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Abstract: Alternative splicing allows the synthesis of different protein variants starting from a
single gene. Human Beclin 1 (BECN1) is a key autophagy regulator that acts as haploinsufficient
tumor suppressor since its decreased expression correlates with tumorigenesis and poor prognosis
in cancer patients. Recent studies show that BECN1 mRNA undergoes alternative splicing. Here,
we report on the isolation and molecular and functional characterization of three BECN1 transcript
variants (named BECN1-α, -β and -γ) in human cancer cells. In ovarian cancer NIHOVCAR3, these
splicing variants were found along with the canonical wild-type. BECN1-α lacks 143 nucleotides at
its C-terminus and corresponds to a variant previously described. BECN1-β and -γ lack the BCL2
homology 3 domain and other regions at their C-termini. Following overexpression in breast cancer
cells MDA-MB231, we found that BECN1-α stimulates autophagy. Specifically, BECN1-α binds to
Parkin and stimulates mitophagy. On the contrary, BECN1-β reduces autophagy with a dominant
negative effect over the endogenous wild-type isoform. BECN1-γ maintains its ability to interact with
the vacuolar protein sorting 34 and only has a slight effect on autophagy. It is possible that cancer
cells utilize the alternative splicing of BECN1 for modulating autophagy and mitophagy in response
to environmental stresses.

Keywords: Beclin 1; alternative splicing; autophagy; mitophagy; Bcl-2; isoforms; BH3 domain breast
cancers; ovarian cancers

1. Introduction

Human Beclin 1 (BECN1) is a haploinsufficient tumor suppressor gene located on chro-
mosome 17q21 breast cancer tumor susceptibility locus in close proximity to BRCA1 [1,2].
BECN1 is found mono-allelically deleted in about 40% to 75% of human sporadic breast
cancers and ovarian cancers. In vivo studies in mice indicate that loss of heterozygosity
for BECN1 leads to an increased incidence of spontaneous carcinomas [3,4], including
breast carcinomas with basal-like features [5]. Clinical data further confirm that low BECN1
protein levels are associated with poor prognosis and rapid progression of breast cancer [6].
Moreover, data from patients with ovarian cancer and lymphomas indicate that higher
levels of BECN1 are associated with a better prognosis and higher survival rate [7,8]. Inter-
estingly, patients with ovarian cancer presenting co-deletions of BECN1 and BRCA1 were
found to benefit from platinum-based therapy and show improved chances of survival [9].
Overall, these studies highlight the importance of BECN1 as both tumor prognostic marker
and potential molecular target for the therapeutic treatment of cancer.

Originally isolated as an interactor of the anti-apoptotic BCL2 [1], BECN1 is a key
signaling hub for both apoptosis and autophagy. BECN1 collects signals and balances
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apoptosis with autophagy through its multi-domain protein structure comprising a BCL2-
homology 3 domain (BH3D) [10], a coiled-coil domain (CCD) [11], and an autophagy-
specific BARA region [12] that includes an evolutionarily conserved domain (ECD) [13].
The role of BECN1 in the regulation of autophagy has been extensively investigated [14].
In this study, we focus on understanding the role of different BECN1 splicing isoforms on
autophagy. Autophagy is an evolutionarily conserved catabolic process acquired by the
eukaryotic cell for the elimination/recycling of potentially hazardous cytosolic components
(cargo) through lysosomal degradation. Together with the phosphatidylinositol-3 kinase
Class III vacuolar protein sorting 34 (PI3KCIII/VPS34), the autophagy-related homolog 14
(ATG14), and the vacuolar protein 15 (VPS15), BECN1 forms the PI3KCIII complex-I that
initiates the nucleation of the phagophore [15]. Following the substitution of ATG14 with
the UV-radiation resistance-associated gene (UVRAG), the BECN1/PI3KCIII complex-II
promotes both autophagosome maturation and endosomal trafficking [16–18]. Studies in
neurodegenerative disorders have also revealed an interaction between BECN1 and the
mitochondrial membrane proteins PTEN-induced kinase 1 (PINK1) and E3-ubiquitin ligases
Parkin (PRKN) that promotes the selective sequestration of compromised mitochondria, or
mitophagy [19,20]. In cancer, the role of autophagy remains controversial, with autophagy
reported to have a putative dual role, acting either as a tumor promoter or suppressor
depending on the genetic and epigenetic signature of the cancer cells and the tumor
microenvironment context [21]. Among the proteins regulating autophagy, the transcription
factor EB (TFEB) plays a key role in regulating the expression of both autophagy and
lysosomal genes [22]. By stimulating lysosomal biogenesis, TFEB may play either a tumor-
promoter role or -suppressor role. In fact, high lysosomal biogenesis can either facilitate the
induction of apoptosis by the release of cathepsins from the lysosomal compartment [23,24],
or support a high level of autophagy for the degradation of damaged organelles and the
productions of cellular component necessary to sustain tumor growth [25]. Considering its
role in balancing apoptosis with autophagy, BECN1 may play a dual role in cancer too by
either stimulating apoptosis or autophagy [26,27].

In the human genome, almost 95% of early pre-mRNA transcripts undergo the post-
transcriptional modification known as alternative splicing (AS). AS refers to the combinato-
rial rearrangement and/or confiscation of exons and introns (or parts of them) generating
a multitude of transcripts from a small pool of human genes, hence escalating the pro-
teomic diversity. This molecular event is responsible for the production of different protein
isoforms that may even work antagonistically [28,29]. Transcriptomic studies in the field
of neurodegenerative disorders such as Parkinson’s and Alzheimer’s diseases show that
anomalous defects of the splicing machinery aggravate the underlying conditions [30]. AS
plays a role in shaping the tumor phenotype too, as shown by a differential exon usage in
tumor cells compared to normal cells [31]. Recent pan-cancer studies exploiting patient
databases such as The Cancer Genome Atlas (TCGA) reveal that the presence of aberrant
splicing machinery genes correlates with breast cancer aggressiveness [32,33]. AS is known
to alter autophagy too by generating alternative splicing isoforms of autophagy-related
proteins including ATG14, WIPI1, WIPI2, ATG10, ATG12, ATG16L1, ATG16L2, ATG7 and
the ATG8 gene family [34]. In addition to these autophagy-related proteins, the BECN1
pre-mRNA undergoes AS as well. To date, two different short BECN1-splicing variants
have been reported, respectively, in leukemia cells and HeLa cells [34–36].

Our study extends the current knowledge on the splicing of BECN1 by unveiling two
novel mRNA splicing variants of BECN1. These novel BECN1 isoforms (here referred to as
BECN1-β and -γ) were isolated from the ovarian cancer cell line. NIHOVCAR3. BECN1-β
and -γ were found to be co-expressed in the same donor cell line along with the canonical
wild-type isoform (BECN1-wt) and with a fourth isoform (here referred to as BECN1-α)
already found by another group in leukemia cells [35]. Following exogenous expression in a
different cancer cell line, isoforms α, β and γ were characterized by subcellular localization
and immunoprecipitation studies, and their effect on autophagy was assessed by analysis
of LC3 and p62 turnover assay. Our results show that different BECN1 isoforms can have
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diverse effects on autophagy, underlining the importance to investigate the presence of
alternative splicing isoforms of BECN1 in cancer and their role in autophagy.

2. Materials and Methods
2.1. Cell Cultures

Ovarian cancer cells NIHOVCAR3 (HTB-161, ATCC, Manassas, VA, USA) and A2780
(93112519, ECACC, Salisbury, UK), and triple-negative metastatic breast cancer cells MDA-
MB231 (HTB-26, ATCC) were cultured, respectively, in RPMI-1640 (R8758, Sigma-Aldrich,
St. Louis, MO, USA) and DMEM (D5671, Sigma-Aldrich). The culture media were sup-
plemented with 10% FBS (ECS0180L, South America origin, EuroClone, Milano, Italy),
1% v/v penicillin-streptomycin (P0781, Sigma-Aldrich), and 1% v/v glutamine (G7513,
Sigma-Aldrich). All the cell lines were grown under standard conditions at 37 ◦C with 5%
CO2 and employed in our experiments between passages 3 and 10.

2.2. Cloning of BECN1 mRNA Isoforms

A2780 and NIHOVCAR3 cells were plated as monolayers at 5 × 104 cell/cm2 and
total poly A+ mRNA was purified with the Oligotex Direct mRNA extraction kit (72022,
Qiagen, Hilden, Germany) following the manufacturer’s instructions. Cloning of BECN1
isoforms, as described below, was repeated also starting from the total RNA purified with
the TRIzol reagent (T9424, Sigma-Aldrich) from the same cell lines and confirmed the
isoforms isolated starting from the total poly A+ mRNA (not shown).

Total cDNA was reversely transcribed from the purified total mRNA/RNA using the
RevertAid First Strand cDNA synthesis Kit (K1622, Thermo-Scientific, Waltham, MA, USA).
BECN1 cDNA was then amplified by PCR using the Taq DNA polymerase recombinant
(10342-020, Invitrogen, Waltham, MA, USA) and primers designed to anneal at the 5′-
and 3′-UTR of BECN1 (Table S1, BECN1 cloning primers). These primers were designed
for annealing the sequence of the canonical wild-type BECN1 transcript variant of 2098 nt
(GenBank: AF139131) [2]. BECN1 primers included also additional nucleotides at their
5′-termini for either EcoRI (F-hBECN1) or BamHI (R-hBECN1) restriction enzyme digestion
required for the directional cloning into the vectors described below.

The PCR product (expected ~1981bp for the wild-type transcript) was then purified by
agarose gel electrophoresis and gel extraction using the QIAEX II gel extraction kit (20021,
Qiagen). The gel-purified PCR product was then digested with the restriction enzymes
EcoRI and BamHI and subcloned into the pcDNA 3.1/Zeo (−) vector (Invitrogen) vector us-
ing T4 DNA ligase (15224-017, Invitrogen) (Figure S3A). After bacterial transformation, the
colonies were screened for the presence of BECN1 cDNA by PCR. The screening PCR was
performed using the Taq DNA polymerase recombinant and primers designed for annealing
the sequences downstream from the previous primers set (Figure S2 and Table S1, BECN1
internal primers F-908 and R-1674). The identified positive clones were also checked by
restriction enzyme digestion with BglII to confirm that BECN1 cDNA was inserted in the
plasmid in the correct orientation (Figure S1).

