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ABSTRACT OF THE THESIS 

Delineating Roles of Beclin1 and Beclin2 in Autophagy 

by 

Monica C. Jeung 

Master of Science in Biology 

University of California San Diego, 2021 

Professor Åsa B. Gustafsson, Chair 
Professor Sonya Neal, Co-Chair 

 
Autophagy is a highly conserved degradation pathway which is regulated by the 

autophagy protein Beclin1. Beclin1 has been reported to be essential for initiation of autophagy. 

Here, we characterize the roles of Beclin1 and Beclin2 in autophagy and mitophagy. Lack of 

Beclin1 or Beclin2 did not prevent the initiation of autophagy in cells. However, Beclin1 was 

found to be important for Parkin-mediated mitophagy, while Beclin2 was dispensable. Our 

findings suggest that autophagy is functional without Beclin1 or Beclin2, but Beclin1 is required 

for functional mitophagy. 
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Introduction 

Autophagy 

Autophagy is an evolutionarily conserved degradation pathway in which cytosolic cargo 

is sequestered in vesicles called autophagosomes. Turnover of proteins and organelles in cells is 

necessary for maintaining homeostasis and adapting to stress. Autophagy also removes cytotoxic 

protein aggregates, damaged organelles, and regulates organelle numbers. It is activated in 

response to various forms of metabolic and oxidative stressors, and generally limits the effects of 

organelle damage or cell death. Importantly, autophagy is also one of the primary cellular 

responses to starvation. It facilitates the recycling of key materials, such as amino acids and fatty 

acids from proteins and lipids, which can be used in processes like gluconeogenesis when 

resources and energy are limited (Sciarretta et al., 2018). Early studies of autophagy 

demonstrated that autophagy-deficient mutants of S. cerevisiae were more susceptible to death 

than wild-type (WT) under nitrogen-starvation conditions (Tsukada & Ohsumi, 1993). Later 

studies showed that nutrient starvation induced autophagy in most tissues in vivo (Mizushima et 

al., MBoC, 2003) and that inhibition of autophagy led to lower amino acid levels and survival 

rates in mice during the neonatal starvation period after birth (Kuma at al., 2004).  

Under baseline conditions, autophagy is the primary mechanism for removing cytotoxic 

protein aggregates, which is particularly important in terminally differentiated cells such as 

cardiomyocytes and neurons. Autophagic processes are also involved in immune responses, 

aiding in the degradation of intracellular bacteria and viruses, as well as antigen presentation and 

lymphocyte development (Choi et al., 2013). Autophagy has a wide variety of roles in the heart, 

including clearance of dysfunctional mitochondria and protecting against cardiomyocyte 
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apoptosis (Ikeda et al., 2014). It is also activated as a protective response in response to ischemia 

(Matsui et al., 2007). 

During autophagy, vesicles called autophagosomes engulf damaged proteins or 

organelles and fuse with lysosomes for degradation and elimination (Gustafsson & Dorn, 2019) 

(Fig 1). Specifically, induction of autophagy starts with the formation of a phagophore 

membrane, which is usually derived from ER membranes. Phagophore formation is initiated by 

the unc-51-like-autophagy-activating kinase macromolecular complex (ULK complex), which is 

composed of Atg13, ULK1 or ULK2, FIP200 and Atg101 (Itakura et al., 2008). The ULK1/2 

complex phosphorylates Beclin1 (Atg6) which leads to activation of the Beclin1-Vps34 complex 

(also referred to as PI3KC3) (Fig. 2). This complex is composed of Beclin1, Atg14L, Vps34, and 

Vps15 (Russell et al., 2013). The Vps34 complex is responsible for the formation of 

phosphatidylinositol-3-phosphate (PI3P) which promotes recruitment of various autophagy 

proteins to the phagophore, resulting in the growth of the phagophore. As the membrane grows, 

the phagophore closes around its cytoplasmic cargo (Fig. 1).  

Elongation of the phagophore is mediated by the Atg5-Atg12 conjugation system. Atg12 

is linked to Atg5 (Mizushima et al., 1998), and then the Atg12-Atg5 complex is conjugated with 

Atg16L (Mizushima et al., J. Cell Sci., 2003). This complex is necessary for elongation but is 

removed when the autophagosome is mature. As elongation proceeds, microtubule-associated 

protein 1 light chain 3 (LC3) is conjugated to phospatidylethanolamine to form LC3II. 

