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Abstract

BECLIN-1 is a multidomain protein that through dynamic interaction with a variety of partners
controls autophagy and apoptosis, two processes dysregulated in cancer cells, thus playing a crucial
role in cell destiny. Mutations of BECN1 gene have not been described, yet its monoallelic deletion
leads to insufficient autophagy with an impact on spontaneous cancer development, which identifies
it as a haploinsufficient tumor suppressor gene. Epigenetic modulation of its expression, along with
alternative splicing, post-translational modifications and alternative partner interactions influence its
regulation of autophagy, thus affecting cancer cell behavior in terms of proliferation, motility, and
survival under stress. In this review article we describe the structural and functional properties of
BECLIN-1 and discuss how its altered expression and interaction with other proteins in cancer cells
can be harnessed for diagnostic and therapeutic purposes.

Keywords: autophagy; BECN1; tumor suppressor gene; apoptosis; epigenetics; alternative splicing;

prognosis

1. Introduction

Autophagy is a lysosome-dependent process of disposal of damaged or superfluous cellular
structures with recovery of material for resynthesis, essential to maintain homeostasis and cellular
survival. This catabolic process was named “autophagy” in 1963 by Christian De Duve, the scholar
winner of the Nobel Prize in 1974 for the discovery of lysosomes, since it implies the “eating of self”
cellular components [1,2]. The physiological importance of this catabolic process has been neglected
for decades till the early 90s, when its underlying molecular mechanisms started to be deciphered in
the budding yeast Saccharomyces cerevisiae, primarily due to the pioneering work by Yoshimori
Oshumi, who was awarded the Nobel Prize in 2016 for having cloned 15 genes involved in the
process, and at the same time also by other researchers including Daniel Klionsky and Michael
Thumm [2]. Soon, the orthologs of these genes have been identified in mammalian cells, which made
it possible to study and thus better appreciate the pathophysiological relevance of this process also
in mammalian organs. Amongst the very first yeast-like mammalian autophagy master regulator, a
coiled-coil protein was first identified by the Levine’s Lab as an interactor of the anti-apoptotic BCL-
2 and thereby nominated as BECLIN-1 [3]. Dr. Beth Levine (1960-2020) was a highly influential
scientist whose groundbreaking research on autophagy and the discovery of BECLIN-1 (and
BECLIN-2, see the Appendix) have had significant implications in basic biology and therapeutic
applications for various diseases, including cancer and neurodegenerative disorders.
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Autophagy is a pro-survival adaptive mechanism that aims to restore cell homeostasis in
response to endogenous and environmental stress stimuli, and as such its dysregulation is causally
linked to a wide range of diseases [4]. Basal autophagy maintains genomic stability and cell
homeostasis by removing damaged organelles and protein aggregates, ensuring macromolecular and
organelle turnover [5]. Insufficient autophagy may lead to cumulative oxidative stress and structural
damages that eventually impair cell viability (thus leading to cell death) or pave the way to cell
transformation as an adaptation to the chronic insults [5,6]. On the opposite side, hyperactivation of
autophagy leads to excess eating of vital cellular components (e.g., mitochondria, endoplasmic
reticulum, ribosomes), thus causing autophagic cell death [7]. Autophagy has surfaced as a dual-
faceted element in cancer biology, oscillating between tumor-suppressive and tumor-promoting
functions contingent upon disease stage and microenvironmental settings [8]. For example, in the
hypoxicniche, dysregulated autophagy may confer to tumor cells the advantage of surviving in harsh
metabolic conditions, leading to the persistence of dormant cells resistant to immune response and
chemotherapy [9]. The mechanistic pivot underlying these context-dependent outcomes lies in the
molecular composition of the autophagy machinery, particularly the class III PI3K complexes, whose
scaffolding protein BECLIN-1 (BECN1) serves as both conductor and choreographer of cellular
adaptation or succumbence, representing the switch between cell survival and death [10,11].

Figure 1 schematizes in a simplified model these concepts.
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Figure 1. BECN1 as a central regulator of cell survival/cell death balance and endocytic trafficking. At the
start of autophagy, BECN1 forms a Class III PI3K Complex 1, which is involved in autophagosome formation
and the recruitment of other autophagy proteins, allowing the elongation, maturation, and cargo incorporation
into the autophagosome. Additionally, BECN1, as part of the Class III PI3K Complex 2, plays a role in endocytic
trafficking by regulating the fusion and maturation of early into late endosomes. BECN1 also plays a key role in
apoptosis, where it sequesters the anti-apoptotic protein BCL-2 through its BH3 domain, thereby releasing its
inhibitory effect on apoptosis.

Despite three decades of research since BECN1's discovery, critical gaps persist in harnessing its
therapeutic potential. First, the clinical relevance of BECN1 isoforms (e.g., BECN1-Aexon11) remains
undefined, with truncated variants demonstrating dominant-negative effects on autophagosome
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maturation in breast cancer models [12]. Second, post-translational modifications like
phosphorylation at Tyr133 by JAK2 and acetylation at Lys430/437, create dynamic "autophagy
rheostats" that evade current biomarker assays. Third, the non-autophagic role of BECN1 in STAT3-
driven metastasis challenges the paradigm of autophagy-centric targeting.

This review synthesizes emergent insights from structural biology (particularly the domains for
post-translational modifications and partner interactions), omics-based stratification, and preclinical
models of BECNI1-targeted therapy to address these translational roadblocks. By reconciling
molecular complexity with clinical realities, we chart a path toward context-aware therapeutic
strategies that leverage BECN1's multifaceted biology beyond binary autophagy modulation.

1. History of Beclin-1 discovery at glance

Human BECN1 gene, which is an ortholog of Atg6/Vps30 in yeast, is a haploinsufficient tumor
suppressor [13]. The gene consists of 11 introns and 12 exons that code for the BECLIN-1 protein
composed of 450 amino acids (aa), with a predicted molecular weight of 60 kDa. The seminal works
of Levine’s group date to 1999 when the gene BECN1 was precisely mapped on the long arm of
chromosome 17 (17q21) localized within 100 kb of the well-known breast cancer susceptibility region
that retains BRCA1 and experiences heterozygous deletions in most breast and ovarian cancers
[14,15]. After the genomic characterization, Beth Levine’s group set a milestone by identifying the
sequence homology of human BECN1 to the yeast Atg6/Vps30. The induction of autophagy was
promoted, and tumor cell proliferation was suppressed when BECN1 expression was restored in
Atg6/Vps30 defective yeast or in BECN1 mono-allelic deleted MCF7 breast cancer cells [13].
Subsequently, in vivo studies confirmed that Becnl (+/-) mutant mice suffered from spontaneous
tumor development even with a basal expression of the wild-type mRNA and protein [16,17].

These instrumental researches laid the groundwork for further explorations that elaborated on
the localization of BECN1 to trans-Golgi networks in the form of a complex with Class III PI3K lipid
kinase or VPS34 [18]. Subsequent research continued to characterize the structural construction of
BECNT1 and its interactome that includes two mutually exclusive Class III PI3K complexes (PI3KC3):
C1 (BECNI, VPS34, ATG14, and VPS15) and C2 (BECNI1, VPS34, UVRAG, and VPS15), that are
involved in the autophagosome formation and maturation, respectively [19-21]. Structural
investigations elucidating the ECD (Evolutionarily Conserved Domain)/BARA (Beta-Alpha
Repeated, Autophagy) domain (residues 244-337) disclose an allosteric switch that regulates the
assembly of the PI3KC3-C1/C2 complex, with phosphorylation at Thr388 (ECD) and ubiquitination
at Lys117 (BH3) determining membrane recruitment and contact dynamics [22,23].

BECN-1 surpasses its canonical role as an autophagy scaffold, serving as a signaling hub that
coordinates endo-lysosomal trafficking, receptor degradation, cell proliferation, and cell death
pathways through dynamic partner interchanges [24,25]. For instance, the N-terminal domain of
BECN1 (residues 1-144) orchestrates EGFR/HER2 endocytosis via GRB2 coupling, whereas its
nuclear pool modulates RB/E2F signaling—mechanisms exploited in HER2* breast and colorectal
cancers to sustain proliferative signaling [26,27].

The discovery of BECLIN-1 and its role in orchestrating the intricate process of autophagy has
revolutionized our understanding of cellular homeostasis and disease processes. The findings from
Beth Levine’s group not only established BECLIN-1 as a crucial player in autophagy but also stated
its significance as a tumor suppressor. As research continues to disentangle the complexity of
BECLIN-1 and its regulatory network, we can anticipate significant advancements in our ability to
modulate autophagy for therapeutic benefits. The legacy of Dr. Levine’s work on BECLIN-1 will
undoubtedly continue to shape the field of autophagy research and impact the development of novel
treatment strategies for years to come.

