mologous recombination was occurring between pCB-Beclinl and wild-type VV in HEK 293 cells. The promoter was Pse/L and the screen gene
was the gpt gene. (H) Schematic demonstration of the mechanism of these targeted Beclin-1-regulating strategies.



Table 2  Targeted Beclin-1-regulating strategies for cancer therapy.
Name Sequence/Structure information Target Function Biological activity Cancer type Ref.
domain
Tat-Beclin-1 YGRKKRRORRR-GG- ECD Inducting autophagy Tat-Beclin-1 (16 mg/kg) showed a HER2-positive 46
TNVENATEEIWHDGEFGT similar in vivo inhibitory effect as human breast cancer
lapatinib (100 mg/kg) on mice HER2-positive
BT-474-VH2 xenografts.
Tat-SP4 YGRKKRRQRRR-RLISEL CCD Enhancing autophagy A549 (ICso = 50.64 pmol/L) EGFR-overexpressed 289
(R8)DREKQR(S5)A and the endolysosomal H1975 (IC5o = 43.54 pmol/L) NSCLS
degradation of EGFR
i7-01s-31 YGRKKRRQRRR-VLEN CCD Enhancing autophagy and SKBR3 (ICsp = 7.12 pmol/L) EGFR- or HER2-driven 291
(R8)LVDVIK(S5)RKV endolysosomal trafficking breast cancer
Tat-D3S2 YGRKKRRORRR-GG- CCD-ECD  Inhibiting autophagy Tat-D3S2 inhibited the cell viability of Ovarian Cancer 287
SKSGDGNRALQRHVIAR A2780 and SKOV3 during amino acid
deprivation by inhibiting autophagy.
AG-690/12088124 ? n ECD Inducting autophagy MDA-MB-468 (ICso = 9.01 £ 2.31 pmol/L) Breast cancer 292
NW"Y}@u MDA-MB-231 (ICs, = 8.25 + 1.53 pmol/L)
o ° ° MCFE-7 (ICsp = 14.25 + 1.82 pmol/L)
BT-549 (ICsp = 12.21 £+ 1.03 umol/L)
Piceatannol HQ " on ECD Inducting autophagy C7901 (ICso = 2.3 umol/L) Gastric cancer 293
HD BGC823 (IC5p = 3.1 pumol/L)
Y MKN28 (ICsqg = 7.3 pmol/L)
OH
TpB Trx tag-AAEQNPIYWARYADWLFTTP  / Inducting autophagy MCEF-7 (ICsp = 12.79 pmol/L, pH = 6.5) Breast and ovarian 295
LLLLDLALLVDADEGT- SKOV3 (ICsy = 16.73 pmol/L, pH = 6.5) cancer
CGTNVENATFHIWHSGQFGT
OVV-BECN1 / / Inducting autophagy OVV-BECN1(20 MOI) induces autophagic Leukemia and 299

cell death in K562 and U266 hematologic
malignant cells

myeloma

[-uroag jo Aderoy) 100oued pue uonouny [edr3ojorg
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5.2.  Small molecules

Through docking-based virtual screening, AG-690/12088124
(Fig. 7D) was identified as a small-molecule candidate that
could activate Beclin-1 through binding to the ECD***. Addi-
tionally, AG-690/12088124 showed an inhibitory effect on the
proliferation of human breast cancer cell lines, including MDA-
MB-468, MDA-MB-231, MCF-7, and BT-549 cells, with ICs,
values of approximately 10 pmol/L?2. Moreover, AG-690/
12088124 induced autophagic cell death and apoptosis in MDA-
MB-231 cells*”*. The results suggest that the candidate AG-690/
12088124 could be a lead compound for further developing and
optimizing small-molecule activators of Beclin-1 to regulate
autophagy in tumor cells for therapeutic purposes””>. Recently,
piceatannol (Fig. 7E) was confirmed as a promising Beclin-1-
targeting agonist, which could directly bind to ECD and reduce
Beclin-1 phosphorylation at Ser295”°*. Piceatannol markedly
repressed the proliferation of human gastric cancer SGC7901,
BGC823, and MKN28 cell lines. Notably, piceatannol not only
impaired the Beclin-1—Bcl-2 interaction but also enhanced the
Beclin-1—UVRAG binding, thus initiating autophagy in gastric
cancer cells. Moreover, its combination with an mTOR inhibitor,
everolimus, showed a more potent inhibitory effect on SGC7901
and MGC803 cells as well as an anti-tumor effect on the SGC7901
xenograft models, confirming that piceatannol can elicit a syner-
gistic effect with everolimus for gastric cancer therapy””.