Conjugated LC3 (LC3II) is incorporated into the phagophore, resulting in maturation of the 

autophagosome (Kabeya et al., 2000) (Fig. 2). The autophagosome fuses with a lysosome to 

form an autolysosome. Atg14 also plays a role in maturation, localizing to autophagosomes and 
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promoting interaction with lysosome-associated proteins (Diao et al., 2015). Acid hydrolases 

from the lysosomes then degrade the autophagosomal contents (Sciaretta et al., 2018).  

Autophagy has been demonstrated to be dysregulated in neurodegenerative diseases such 

as Parkinson’s (Webb et al., 2003), Huntington’s (Ravikumar et al., 2004) and Alzheimer’s 

(Pickford et al., 2008). Failure in autophagy has also been implicated in some forms of 

cardiomyopathy (Tannous et al., 2008) and in pancreatitis (Helin et al., 1980). Autophagy has 

also been reported to have both protective and damage-inducing roles in the pathologies of 

various cancers by clearing reactive oxygen species and damage in healthy cells or promoting 

these same protective behaviors in malignant cells (Ravikumar et al., 2010). Similarly, it has 

been reported to have protective and damaging effects in strokes, either by recycling injured cells 

or promoting increased cell death (Rami et al., 2008). Appropriate regulation of autophagy is 

vital to the overall health of an organism.  
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Figure 1: Overview of autophagy. Proteins and organelles are engulfed by a growing 
autophagosome. The autophagosome fuses with a lysosome to degrade the protein or organelle 
cargo, forming autolysosomes. Cargo is degraded and components are recycled.  
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Figure 2: Mechanism of autophagy. ULK1/2 forms a complex with FIP200 and Atg13 to 
phosphorylate Beclin1. Beclin1 then forms the PI3KC3 complex with Vps34, Vps15, and 
Atg14L, initiating the formation of the phagophore. Atg12 is conjugated with Atg5, and the 
Atg12-Atg5 complex conjugates with Atg16L. Atg16L facilitates the conjugation of LC3I to 
phosphatidylethanolamine to form LC3II. LC3II attaches to the growing phagophore. 
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PINK1/Parkin-mediated mitophagy 

Mitochondrial autophagy (mitophagy) is a form of organelle-specific autophagy that 

involves degradation of mitochondria. Initiation of mitophagy requires selective targeting of 

aged or damaged mitochondria. Mitophagy of dysfunctional mitochondria is regulated by the 

PINK1/Parkin pathway. PINK1 is a serine/threonine kinase which contains a mitochondrial 

targeting sequence (MTS) directing it to mitochondria in the cell. Upon contact with healthy 

mitochondria, it is rapidly imported and cleaved by mitochondrial proteases. The cleaved protein 

is subsequently degraded by the ubiquitin proteasome system (Eiyama & Okamoto, 2015). 

Damaged mitochondria that lack mitochondrial membrane potential no longer import PINK1. 

Instead it accumulates on the surface of the mitochondria, where it associates with the outer 

membrane protein TOM20. PINK1 is subsequently autophosphorylated, converting it to an 

active kinase which recruits and activates Parkin (Lazarou et al., 2012). Parkin is an E3 ubiquitin 

ligase that ubiquitinates proteins on the mitochondrial outer membrane. The ubiquitin is 

recognized and bound by various adaptor proteins such as p62, which subsequently bind to LC3 

on the autophagosome surface to tether the mitochondria to the autophagosome (Lazarou et al., 

2015) (Fig. 3).   
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Figure 3: Regulation of PINK1/Parkin-mediated mitophagy. PINK1 is imported, then 
cleaved in healthy mitochondria, but accumulates on the surface of depolarized mitochondria. 
PINK1 interacts with TOM20, and recruits Parkin to the mitochondrial surface. Parkin, in turn, 
ubiquitinates different proteins on the outer mitochondrial membrane. The ubiquitinated protein 
interacts with adaptor proteins such as p62, which in turn interacts with LC3II, tethering the 
mitochondria to the growing phagophore.  
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Beclin1: role in autophagy and mitophagy  

Beclin1 is an upstream regulator for the initiation of autophagy and a critical part of an 

organism’s development and survival, as Beclin1 knockout mice demonstrate early embryonic 

lethality (Levine et al., 2015). Beclin1 heterozygous mice also have a higher occurrence of 

spontaneous tumors, suggesting that it functions as a tumor suppressor (Yue et al., 2003). In 

addition, Beclin1 has been demonstrated to play a role in mitophagy, where knockdown of 