2. Molecular Architecture and Interaction Landscape of BECLIN-1

The crystal structure of BECLIN-1 has helped identify the various distinct domains involved in
protein-protein interactions, asserting its role as a necessary scaffold for complexes with diverse
functions [28]. Figure 2 depicts the schematic representation of the different complexes.
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An N-terminal BCL-2 homology 3 (BH3) domain (amino acids 108-127) through which it
interacts with various BCL-2 family proteins, like BCL-2 and BCL-Xt, to inhibit autophagy [29].
Among various BCL-2 homologs, BHRF1 (an Epstein-Barr virus protein structurally similar to BCL-
2) has shown that BH3D alone is insufficient for its binding to BECLIN-1 and requires several amino
acid residues flanking both sides, specifically from positions 90 to 170 [30]. DIRAS3, a recently found
imprinted tumor suppressor, is a 26 kDa GTPase belonging to a unique subgroup of the RAS family.
Exceptionally, this epigenetically controlled protein interacts with the N-terminal region of BECLIN-
1 (amino acids 1-144), leading to the inhibition of BECLIN-1 homodimerization and the BECLIN-1-
BCL-2 interaction. Simultaneously, it enhances the interaction between BECLIN-1 and ATGI4L,
thereby promoting autophagy [31]. An alternate BECN1-dependent autophagy pathway involves its
interaction with the vesicle acidification regulator protein on the endosomal/lysosomal lumen,
TMEMY, through the BH3 domain of BECN1, allowing the competitive displacement of BCL-2. This
interaction is essential for the activation of Rab9-dependent alternative autophagy [32].

The central coiled-coil domain (CCD) (amino acids 174-266) is an interacting platform important
for the autophagic and endocytic cofactors ATG14, AMBRA1, BIF1, UVRAG, and RUBICON
[20,33,34]. ATG14 interacts with BECN1 and VPS34 on the primary site of phagophore initiation and
in the late stages of autophagosome biogenesis, when autophagosomes are mature and are crucial
for autophagy completion [34-36]. The BECN1 CCD domain is flanked by a highly conserved flexible
helix or coiled-coil 1 (CC1) domain on its left (amino acids 141-171) that is essential for initiating the
starvation-induced autophagy by offering autophagy regulators like AMBRAI1 to bind [37]. The
mutually exclusive competitive interactions between AMBRA1, BECLIN-1, and BCL-2 at the
endoplasmic reticulum and at the mitochondrial membrane finely tune the crosstalk between pro-
survival autophagy and apoptosis depending on the type and duration of the stress [37,38]. In short,
under physiological conditions (when autophagy is regulated at the minimum level necessary to
maintain cellular homeostasis) BCL-2 (with NAF-1, nutrient-deprivation autophagy factor-1) at the
endoplasmic reticulum binds to BECN1 to down-regulate autophagy while AMBRAL1 is largely
bound to BCL-2 at mitochondria, whereas upon stress-induction of autophagy AMBRAT1 relocates to
the endoplasmic reticulum to displace BCL-2 and promoting the formation of the BECN1-PI3KC3
complex to initiate the phagophore biogenesis [37] and at the same time frees BCL-2 to prevent cell
death [39].

UVRAG is critical for endosomal trafficking and interacts with BECN1 and VPS34 (PI3KC3) in
early and late endosomes [40]. At the same time, RUBICON acts as a negative regulator of autophagy
and instead drives alternative endocytic pathways, such as LC3-associated phagocytosis (LAP) and
LC3-associated endocytosis (LANDO), utilizing the autophagy machinery in a non-canonical manner
[41]. Nutrient deprivation induces BIF1 to act as a sensor, interacting with ATG5 and LC3 on the
emerging phagophore to promote autophagosome biogenesis. While the specific interaction site of
BIF1 on BECNT1 is not explicitly detailed in the literature, it is known that UVRAG mediates their
interaction. This BIF1-UVRAG-BECN1 complex is functionally involved in autophagosome
formation and, notably, plays a crucial role in receptor degradation and cytokinesis, distinct from the
BECN1-ATG14 complex [42,43].

The C-terminal evolutionary conserved domain (ECD) (244-337 aa) is essentially the membrane
binding domain for BECN1 that allows its interaction with VPS34, stimulating its lipid kinase activity
for producing the lipidic messenger PI3P necessary for autophagosome-related proteins recruitment
[44]. This region also comprises three (-sheet-a-helix repeats and is therefore known as 3-a repeated,
autophagy-specific domain or BARAD [22]. VPS15, a large scaffolding protein (150kDa), plays a
crucial role in bridging and stabilizing VPS534 and ATG14 on the BECN1 subcomplex [45]. This
complex anchors the catalytic domains of VPS15 and VPS34 onto the autophagosomal membranes
for phosphorylation and serves as a scaffold for recruiting other proteins that modulate PI3KC3
activity [46,47]. The interaction between VPS15 and BECN1 occurs via three key BECN1 binding sites:
the ECD, which overlaps with the BARA domain; the C-terminal residues 425-450, essential for
membrane localization; and an intrinsically disordered N-terminal region that receives the majority
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of stimulating phosphorylation events. These interactions regulate the PI3KC3-C1 and C2 complexes,
with the BECN1-BARAD interacting with the WD40 domain of VPS15 [38,47]. Notably, the 26 amino
acids (425-450) at the C-terminal of BECN1 play a fundamental role in its membrane localization and
control of autophagosome biogenesis. Deletion of this domain significantly impairs BECN1
membrane localization, highlighting its importance in the complex's function [48]. In addition, GRB2,
a well-known adaptor protein for HER2 and other tyrosine kinases, has been identified as a novel
BECN1 interacting partner. This interaction occurs specifically through BECN1-ECD, as
demonstrated by immunoprecipitation experiments showing that a BECN1 mutant lacking the ECD
domain (dECD, d267-450) fails to bind to GRB2. This finding suggests that GRB2 may serve as a
molecular bridge between HER?2 signaling and autophagy control, potentially explaining how HER2
overexpression can influence autophagy and tumor progression [26].

Lastly, the nuclear export signal (NES) domain of BECN1, corresponding to residues 180-189,
has been a subject of evolving research. Initially identified as a leucine-rich motif binding to
chromosomal maintenance protein 1 (CRM1) for nuclear export, this domain was thought to be
crucial for BECN1's autophagy and tumor suppressor functions [49]. However, recent studies have
revealed more complex nuclear functions of BECNI. Intranuclear BECNI interacts with
topoisomerase-II to promote DNA repair independently of autophagy [50]. Furthermore, nuclear
BECNI, unable to induce autophagy, can modulate retinoblastoma (Rb) protein expression, thereby
regulating cell cycle and colorectal cancer cell growth [27]. While earlier research emphasized the
NES-mediated nuclear-cytoplasmic shuttling, current investigations suggest a more nuanced
understanding of BECN1's subcellular localization and functional diversity. The domain's
significance in promoting specific cellular processes remains an active area of research, challenging
previous assumptions about its singular function in nuclear export.
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Figure 2. Domain architecture of BECLIN-1 coding sequence and its interaction landscape. A) Structurally
color-coded domains and their respective interactions. BCL-2 homology 3 or BH3 domain (green), coiled-coil
domain or CCD (magenta), evolutionary conserved domain or ECD (yellow) and nuclear export signal or NES
(orange), B) The CCD can form metastable homodimers of BECLIN-1 that favors its binding to BCL-2/BCL-XL,
contributing to the inactivation of BECLIN-1's pro-autophagy functions. This inactivation is reversible, as the
metastable homodimers can readily transition to more stable heterodimeric complexes with partners like
ATGI4L or UVRAG, and C) the two distinct PI3BKC3 complexes: Complex I (PI3KC3-C1) — VPS34, VPS15,
BECN1, ATG14 and Complex II (PI3KC3-C2) — VPS34, VPS15, BECLIN-1, UVRAG, highlighting the dynamic
nature of these complexes and the role of BECLIN-1 as a central scaffold in the initiation and the maturation of

the autophagosome, respectively.
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2. Multilayered Regulation of Beclin-1 in Cancer

BECNT1 gene mutations are typically not found or very rare in human tumors [51]; however, this
gene is monoallelically deleted in at least 75% of ovarian cancer and 50% of breast cancer [14].
Complex mechanisms at the transcriptional and post-transcriptional levels govern BECN-1
expression and function. Epigenetic regulation may also contribute to control transcript levels of this
gene through methylation in the promoter region by methyltransferases such as EHMT2/G9a, which
in conjunction with DNMT1 can repress the transcription of BECN1 regulating the H3K9me?2 [52,53],
or other epigenetic regulators such as the histone demethylase LSD1/KDM1A [54], and the
acetyltransferases KLF5 and HDAC3 [55]. The transcription regulation in cancers can be orchestrated
by multiple mechanisms, including transcription factors adjusting the expression of the BECN1 gene,
epigenetic changes affecting chromatin accessibility, and post-transcriptional regulators such as
microRNAs (miRNAs) and long non-coding RNAs (IncRNAs), which are summarized in Figure 3.
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Figure 3. Epigenetic mechanisms regulating BECN1 expression. Schematic representation of the epigenetic
modifiers that control BECNI mRNA at transcriptional and post-transcriptional levels. The human BECN1 gene
(located on chromosome 17q21) undergoes several modifications, including DNA methylation and
deacetylation, that result in reduced expression of BECN1. Furthermore, BECN1 mRNA translation is regulated
by a subset of IncRNAs and miRNAs. The first ones can act as positive regulators either by stabilizing BECN1
mRNA or by sponging miRNAs targeting BECNI, while the latter ones are responsible for BECN-1
downregulation by eliciting mRNA degradation or translational inhibition.