With much lower molecular weights, small-molecule drugs are
more suitable for targeting intracellular proteins. However, specific
pharmacological targeting of Beclin-1 with small-molecule com-
pounds is difficult, since human Beclin-1 protein possesses an
intrinsically disordered structure (residues 1—150) and the crystal
structure of full-length Beclin-1 is not elucidated. Fortunately, the
structure of Beclin-1 C-terminal half-encompassing ECD has been
reported at 1.6 A resolution, which provides important clues for
the discovery of Beclin-1-targeting small-molecule compounds
(AG-690/12088124 and piceatannol). Furthermore, the stunning
success of the artificial intelligence-powered AlphaFold that is able
to predict the structure of every protein, raised drug discovery
hopesz(”.

5.3.  Others

In addition, several studies reveal that the techniques of biomed-
ical engineering can be used to directly increase the intracellular
content of Beclin-1 protein in targeted tumor cells. It is reported
that the extracellular pH of normal tissues is 7.2—7.4, whereas that
of tumor tissues can be more acidic (6.2—6.8)*"". Trx-pHLIP-
Beclin-1 (TpB) has been reported to be a functional Beclin-1
that was constructed to provide a novel delivery manner for
cancer therapy””. TpB protein consists of a thioredoxin (Trx) tag,
a pH low insertion peptide (pHLIP), and an evolutionarily
conserved motif of Beclin-1, which aims to translocate Beclin-1
protein to cancer cells through forming a stable transmembrane
a-helix under a weakly acidic environment (pH 6.5) (Fig. TE)>%.
TpB could markedly suppress the growth and proliferation of
ovarian cancer SKOV3 and breast cancer MCF-7 cell lines by
inducing autophagic cell death. Moreover, TpB protein showed a
preferential and selective accumulation at tumor sites other than
various healthy tissues and retard the tumor growth of SKOV3
xenograft-bearing tumor mouse models via autophagy activation
in vivo™”. Inserting a therapeutic gene into the OVVs (oncolytic
vaccinia viruses) genome to induce cell death has emerged as a

potential therapeutic strategy for patients with hematological
malignancies®”® >?®, Therefore, a new OVV harboring BECNI
gene (OVV-BECNI1) was constructed to induce autophagic cell
death in human leukemia K562 and HL-60 as well as multiple
myeloma U266 cell lines (Fig. 7G)>*°. The results indicated that
OVV-BECNI induced autophagic cell death by up-regulating
SIRT1, which further led to LC3 deacetylation that promotes its
cytoplasmic distribution from the nucleus, thereby initiating the
formation of the autophagosome. Furthermore, OVV-BECNI1
displays a potent anti-leukemia activity on K562 xenograft
mouse models®”’. These findings suggest that the virotherapy-
based modality provides a promising Beclin-1-regulating strat-
egy for the treatment of blood cancers.

Biologically synthesized tumor acidity-responsive Beclin-1
protein (TpB) and OVV armed with Beclin-1 (OVV-BECN]1) are
two unconventional approaches for the design of novel Beclin-1-
targeting agents, which are also promising for cancer therapy.
More importantly, the introduction of pHLIP provided an excep-
tional low-pH targeting property to deliver theranostic Beclin-1 to
acidic TME®®, which will inspire further research to develop
more effective tumor-targeted delivery approaches of various
therapeutic agents. OVV-BECNI1 resulted in an enhanced anti-
tumor therapeutic effect by combining OVV-based virotherapy
and Beclin-1-based gene therapy””’, suggesting that combina-
tional treatment with Beclin-1-targeting agents may improve the
therapeutic efficacy of the OVV in preclinical or clinical trials.