To confirm the specific amplification of BECN1 cDNA, we also performed a nested
PCR using the gel-purified PCR product as a template. Nested PCR was performed using
the DyNAzyme EXT DNA polymerase (F505L, Fisher Scientific, Waltham, MA, USA) and
the BECN1 internal primers F-908 and R-1674. The nested PCR product was analyzed by
agarose gel electrophoresis.

Positive clones were subjected to DNA sequencing analysis by Sanger direct sequenc-
ing method employing BigDye Terminator v1.1 Cycle Sequencing kit (Applied Biosystems,
Waltham, MA, USA) following the manufacturer’s instructions. The primers employed
for the cycle sequencing are shown in Table S1 (BECN1 internal primers). The products
of cycle sequencing PCR were purified by Ethanol/EDTA/Sodium Acetate precipitation
and subjected to automatic sequencing (ABI PRISM 3100, Applied Biosystems). Sequence
analysis confirmed the correct insertion of BECN1 cDNA into the pcDNA 3.1/Zeo (−)
vector and allow us to identify 4 different BECN1 isoforms (BECN1-α, -β, -γ and wild-type).
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Of note, the 4 isoforms were isolated exclusively from NIHOVCAR3. Only the canonical
wild-type isoform of BECN1 together with the known variant BECN1-α were isolated from
A2780 (not shown).

The identified BECN1 isoforms were subcloned also into the pEGFP-N1 vector (Clon-
tech, Mountain View, CA, USA) following digestion with EcoRI and BamHI restriction
enzymes (Figure S3B). The resulting vectors codify for each BECN1 isoforms fused with the
GFP and were employed for the immunofluorescence and immunoprecipitation studies.
Sequencing analysis was performed as described above to confirm the in-frame insertion
of each BECN1 cDNA at the N-terminus of the GFP cDNA.

2.3. Transient Transfections and Treatments

BECN1 isoforms fused with the GFP were transiently expressed in MDA-MB231 cells.
Transient transfections were performed with Lipofectamine P-3000 (L3000-15, Invitrogen)
following the manufacturer’s instructions. Briefly, confluent cells were incubated for 6 h
with Lipofectamine-P3000 solutions containing 6 µg of plasmid and were cultured for 36 h
to allow the expression of the exogenous BECN1. When indicated, the cells were treated
with 30 µM Chloroquine or Clq (C6628, Sigma-Aldrich) for 4 h for the LC3 or p62 turnover
assay, or with 10 µM of the uncoupler cyanide m-chlorophenylhydrazone or CCCP (C2579,
Sigma-Aldrich) for 3 h to induce mitophagy.

2.4. Western Blotting Analysis

Cell monolayers were washed with PBS 1x and harvested in RIPA buffer (0.5% Sodium
Deoxycholate, 1% NP-40, 0.1% Sodium Dodecyl Sulfate in PBS solution) containing protease
inhibitor cocktail and phosphatase inhibitors (Na3VO4 and NaF). Cells were homogenized
using a MicrosonTM XL 2000 ultrasonic cell disruptor (Misonix Inc., Farmingdale, NY, USA)
and protein concentration was determined with the NanoDropTM 2000 (Thermo-Scientific).
Equal amounts of protein homogenates (30 µg) were denatured in Laemmli buffer, sep-
arated by SDS-PAGE electrophoresis and transferred onto a PVDF membrane (Bio-Rad,
Hercules, CA, USA). Membranes were blocked with 5% nonfat dry milk for 1 h at room
temperature and probed overnight at 4 ◦C with the indicated primary antibodies. Mem-
branes were then probed with peroxidase-labeled secondary antibodies. Chemiluminescent
signal was detected by luminol solution (PerkinElmer Inc., Waltham, MA, USA) and visu-
alized using the ChemiDoc XRS Imaging System (Bio-Rad). Densitometric analysis was
performed to assess the intensity of the bands using the Quantity One Software (Bio-Rad).

2.5. Immunofluorescence

For immunofluorescence studies, cells were plated at 4 × 104 cells/cm2 on coverslips,
transiently transfected with the vectors expressing the BECN1 isoforms, and allowed to
reach confluency. Coverslips were then washed with PBS, fixed with ice-cold methanol,
and permeabilized with 0.2% Triton X-100 in PBS. Subsequently, cells were incubated with
the primary antibodies overnight at 4 ◦C in a humid chamber. The following day, the
coverslips were washed with 0.1% Triton X-100 in PBS and incubated for 1 h at room
temperature with the appropriate secondary antibodies. Nuclei were stained with DAPI.
Following 3× washes with 0.1% Triton X-100 in PBS, the coverslips were mounted onto
glass slides using Slow-FADE antifade reagent (Life Technologies, Carlsbad, CA, USA) and
fluorescence images were acquired at an objective magnification strength of 63X with a
Leica DMI6000 fluorescence microscope (Leica Microsystems AG, Wetzlar, DE). BECN1
isoforms were imaged with an anti-GFP antibody. Fluorescence signal intensities were
quantified with the ImageJ 1.48v (NIH) software.

For the Mitotracker assay, cells were plated on coverslips at 4.0 × 104 cells/cm2

and transfected with the pEGFP-N1 plasmids carrying BECN1-wt or -α. Cells were then
incubated with 500 nM Mitotracker™ RED FM (M22425, Invitrogen) for the last 15 min
at 37 ◦C. Coverslips were then washed with PBS, fixed with 4% paraformaldehyde and
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permeabilized with 0.2% Triton X-100 in PBS. Subsequently, cells were incubated with the
LC3 antibody and processed for immunofluorescence staining as described above.

2.6. Co-Immunoprecipitation

Cells were seeded in 60 mm culture dishes at 4.5 × 104 cells/cm2 and transfected
with the pEGFP-N1 plasmids carrying the BECN1 isoforms. Before harvesting the cells,
each culture dish was treated with the cross-linker dithiobis succinimidyl propionate (DSP,
D3669, Sigma Aldrich) for 15 min at 37 ◦C. Cells were then harvested in RIPA buffer (0.5%
Sodium Deoxycholate, 1% NP-40, 0.1% Sodium Dodecyl Sulfate in PBS solution) containing
a protease inhibitor cocktail and phosphate inhibitors (Na3VO4 and NaF). Equal amounts
of protein homogenates (500 µg) were incubated overnight at 4 ◦C with an anti-GFP
antibody (5 µL). The antibody–antigen complexes were then precipitated using the Protein
G Sepharose® 4 Fast Flow (17-0618-01, Sigma Aldrich) by centrifugations at 12,000× g.
Unbound proteins were washed away using PBS 1× and the immunocomplexes were
eluted in 1× Laemmli buffer following denaturation at 95 ◦C for 10 min. Eluted samples
were then separated by SDS-PAGE for Western blot analysis.

2.7. Antibodies

The following primary antibodies were employed in the immunofluorescence or
immunoblotting studies: rabbit polyclonal anti-BECN1 (PA5-96649, Invitrogen), mouse
monoclonal anti-Bcl2 (15071S, Cell-Signaling, Danvers, MA, USA), rabbit monoclonal
anti-Vps34 (4263S, Cell-Signaling), rabbit polyclonal anti-ATG14 (SAB1306130, Sigma-
Aldrich), rabbit monoclonal anti-UVRAG (5320S, Cell-Signaling), rabbit polyclonal anti-
AMBRA1 (PA5-88053, Invitrogen), rabbit polyclonal anti-PINK1 (NB100-493, Novus, St.
Louis, MO, USA), rabbit polyclonal anti-PRKN (NB100-91921, Novus), rabbit monoclonal
anti-BNIP3 (44060S, Cell-Signaling), mouse monoclonal anti-GFP (632381, Clontech), mouse
monoclonal anti-GFP (2955S, Cell-Signaling), rabbit polyclonal anti-LC3 (L7543, Sigma-
Aldrich), mouse monoclonal anti-Lamp1 (555798, BD Bioscience, Franklin Lakes, NJ, USA),
mouse monoclonal anti-p62 (MABC32, Millipore, Burlington, MA, USA), mouse mono-
clonal anti-β-Actin (A5441, Sigma-Aldrich), mouse monoclonal anti- β-Tubulin (T5201,
Sigma-Aldrich).

The following secondary antibodies were employed in the immunoblotting studies:
Goat Anti-Rabbit IgG (H + L)-HRP Conjugate (1706515, Bio-Rad), Goat Anti-Mouse IgG
(H + L)-HRP Conjugate (1706516, Bio-Rad). The following secondary antibodies or fluo-
rescent dyes were employed in immunofluorescence studies: Alexa Fluor™ plus 488 goat
anti-rabbit IgG (A32731, Thermo-Fisher Scientific), Alexa Fluor™ plus 555 goat anti-mouse
IgG (A32727, Thermo-Fisher Scientific), Iris™ 5 goat anti-mouse IgG (5WS-07, Molecular
Targeting Technologies, Inc., West Chester, PA, USA).

2.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism v8.4.2 software (GraphPad
Software, San Diego, CA, USA). Bonferroni’s multiple comparison test was performed after
a one-way ANOVA analysis (unpaired, two-tailed). p-values < 0.05 were considered signifi-
cant. All experiments were reproduced at least three times in separate and independent
replicates. All data are expressed as mean ± S.D.

3. Results
3.1. Cloning of BECN1 Transcript Variants from Ovarian Cancer Cells

To investigate the presence of different BECN1 transcript variants in cancer cells, total
mRNA was extracted from ovarian cancer NIHOVCAR3 cells. As shown in Figure 1A, the
obtained RT-PCR amplicon was of the expected length for a wild-type BECN1 transcript
(~1981 bp), yet it included more than a single band, which could indicate the presence of
either multiple BECN1 transcript variants or of nonspecific PCR products. The RT-PCR
product was then digested with the restriction enzymes EcoRI and BamHI and subcloned
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into the pcDNA 3.1/Zeo (−) vector. The colonies obtained after bacterial transformation
were screened by PCR for the presence of the vector carrying BECN1 cDNA using primers
designed for annealing the sequences downstream from the RT-PCR primers set. Screening
of the colonies revealed one clone carrying the plasmid with a BECN1 cDNA of the
expected length for the wild-type transcript (Figure 1B, ~765 bp, BECN1-wt) and the other
three clones carrying the plasmid with shorter BECN1 cDNA (BECN1-α, -β, and -γ).
The identified positive clones were also checked by BglII restriction digestion, and it
was confirmed that BECN1 cDNA was inserted in the plasmid in the correct orientation
(Supplementary Figure S1).