These non-coding RNAs have the ability to destabilize the BECN1 mRNA transcript or impede
its translation. From a translational perspective, it is interesting to note that many natural products
(particularly nutraceuticals such as resveratrol and curcumin) exert antitumor effects also through
epigenetic regulation of BECLIN-1-dependent autophagy [56]. Moreover, post-translational
modifications like phosphorylation and ubiquitination play a significant role in affecting BECLIN-1
protein stability and function, introducing an additional layer of regulatory intricacy. Recent reports
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have confirmed the involvement of alternative splicing events that generate unique BECN1 mRNA
isoforms, thereby increasing the diversity of BECLIN-1 protein variations [12]. The intricate
regulation of this crucial autophagy regulator's expression and functional activity is a testament to
the sophisticated control mechanisms that govern it.

2.1. Transcriptional Regulation of BECN1

E2F family of transcription factors (E2F1, E2F2, E2F3) specifically bind within the BECN1
promoter, activating its transcription [57-60]. Depletion of E2F1-3 in osteosarcoma cells significantly
reduces BECNI mRNA and protein levels, linking E2F activity to autophagy modulation [59].

NF-«B is a major regulator of inflammatory and immune responses which when triggered by
stress stimuli such as ROS or starvation, can promote BECNI transcription through its subunit
RelA/p65 that binds to the BECN1 promoter and upregulates its expression in T cells or cancer cells.
This marks a potential mechanism by which NF-kB promotes cell survival through autophagy
induction [61,62]. The inhibitors of apoptosis proteins (IAPs), X-linked IAP (XIAP), and cellular IAP1
(cIAP1), can further activate NF-kB and induce autophagy by upregulating BECN1 transcription, a
mechanism potentially linked to chemotherapy resistance in certain cancers [63]. Conversely, the
protein TRIMS59 acts as a negative regulator of the NF-kB pathway, attenuating BECN1 transcription
and modulating autophagy in non-small cell lung cancer (NSCLC) [64].

GA binding protein or GABP is also known to enhance BECLIN1-dependent autophagy and cell
survival in triple-negative breast cancer cells by activating BECN1 transcription and autophagosome
formation upon starvation, where forkhead box M1 (FOXM1) directly binds to the BECN1 promoter
[65,66]. In contrast, the transcription factor KLF5 (Kriippel-like factor 5), in cooperation with HDAC3
(histone deacetylase 3), can bind to and inhibit the BECN1 promoter, leading to the suppression of
BECNI1 transcription and autophagy in prostate cancer cells, potentially contributing to docetaxel
resistance [67].

2.2. Epigenetic Modifiers of BECN1

The human BECN1 gene contains a 1.5 kb CpG island from its 5' end to intron 2, which can
become aberrantly methylated in breast cancer. This highlights DNA methylation in the BECN1
promoter and intronic regions as a silencing mechanism which correlates with its reduced expression
in sporadic breast cancers [53]. Epigenetic regulation also plays a pivotal role. EHMT2/G9a, a histone
methyltransferase, cooperates with DNMT1 to suppress BECN1 via H3K9me2 deposition at its
promoter. Treatment with BIX-01294, an EHMT?2 inhibitor, can reverse the suppression of BECN1 by
allowing NF-kB and RNA polymerase II recruitment over the promoter region, thereby inducing
autophagy in MCF-7 breast cancer cells [52,55]. Alternatively, the well-known signal transducer for
tumor growth and progression STAT3 is recognized to epigenetically target BECN1 repression in
NSCLC by recruiting HDACS3 to its promoter, reducing acetylation and transcriptional activity [68].

2.3. Post-Transcriptional Control of BECN1 mRNA Translation in Cancer Cells

2.3.1. miRNAs Targeting BECN1 and Their Impact on Cancer Behavior

Micro-RNAs (miRNAs) act as post-transcriptional regulators by binding to complementary
sequences in the 3'-untranslated regions (3'-UTR) of target mRNAs, resulting in gene silencing.
Numerous miRNAs have been found to modulate BECLIN-1 protein expression by either inhibiting
the mRNA translation or degrading its mRNA. Among these, miR-30a and miR-376b are the first
identified and the most thoroughly defined as directly inhibiting BECN1 mRNA translation and
consequently preventing rapamycin- or starvation-induced autophagy in cancer cells [69,70].

Studies targeting BECNI mRNA in tumor cells with miRNAs have revealed the dual role
(promoting vs. preventing) of BECLIN-1-dependent autophagy in radiotherapy- and chemotherapy-
induced cell death, which aligns with the differential role of autophagy in response to toxic stress
depending on the tumor context (genetic and epigenetic background; microenvironment) and stage.
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This is exemplified by the observation that BECN1 mRNA is targeted by both miR-30a and miR-376b,
considered tumor suppressor and oncogenic miRNAs, respectively. Additionally, the interpretation
of these experiments should also consider the possibility that the same miRNAs can target
simultaneously different ATG mRNAs, thus making it difficult to attribute solely to BECLIN-1
downregulation the outcome. For instance, the suppression of BECLIN-1 synthesis by miR-17-5p
abrogated autophagy-dependent resistance to irradiation in glioma cells xenografted in nude mice
[71]. However, this same microRNA was previously shown to target ATG7 mRNA leading to
inhibition of autophagy and concomitant increased sensitivity to low-dose ionizing radiation in
human glioblastoma cells [72]. In glioblastoma stem-like cells, miR-93 targeted BECN1 mRNA (along
with ATG5, ATG4B, and SQSTM1 mRNAs) to down-regulate autophagy and reduce sphere growth
and increasing sensitivity to radiation and temozolomide [73].

Increased radiosensitivity was also induced in pancreatic cancer cells upon inhibition of
BECLIN-1-dependent autophagy by miR-216a [74]. In this same line, the inhibition of BECLIN-1
expression (and of autophagy) by over-expression of miR-17-5p restored sensitivity to paclitaxel-
induced apoptosis in resistant lung cancer cells [75]. Consistent with the above, the downregulation
of miR-30a led to increased BECLIN-1-mediated autophagy and associated chemoresistance in
gastric and lung cancer cells [76,77] and viceversa hyper-expression of miR-30a restored sensitivity
to cis-platinum in several cancer cell types [78] as well as to imatinib in gastrointestinal stromal cells
[79] and in chronic myeloid leukemia cells [80] by inhibiting BECLIN-1-mediated autophagy. A
similar sensitization to oxaliplatin was reported in colon cancer cells upon miR-409-3p-mediated
suppression of BECLIN-1-dependent autophagy [81]. In non-small lung cancer cells, the sponging
effect of the IncRNA PVT1 on miR-216b led to increased BECLIN-1-dependent autophagy and
decreased sensitivity to cisplatin [82]. The ectopic expression of miR-216b increased the sensitivity of
melanoma cells to vemurafenib (an inhibitor of BRAF (V600E)) by targeting BECLIN-1, UVRAG, and
ATGS, and thus suppressing autophagy [83].

Above miRNAs negatively regulating the expression of BECLIN-1 proved to cure the malignant
phenotype through inhibition of autophagy. However, there are contexts where BECLIN-1-mediated
autophagy elicits anti-tumor effects. For instance, in breast cancer cells, miR-221-mediated down-
regulation of BECLIN-1-mediated autophagy resulted in increased aggressiveness and resistance to
cell death induced by IL-24 (aka mda-7), a cytokine member of the IL-10 family known to kill
specifically cancer cells and able to down-regulate miR-221 [84].

Finally, miR-26a and miR-124-3p are two other microRNAs found to target specifically the UTR
of BECN1 mRNA in retinoblastoma and breast cancer cells, respectively [85,86].

2.3.2. LncRNAs Targeting BECN1 and Their Impact on Cancer Biology

Long non-coding RNAs (IncRNAs) have emerged as crucial co-regulators of various biological
processes for maintaining cellular homeostasis that when altered can become causative factors in the
pathogenesis of several diseases, including cancer [87]. These RNA molecules, although not
translated into proteins, play significant roles in regulating gene activity, including the expression of
the BECN1 gene, which is central to autophagy.

Several IncRNAs have been identified to regulate BECLIN-1 expression either directly or
indirectly. For instance, IncRNA H19 is well known to up-regulate it by inhibiting S-
adenosylhomocysteine hydrolase (SAHH), leading to decreased methylation of the BECN1 promoter
by DNMTB3B. In response to the increased BECN1 expression, breast cancer cells enhanced autophagy
and resistance to tamoxifen [88]. LncRNAs also act as competing endogenous RNA (ceRNA),
sponging miRNAs to modulate the expression of their targets. For example, IncRNA PVT1, which is
overexpressed in cisplatin-resistant lung cancer cells, was found to sponge miR-216b, which
essentially targets BECN1 expression, thereby upregulating pro-survival autophagy [89]. Similarly,
IncRNA HOTAIR functions as a ceRNA for miR-17-5p, reducing its levels to promote BECN1
expression and enhance autophagy associated with sunitinib resistance in renal cancer cells [90].
Conversely, overexpression of InNcRNA PANDAR in lung cancer promoted BECLIN-1 expression at
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both transcriptional and translational levels through still undefined mechanisms, thereby inhibiting
cancer progression [91].