Beclin1 leads to reduced mitochondrial clearance (Gelmetti et al., 2017). Beclin1 is a component 

of the class III phosphatidylinositol 3-kinase complex (PtdIns3K) consisting of Vps34, Atg14 (an 

autophagy-specific protein), and Vps15, which initiates the formation of the phagophore (Fig 2), 

the precursor membrane that will form the autophagosome (Gelmetti et al., 2017). It has been 

reported that the PI3KC3 complex is recruited to the site of phagophore formation by Atg-14 or 

UVRAG (Itakura & Mizushima, 2009).  

Structural studies of Beclin1 suggest that the Beclin1 N-terminal is involved in regulating 

PI3KC3-complex lipid kinase activity (Levine et al., 2015). The ER is known to donate the 

membrane for the growing autophagosome. Thus, it is not surprising that Beclin1 localizes to 

mitochondria-ER contact sites (MAMs). MAMs have been shown to be the initial site of 

autophagosome formation during mitophagy, and there is increased localization of Beclin1 to 

MAMs upon initiation of autophagy (Gelmetti et al., 2017). 

Beclin2 

Beclin2 is a Beclin1 homolog, and little is known about its functions in cells. Its protein 

structure is similar to Beclin1, but while Beclin1 orthologs are present in multiple non-

mammalian vertebrate species, Beclin2 appear to only be expressed in mammalian cells (He et 
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al., 2013). Beclin2 has been demonstrated to play a role in autophagy, where knockdown of 

Beclin2 in HeLa cells led to decreased autophagosome formation. Beclin2 has also been shown 

to interact with some of the binding partners of Beclin1. For instance, Beclin2 interacts with 

VPS34 and Atg14 in the PtdIns3K complex (He et al., 2013). Beclin2 also regulates endosomal 

trafficking of G-protein coupled receptors (GPCRs) to lysosomes for degradation (He et al., 

2013). Further studies of Beclin2 have demonstrated that it is involved in a specific autophagy 

pathway that suppresses innate immune signaling through the degradation of kinases involved in 

pro-inflammatory signals. (Zhu et al., 2020). 

Rationale 

Autophagy and mitophagy are key processes involved in maintaining cellular 

homeostasis and preventing development of various diseases. Therefore, it is important to 

understand the proteins involved in regulation of these processes. Beclin1 is known to be an 

important regulator of autophagy, but little is currently known about its ortholog Beclin2. 

Beclin2 has been demonstrated to participate in autophagy, but the extent of its role has not yet 

been characterized. Whether or not it regulates mitophagy is also unknown. The objective of my 

research is to explore these questions.  

In my research I have used in vitro models to examine the hypothesis that Beclin2 can 

compensate for the loss of Beclin1 in autophagy but not in Parkin-mediated mitophagy. To test 

this hypothesis, I have examined the following questions: 

1) Are Beclin2 knockout HeLa cells deficient in autophagy? 

2) Do Beclin2 knockout HeLa cells have a defect in mitophagy? 
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Additionally, to further mitophagy research both in this laboratory and outside it, I have 

participated in the development of a novel mitophagy reporter for use both in cells via adenoviral 

infections and in transgenic mice. 
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Materials and Methods 

Cell Culture 

WT and Becn1-/- mouse embryonic fibroblasts (MEFs), and WT, BECN1-/- and BECN2-/- HeLa 

cells were cultured in media consisting of Dulbecco’s Modified Eagle Medium (DMEM) with 

GlutaMax (Gibco), 10% fetal bovine serum (FBS, Gibco), 100U/mL penicillin (Gemini) and 

100g/ml streptomycin (Gemini). Cells were maintained at 37°C in 5% CO2.  