1 
 

 

  

Figure 1. Isolation of BECN1 transcript variants from ovarian cancer cells NIHOVCAR3. Agarose gel
electrophoresis of the products of (A) the RT-PCR, (B) screening PCR, and (C) nested PCR. Expected
bands for the wild-type BECN1 isoform are indicated ((A,B), dotted lines). Arrow in (A) indicates
putative additional RT-PCR product. Arrows in (C) indicate the wild-type BECN1 (wt) and the short
BECN1 isoforms α, β, and γ. Molecular weight standard, M. Negative control (no template), Ø.

To confirm that the short BECN1 isoforms were not nonspecific RT-PCR products, we
performed also a nested PCR using the purified RT-PCR product as a template and with the
same primers employed for the screening of the colonies. As shown in Figure 1C, the nested
PCR confirmed the presence of four different transcript variants, including the isoform
corresponding to the wild-type BECN1 and the three shorter isoforms (Figure 1C, arrows).

3.2. Sequencing Analysis of BECN1 Transcript Variants

Sequence analysis confirmed that we cloned four different BECN1 transcript variants
starting from NIHOVCAR 3 total mRNA. The BECN1-wt coding sequence is identical to
that of the reference mRNA (GenBank: AF139131) except for one missense point mutation
308C>T resulting in the known amino acid substitution Ala103Val (SNP: VAR_010384).

Multiple sequence alignment with CLUSTALW (European Bioinformatics Institute,
EBI) of the nucleotide coding sequences of the clones BECN1-wt, -α, -β, and -γ allowed us
to investigate the differences between the isoforms (Figure 2A). Compared to BECN1-wt,
BECN1-α lacks 143 nt (nucleotides +1141 to +1183). No point mutation was found in
the isoform α, indicating that the point mutation 308C>T found in the BECN1-wt is a
heterozygous polymorphism. In the isoform BECN1-β, two regions of 229 nt (nucleotides
+261 to +489) and 205 nt (nucleotides +920 to +1183) are missing compared to BECN1-wt.
Moreover, BECN1-β carries two novel missense point mutations 855A>G and 1244T>C
(resulting in the amino acid substitutions Asn211Asp and Ile271Thr, respectively). The
isoform BECN1-γ lacks both the region of 229 nt (nucleotides +261 to +489) and the
region of 143 nt (nucleotides +1141 to +1183) as in the isoforms BECN1-β and BECN1-α,
respectively. Importantly, reviewing the sequences of the isolated isoforms in the database
GenBank®, we found that the isoform BECN1-α was found also by Niu and colleagues in
leukemia cells (GenBank: KC776730) [35], while both BECN1-β and BECN1-γ are novel
Beclin isoforms. We submitted the sequences of the novel transcript variants to GenBank®
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and the isoforms β and γ are now registered under the accession numbers ON805851 and
ON805852, respectively.

 

2 

 

  
Figure 2. Sequencing analysis of BECN1 transcript variants. (A) Multiple sequence alignment of the
nucleotide coding sequences of the BECN1 isoforms (wt, α, β, and γ) isolated from NIHOVCAR3.
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Nucleotide numbering: nucleotide +1 is the A of the ATG-translation initiation codon in the BECN1-
wt mRNA. ATG-translation initiation codons are in green. TGA stop codons are in blue. Missense
point mutations (308C>T, 855A>G, and 1244T>C) found in the isoforms BECN1-wt and -β are in
yellow. (B) Multiple sequence alignment of the amino acid sequences of the BECN1 isoforms (wt, α,
β, and γ). Amino acids 108–127 of the BH3D domain are highlighted in yellow. Amino acids 144–269
of the CCD domain are underlined in red. Substitutions Asn211Asp and Ile271Thr resulting from the
missense point mutations found in the isoform BECN1-β are in underlined bold letters. (C) Putative
splicing donor (GT/GC) and acceptor (AG) sites recognized by the software ASSP. Nucleotide
sequences of the donor/acceptor site for the splicing generating the 3 short BECN1 isoforms are in red.
Nucleotide numbering: Nucleotide +1 is the first nucleotide of the primary transcript (NCBI Reference
Sequence: NC_000017.11). Nucleotide positions define splice site boundaries (nucleotide position at
5 and 3′ introns). (D) Schematic representation of the exon skipping resulting from the alternative
splicing of the BECN1 isoforms α, β, and γ. Skipped exons are in light gray. Nucleotide positions of
the splicing donor/accepter involved in the alternative splicing are indicated (arrowheads).

Next, the deduced amino acid sequences of the isoforms were compared by multiple
alignment (CLUSTAL W, Figure 2B). The deletion of 143 nt in BECN1-α alters the reading
frame and introduces a premature STOP codon. In the isoforms BECN1-β and BECN1-γ,
the deletion of 229 nt results in the removal of 76 amino acids (amino acids 86–163) forming
the BH3D and part of the CCD. The second deletion of 205 nt in the isoform BECN1-β results
in the loss of additional 68 amino acids but does not introduce a premature STOP codon.
The second deletion of 143 nt in the BECN1-γ alters the reading frame and introduces
a premature STOP codon as in the isoform BECN1-α. As result, the BECN1 transcript
variants translate into protein isoforms of 355 amino acids (BECN1-α), or 306 amino acids
(BECN1-β), or 279 amino acids (BECN1-γ). The predicted amino acid sequences were
employed to estimate the molecular weight of each isoform using the Compute pI/Mw
bioinformatic tool (ExPASy). The estimated molecular weights were 41 kDa for BECN1-α,
35 kDa for BECN1-β, and 32 kDa for BECN1-γ.

The multiple alignments suggest that the missing nucleotide regions found in the 3
short BECN1 isoforms result from alternative splicing. To investigate this hypothesis, the
14,151 nt long BECN1 primary transcript (NCBI Reference Sequence: NC_000017.11) was
entered as a template for the prediction of alternative splice sites (ASSP) [37,38]. Putative
splicing donor (GT/GC) and acceptor (AG) sites, respectively at the 5′- and 3′-end of the
introns, recognized by the software are shown in Figure 2C. Among the recognized splicing
sites, we identified the donor and the acceptor sites for the splicing generating the 3 short
BECN1 isoforms (Figure 2C, nucleotide sequences in red). As schematized in Figure 2D, the
AS results in the skipping of exon 11 (143 nt) in BECN1-α, or exons 5 (91 nt), 6 (137 nt), 10
(61 nt) and 11 (143 nt) in BECN1-β, or exons 5 (91 nt), 6 (137 nt), and 11 (143 nt) in BECN1-γ.
Following exon skipping, in the mature RNA, the open reading frame is 1068 nt long for
the isoform BECN1-α, 921 nt long for BECN1-β, and 840 nt long for BECN1-γ.

BECN1 cloning and sequencing analysis were performed also starting from the mRNA
isolated from the ovarian cancer cell line A2780 as described above for NIHOVCAR3. In
A2780, we were able to isolate only the wild-type BECN1 transcript and the same isoform
BECN1-α found in the NIHOVCAR3 (not shown).

3.3. BECN1 Isoforms Show Different Alterations in Their Interactions with VPS34 and BCL2
While Maintaining Their Ability to Bind to ATG14

Based on the predicted amino acid sequence, and as schematized in Figure 3A, the
isoforms β and γ, but not α, lack a region of 143 amino acids that includes the BH3D and
the initial portion of the CCD of BECN1. For this reason, the isoforms β and γ should fail
to interact with BCL2, which binds to the BH3D, and with the autophagy protein AMBRA1,
which binds to the amino acids 141–150 [39–41]. The isoform β lacks 10 residues of the
ECD and therefore may lose its ability to bind with VPS34. The isoform β is also the only
isoform that maintains the binding site for VPS15, which is an important component of the
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mammalian PI3KCIII complex indispensable for the synthesis of PI3P [42,43]. Contrary
to the isoform β, both the α and γ isoforms maintain all the amino acids of the ECD
but miss the VPS15 binding site as they lack 95 amino acids at their C-termini. Of note,
all three isoforms maintain the region of the CCD for the interaction with both ATG14
and UVRAG that are necessary for the formation of either the initiation or maturation
autophagy complexes, respectively.

 

3 

 

  Figure 3. BECN1 isoforms show different alterations in their interactions with VPS34 and BCL2 while
maintaining their ability to bind to ATG14. (A) Schematic representation of BECN1 isoforms primary
protein structure and domains. BECN1 domains and interacting proteins investigated in this study
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are shown. Arrowheads indicate the positions of the amino acids flanking BECN1 domains, or of
the deletions found in the short isoforms. (B) MDA-MB231 cells were transfected with the empty
pEGFP-N1 vector (SHAM-GFP) or with the vector carrying BECN1-wt-GFP, BECN1-α-GFP, BECN1-
β-GFP, or BECN1-γ-GFP. After 48 h, cells were harvested and processed for immunoblotting with
anti-GFP antibody. Molecular weights of the bands expected for GFP or for each BECN1 isoform
fused with the GFP are shown. (C) MDA-MB231 cells plated on coverslips and transfected with
pEGFP-N1 vector carrying BECN1-wt-GFP (wt-GFP), BECN1-α-GFP(α-GFP), BECN1-β-GFP (β-
GFP), or BECN1-γ-GFP (γ-GFP). After 48 h, cells were fixed, stained for either VPS34 (upper panel,
red) or BCL2 (lower panel, red) and imaged by fluorescence microscopy. GFP fluorescence (green)
labels the BECN1-GFP fusion proteins. Nuclei were stained with DAPI (blue). Scale bars: 20 µm.
Histograms show the intensity densities of yellow signals (Int DEN), which result from close green
and red fluorescence and are representative of the level of colocalization between BECN1/VPS34 or
BECN1/BCL2. Asterisks indicate significantly different yellow signal intensities (* p < 0.05, ** p < 0.01,
*** p < 0.001). Error bars, SD. (D) MDA-MB231 cells were plated on Petri dishes and transfected
as in (C). After 48 h, cells were processed for the immunoprecipitation of BECN1-GFP isoforms as
described in the Materials and Methods section. Immune complexes were separated by SDS-PAGE
and processed for immunoblotting with the indicated antibodies.