Furthermore, IncRNAs lead inter-regulatory pathways which involve numerous proteins such
as the RNA-binding proteins (RBP) that can have a critical impact on the BECNI mRNA metabolism.
These RBPs may influence the mRNA stability, transport, and overall expression dynamics [92]. A
significant study by Wang and colleagues conveyed that IncRNA FIRRE interacts and induces the
translocation of polypyrimidine tract-binding protein (PTBP1) from the nucleus to the cytoplasm,
stabilizing BECN1 mRNA. This stabilization in turn enhances BECN1 protein synthesis ultimately
facilitating the autophagic activity in colorectal cancer [93]. More recently, ELAVL1 (embryonic lethal
abnormal vision like RNA-binding protein 1) has been identified to exhibit a positive correlation with
BECNT1 expression levels in a NEAT1-dependent manner. It was shown that ELAVL1 imposes the
stabilization of IncRNA NEAT1 in the endometrial cancer cells, thereby modulating BECLIN-1-
mediated autophagy and contributing to cancer progression [94].

In summary, the recently found limelight transcriptomic factors or the non-coding RNAs play
significant roles in the regulation of BECLIN-1, impacting autophagic activity and cancer progression
through complex gene expression mechanisms.

2.3.3. Alternative Splicing of BECN1

Alternative splicing is a process that results in various protein variants being produced from the
same mRNA. This mechanism is particularly relevant in tumorigenesis, where it is often deregulated,
and it is considered one of the hallmarks of cancer. Recent studies have shown that BECNI mRNA
also undergoes alternative splicing to obtain isoforms with specific functions in autophagy. One first
variant, named BECNT1s, has been identified in HeLa cells. In vitro experiments displayed that this
variant, despite harboring a partial deletion of the ECD and the C-terminal domain, well preserves
the binding site for VPS34 and has been shown to drive the PARK2-dependent mitochondria-
selective autophagy (mitophagy) process [95]. In our study [12], we corroborated the finding in
ovarian cancer cells of splicing variant BECN1-a lacking exon 11, similar to what was observed by
another group in human B-cells acute lymphoblastic leukemia cells [96]. The structural prediction of
this variant pointed out a truncation (95 aa) in the C-terminal domain comprising the aromatic motif
critical for autophagy and the site for VPS15 and VPS34 interaction, that impaired starvation-
mediated autophagy. In addition to BECN1-o, two additional splicing variants, BECN1- and -y have
also been identified in our study [12], which are graphically summarized in Figure 4. The first lacks
the exons 5, 6, 10, and 11 that cause the deletion of the BH3 domain, losing the inhibitory site for BCL-
2 interaction, and partially of the CCD and ECD, which makes the formation of the pro-autophagic
complex weaker. Interestingly, the overexpression of this variant is enough to abrogate basal
autophagy, suggesting a dominant negative effect on the BECLIN-1 wild-type. Instead, the latter
variant lacks the same exons of BECN1-8 except for exon 10. At the structural level, this variant loses
the BH3 domain and 95 aa in the C-terminal domain, but it keeps an intact ECD. At the biological
level, this variant is still prone to modulate basal autophagy, even with less efficiency compared to
the BECLIN-1 wild-type protein [12]. These findings support further studies to investigate the
existence of Beclin-1 variants in other cancer model systems to understand their role in autophagy
and endocytosis and explore their potential use as biomarkers in clinical settings.
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Figure 4. Alternative splicing of the BECN1 mRNA. The BECN1 mRNA undergoes alternative splicing to
produce three BECN1 splice variants (a, 3, and y). BECN1-a, with a partial deletion in the C-terminal, hampers
its interaction with VPS15, affecting its role in starvation-induced autophagy. BECN1-p and -y cannot interact
with BCL-2 and AMBRA1 due to complete and partial deletions of the BH3 domain and CCD. The partial
deletion of the ECD in BECN1-{ prevents it from interacting with VPS34, which negatively impacts autophagy.
BECN1-y, however, retains its ability to bind VPS34 and only slightly affects autophagy.

3. Post-Translational Modifications on BECN1

Beclin-1 and its function in autophagy is extensively regulated by multiple post-translational
modifications, including ubiquitination, acetylation, phosphorylation and others, which tune its
stability, activity, and interactions with other proteins [38,97].

3.1. Ubiquination of BECN1

The ubiquitin-proteasome system (UPS) is a complex and dynamic regulatory mechanism that
modifies proteins through the attachment of ubiquitin molecules to certain lysine residues, forming
various connections that determine unique functional outcomes. Importantly, K63-linked
ubiquitination often facilitates autophagy by stabilizing BECLIN-1 and augmenting its contacts,
whereas K48-linked ubiquitination generally directs BECLIN-1 towards proteasomal destruction,
hence impeding autophagy [97]. Moreover, K11-linked ubiquitination has been identified as an
alternative degradation signal affecting BECLIN-1 stability [98]. This diversity of ubiquitin chain
types provides multiple control mechanisms for BECLIN-1.

Researchers have identified multiple deubiquitinating enzymes (DUBs) that regulate the
stability and function of BECLIN-1 and its consequent role in autophagy process. Recently, USP24
was recognized as a pivotal regulator of autophagy-mediated ferroptosis in hepatocellular
carcinoma. It was shown that USP24 delays BECLIN-1 degradation by specifically reducing its K48-
linked ubiquitination, thereby promoting autophagy and ferroptosis to suppress tumor growth [99].
Deubiquitinase USP5 stabilizes BECLIN-1 and enhances its nuclear accumulation, which inhibits p53-
dependent senescence through MDM2-mediated p53 degradation. This USP5-BECLIN-1 axis is
critical in overriding p53-dependent senescence in KRAS-driven tumorigenesis [100].
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Other deubiquitinating enzymes, such as USP10, directly bind with BECLIN-1 to eliminate K48-
linked ubiquitination, predominantly at Lys117 (K117) and Lys263 (K263), thus inhibiting its
proteasomal destruction and facilitating autophagy. Conversely, USP13 selectively eliminates K63-
linked ubiquitination, particularly at Lys402 (K402), hence influencing BECLIN-1's function in
autophagic signaling and lysosomal transport [101]. Moreover, USP11 and USP14, which cleave K48,
as well as USP19, which cleaves K437, have established contacts with BECLIN-1, thereby facilitating
its stability and enhancing the regulation of autophagy [98,102-104]. Nonetheless, USP14, governed
by AKT-mediated phosphorylation, inhibits autophagy by cleaving K63-linked ubiquitin chains from
BECLIN-1, thus obstructing its association with the class III PI3K complex. USP14 functions as a dual
regulator of autophagy and ubiquitin-proteasome system pathways [104]. Therefore, the differential
yet complementary actions of these DUBs may highlight their crucial role in autophagic homeostasis,
with their dysregulation implicated in cancer progression and other disorders [99,105].

The CUL3 (cullin 3) E3 ubiquitin ligase, in conjunction with the substrate adaptor KLHL38,
facilitates K48-linked ubiquitination of BECLIN-1, resulting in its proteasomal destruction. This
method inhibits autophagy and promotes tumor advancement in breast and ovarian malignancies,
with elevated CUL3 expression associated with unfavorable patient outcomes [106]. Another E3
ligase, RNF216, facilitates K48-linked ubiquitination of BECLIN-1 in TLR-activated macrophages,
hindering antimicrobial autophagy and advancing colon cancer progression [107].

The non-proteolytic ubiquitination of BECLIN-1 continues to be an area of active investigation.
TRAF6 (E3-ligase tumor necrosis factor receptor (TNFR)-associated factor 6) promotes a non-
proteolytic ubiquitination at lysine-117 (K117/Lys117) within the BH3 domain of BECLIN-1, and at
lysine-63 (K63/Lys63) that is enhanced by Toll-like receptor-4 (TLR4) activation. On the contrary, the
deubiquitinating enzyme A20 disrupts the interaction with BCL-2 promoting the inflammatory-
induced autophagy, by deubiquitinating the K63 [108].

AMBRAL1 supports, with Rbx/Cul4-ligase, the polyubiquitination of K63, positively sustaining
autophagy in response to starvation because of this ubiquitin chains are scaffold for a stronger VPS34
interaction [109]. This mechanism is opposed by WASH protein that directly interacts with BECLIN-
1 suppressing ubiquitination and autophagy [109]. The stability of BECLIN-1 is also under the control
of ubiquitination machinery, including NEDD4 and HSP90. NEDD4 (E3 ligase neural precursor cell
expressed developmentally down-regulated protein 4) polyubiquitinates BECLIN-1 at K11 leading
to its proteasomal degradation [110]. On the opposite, the molecular chaperon HSP90 (heat shock
protein 90) maintains BECLIN-1 stability preventing the Lys48-linked polyubiquitination chains
[111].