In conclusion, Beclin-1-targeting regulation has emerged as a
potential therapeutic strategy for certain types of tumors (Fig. 7H,
Table 2). As indicated, regulating BECNI expression or Beclin-1
activity has been proven to inhibit tumor growth in several pre-
clinical tumor models. These inspiring findings provide novel
insights into the potential of Beclin-1-targeting treatment for
future cancer therapeutic intervention. In addition, other newly-
emerging techniques, such as proteolysis targeting chimera
(PROTAC) and noncoding RNAs, may further inspire researchers
to better develop Beclin-1-targeting cancer therapy'?**00 302,
Moreover, considering the various other functions of Beclin-1 in
immunity, neuroprotection, and lifespan extension, the above-
summarized Beclin-1-targeting agents might be pleiotropic for

: . . 303
preventing or treating other human diseases™ .

6. Conclusions and perspectives

As a major catabolic process, autophagy is evolutionarily
conserved in eukaryotes, which is closely related to human dis-
eases, especially cancers. Beclin-1 is a well-established autophagy
inducer that is reported as a tumor suppressor in diverse malignant
tumors. However, with in-depth research, it is revealed that the
oncogenic roles of Beclin-1 in certain types of cancers could be
attributed to its autophagic and non-autophagic functions. More-
over, Beclin-1 also participates in the development of resistance to
cancer therapeutics and contributes to CSCs maintenance.
Therefore, in this review, we provide an update on the contro-
versial roles of Beclin-1 in tumorigenesis, unraveling the
complexity of Beclin-1 in the context of diverse tumor subtypes.
Additionally, various transcriptional, post-transcriptional, and
post-translational regulations of Beclin-1 may contribute to its
discrepant expression levels in different cancers, which can help
us better understand how Beclin-1 is involved in tumorigenesis.
However, more investigations are still required to elucidate spe-
cific molecular mechanisms in different cancer subtypes, which
will be beneficial in defining the precise role of Beclin-1 in
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mediating tumor progression and developing corresponding stra-
tegies to improve therapeutic outcomes.

To date, Beclin-1 has been considered an attractive therapeutic
target to regulate autophagic activity for the treatment of cancer.
Tat-Beclin-1 is the first described autophagy-inducing peptide that
shows its therapeutic potential in cancer. Further efforts result in
the discovery of other two Beclin-1-targeting peptides, namely
Tat-SP4 and i7-01s-31, which could suppress cell proliferation
through binding to Beclin-1 to promote autophagy initiation.
Interestingly, given the positive role of Beclin-1 in dormant tumor
cells, a Beclin-1-inhibiting peptide Tat-D3S2 has been designed to
prevent the Beclin-1—DIRAS3 interaction in ovarian cancer cells,
thus inhibiting pro-survival autophagy induced by starvation.
Moreover, several small-molecule Beclin-1 activators, such as
AG-690/12088124 and piceatannol, were discovered as anti-
cancer agents, which could encourage the discovery of Beclin-1-
targeting small-molecule drugs. Furthermore, targeting Beclin-1
interactomes to alter their protein—protein interaction, such as
Bcl-2 and ATGI4L, provide more opportunities to regulate
Beclin-1 functions for therapeutic purposes’”* *°°. Meanwhile,
biomedical engineering-based products, such as tumor acidity-
responsive TpB protein and OVV-BECNI, also exhibited
adequate tumor-suppressive activity, which may provide prom-
ising opportunities for developing Beclin-1-targeting approaches.
Nevertheless, there are still several issues that need to be
addressed. Firstly, despite recent advances in the in silico protein-
structure-prediction algorithm, the complexities of intrinsic
disordered Beclin-1 N-terminal structure are not yet fully deci-
phered, which still poses a substantial challenge for discovery and
optimization of Beclin-1-targeting small-molecule compounds.
Regulating Beclin-1’s functions by affecting its interactomes has
emerged as a promising alternative. However, given a plethora of
Beclin-1 interactomes, further investigation is required to deepen
our understanding of the molecular mechanisms by which these
interactomes context-dependently participate in the progression of
specific tumors. Finally, the dual roles of Beclin-1-mediated
autophagy in some contexts add an additional layer of
complexity to the development of Beclin-1-targeting therapeutic
strategies, which needs to be considered before these strategies are
translated from bench to bedside.

In summary, this review provides an overview of the structure,
functions, regulations, and controversial roles of Beclin-1, eluci-
dating its potential mechanisms in oncology. Notably, the
currently available targeted Beclin-1-regulating strategies are
summarized, which will drive forward the search for Belcin-1-
targeted therapy for cancer patients in the future.
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