Considering the differences in the protein primary structure among the isoforms, we
hypothesized that the short BECN1 isoforms may fail to interact with different autophagy
proteins and, as a result, alter autophagy. To investigate their effect on autophagy, each
isoform was transiently expressed as BECN1-GFP chimeric protein in cancer cells. The
presence of the GFP allowed us to discriminate between the exogenous BECN1 isoform and
the endogenous protein. BECN1-GFP isoforms (wt, α, β, or γ) were transiently expressed
in the human breast cancer cell line MDA-MB231. MDA-MB231 was chosen to ectopi-
cally express the BECN1 isoforms because analysis with COSMIC database (Catalogue Of
Somatic Mutations In Cancer; https://cancer.sanger.ac.uk/cosmic, accessed on 24 June
2021) shows that this cell line is genetically categorized for its nonmutant status of the
autophagy proteins investigated in our study.

MDA-MB231 cells were transfected with the plasmid carrying the BECN1-GFP wild-
type, -α, -β, or -γ isoforms and the expression of the exogenous proteins was assessed by
immunoblotting after 48 h from the transfection. As estimated by the bioinformatic analysis,
each exogenous isoform was found at the expected molecular weight for each BECN1-
GFP fusion protein isoform following immunoblotting analysis (Figure 3B). Sub-cellular
localization of the isoforms was then assessed by immunofluorescence. Cells were stained
for either VPS34 or BCL2 (shown in red in Figure 3C) and exogenous BECN1 isoforms were
stained with the anti-GFP antibody. Colocalization between each BECN1 isoforms and
either VPS34 or BCL2 was assessed by measuring the intensity of the yellow signal, which
results from a close green and red fluorescence. Compared to BECN1-wt, we observed a
significant reduction in the colocalization of BECN1-β with VPS34 (Figure 3C, upper panel).
This result is consistent with the partial deletion of the ECD observed in this isoform and
with the loss of its ability to bind VPS34. Of note, both the isoforms BECN1-α and -γ,
which maintain a complete ECD but lack 95 amino acids at their C-terminus, show a slight
reduction of colocalization with VPS34 compared to BECN1-wt (although not significant).
Compared to BECN1-wt, we also observed a marked reduction of the colocalization of
both BECN1-β and -γ with BCL2 (Figure 3C, lower panel). This result is consistent with
the lack of the BH3D in both the isoforms. Importantly, as expected by the presence of
an intact BH3D, BECN1-α showed colocalization with BCL2 comparable to that of the
wild-type isoform.

The PI3KCIII complex includes both BECN1 and ATG14 during autophagy initia-
tion, or both BECN1 and UVRAG during autophagosome maturation/vacuolar protein
sorting [11,17,18]. To investigate the ability of the isoforms to take part in either PI3KCIII
complexes, transfected cells were collected and processed for immunoprecipitation of the
exogenous BECN1-GFP. The presence of either ATG14 or UVRAG in the immune complex

https://cancer.sanger.ac.uk/cosmic
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was checked by immunoblotting. As shown in Figure 3D, we found that only ATG14 is
present in the immune complexes of all the BECN1 isoforms. This result indicates that,
under steady-state conditions, all the BECN1 isoforms can bind to ATG14, and thus, could
retain their ability to initiate autophagy.

Overall, our results show that the C-terminus deletions found in the short BECN1
isoforms α and γ did not significantly alter their ability to interact with VPS34. Interac-
tion with VPS34 is reduced significantly, although not completely impaired, exclusively
in the isoform β, where the deletion also includes part of the ECD domain. All the iso-
forms maintain their ability to bind ATG14, including the isoform β despite its reduced
interaction with VPS34. Moreover, our data confirm that deletion of the BH3D impairs
BECN1/BCL2 interaction.

3.4. BECN1 Isoforms Have Idiosyncratic Effects on Autophagy

To understand whether the isoforms alter autophagy, we investigated the autophagic
flux in MDA-MB231 cells transiently transfected with the plasmid carrying BECN1-GFP-
wild-type, -α, -β, or -γ. To assess the autophagic flux, the cells were exposed to chloroquine
(Clq) for the last 4 h. The resulting accumulation of both microtubule-associated protein
1 light chain 3 (MAP1LC3, or LC3) and sequestosome-1 (SQSTM1/p62) was assessed by
immunoblotting to evaluate the autophagic flux at basal conditions (Figure 4A). While the
cellular level of LC3-II (normalized versus the housekeeping cytoplasmic protein) gives
the static picture of the autophagosome and autolysosome present in the cell, the LC3-II/I
ratio, measuring the conversion of LC3-I into LC3-II, is a dynamic index of the rate of
autophagosome formation [44]. LC3-II/I ratio together with p62/SQSTM1 (which reflects
cargo degradation) allow to determine the autophagy flux, that is, the rates of autophago-
some formation and degradation [45]. This same analysis performed in the absence and
presence of Chloroquine (Clq), which inhibits the latter step, allows to determine how
the treatment (in our case the transgenic expression of the BECN1 isoform) affects the
autophagy flux [45]. In cells transfected with either the empty vector (Sham) or BECN1-wt,
LC3-II/I ratios increased by comparable levels following Clq (~5 times), indicating similar
LC3 turnover. Of note, p62 accumulation did not change significantly following Clq in both
Sham and BECN1-wt transfected cells, indicating that p62 degradation via autophagy is not
significative at basal autophagy conditions. However, it is worth noticing that overexpres-
sion of BECN1-wt led to higher p62 levels compared to Sham transfectant. Compared to the
control transfectant (BECN1-wt), overexpression of BECN1-α led to a higher LC3-II/I ratio
in absence of Clq and reached levels comparable to the control following Clq. As a result,
LC3-II/I ratios only doubled following Clq, indicating a reduced LC3 turnover compared
to the control. The increased conversion of LC3-I into LC3-II, indicative of autophagosome
formation, induced by the ectopic expression of BECN1-α, is evident in the presence of
Clq, which inhibits the degradation of autophagosomes. This indicates that newly formed
autophagosomes induced by BECN1-α are rapidly degraded, a sign that the autophagic
flux is greatly stimulated. This is confirmed by the levels of p62, which were significantly
lower in absence of Clq (indicative of cargo degradation) and increased significantly when
the cells were incubated with Clq (~5 times). These data suggest high p62 turnover when
BECN1-α is overexpressed even if the LC3 turnover is lower than the controls. Overall,
these results indicate that the autophagic flux is not impaired when BECN1-α is overex-
pressed, rather, it is stimulated. Overexpression of BECN1-β also led to a higher LC3-II/I
ratio in the absence of Clq compared to the control. However, for this isoform, the LC3-II/I
ratio did not increase significantly following Clq, indicating that in this case, the LC3
turnover is significantly impaired. The level of p62 in the absence of Clq was comparable
to the control and almost doubled following Clq. Taken together, these results suggest
that overexpression of the isoform β could reduce the autophagic flux. Overexpression of
BECN1-γ led to LC3-II/I ratios comparable to the control. The level of p62 in the absence
of Clq was comparable to the control too, but it increased 2.5 times following Clq. Overall,
these results suggest that autophagy is not impaired after overexpression of the isoforms γ.



Biomolecules 2022, 12, 1069 12 of 20

Thus, when overexpressed, the three isoforms differently impact the autophagy process,
with the isoform α overstimulating it, the isoform β slightly impairing it, and the isoform γ

not much interfering with it.

 

4 

 

  

Figure 4. BECN1 isoforms have idiosyncratic effects on autophagy. (A) MDA-MB231 cells were
transfected with pEGFP-N1 empty vector (Sham-GFP) or the vector carrying BECN1-wt-GFP (wt-
GFP), BECN1-α-GFP(α-GFP), BECN1-β-GFP (β-GFP), or BECN1-γ-GFP (γ-GFP). After 48 h, cells
were harvested and processed for immunoblotting with the indicated antibodies. Where indicated,
cells were exposed to 30 µM Clq for the last 4 h. Band intensities were determined by densitometric
analysis and LC3-II/I or p62/tubulin ratios are shown. (B) MDA-MB231 cells plated on coverslips
were transfected as in (A). After 48 h, cells were fixed, stained for LAMP1 (red) and LC3 (green),
and imaged by fluorescence microscopy. Nuclei were stained with DAPI (blue). Cells shown in
the panels were all positive for GFP fluorescence, indicating that all the cells were expressing the
exogenous isoforms. Scale bars: 20 µm. Histograms show the intensity densities of yellow signals
(Int DEN), which result from close green and red fluorescence and are representative of the level
of colocalization between LAMP and LC3. Asterisks indicate significantly different yellow signal
intensities (**** p < 0.0001). Error bars, SD.

Next, we assessed the autophagosome–lysosome fusion step of autophagy by im-
munofluorescence, following ectopic expression of the BECN1 isoforms. Cells were stained
for LC3 (green) as a marker of the autophagosome and for the lysosomal associated mem-
brane protein 1 (LAMP1, red) as a marker of the lysosomal compartments. Autolysosomes
resulting from autophagosome–lysosome fusion were identified by a yellow signal, result-
ing from the colocalization of LC3 and LAMP-1. As shown in Figure 4B, overexpression of
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BECN1-α led to an intense yellow signal comparable to that in BECN1-wt transfectants.
On the contrary, overexpression of both β and γ isoforms resulted in a strong reduction of
LC3 and LAMP1 colocalization compared to the control, although fusion still occurred. We
conclude that compared to the control transfectant (BECN1-wt), autophagosome–lysosome
fusion is reduced when the isoforms β and γ are overexpressed, while it is not affected in
the case of the isoform α.

3.5. BECN1-α Interacts with PRKN Facilitating Mitophagy

BECN1 plays a role also in the induction of mitophagy by promoting the transloca-
tion of E3 ubiquitin ligase parkin, or PRKN, onto the mitochondrial membrane [20,46].
To investigate the involvement of BECN1 isoforms in mitophagy, transfected cells were
stained for PRKN, and colocalization of BECN1-GFP with PRKN was assessed by im-
munofluorescence (Figure 5A). Where indicated, cells were treated with 10 µM carbonyl
cyanide 3-chlorophenylhydrazone (CCCP), a mitochondrial uncoupling agent that triggers
PINK1/PRKN-mediated mitophagy as a stress response mechanism [47]. Measurement of
yellow signal intensity showed a significant increase of PRKN/GFP colocalization follow-
ing treatment with CCCP only when the isoform α was overexpressed. Of note, in both
the wild-type and isoform γ overexpressing cells, accumulation of PRKN was noticeable
following CCCP although no significant increase in PRKN/GFP colocalization was found.