3.2. Acetylation

The control of BECLIN-1 by acetylation depends mainly on the regulation of two residues, the
lysine-430 (Lys430) and -437 (Lys437), that serve as critical regulatory node for autophagosome
maturation having implications spanning neurodegenerative disorders to cancer therapeutics. The
acetyltransferase p300 catalyzes acetylation at both these residues to inhibit autophagosome
assembly and endocytosis favoring RUBICON recruitment. On the contrary, the NAD*dependent
deacetylase SIRT1 removes these acetyl groups, restoring autophagic flux and promoting
autophagosome-lysosome fusion. This regulatory axis has been mechanistically linked to tumor
progression, as acetylation-deficient BECLIN-1 mutants (K430R/K437R) enhance autophagosome
maturation and suppress tumor growth in xenograft models [112].

The functional implications of BECLIN-1 acetylation are contingent upon the setting. In bladder
cancer, SIRT1-mediated deacetylation of BECLIN-1 confers cisplatin resistance by preserving
protective autophagy, which enables cancer cells to withstand the stress caused by chemotherapy.
Preclinical data indicate that SIRT1 inhibition alleviates this resistance by enhancing BECLIN-1
acetylation, inhibiting autophagy, and reinstating cisplatin sensitivity in xenograft animals [113].
These findings underscore the therapeutic potential of targeting the SIRT1-BECLIN-1 axis to regulate
autophagy in cancer therapy.
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3.3. Phosphorylation

Most studies have been devoted to understanding phosphorylated sites mainly in the N-
terminal and BH3 domain. Several of them have been demonstrated to be regulated in BECLIN-1
domains with pro- or anti-autophagy role.

The downstream target of mTOR, ULK1 phosphorylates BECLIN-1 at serine-15 (Serl5),
particularly when bound with ATG14 and VPS34, for initiating autophagy [114]. Moreover, the
regulation at the Ser15 is pivotal also for favoring the interaction of BECLIN-1 with PARK2 and its
translocation on damaged mitochondria to mediate their specific degradation by mitophagy (see next
section) [115]; while the phosphoglycerate kinase-1 (PGK1), critically involved in the production of
ATP in the glycolytic pathway, regulates Ser30 in response to glutamine starvation or hypoxic
environment [116].

The p38-downstream kinases MK2 and MK3 have as target the serine-90 (Ser90), that is crucial
to activate the pro-autophagic complex in response to starvation [117]. Moreover, this same residue
is also the target of the other two kinases, DAPK3 and CaMKII (calcium/calmodulin-dependent
protein kinase II), respectively demonstrated in cervical cancer and neuroblastoma cell lines [118]. In
the latter model system, this phosphorylation enhanced the autophagic-mediated degradation of the
protein Id1/2 (inhibitor of differentiation-1/2) to counteract cell differentiation [119].

BECLIN-1 has been found to be under control of the cell cycle checkpoint kinase 2 (CHK2),
which is activated by ATM protein in response to DNA damage. It was found that under oxidative
stress and hypoxia, CHK2 phosphorylates BECLIN-1 at serine-90 (Ser90) and -93 (Ser93) to detach
from BCL-2 and favor the autophagic response (particularly mitophagy) to restore tissue
homeostasis, a pathway that is impaired in CHK2-/ knock-out mouse subjected to cerebral ischemia
[120]. The center of energy control has in AMPK the main controller. This protein has two specific
target sites on BECLIN-1 that consist in the Ser93 and Ser96 and allow autophagy in response to stress
stimuli such as glucose starvation [121], when ATP production is compromised. Additionally, it has
been shown that the interaction with ATG14 enhances the AMPK-mediated phosphorylation of
BECLIN-1 at Ser90 and Ser93 for maximal autophagy in response to starvation [48,121].

A great role in the autophagy is also played by the phosphorylation at threonine-119 (Thr119)
[122], in the BH3 domain. This residue is under the control of two kinases, DAPK-1/2, and ROCK-1
(Rho-associated coiled-coil containing protein kinase-1). On the other hand, several phosphorylation
abrogates the pro-autophagic function of BECLIN-1. The pro-apoptotic kinase STK4/Mst1 affects the
activity of BECLIN-1 through a phosphorylation at threonine-108 (Thr108) in the BH3 domain that
allows a BAX-dependent apoptotic cell death [123,124]. Moreover, the kinase J]NK phosphorylates
the residues threonine-69 (Thr69), serine-70 (Ser70), and serine-97 (Ser97), in the BH3-domain [125]
in response to serum starvation to abrogate the BECLIN-1-BCL-2/BCL-XL interaction [122,126-128].

Recently, the post-translational regulation of BECLIN-1 has been linked also to tumor
microenvironment signals. Interleukin-6 (IL-6), one of the most common cytokines released by
inflammatory and cancer cells, was shown to trigger JAK2-mediated phosphorylation of BECLIN-1
at threonine-133 (Thr133), located in the region between BH3 and CCD, which promoted the
interaction with VPS34 resulting in enhanced autophagy and chemoresistance in colon cancer [129].

Moreover, in response to glucose withdrawal, AMPK phosphorylates BECLIN-1 also in the C-
terminal domain at threonine-388 (Thr388) to facilitate the assembly of the pro-autophagic complex
[130]. Recent studies have demonstrated that this is the only known phosphorylation in the
ECD/BARA domain that activates rather than inhibits autophagy.

Indeed, several tyrosine phosphorylation events in the ECD domain have inhibitory effects on
autophagy. The human epidermal growth factor (EGFR) has been well characterized to interfere with
the BECLIN-1-dependent autophagy by phosphorylation at multiple sites in the ECD, namely
tyrosine-229 (Y229), -233 (Y233), -352 (Y352). Their role was characterized in non-small cell lung
carcinoma in which such phosphorylation inhibits autophagy while enhancing tumorigenesis and
cancer progression [131]. Also, in breast cancer, EGFR complexes with HER2 and BECLIN-1 at the
plasma membrane, to activate AKT and inhibit autophagy [132]. This inhibition provides an
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explanation of the link between cell growth and autophagy, and the relevance of this mechanism in
tumorigenesis sustained by oncogenic signals [133].

Furtherly, BECLIN-1 is regulated by the casein kinase 1 gamma 2 (CK1y2) in the ECD at serine-
409 (Ser409) that favors the binding with RUBICON to suppress the vesicular transport and
autophagic response [112], and by the chimeric tyrosine kinase BCR-ABL, in chronic myeloid
leukemia, which both share the same target residue for phosphorylation that is tyrosine-233 (Tyr233),
known to impair the interaction with ATG14 [134].

Even the oncoprotein AKT exerts a critical role in the control of the BECLIN-1-dependent
autophagy by the phosphorylation at serine-234 (Ser234) and -295 (Ser295). This mechanism
sequestered BECLIN-1 to vimentin and intermediate filaments by 14-3-3 protein, preventing the
assembly of the pro-autophagic complex [135]. Our group also highlighted the relevance of these
phosphorylation sites in controlling autophagy. Its dephosphorylation, mediated by the protein
phosphatase PTEN, is pivotal for the autophagosomes complex assembly with ATG14 and VPS34, in
a molecular circuitry including AKT itself, in response to starvation and pharmacological approaches
affecting the PI3K-mTOR-AKT axis [136].

Figure 5 illustrates the post-translational modifications that regulate BECLIN-1 stability and
functions.
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Figure 5. Site-specific post-translational modification sites on BECLIN-1 amino acid sequence. The picture
graphically represents the modifications related to phosphorylation (activating (green color) or inactivating (red
color) BECLIN-1 protein function, respectively), ubiquitination, and acetylation of BECLIN-1 operated by the
regulators reported in the orange boxes.

4, Functional Role of BECN1 in Cancers

4.1. Pivotal Link Between Autophagy and Apoptosis

BECLIN-1 occupies a pivotal position at the intersection of autophagy and apoptosis,
orchestrating cellular responses to stress through its structural and functional plasticity. Notably, the
protein's BH3 domain functions as a rheostat that modulates the delicate balance between survival
and death by enabling direct interactions with anti-apoptotic BCL-2 family members, like as BCL-2
and BCL-XL [10]. Under nutrient-rich circumstances, BCL-2 interacts with BECN1 and
downregulates autophagy by isolating it from the PI3KC3 complex. However, stress-induced
phosphorylation of BCL-2 (for example via JNK1) or BECN1 (for example via DAPK) leads to the
disruption of the BECN1-BCL-2 complex, facilitating BECN1 heterodimerization with ATG14 and
unleashing autophagy to mitigate metabolic stress [137].

BECLIN-1 can also be fragmented through caspase-mediated cleavage. There is no autophagy-
inducing capability in the N-terminal region, which contains the BH3 domain. On the other hand,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.2396.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 July 2025 d0i:10.20944/preprints202507.2396.v1

15 of 38

BECLIN-1-C, which is the C-terminal segment, can make cells more sensitive to signals that indicate
cell death. The translocation of this BECLIN-1-C fragment to the mitochondrial membrane enhances
the BAX oligomerization, hence inducing the release of cytochrome c [138-141]. Thus, BECLIN-1
functions as a molecular switch, facilitating pro-survival autophagy when intact, but directing cells
toward apoptotic death upon cleavage.