BCL2-interacting protein BNIP3 is an outer mitochondrial membrane protein and
a known marker of mitophagy [48,49]. To further investigate the role of isoform α in
mitophagy, cells transfected with either the BECN1-GFP wild-type or -α were stained for
BNIP3 and LC3. LC3/BNIP3 colocalization was assessed by immunofluorescence in either
the presence or the absence of CCCP (Figure 5B). Compared to the control, LC3/BNIP3
colocalization seems to increase (although not significantly) already in the absence of CCCP,
following overexpression of the isoform α. Treatment with CCCP led to a significant
increase of LC3/BNIP3 colocalization only in cells overexpressing the isoform α. These
data show that a high amount of mitochondrial cargo is routed to the autophagosome
for degradation in cells treated with CCCP when the isoform α is overexpressed. On the
contrary, overexpression of the wild-type isoform showed a slight decrease in LC3/BNIP3
colocalization following CCCP. Additionally, cells transfected as above were stained for
LC3 and mitochondria were labelled with MitoTracker Red (MitoRed). MitoRed/LC3
colocalization was assessed in either the presence or the absence of CCCP (Figure 5C).
Compared to the control, MitoRed/LC3 colocalization appears to increase (although not
significantly) already in the absence of CCCP following overexpression of the isoform α.
Treatment with CCCP led to a significant increase of MitoRed/LC3 colocalization only in
cells overexpressing the isoform α. These data confirm that more mitochondria are routed
to the autophagosome for degradation in cells treated with CCCP when the isoform α

is overexpressed.
Next, we checked the protein levels of the mitophagy markers PINK1, PRKN, and

BNIP3 by immunoblotting in cells overexpressing the isoform α before and in either the
presence or absence of CCCP (Figure 5D) [50]. Following CCCP treatment, we found a signi-
ficative increase of both PINK1 and PRKN expressions, indicating induction of mitophagy.
We checked also AMBRA1 protein levels since AMBRA1 is a BECN1 interactor known
to help in the progression of mitophagy [51]. As shown in Figure 5D, AMBRA1 levels
also increased significantly following CCCP. Finally, to demonstrate whether mitophagy
was induced by BECN1-α in a PRKN-dependent manner, we analyzed PRKN/BECN1
interaction by an immunoprecipitation assay (Figure 5E). PRKN was found in the GFP
immune complex in both basal conditions and following CCCP treatment. Data show that
PRKN binds to the isoform α and confirm the results of the immunofluorescence studies in
Figure 5A. Of note, BECN1-α binds to both PRKN and ATG14 independently of the expo-
sure to CCCP, while no interaction was found with either PINK1 or AMBRA1. Interaction
of BECN1-α with both PRKN and ATG14 in the absence of CCCP suggests the sequestration
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of the large amount of mitochondrial cargo when the isoform α is overexpressed. Overall,
our data show that the isoform α stimulates mitophagy.

 

5 

 

Figure 5. BECN1-α interacts with PRKN stimulating mitophagy. (A) MDA-MB231 cells plated on
coverslips were transfected with pEGFP-N1 vector carrying BECN1-wt-GFP (wt-GFP), BECN1-α-GFP
(α-GFP), BECN1-β-GFP (β-GFP), or BECN1-γ-GFP (γ-GFP). After 48 h, cells were fixed, stained for
PRKN (red) and imaged by florescence microscopy. Where indicated, cells were treated with 10 µM
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CCCP for the last 3 h. Nuclei were stained with DAPI (blue). Scale bars: 20 µm. Histograms show the
intensity densities of yellow signals (Int DEN), which result from close green and red fluorescence
and are representative of the level of colocalization between PRKN and GFP. Asterisks indicate
significantly different yellow signal intensity (**** p < 0.0001). Error bars, SD. (B) MDA-MB231
were plated on coverslips and transfected with pEGFP-N1 vector carrying BECN1-wt-GFP (wt-GFP)
or BECN1-α-GFP (α-GFP). After 48 h, cells were fixed, stained for LC3 (red) and BNIP3 (green),
and imaged by fluorescence microscopy. Where indicated, cells were treated with 10 µM CCCP
for the last 3 h. Nuclei were stained with DAPI (blue). Scale bars: 20 µm. Histograms show the
intensity densities of yellow signals (Int DEN), which result from close green and red fluorescence
and are representative of the level of colocalization between BNIP3 and LC3. Asterisks indicate
significantly different yellow signal intensity (* p < 0.05). Error bars, SD. (C) MDA-MB231 were plated
on coverslips and transfected and treated as in (B). After 48 h, cells were incubated with 500 nM
Mitotracker™ RED (MitoRed) for the last 15 min at 37 ◦C. Following Mitotracker incubation, cells
were washed with PBS, fixed, stained for LC3 (cyan), and imaged by fluorescence microscopy. Nuclei
were stained with DAPI (blue). Scale bars: 20 µm. Histograms show the intensity densities of white
signals (Int DEN), which result from close red and cyan fluorescence and are representative of the
level of colocalization between Mitotracker and LC3. Asterisks indicate significantly different white
signal intensity (* p < 0.05). Error bars, SD. (D) MDA-MB231 cells were plated on Petri dishes and
transfected with pEGFP-N1 vector carrying BECN1-α-GFP (α-GFP). After 48 h, cells were harvested
and processed for immunoblotting with the indicated antibodies. Where indicated, cells were treated
with 10 µM CCCP for the last 3 h. Band intensities were determined by densitometric analysis and
GFP/Actin, AMBRA1/Actin, PINK1/Actin, PRKN/Actin, BNIP3/Actin ratios are shown. (E) Cell
homogenates from (C) were processed for the immunoprecipitation of BECN1-α-GFP isoform, as
described in the Materials and Methods section. Immune complexes were separated by SDS-PAGE
and processed for immunoblotting with the indicated antibodies.

4. Discussions

Autophagy-related genes undergo alternative splicing with the generation of different
protein isoforms known to regulate autophagy [34]. Two shorter isoforms of BECN1
have been found respectively in leukemia and HeLa cells. The first isoform lacks exon
11 and reduces the induction of autophagy following starvation [35]. The second short
isoform lacks both the exons 10 and 11, and it has been reported to induce mitophagy [36].
Considering the pivotal role of BECN1 in the regulation of autophagy and its importance in
cancer, more work is currently needed to understand the BECN1 splicing isoforms present
in different cancers and how each isoform may affect autophagy.

Here, we expand on the previous studies by investigating the BECN1 isoforms isolated
from ovarian cancer cells. Our results add to the previous studies by confirming the
presence also in ovarian cancer cells A2780 and NIHOVCAR3 of the short BECN1 isoforms
lacking exon 11 (BECN1-α) already found by Niu and colleagues in leukemia cells [35].
Moreover, we were able to identify two novel short isoforms lacking exons 5, 6, 10, and
11 (BECN1-β), or exons 5, 6, and 11 (BECN1-γ). These two novel isoforms β and γ were
found exclusively in NIHOVCAR3. In both A2780 and NIHOVCAR3, the short BECN1
isoforms were found to be present along with the canonical wild-type BECN1 isoform.
Sequencing analysis showed the presence of a known missense point mutation 308C>T
(SNP: VAR_010384) in the BECN1-wt isoform of NIHOVCAR3. Moreover, two novel
missense point mutations 855A>G and 1244T>C were found in the isoform BECN1-β. In
A2780, no missense point mutations were found in BECN1-wt and BECN1-α carries a
novel missense point mutation 788A>G (not shown). Together with the previous works,
our data support the notion that accelerated RNA splicing events in tumors can generate
cancer-specific variants [33], and that variable expression of BECN1 isoforms can be found
in different tumor cells and need to be investigated.

We assessed the role on autophagy of each isoform isolated form NIHOVCAR3
(BECN1-α, -β, and -γ) by exogenously expressing them in MDA-MB231 cells. As schema-
tized in Figure 4A, the three short isoforms lack different domains of BECN1. The isoform
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α has only one deletion of 143 nt that alters the reading frame and introduces a premature
STOP codon with the resulting loss of 96 amino acids at its C-terminal. The C-terminal
deletion in BECN1-α includes the BARA domain (amino acids 425–450) necessary for the
binding with VPS15. In cells overexpressing BECN1-GFP-α, and under basal autophagy
conditions, we found that the exogenous isoform maintained its ability to interact with
VPS34, BCL2 and to bind with ATG14 (Figure 3). These results are consistent with the
presence of intact ECD, BH3D, and CCD domains in this isoform. LC3 turnover assay
following Clq (Figure 4A) showed that cells overexpressing BECN1-α have a reduced LC3
turnover compared the control transfectant overexpressing the wild-type isoform. However,
autolysosome analysis confirmed that autophagosome–lysosome fusion occurs as well as
in the control transfectant (Figure 4B). Of note, p62 levels increased significantly following
Clq compared to the control (Figure 4A). Overall, these results indicate that the autophagic
flux is not impaired when BECN1-α is overexpressed, rather, it is stimulated. Compared
to the control and the other short isoforms β and γ, BECN1-α showed also increased
interaction with PRKN, either in the absence or presence of CCCP (Figure 5A). BNIP3/LC3
and MitoRed/LC3 staining showed a significative increase in the number of mitochon-
dria colocalizing with LC3 following overexpression of BECN1-α and CCCP treatment
compared to the control (Figure 5B,C), indicating that a large portion of mitochondria was
routed for autophagy degradation. In cells overexpressing BECN1-α, protein levels of
mitophagy markers PINK1, PRKN, BNIP3 and of AMBRA1 increased following CCCP
treatment (Figure 5D). Actual binding between BECN1-α and PRKN was confirmed by
co-immunoprecipitation assay either in the absence or in the presence of CCCP (Figure 5E).
We conclude that BECN1-α stimulates mitophagy. Niu and colleagues, who previously
described the same isoform in leukemia cells [35], concluded that this isoform reduces the
induction of autophagy following starvation and did not report stimulation of mitophagy.
Interestingly, mitophagy induction has been observed by Chen and colleagues with the
isoform lacking both the exons 10 and 11 [36]. Importantly, our analysis was performed in
full media and by overexpressing the isoform α in the presence of the endogenous wild-type
BECN1 of MDA-MB231 cells. It is likely that the effect of BECN1-α on autophagy depends
on the cellular context and the experimental conditions.

The isoform β lacks the first region of 229 nt at its N-terminus resulting in the loss of
76 amino acids forming the BH3D and part of the CCD including the AMBRA1 binding
site. This isoform lacks also the second region of 205 nt at its C-terminus which results
in the loss of 68 amino acids that includes part of the ECD. Of note, this second deletion
does not introduce a premature STOP codon and, as a result, the VPS15 binding site is
present. After overexpression of BECN1-GFP-β, we found that the exogenous isoform lost
its ability to interact with both VPS34 and BCL2 under basal conditions (Figure 3A,B). This
result is consistent with the partial loss of the ECD and with the loss of the BH3D. On the
contrary, and as expected from the presence of an intact binding site for ATG14/UVRAG
in the CCD domain, BECN1-β maintained its ability to bind with ATG14 (Figure 3C).
Although p62 levels increased following Clq compared to the control, the LC3 turnover
assay clearly showed that overexpression of BECN1-β lead to a strong reduction of au-
tophagy (Figure 4A). Autolysosome analysis confirmed that autophagosome–lysosome
fusion is reduced compared to the control transfectant (Figure 4B). Overall, these results are
consistent with the absence of part of the ECD and a resulting loss of the VPS34 binding site
and show that overexpression of this isoform reduces autophagy with a dominant negative
effect over the endogenous wild-type BECN1.

The isoform γ lacks both the same region of 143 nt as the isoform α and the same region
of 229 nt as the isoform β. As a result, γ lacks the BH3D, part of the CCD including the
AMBRA1 binding site and the C-terminal region within the BARA domain. Overexpression
of BECN1-GFP-γ shows that the exogenous isoform maintains its ability to interact with
VPS34, but loses its ability to interact with BCL2 (Figure 3A,B). This result is consistent
with the presence of an intact ECD and with the loss of BH3D. As expected from the
presence of an intact binding site for ATG14/UVRAG in the CCD domain, BECN1-γ



Biomolecules 2022, 12, 1069 17 of 20

maintained its ability to bind with ATG14 (Figure 3C). LC3 and p62 turnover assay showed
that overexpression of BECN1-γ has little effect on autophagy (Figure 4A). However,
autolysosome analysis showed that autophagosome–lysosome fusion is reduced compared
to the control transfectant (Figure 4B). We speculate that the ability of this isoform to bind
with VPS34 is enough to not compromise autophagy. It is possible that the presence of
the endogenous wild-type BECN1 could overcome any inhibitory effect of the γ isoform
on autophagy.

As mentioned above, the effects on autophagy observed for each isoform could depend
on the genetic context of the cell line and the experimental conditions. For these reasons,
we cannot rule out the possibility that under starvation, or in a different cell line, or in the
absence of the wild-type BECN1, these isoforms could show a different impact on autophagy
therefore, more investigation is needed to fully understand their role in autophagy. For
example, a recent study has reported a mutant BECN1 harboring a non-functional BH3D
that can eventually inherit a gain of function and enhances the autophagic flux regardless
of nutrient abundance [52]. Therefore, we hypothesize that the isoforms β and γ could
bypass the negative regulation by BH3 proteins and the upstream stress signaling cascades
and upregulate autophagy under starvation or hypoxic conditions. This includes mutations
in BECN1 interactors that might have a different impact on the isoforms and consequently
on autophagy. For instance, p53 has been shown to interact (through the BH3D) and
direct the proteasomal degradation of BECN1 which in turn downregulates autophagy [53].
Therefore, mutated p53 that cannot bind to BECN1 or a wild-type p53 in combination with
BECN1 isoforms lacking the BH3D may result in upregulation of autophagy. Indeed,
mutated p53 along with low BECN1 mRNA expressions significantly correlate with a better
prognosis associated with upregulated autophagy and sensitization to cis-platinum in
ovarian cancer patients [9]. In conclusion, it is important to consider that different BECN1
variants can compete with the wild-type for binding with the interactors depending on
both the microenvironmental stimuli and the genetic context leading to different effects on
autophagy and cancer patient prognosis.

The limitations of our study are the following: (i) The short isoforms were isolated
by using RT-PCR primer sets designed to clone the full length canonical wild-type BECN1
isoform. Thus, we cannot exclude that other short isoforms could be present in the same
cell lines; (ii) The splicing variants here described were obtained only from two ovarian
cancer cell lines. BECN1 splicing isoforms have been reported in other cell lines [35,36]. We
cannot exclude that these isoforms result from specific stresses or molecular background
of these cancer cell lines and that such AS can occur in actual tumors. However, since the
splicing consensus sequences (as we have shown here) exist in the BECN1 gene and the
splicing machinery is ubiquitous, it is likely that, though with variable level of expression
and depending on the environmental stimuli, these splicing isoforms can be produced
by other types of cancer cells. Clearly, this has to be proven experimentally; (iii) BECN1
is involved in several cellular processes in addition to autophagy, including apoptosis
and metabolism regulation. Moreover, autophagy-independent roles of BECN1 have been
reported, including autophagy-independent antitumoral effects [54]. In the present study,
we investigated the role of the identified isoforms on autophagy. More investigation is
needed to understand whether the short BECN1 isoforms maintain their functional role in
other cellular processes or have any impact on cancer; (iv) BECN1-independent autophagy
can occur [55]. Thus, we cannot exclude that autophagy may be able to overcome the
presence of defective BECN1 isoforms in different contexts.

In conclusion, our study adds evidence to the existence of different BECN1 isoforms
in cancer and shows that their presence can alter autophagy in distinctive ways.

At this stage, we cannot clarify the biological significance of each isoform and whether
they could serve as clinical biomarkers, yet we hypothesize that such isoforms emerge
under particular environmental stress conditions such as starvation or hypoxia, or possibly
in cancer stem cells. These hypotheses need to be tested. In the future, we aim to inves-
tigate each isoform in 3D cell models under induced hypoxic and starvation conditions
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and the presence of cytokines and growth factors to better mimic the solid tumor micro-
environment. Considering the impact that short isoforms could have on cancer, we will
also consider the investigation of pharmacological approaches to prevent the formation or
neutralize the function of a specific short BECN1 isoform.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom12081069/s1, Figure S1. Enzymatic digestion of the iso-
lated pcDNA3.1 Zeo(−) clones carrying the BECN1-isoforms Agarose gel electrophoresis of BglII
restriction digestion. Expected bands for the linearized pcDNA 3.1 Zeo (−) (~5550 bp) and for the
digested BECN1 isoforms are shown. Molecular weight standard, M.; Figure S2. Schematic represen-
tation of the BECN1 mRNA Schematic representation of the BECN1 mRNA transcript (AF139131)
and primers employed for cloning (orange boxes) and nested PCR (blue boxes); Table S1. List of
primers employed in this study. Additional nucleotides required for restriction enzyme digestion
are shown in red (nucleotides recognized by either EcoRI or BamHI are italicized). BECN1 internal
primers were named based on the annealing position from the first nucleotide of the BECN1 cDNA;
Figure S3. Vectors utilized in this study Vector maps of (A) pcDNA 3.1 Zeo (−) and (B) pEGFP-N1.
Restrictions enzymes EcoRI and BamHI employed for the directional cloning of BECN1 isoforms
are shown.

Author Contributions: C.F. and C.I., conceptualization; C.F. and R.T., cloning and sequencing; R.T.,
A.C., C.M. and C.V., Western blotting validation; C.V., A.C., C.M. and C.L., functional studies (co-
immunoprecipitation, immunofluorescence) and figure preparations; C.M. and C.F., drafting the
manuscript; C.I., manuscript final editing. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: C.M. is a student, recipient of a fellowship granted by the Italian Ministry of
University and Research (MIUR, Rome, Italy) with the contribution of Associazione per la Ricerca
Medica Ippocrate-Rhazi (ARM-IR, Novara, Italy). C.V. was supported with a post-doctoral fellowship
from Università degli Studi del Piemonte Orientale “Amedeo Avogadro” (id. 1412) granted by
Fondazione Cassa di Risparmio di Torino (CRT, Torino, Italy). The fluorescence microscope was
donated by Comoli, Ferrari & SpA (Novara, Italy). Thanks to Beth Levine for fruitful discussion.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liang, X.H.; Jackson, S.; Seaman, M.; Brown, K.; Kempkes, B.; Hibshoosh, H.; Levine, B. Induction of Autophagy and Inhibition

of Tumorigenesis by Beclin 1. Nature 1999, 402, 672–676. [CrossRef] [PubMed]
2. Aita, V.M.; Liang, X.H.; Murty, V.V.; Pincus, D.L.; Yu, W.; Cayanis, E.; Kalachikov, S.; Gilliam, T.C.; Levine, B. Cloning and Genomic

Organization of Beclin 1, a Candidate Tumor Suppressor Gene on Chromosome 17q21. Genomics 1999, 59, 59–65. [CrossRef]
[PubMed]

3. Qu, X.; Yu, J.; Bhagat, G.; Furuya, N.; Hibshoosh, H.; Troxel, A.; Rosen, J.; Eskelinen, E.-L.; Mizushima, N.; Ohsumi, Y.; et al.
Promotion of Tumorigenesis by Heterozygous Disruption of the Beclin 1 Autophagy Gene. J. Clin. Investig. 2003, 112, 1809–1820.
[CrossRef] [PubMed]

4. Yue, Z.; Jin, S.; Yang, C.; Levine, A.J.; Heintz, N. Beclin 1, an Autophagy Gene Essential for Early Embryonic Development, Is a
Haploinsufficient Tumor Suppressor. Proc. Natl. Acad. Sci. USA 2003, 100, 15077–15082. [CrossRef] [PubMed]

5. Cicchini, M.; Chakrabarti, R.; Kongara, S.; Price, S.; Nahar, R.; Lozy, F.; Zhong, H.; Vazquez, A.; Kang, Y.; Karantza, V. Autophagy
Regulator BECN1 Suppresses Mammary Tumorigenesis Driven by WNT1 Activation and Following Parity. Autophagy 2014, 10,
2036–2052. [CrossRef]