Moreover, the anti-oncogenic role of BECLIN-1 in colorectal cancer is demonstrated through
autophagy-independent regulation of STAT3 signaling. Without affecting autophagic flux, BECLIN-
1 knockdown drives metastasis by increasing STAT3 phosphorylation through stabilizing JAK2-
STAT3 connections [142]. Loss of BECLIN-1 in breast cancer stem cells paradoxically hinders
carcinogenesis, demonstrating the importance of context-dependent functions. A key factor in
treatment resistance, this protein modulates autophagy (via PI3KC3 binding) and apoptosis (through
caspase crosstalk) [10]. For instance, O'Donovan and colleagues found that cisplatin-resistant
esophageal cancer cells showed elevated BECLIN-1 expression, and that chemotherapy and
autophagy suppression worked together to restore apoptosis [134]. The results highlight the
possibility of using the BECN1-BCL-2 axis as a therapeutic tool to restore a balance between
autophagy and apoptosis in cancer.

4.2. BECLIN-1-Dependent Selective Autophagy

Selective autophagy exerts fine control of damaged organelles turnover in comparison to non-
selective autophagy, which randomly degrades damaged materials inside the cells. Each organelle or
molecule defines a specific subtype of autophagy, such as mitophagy (mitochondria), lysophagy
(lysosomes), ER-phagy (endoplasmic reticulum), ribophagy (ribosomes), aggrephagy (protein
aggregates), or xenophagy (pathogens) [135]. For target-specific autophagy, cargo proteins are
required to label the materials that are to be degraded. The most widely studied cargo protein is p62
or sequestosome-1, an autophagy receptor that plays a role in the ubiquitin system. As a result of its
interaction with LC3, it triggers the degradation of ubiquitinated proteins in the lysosomes after they
have been transported to autophagosomes [145].

BECLIN-1 is a cardinal regulator of mitophagy and lysophagy, the two major pathways that
have significant consequences for cancer progression and treatment resistance, by interacting
dynamically with complexes associated with autophagy and by undergoing post-translational
changes.

Mitophagy is a selective form of autophagy that is essential for eliminating depolarized or
damaged mitochondria thereby maintaining the quality of mitochondria [146]. Metabolic waste
products, including those generated by fatty acid oxidation, Krebs cycle, and oxidative
phosphorylation (OXPHOS) [147], can be detrimental to cellular fitness by promoting the oxidation
of proteins, nucleic acids, and lipids, and by stimulating cell death pathways [148,149]. BECLIN-1 is
indispensable for Parkin-mediated mitophagy. PINKI, a serine/threonine kinase, acts as a sensor for
damaged mitochondria by working with the mitochondrial membrane complex TOM?20 [150]. Upon
activation, Parkin, a ubiquitin ligase, is then recruited to the mitochondria associated membranes
(MAMSs) and mitophagy can start [151-153]. Here, both PINK1 and Parkin can interact directly with
BECLIN-1 to trigger autophagosome formation at the mitochondria-ER contact site and shape the
omegasome through ULK-1-mediated active phosphorylation of BECLIN-1 at Ser1l5 [154-157]. In
addition to BECLIN-1, Parkin also interacts with AMBRA1, which facilitates the BECLIN-1-VPS34-
dependent assembly of autophagosomes incorporating depolarized mitochondria through the LC3-
p62 interaction in the perinuclear clusters, upon prolonged mitochondria depolarization [158].
Notably, BECLIN-1-deficient cells exhibit defective mitochondrial sequestration despite Parkin
recruitment, underscoring its non-redundant role in autophagosome-mitochondria tethering [156].

After partial or complete rupture of lysosomes, if repair mechanisms fail, these organelles
become ubiquitinated and are degraded through selective autophagy, also known as lysophagy [159].
Lysophagy is typically carried out by a TRIMs-galectin-3-dependent pathway, in which galectin
marks damaged lysosomes and ensures their degradation through autophagosome [160], in BECLIN-
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1-dependent manner [161]. For successful TRIMs interaction, two BECLIN-1 domains are strictly
required, one located between BH3 and CCD, and the other overlapping with the ECD [162]. Along
with BECLIN-1, ATG16L is recruited to the marked lysosomes, linking the pro-autophagic complex
PIBKC3* with the proteins WIPI2 and LC3 [161]. Recent work demonstrates that BECLIN-1's
interaction with TMEMY9, an endolysosomal regulator, activates Rab9-dependent alternative
autophagy pathways during lysosomal stress—a process hijacked by cancer cells to evade lysosome-
targeted therapies [163].

4.3. BECLIN-1 in Endocytotic Trafficking and Receptor Signaling in Cancer

Endocytosis is an essential cellular process governing the uptake, trafficking, and degradation
of molecules, including receptors, that regulate cell signaling and homeostasis [164]. Being the core
component of class III phosphatidylinositol 3-kinase complex (PI3KC3), BECLIN-1 participates in
endocytic trafficking. Fundamentally, it operates in two distinct complexes: PI3KC3-C1 (with
ATG14L) and PI3KC3-C2 (with UVRAG), to maintain cellular homeostasis, primarily through its
involvement in autophagy and vesicular trafficking. In particular, PI3KC3-C1 is chiefly engaged in
the commencement of autophagosomes, wherein ULK1 phosphorylates BECLIN-1 to activate
phagophore nucleation [20,21]. On the contrary, complex PI3KC3-C2 leads the endocytic trafficking,
lysosomal maturation, and cytokinesis by generating phosphatidylinositol-3-phosphate (PI3P) on
intracellular membranes [43,165,166]. Although the relevance of PI3KC3-C2 in autophagy is
contentious, its essential functions in membrane trafficking and endosomal sorting are firmly
established. Recent studies have emphasized BECLIN-1's autophagy-independent functions in
cancer progression, specifically with its regulation of receptor degradation, maintenance of epithelial
integrity, and modulation of ferroptosis.

BECLIN-1 depletion impairs retrograde transport of endosomes to the Golgi compartment,
affecting organelle trafficking and neuronal development in C. elegans and mouse models [166,167].
Additionally, BECLIN-1 regulates early endosome maturation in coordination with UVRAG and
VPS34, transitioning endosomes from APPL1+/PI3P- to PI3P+ states. These PI3P+ endosomes recruit
EEAL to facilitate fusion and maturation via Rab5 and CMTM?7, enabling proper EGF trafficking and
receptor degradation [168-172].

PI3P produced by PI3KC3-C2 is recruited by activated Rab5 through VPS15, facilitating the
anchoring and fusing of early endosomes [173]. During endosomal maturation, Rab7 supplants Rab5,
facilitating the interaction of PI3KC3-C2 with late endosomes through VPS34 and VPS15 [174]. This
maturation supports the retromer complex and ESCRT machinery, which recycle cargo proteins like
GLUT1 to the plasma membrane or trans-Golgi network and sort ubiquitinated receptors like EGFR
into intraluminal vesicles for lysosomal degradation [175,176].

BECLIN-1 tightly regulates the tumor growth and progression, imparting its tumor suppressive
effect via endo-lysosomal trafficking, a process that is crucial in controlling the cell surface receptor
function. Recently, it was shown that BECLIN-1 promoted the endosomal recruitment of hepatocyte
growth factor-regulated tyrosine kinase substrate (HRS), enabling sorting of EGFR and transferrin
receptor (TFR1) into intraluminal vesicles for lysosomal degradation. Loss of BECLIN-1 in breast
cancer cells reduces HRS recruitment, prolonging EGFR/ERK signaling, and TFR1-driven iron
uptake, ultimately supporting the tumor to proliferate while making them more sensitive to
EGFR/MEK inhibitors. This pathway is independent of autophagy, as ATG5 or ATG7 deletion does
not emulate similar consequences [177]. In congruence, BECLIN-1 loss increased AKT/ERK
activation and promoted breast carcinoma invasion by prolonging growth factor receptor retention
in signaling compartments enriched with PI3P/APPL1 [170].

Moreover, BECLIN-1 is essential for preserving epithelial structure through the regulation of E-
cadherin trafficking. The PI3KC3-C2 complex facilitates the appropriate recycling of E-cadherin to
the plasma membrane and inhibits its lysosomal breakdown. The disruption of BECN1 destabilizes
E-cadherin localization at adherent junctions, hence activating B-catenin/Wnt signaling and
promoting epithelial-mesenchymal transition (EMT) [178,179]. A recent work involving intestinal
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epithelial cells revealed that BECN1 deletion results in the cytoplasmic mislocalization of E-cadherin
and occludin, hence affecting apical F-actin organization and epithelial polarity [179]. In breast cancer
models, BECLIN-1 overexpression reinstates plasma membrane E-cadherin levels, inhibiting
mesenchymal markers like Snail and Zeb1 [178].