6. Tang, H.; Sebti, S.; Titone, R.; Zhou, Y.; Isidoro, C.; Ross, T.S.; Hibshoosh, H.; Xiao, G.; Packer, M.; Xie, Y.; et al. Decreased
BECN1 MRNA Expression in Human Breast Cancer Is Associated with Estrogen Receptor-Negative Subtypes and Poor Prognosis.
eBioMedicine 2015, 2, 255–263. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/biom12081069/s1
https://www.mdpi.com/article/10.3390/biom12081069/s1
http://doi.org/10.1038/45257
http://www.ncbi.nlm.nih.gov/pubmed/10604474
http://doi.org/10.1006/geno.1999.5851
http://www.ncbi.nlm.nih.gov/pubmed/10395800
http://doi.org/10.1172/JCI20039
http://www.ncbi.nlm.nih.gov/pubmed/14638851
http://doi.org/10.1073/pnas.2436255100
http://www.ncbi.nlm.nih.gov/pubmed/14657337
http://doi.org/10.4161/auto.34398
http://doi.org/10.1016/j.ebiom.2015.01.008
http://www.ncbi.nlm.nih.gov/pubmed/25825707


Biomolecules 2022, 12, 1069 19 of 20

7. Valente, G.; Morani, F.; Nicotra, G.; Fusco, N.; Peracchio, C.; Titone, R.; Alabiso, O.; Arisio, R.; Katsaros, D.; Benedetto, C.; et al.
Expression and Clinical Significance of the Autophagy Proteins BECLIN 1 and LC3 in Ovarian Cancer. Biomed Res. Int. 2014,
2014, 462658. [CrossRef] [PubMed]

8. Nicotra, G.; Mercalli, F.; Peracchio, C.; Castino, R.; Follo, C.; Valente, G.; Isidoro, C. Autophagy-Active Beclin-1 Correlates with
Favourable Clinical Outcome in Non-Hodgkin Lymphomas. Mod. Pathol. 2010, 23, 937–950. [CrossRef]

9. Salwa, A.; Ferraresi, A.; Chinthakindi, M.; Vallino, L.; Vidoni, C.; Dhanasekaran, D.N.; Isidoro, C. BECN1 and BRCA1 Deficiency
Sensitizes Ovarian Cancer to Platinum Therapy and Confers Better Prognosis. Biomedicines 2021, 9, 207. [CrossRef] [PubMed]

10. Oberstein, A.; Jeffrey, P.D.; Shi, Y. Crystal Structure of the Bcl-XL-Beclin 1 Peptide Complex: Beclin 1 Is a Novel BH3-Only Protein.
J. Biol. Chem. 2007, 282, 13123–13132. [CrossRef] [PubMed]

11. Li, X.; He, L.; Che, K.H.; Funderburk, S.F.; Pan, L.; Pan, N.; Zhang, M.; Yue, Z.; Zhao, Y. Imperfect Interface of Beclin1 Coiled-Coil
Domain Regulates Homodimer and Heterodimer Formation with Atg14L and UVRAG. Nat. Commun. 2012, 3, 662. [CrossRef]
[PubMed]

12. Noda, N.N.; Kobayashi, T.; Adachi, W.; Fujioka, Y.; Ohsumi, Y.; Inagaki, F. Structure of the Novel C-Terminal Domain of Vacuolar
Protein Sorting 30/Autophagy-Related Protein 6 and Its Specific Role in Autophagy. J. Biol. Chem. 2012, 287, 16256–16266.
[CrossRef]

13. Furuya, N.; Yu, J.; Byfield, M.; Pattingre, S.; Levine, B. The Evolutionarily Conserved Domain of Beclin 1 Is Required for Vps34
Binding, Autophagy and Tumor Suppressor Function. Autophagy 2005, 1, 46–52. [CrossRef] [PubMed]

14. Menon, M.B.; Dhamija, S. Beclin 1 Phosphorylation-at the Center of Autophagy Regulation. Front. Cell Dev. Biol. 2018, 6, 137.
[CrossRef] [PubMed]

15. Mizushima, N.; Yoshimori, T.; Ohsumi, Y. The Role of Atg Proteins in Autophagosome Formation. Annu. Rev. Cell Dev. Biol. 2011,
27, 107–132. [CrossRef] [PubMed]

16. Kihara, A.; Noda, T.; Ishihara, N.; Ohsumi, Y. Two Distinct Vps34 Phosphatidylinositol 3-Kinase Complexes Function in
Autophagy and Carboxypeptidase Y Sorting in Saccharomyces Cerevisiae. J. Cell Biol. 2001, 152, 519–530. [CrossRef]

17. Itakura, E.; Kishi, C.; Inoue, K.; Mizushima, N. Beclin 1 Forms Two Distinct Phosphatidylinositol 3-Kinase Complexes with
Mammalian Atg14 and UVRAG. Mol. Biol. Cell 2008, 19, 5360–5372. [CrossRef]

18. Itakura, E.; Mizushima, N. Atg14 and UVRAG: Mutually Exclusive Subunits of Mammalian Beclin 1-PI3K Complexes. Autophagy
2009, 5, 534–536. [CrossRef]

19. Michiorri, S.; Gelmetti, V.; Giarda, E.; Lombardi, F.; Romano, F.; Marongiu, R.; Nerini-Molteni, S.; Sale, P.; Vago, R.; Arena, G.; et al.
The Parkinson-Associated Protein PINK1 Interacts with Beclin1 and Promotes Autophagy. Cell Death Differ. 2010, 17, 962–974.
[CrossRef]

20. Choubey, V.; Cagalinec, M.; Liiv, J.; Safiulina, D.; Hickey, M.A.; Kuum, M.; Liiv, M.; Anwar, T.; Eskelinen, E.-L.; Kaasik, A. BECN1
Is Involved in the Initiation of Mitophagy: It Facilitates PARK2 Translocation to Mitochondria. Autophagy 2014, 10, 1105–1119.
[CrossRef]

21. Yun, C.W.; Jeon, J.; Go, G.; Lee, J.H.; Lee, S.H. The Dual Role of Autophagy in Cancer Development and a Therapeutic Strategy
for Cancer by Targeting Autophagy. Int. J. Mol. Sci. 2021, 22, 179. [CrossRef] [PubMed]

22. Kumar, S.; Sánchez-Álvarez, M.; Lolo, F.-N.; Trionfetti, F.; Strippoli, R.; Cordani, M. Autophagy and the Lysosomal System in
Cancer. Cells 2021, 10, 2752. [CrossRef] [PubMed]

23. Castino, R.; Bellio, N.; Nicotra, G.; Follo, C.; Trincheri, N.F.; Isidoro, C. Cathepsin D-Bax Death Pathway in Oxidative Stressed
Neuroblastoma Cells. Free Radic. Biol. Med. 2007, 42, 1305–1316. [CrossRef] [PubMed]

24. Wang, F.; Gómez-Sintes, R.; Boya, P. Lysosomal Membrane Permeabilization and Cell Death. Traffic 2018, 19, 918–931. [CrossRef]
25. Shin, H.R.; Zoncu, R. The Lysosome at the Intersection of Cellular Growth and Destruction. Dev. Cell 2020, 54, 226–238. [CrossRef]
26. Rubinstein, A.D.; Kimchi, A. Life in the Balance-a Mechanistic View of the Crosstalk between Autophagy and Apoptosis. J. Cell

Sci. 2012, 125, 5259–5268. [CrossRef]
27. Li, M.; Gao, P.; Zhang, J. Crosstalk between Autophagy and Apoptosis: Potential and Emerging Therapeutic Targets for Cardiac

Diseases. Int. J. Mol. Sci. 2016, 17, 332. [CrossRef]
28. Pan, Q.; Shai, O.; Lee, L.J.; Frey, B.J.; Blencowe, B.J. Deep Surveying of Alternative Splicing Complexity in the Human Transcrip-

tome by High-Throughput Sequencing. Nat. Genet. 2008, 40, 1413–1415. [CrossRef]
29. Matlin, A.J.; Clark, F.; Smith, C.W.J. Understanding Alternative Splicing: Towards a Cellular Code. Nat. Rev. Mol. Cell Biol. 2005,

6, 386–398. [CrossRef]
30. Li, D.; McIntosh, C.S.; Mastaglia, F.L.; Wilton, S.D.; Aung-Htut, M.T. Neurodegenerative Diseases: A Hotbed for Splicing Defects

and the Potential Therapies. Transl. Neurodegener. 2021, 10, 16. [CrossRef]
31. Pajares, M.J.; Ezponda, T.; Catena, R.; Calvo, A.; Pio, R.; Montuenga, L.M. Alternative Splicing: An Emerging Topic in Molecular

and Clinical Oncology. Lancet Oncol. 2007, 8, 349–357. [CrossRef]
32. Li, Y.; Sahni, N.; Pancsa, R.; McGrail, D.J.; Xu, J.; Hua, X.; Coulombe-Huntington, J.; Ryan, M.; Tychhon, B.; Sudhakar, D.; et al.

Revealing the Determinants of Widespread Alternative Splicing Perturbation in Cancer. Cell Rep. 2017, 21, 798–812. [CrossRef]
[PubMed]

33. Kahles, A.; Lehmann, K.-V.; Toussaint, N.C.; Hüser, M.; Stark, S.G.; Sachsenberg, T.; Stegle, O.; Kohlbacher, O.; Sander, C.; Cancer
Genome Atlas Research Network; et al. Comprehensive Analysis of Alternative Splicing Across Tumors from 8705 Patients.
Cancer Cell 2018, 34, 211–224.e6. [CrossRef] [PubMed]

http://doi.org/10.1155/2014/462658
http://www.ncbi.nlm.nih.gov/pubmed/25136588
http://doi.org/10.1038/modpathol.2010.80
http://doi.org/10.3390/biomedicines9020207
http://www.ncbi.nlm.nih.gov/pubmed/33670664
http://doi.org/10.1074/jbc.M700492200
http://www.ncbi.nlm.nih.gov/pubmed/17337444
http://doi.org/10.1038/ncomms1648
http://www.ncbi.nlm.nih.gov/pubmed/22314358
http://doi.org/10.1074/jbc.M112.348250
http://doi.org/10.4161/auto.1.1.1542
http://www.ncbi.nlm.nih.gov/pubmed/16874027
http://doi.org/10.3389/fcell.2018.00137
http://www.ncbi.nlm.nih.gov/pubmed/30370269
http://doi.org/10.1146/annurev-cellbio-092910-154005
http://www.ncbi.nlm.nih.gov/pubmed/21801009
http://doi.org/10.1083/jcb.152.3.519
http://doi.org/10.1091/mbc.e08-01-0080
http://doi.org/10.4161/auto.5.4.8062
http://doi.org/10.1038/cdd.2009.200
http://doi.org/10.4161/auto.28615
http://doi.org/10.3390/ijms22010179
http://www.ncbi.nlm.nih.gov/pubmed/33375363
http://doi.org/10.3390/cells10102752
http://www.ncbi.nlm.nih.gov/pubmed/34685734
http://doi.org/10.1016/j.freeradbiomed.2006.12.030
http://www.ncbi.nlm.nih.gov/pubmed/17395004
http://doi.org/10.1111/tra.12613
http://doi.org/10.1016/j.devcel.2020.06.010
http://doi.org/10.1242/jcs.115865
http://doi.org/10.3390/ijms17030332
http://doi.org/10.1038/ng.259
http://doi.org/10.1038/nrm1645
http://doi.org/10.1186/s40035-021-00240-7
http://doi.org/10.1016/S1470-2045(07)70104-3
http://doi.org/10.1016/j.celrep.2017.09.071
http://www.ncbi.nlm.nih.gov/pubmed/29045845
http://doi.org/10.1016/j.ccell.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30078747