Under starvation or exposure to tyrosine kinase inhibitors (TKI), like erlotinib or gefitinib, EGFR
signals are blocked by the detachment of RUBICON from BECLIN-1, mediated by the endosome-
associated protein LAPTM4B (lysosomal-associated protein transmembrane 4 beta) [180,181].
Interestingly, several studies point out that contact sites between multivesicular late endosome
(MVEs) and ER serve as scaffolds for the endosomal inactive EGFR to undermine the BCL-2-BECLIN-
1 interaction, similar to the interaction between inactive EGFR and PTP1B [182,183]. Notably, EGFR
internalization via non-clathrin endocytosis (NCE) is critically regulated by the ER-resident protein
RTN3 (Reticulon 3), which forms the ER-PM (plasma membrane) contact sites [184]. Surprisingly,
this protein enhances endocytic trafficking by promoting the interaction between BECLIN-1 and
BCL-2, thereby counteracting autophagy [185]. These mechanisms illustrate BECLIN-1’s multifaceted
role in receptor signaling regulation, endocytic maturation, and tumor suppression via trafficking
pathways.

4.4. BECLIN-1 Crosstalk with Other Pathways in Cancer

As mentioned above, the most significant interactions of BECLIN-1 occur with apoptotic
pathways from the caspase-mediated cleaved fragments of BECLIN-1. In addition to that, recently,
the R-BiP/BECLIN-1/p62 complex was identified to play a crucial role in regulating the crosstalk
between apoptosis and autophagy. Song and colleagues demonstrated that the disruption of this
complex can shift cellular fate from autophagy to apoptosis. Mechanistically, this involved the
dephosphorylation of BECLIN-1 at specific residues (Ser 234/295), which resulted in increased
cleavage of Beclin-1 and disruption of the R-BiP/BECLIN-1/p62 complex [186].

The PI3K/AKT/mTOR pathway is amongst the major oncogenic cascades for cellular growth and
metabolism, which interacts extensively with BECLIN-1. It is established that BECLIN-1 is negatively
correlated to this pathway as evidenced by reduced expression levels of PI3K, phosphorylated AKT
(p-AKT), and phosphorylated mTOR (p-mTOR) following BECLIN-1 overexpression. Studies have
shown that inflammatory cytokines, such as interleukin-7 (IL-7) activate the PI3K/AKT/mTOR
signaling pathway thereby downregulating BECLIN-1 expression significantly in the lung cancer
cells. This reduction of autophagy creates a tumor-favorable environment by promoting proliferation
and survival while suppressing the apoptotic responses [187]. This bidirectional relationship has
significant implications for cancer therapy. For instance, LTX-315, a polypeptide that increases
BECLIN-1 levels and alters p-AKT and p-mTOR levels, has shown promise in enhancing drug
responsiveness in ovarian cancer models [188]. Similarly, Xie-Bai-San (XBS) regulates both mTOR
and BECLIN-1, inhibiting gefitinib-induced autophagy in non-small cell lung cancer cells and
promoting cell death by enhancing p-mTOR and BCL-2 levels while decreasing BECLIN-1 levels
[189]. BECLIN-1’s role in receptor tyrosine kinase (RTK) signaling has been redefined through its
novel interactions with HER2/GRB2 and RTN3. HER2 recruits GRB2-BECLIN-1 complexes to the
plasma membrane, suppressing autophagy via PI3K/AKT activation. Disrupting this interaction with
Tat-BECLIN-1 peptide restores autophagic death in HER2* breast cancer [26]. Similarly, RTN3, an
ER-resident protein, binds BECLIN-1's N-terminal domain to promote non-clathrin EGFR
endocytosis, enhancing EGFR/ERK signaling while inhibiting autophagy which depicts a dual
mechanism exploited by tumors for survival [181].

Notable interactions of BECLIN-1 also include activation of STAT3 signaling pathway
independently of its known role in autophagy. Mechanistically, BECN1 regulates the interaction
between STAT3 and JAK2, which when knocked down promoted STAT3 phosphorylation through
enhanced STAT3-JAK2 interaction. Low expressions of BECN1 directly correlated with more
aggressive phenotypes of colorectal cancer with high cell motility and invasion [142]. Importantly,
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this regulatory function of BECLIN-1's suggests additional non-canonical functions of this protein in
cancer progression.

The interaction between BECLIN-1 and anti-apoptotic BCL-2 family proteins represents another
critical regulatory node, which is modulated by several proteins. One of those proteins is LETM1
which is upregulated in hepatocellular carcinoma and influences both the mechanisms, autophagy
and apoptosis. Depletion of LETMI1 triggers AMPK-mediated phosphorylation of BCL-2, causing
disruption of the BECLIN-1/BCL-2 complex and promoting both apoptosis and autophagy in liver
cancer cells [190].

Apparently, recent discoveries have expanded BECLIN-1's role beyond apoptosis and
autophagy to include other cell death pathways. Key phosphorylation Ser90, Ser93, and Ser96 on
BECLIN-1 by active AMPK leads to the formation of a BECLIN-1-SLC7A11 complex, which directly
inhibits system Xc- activity and ultimately promotes ferroptosis, an iron-dependent form of
programmed cell death [191]. Paradoxically, BECLIN-1 serves as an inhibitor of necroptosis by
associating with phosphorylated MLKL in the necrosome complex, preventing MLKL
oligomerization and subsequent necroptotic cell death. Such findings put forth BECLIN-1's complex
role in regulating multiple cell death pathways, with significant therapeutic implications [192].

BECLIN-1 interacts extensively with autophagy-related genes to effectively manage autophagy
and cancer progression. The CUL3 E3 ligase complex, which includes KLHL38 as a substrate adapter,
promotes BECLIN-1 degradation followed by autophagy suppression. Elevated CUL3 levels
correlate with poor prognosis in breast and ovarian cancers, suggesting its role in promoting tumor
cell growth [106].

The interaction between BECLIN-1 and mitogen-activated protein kinase (MAPK) pathways,
including ERK, JNK, and p38, represents another important regulatory network. Studies using Allyl
Isothiocyanate (AITC) have shown that it can trigger ERK, AMPK, and JNK signaling pathways while
increasing BECLIN-1 expression. Specific knockdown of BECN1 decreases AITC-induced autophagy,
suggesting that BECLIN-1 is essential for AITC-induced autophagy through these signaling cascades
[193].

5. Clinical Implications and Biomarker Potential

5.1. Prognostic, Predictive, and Diagnostic Value of BECLIN-1 Across Cancer Types

Low expression of BECLIN-1 has been reported in several cancer tissues compared to the normal
tissue, which suggests that defective autophagy may favor carcinogenesis and worse prognosis and
supports BECLIN-1 as a valuable independent prognostic marker. For instance, decreased BECLIN-
1 expression and more aggressive and metastatic phenotype have been reported in breast cancer
[194], ovarian cancer [195-197], lung cancer [198,199], cholangiocarcinoma [200,201], gastric cancer
[202] and colorectal cancer [142,203].

BECLIN-1 has emerged as a valuable prognostic marker across multiple cancer types. High
levels of BECN1 are associated with favorable overall survival in salivary gland cancer and
cholangiocarcinoma, whereas low levels correlate with poorer survival in breast and gastric cancers
[15,200,204,205]. Low levels of BECN1 were found to be associated with the most aggressive
pathological traits and linked to poor overall survival in a cohort of estrogen-receptor (ER)-negative
subtypes of BC [15], as observed in published datasets in TCGA (n=1033) and METABRIC (n=1929)
[51]. Similarly, in Non-Hodgkin Lymphomas and ovarian cancer, elevated BECN1 expression is
linked to less aggressive tumors and improved chemotherapy response, contributing to better
survival outcomes [206,207]. Further, findings from our group corroborated these observations in
diffuse large B-cell lymphoma, where high expression of BECN1 may enhance chemotherapy
responsiveness through increased autophagy, making it a valuable prognostic factor correlated with
longer survival [208].

However, despite BECN1's established value as a pro-survival marker and therapeutic target,
its role in cancers is more nuanced. Several studies sternly indicate contrasting patterns in breast,
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gastric, endometrial adenocarcinoma, and colorectal cancer, where the elevated BECN1 levels have
been anomalously associated with patient prognosis as well as the aggressive phenotypes, nodal
metastasis, and therapy resistance [209-211]. These studies signify that the expression and function
of BECLIN-1 are tightly interwoven with clinical outcomes across multiple tumor types, and that its
role can vary across different tumor types and contexts.

In addition to BECN]1, circulating molecular markers, like LC3 and p62, can be integrated into
prognostic indexes to further refine patient stratification. For instance, our recent in-silico TCGA
analysis of the AML cohort revealed that high expression of BECN1, in conjunction with MAP1LC3B
and low p62/SQSTMI1 levels (indicative of high autophagy flux) correlated with better prognosis.
AML patients with high autophagy-mitophagy signatures driven by BECN1 exhibited the longest
overall survival, reinforcing BECN1’s pivotal role in regulating autophagic processes that positively
influence clinical outcomes [212].

Moreover, in colorectal cancer, phosphorylation of BECLIN-1 at Y333 by SRC kinase suppresses
autophagy, facilitating chemoresistance and establishing it as a predictive marker of therapeutic
response [129]. Concomitantly, BECLIN-1 expression in cholangiocarcinoma not only associates with
increased autophagy and better patient survival, but its upregulation by the nutraceutical resveratrol
also promotes apoptosis, suppresses tumor cell proliferation, and inhibit the pro-tumorigenic
IL6/IL6R signaling axis [213].

In hepatocellular carcinoma, serum BECLIN-1 levels distinguish cirrhotic patients with
malignancy, while co-evaluation with ATG5 and cachexia scoring improves early detection and risk
stratification, highlighting its utility not only as a molecular indicator but also as a potential
therapeutic target [214].

Overall, these findings firmly establish BECLIN-1 as a biomarker for prognosis, diagnosis, and
therapy response prediction, with clinical implications shaped by tumor type, subtype, and
molecular context.

5.2. Therapeutic Targeting of BECLIN-1 Dependent Pathways

Recent advances in understanding the pleiotropic roles of BECN1 have positioned its targeted
activation as a promising strategy to overcome therapeutic resistance and reshape
immunosuppressive tumor microenvironments. By prioritizing pharmacological and genetic
approaches to enhance BECN1-dependent autophagy, researchers are uncovering novel mechanisms
to amplify anti-tumor immunity while suppressing pro-metastatic signaling pathways.

Recent advancements have revealed intriguing therapeutic strategies aimed at the BECLIN-1-
BCL-2 axis. Emerging peptides like Tat-5P4 and small molecules such as compound 35, which are
engineered to selectively disrupt BECLIN-1/BCL-2 interactions without affecting pro-apoptotic
pathways, exemplify the potential to precisely modulate autophagy to induce cancer cell death while
maintaining normal cellular function [215].

BECN1’s role in immune regulation and tumor suppression underscores its therapeutic
potential when strategically induced. Studies have shown that myeloid-specific BECN1 deficiency
leads to neutrophilia, aberrant p38 activation, and immunosuppressive interactions between
neutrophils and pre-B cells via the CXCL9/CXCR3 chemotaxis pathway. These interactions elevate
PD-L1 and IL-10 expression, suppressing CD8+ T cell function and promoting lymphoma.
Pharmacological or genetic activation of BECN1 could disrupt these pro-tumorigenic networks by
preventing p38 hyperactivation and restoring immune surveillance. Preclinical models indicate that
BECNI1-inducing agents can reduce PD-L1 expression by 60%, enhancing CD8+ T cell cytotoxicity
against tumor cells [216].

Targeting BECN1-mediated autophagy has been shown to disrupt immune suppression in solid
tumors. Genetic inhibition of BECN1 in melanoma models enhances NK cell infiltration via CCL5
upregulation, impairing tumor growth [217]. In gastric adenocarcinoma, BECN1 activation correlates
with improved outcomes, with high BECN1 expression linked to increased FOXP3+ Treg infiltration,
smaller tumors, reduced metastasis, and enhanced CD8+ T cell activity. Nanoparticle systems co-
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delivering BECN1 mRNA with IL-2 are being explored to regulate Treg recruitment while sustaining
anti-tumor immunity [218].

Beyond direct tumor suppression, innovations highlight BECN1’s broader therapeutic
relevance. Metabolic reprogramming of CAR T cells using autophagy-inducing agents such as
semaglutide and Urolithin A enhances CAR T cell persistence, memory, and anti-tumor efficacy,
indirectly leveraging BECN1-mediated autophagy [219].

The evidence that GLP-1R agonists and Urolithin A can collaboratively stimulate autophagy and
mitophagy in CAR-T cells provides a foundation for combining metabolic modulation with
immunotherapy [219]. These techniques may augment cytotoxic immune responses, especially in
refractory or metastatic cancers.

Similarly, the Tat-BECLIN-1 peptide restores autophagic death in HER2* breast cancer [220], and
preclinical studies on Spautin-1, a USP10/13 inhibitor, show promise in stabilizing BECN1 and
reducing K48-linked ubiquitination in glioblastoma and NSCLC patients with BECN1 promoter
methylation [221,222].

The therapeutic activation of BECN1 also opens avenues for combination strategies with existing
modalities. For example, BH3 mimetics such as ABT-737 can liberate BECN1 from inhibitory
interactions with anti-apoptotic BCL-2 proteins, promoting autophagy. This induction can sensitize
cancer cells to apoptosis when modulated appropriately [223-226]. BECLIN-1-targeting peptides,
such as Tat-SP4, enhance autophagy, triggering autosis—a non-apoptotic cell death form—and
demonstrate potent anti-tumor effects by accelerating EGFR degradation [227]. Additionally, agents
like metformin bidirectionally regulate autophagy, promoting autophagic cell death in some cancers
while suppressing it in others, presenting a dual regulatory role [228-231].

Combination therapies exploiting autophagy-metabolism crosstalk show promise but also
present challenges. For instance, AMPK-mediated BECLIN-1 phosphorylation can trigger ferroptosis
in glutamine-deprived tumors but may exacerbate cachexia in advanced patients. Studies emphasize
the therapeutic potential of autophagy activation in specific contexts. In PDAC, a cancer type with
high basal autophagic activity, BECLIN-1 modulation induces mitochondrial stress and EGFR
degradation, bypassing resistance mechanisms associated with apoptotic evasion. These findings
position BECLIN-1 as not only a tumor suppressor but also a viable target for designing context-
specific autophagy-modulating therapies in PDAC and other malignancies [227].

Figure 6 summarizes the main translational implications of BECLIN-1 described above.
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Figure 6. Clinical relevance of BECN1 expression in cancer. Schematic representation of the main implications
of BECNT1 in terms of prognostic value and regulation of cancer hallmarks (e.g., metabolic crosstalk in the
microenvironment, metastatic behavior, and regulation of anti-cancer immunity). The illustration highlights that
BECNI expression can help in stratifying cancer patients into responder vs. non-responder groups to predict the
therapeutic outcomes. This prognostic relevance can be attributed to the functional role of BECN1 in the
modulation pro-metastatic, pro-tumorigenic signaling pathways and the immune-suppressive landscape.
Abbreviations: N1, type 1 neutrophils (anti-tumor); N2, type 2 neutrophils (pro-tumor); NK, natural killer cells;
T CD8+, T-cells; MDSCs, myeloid-derived suppressive cells; T regs, regulatory T-cells.

6. Conclusions and Future Prospectives

BECLIN-1 has become a pivotal regulator of autophagy, closely connecting cellular survival,
death, and metabolism. Its complex significance is highlighted by several regulatory mechanisms,
including genetic and epigenetic control of its transcription, alternative splicing, extensive post-
translational modifications, and interactions with essential signaling molecules, which together
influence tumor growth and therapeutic response.

Future research should focus on clarifying the functions of BECLIN-1 splice variants in
autophagy and endocytosis, enhancing our comprehension of dynamic post-translational
modifications to discover new targets for selective autophagy activation, and formulating
combination therapies that merge BECLIN-1-targeted agents with current chemotherapeutic,
immunotherapeutic, or metabolic modulators.

Overall, a thorough understanding of the regulatory networks governing BECLIN-1 will
enhance our strategies for autophagy-based cancer therapies and perhaps facilitate innovative
treatments for other pathologies. By coupling structural insights with translational research, BECLIN-
1 emerges as a prospective focal point for the advancement of precision therapeutics that harness the
full potential of autophagy modulation.
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Appendix Beclin-2

BECLIN-2 was discovered by Beth Levine’s lab in 2003 as a novel autophagy-related protein
homologous to BECLIN-1 with a propensity to degrade several G protein-coupled receptors (GPCRs)
with GASP1. The BECN2 gene is located on chromosome 1q43 and shares only 57% of sequence
homolog with BECN1. In humans, it transcribes a protein with 431 aa and a predicted molecular
weight of 49 kDa, with the same functional domains as BECLIN-1 [232]. Unlike BECNI, the deletion
of BECN2 (BECN2+) does not affect embryonic development and birth in mice, but enhance tissues
alterations such as splenomegaly, lymphadenopathy, and diffuse inflammatory state [233,234].
BECLIN-2 has been associated with the inhibition of the inflammatory pathway NF-KB through
autophagic degradation, independent of BECLIN-1, of MEKK3 and TAK1, which are included in
ATGY*-vesicles that fuse with autophagosomes thanks to interactions with STX-5 and -6 [235].
BECLIN-2 also negatively controls inflammasomes activation and directly interacts with component
proteins of this complex, such as NLRP3 and NLRP1, AIM2, NLRC4, and CASP1, through its CCD-
ECD domain. These proteins are degraded by lysosome with the previously described mechanism
involving ATGY* vesicles [236]. Recent observations confirm the common role for BECLIN-1 and
BECLIN-2 in promoting the formation of LC3*-autophagosomes, but a divergent role in mitophagy,
where only BECLIN-1 appears necessary, and unexpectedly, the degradation of mitochondria is
enhanced in cells lacking BECLIN-2 [237]. Furthermore, BECLIN-2 has been described as unable to
interact with RUBICON, and it does not require the detachment of BCL-2 to mediate the starvation-
induced autophagy because it lacks the functional residue (Thr119) controlled by DAPK1. However,
it displays interactive ability with ATG14, VPS34, and AMBRA1, like BeCLIN-1 [233,238].
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