Biomolecules 2022, 12, 1069 20 of 20

34. González-Rodríguez, P.; Klionsky, D.J.; Joseph, B. Autophagy Regulation by RNA Alternative Splicing and Implications in
Human Diseases. Nat. Commun. 2022, 13, 2735. [CrossRef] [PubMed]

35. Niu, Y.-N.; Liu, Q.-Q.; Zhang, S.-P.; Yuan, N.; Cao, Y.; Cai, J.-Y.; Lin, W.-W.; Xu, F.; Wang, Z.-J.; Chen, B.; et al. Alternative
Messenger RNA Splicing of Autophagic Gene Beclin 1 in Human B-Cell Acute Lymphoblastic Leukemia Cells. Asian Pac. J.
Cancer Prev. 2014, 15, 2153–2158. [CrossRef]

36. Cheng, B.; Xu, A.; Qiao, M.; Wu, Q.; Wang, W.; Mei, Y.; Wu, M. BECN1s, a Short Splice Variant of BECN1, Functions in Mitophagy.
Autophagy 2015, 11, 2048–2056. [CrossRef] [PubMed]

37. Wang, M.; Marín, A. Characterization and Prediction of Alternative Splice Sites. Gene 2006, 366, 219–227. [CrossRef] [PubMed]
38. Thanaraj, T.A.; Clark, F. Human GC-AG Alternative Intron Isoforms with Weak Donor Sites Show Enhanced Consensus at

Acceptor Exon Positions. Nucleic Acids Res. 2001, 29, 2581–2593. [CrossRef]
39. Sinha, S.; Levine, B. The Autophagy Effector Beclin 1: A Novel BH3-Only Protein. Oncogene 2008, 27 (Suppl. 1), S137–S148.

[CrossRef]
40. Lee, E.F.; Perugini, M.A.; Pettikiriarachchi, A.; Evangelista, M.; Keizer, D.W.; Yao, S.; Fairlie, W.D. The BECN1 N-Terminal Domain

Is Intrinsically Disordered. Autophagy 2016, 12, 460–471. [CrossRef]
41. Strappazzon, F.; Vietri-Rudan, M.; Campello, S.; Nazio, F.; Florenzano, F.; Fimia, G.M.; Piacentini, M.; Levine, B.; Cecconi, F.

Mitochondrial BCL-2 Inhibits AMBRA1-Induced Autophagy. EMBO J. 2011, 30, 1195–1208. [CrossRef] [PubMed]
42. Lindmo, K.; Brech, A.; Finley, K.D.; Gaumer, S.; Contamine, D.; Rusten, T.E.; Stenmark, H. The PI 3-Kinase Regulator Vps15 Is

Required for Autophagic Clearance of Protein Aggregates. Autophagy 2008, 4, 500–506. [CrossRef] [PubMed]
43. Hill, S.M.; Wrobel, L.; Rubinsztein, D.C. Post-Translational Modifications of Beclin 1 Provide Multiple Strategies for Autophagy

Regulation. Cell Death Differ. 2019, 26, 617–629. [CrossRef] [PubMed]
44. Mizushima, N.; Yoshimori, T. How to Interpret LC3 Immunoblotting. Autophagy 2007, 3, 542–545. [CrossRef]
45. Klionsky, D.J.; Abdel-Aziz, A.K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Abeliovich, H.; Abildgaard, M.H.; Abudu,

Y.P.; Acevedo-Arozena, A.; et al. Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (4th Edition).
Autophagy 2021, 17, 1–382. [CrossRef]

46. Kumar, A.; Shaha, C. SESN2 Facilitates Mitophagy by Helping Parkin Translocation through ULK1 Mediated Beclin1 Phosphory-
lation. Sci. Rep. 2018, 8, 615. [CrossRef]

47. Zhang, L.; Zheng, X.-C.; Huang, Y.-Y.; Ge, Y.-P.; Sun, M.; Chen, W.-L.; Liu, W.-B.; Li, X.-F. Carbonyl Cyanide 3-
Chlorophenylhydrazone Induced the Imbalance of Mitochondrial Homeostasis in the Liver of Megalobrama Amblycephala: A
Dynamic Study. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2021, 244, 109003. [CrossRef] [PubMed]

48. Zhang, J.; Ney, P.A. Role of BNIP3 and NIX in Cell Death, Autophagy, and Mitophagy. Cell Death Differ. 2009, 16, 939–946.
[CrossRef]

49. Hanna, R.A.; Quinsay, M.N.; Orogo, A.M.; Giang, K.; Rikka, S.; Gustafsson, Å.B. Microtubule-Associated Protein 1 Light Chain 3
(LC3) Interacts with Bnip3 Protein to Selectively Remove Endoplasmic Reticulum and Mitochondria via Autophagy. J. Biol. Chem.
2012, 287, 19094–19104. [CrossRef]

50. Ding, W.-X.; Yin, X.-M. Mitophagy: Mechanisms, Pathophysiological Roles, and Analysis. Biol. Chem. 2012, 393, 547–564.
[CrossRef]

51. Van Humbeeck, C.; Cornelissen, T.; Hofkens, H.; Mandemakers, W.; Gevaert, K.; de Strooper, B.; Vandenberghe, W. Parkin
Interacts with Ambra1 to Induce Mitophagy. J. Neurosci. 2011, 31, 10249–10261. [CrossRef] [PubMed]

52. Fernández, Á.F.; Sebti, S.; Wei, Y.; Zou, Z.; Shi, M.; McMillan, K.L.; He, C.; Ting, T.; Liu, Y.; Chiang, W.-C.; et al. Disruption of the
Beclin 1-BCL2 Autophagy Regulatory Complex Promotes Longevity in Mice. Nature 2018, 558, 136–140. [CrossRef]

53. Tripathi, R.; Ash, D.; Shaha, C. Beclin-1-P53 Interaction Is Crucial for Cell Fate Determination in Embryonal Carcinoma Cells. J.
Cell. Mol. Med. 2014, 18, 2275–2286. [CrossRef] [PubMed]

54. Wu, C.-A.; Huang, D.-Y.; Lin, W.-W. Beclin-1-Independent Autophagy Positively Regulates Internal Ribosomal Entry Site-
Dependent Translation of Hypoxia-Inducible Factor 1α under Nutrient Deprivation. Oncotarget 2014, 5, 7525–7539. [CrossRef]
[PubMed]

55. Zhang, H.-Y.; Du, Z.-X.; Meng, X.; Zong, Z.-H.; Wang, H.-Q. Beclin 1 Enhances Proteasome Inhibition-Mediated Cytotoxicity of
Thyroid Cancer Cells in Macroautophagy-Independent Manner. J. Clin. Endocrinol. Metab. 2013, 98, E217–E226. [CrossRef]

http://doi.org/10.1038/s41467-022-30433-1
http://www.ncbi.nlm.nih.gov/pubmed/35585060
http://doi.org/10.7314/APJCP.2014.15.5.2153
http://doi.org/10.1080/15548627.2015.1100785
http://www.ncbi.nlm.nih.gov/pubmed/26649941
http://doi.org/10.1016/j.gene.2005.07.015
http://www.ncbi.nlm.nih.gov/pubmed/16226402
http://doi.org/10.1093/nar/29.12.2581
http://doi.org/10.1038/onc.2009.51
http://doi.org/10.1080/15548627.2016.1140292
http://doi.org/10.1038/emboj.2011.49
http://www.ncbi.nlm.nih.gov/pubmed/21358617
http://doi.org/10.4161/auto.5829
http://www.ncbi.nlm.nih.gov/pubmed/18326940
http://doi.org/10.1038/s41418-018-0254-9
http://www.ncbi.nlm.nih.gov/pubmed/30546075
http://doi.org/10.4161/auto.4600
http://doi.org/10.1080/15548627.2020.1797280
http://doi.org/10.1038/s41598-017-19102-2
http://doi.org/10.1016/j.cbpc.2021.109003
http://www.ncbi.nlm.nih.gov/pubmed/33617998
http://doi.org/10.1038/cdd.2009.16
http://doi.org/10.1074/jbc.M111.322933
http://doi.org/10.1515/hsz-2012-0119
http://doi.org/10.1523/JNEUROSCI.1917-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21753002
http://doi.org/10.1038/s41586-018-0162-7
http://doi.org/10.1111/jcmm.12386
http://www.ncbi.nlm.nih.gov/pubmed/25208472
http://doi.org/10.18632/oncotarget.2265
http://www.ncbi.nlm.nih.gov/pubmed/25115400
http://doi.org/10.1210/jc.2012-2679

	Introduction 
	Materials and Methods 
	Cell Cultures 
	Cloning of BECN1 mRNA Isoforms 
	Transient Transfections and Treatments 
	Western Blotting Analysis 
	Immunofluorescence 
	Co-Immunoprecipitation 
	Antibodies 
	Statistical Analysis 

	Results 
	Cloning of BECN1 Transcript Variants from Ovarian Cancer Cells 
	Sequencing Analysis of BECN1 Transcript Variants 
	BECN1 Isoforms Show Different Alterations in Their Interactions with VPS34 and BCL2 While Maintaining Their Ability to Bind to ATG14 
	BECN1 Isoforms Have Idiosyncratic Effects on Autophagy 
	BECN1- Interacts with PRKN Facilitating Mitophagy 

	Discussions 
	References