Induction of Autophagy and Mitophagy 

Cells were subjected to nutrient deprivation using DMEM lacking D-glucose, sodium pyruvate 

(Gibco), and FBS. Mitochondrial autophagy was induced with FCCP (Sigma-Aldrich) or 

oligomycin A (Sigma-Aldrich)/antimycin A (Sigma-Aldrich). Autophagy activity was evaluated 

using Bafilomycin A (Millipore). 

cDNA Constructs, Transfections and Adenoviral Infections 

The MTS-pH2-mCh-TM (mitophagy reporter) construct and the Beclin1S15A mutant were 

synthesized by GenScript. pJG/alpha-MHC was a gift from Jeffrey Robbins (Addgene plasmid 

#55594) (Gulick et al., 1991). MTS-pH2-mCh-TM forward primer was designed to include SalI 

and recognize the mitochondrial targeting sequence (MTS) (5’ 

gcgctGTCGACATGGCCTCCACT CGTGTCCTCGC 3’) and the reverse primer was designed 

to include HindIII and recognize the transmembrane region (TM) (5’ 

gcgctAAGCTTTCATATTAGATATGCCAGACC AGC CCC CTA CTC CAG 3’).  

The myc-Parkin plasmid (Addgene plasmid #17613) and the GFP-LC3 plasmid (Addgene 

plasmid #11546) were generously gifted by Ted Dawson. The mCherry-Parkin and GFP-LC3 

adenoviruses have been previously described (Kubli et al., 2013). For experiments involving 

transfections, HeLa cells were transfected with cDNA using FuGene 6 Transfection Reagent 
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(Promega) according to manufacturer instructions. For adenoviral infections, cells were infected 

with viruses containing the relevant DNA in media consisting of DMEM + GlutaMax 

supplemented with 2% heat-inactivated serum for 3 hours. All experiments were performed 24 

hours after infection or transfection. 

Assessment of Autophagy and Mitophagy by Fluorescence Microscopy 

HeLa cells and MEFs were plated on Mattek dishes, then infected the next day. 24hrs after 

infection, cells were treated and then fixed with 4% paraformaldehyde for 25 minutes. Cells were 

infected with GFP-LC3 or transfected with myc-Parkin and MTS-ph2-mCh-TM. For myc 

staining, cells were permeabilized with 0.2% Triton X-100, then blocked with 5% normal goat 

serum (Vector) and incubated with anti-myc (MilliporeSigma) in 5% normal goat serum for 3hrs 

at 37°C. Cells were washed with PBS and then incubated with secondary antibodies at 37°C for 

2hrs. Nuclei were counterstained with Hoescht 33342 (1mg/mL) (Invitrogen). Images were 

captured using a Nikon ECLIPSE Ti2 inverted microscope with a 60x objective. Autophagy was 

assessed in 25 individual cells per experiment by counting the number of GFP-LC3 puncta in 

each cell. Mitophagy was assessed in 25 individual cells per experiment using our mitophagy 

reporter. Mitochondria not undergoing mitophagy were indicated by yellow fluorescence. 

Mitophagy was indicated by the presence of mCherry (red) puncta, and the number of red puncta 

per cell was counted. 

Western Blot Analysis 

MEFs and HeLa cells were harvested and lysed in ice-cold lysis buffer consisting of 50mM Tris-

HCl (pH 7.4), 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, and Complete 

protease inhibitor cocktail (Roche). Lysates were cleared by centrifugation at 20,000xg for 20 

minutes. A Bradford assay was performed on lysates to determine the protein concentration. 4X 
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NuPAGE LDS Sample Buffer (Novex) and 50uM dithiothreitol (DTT) were added to the 

samples. Proteins were separated on 12% NuPAGE Bis-Tris gels (Life Technologies) and 

transferred to nitrocellulose membranes. Proteins were detected using antibodies against 

LC3A/B (Cell Signaling), p62 (Abcam), COX IV (subunit 1) (Invitrogen), Beclin1 (Cell 

Signaling), TOM20 (Santa Cruz), TIM23 (BD Biosciences), Actin (GeneTex), and GAPDH 

(GeneTex). Proteins were visualized using a BioRad ChemiDoc XRS+, and bands were 

quantified using ImageLab. 

Statistical Analysis 

Comparisons between experimental groups were performed using one-way ANOVA followed by 

Bartlett’s test, or by two-way ANOVA followed by a Tukey test. A p-value of less than 0.05 was 

considered statistically significant. Data are mean ± SEM.   
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Chapter 1 

Autophagy is intact in Beclin1-deficient cells 

Beclin1 is a key protein involved in the initiation of canonical autophagy. It is part of the 

PI3KC3 complex which initiates the growth of the phagophore, the membrane which precedes 

the autophagosome. However, there are reports that autophagy can be induced independent of 

Beclin1. Here, we investigated the effects of Beclin1 deficiency on autophagosome formation in 

MEFs. 

To investigate the effect of Beclin1 deficiency on baseline autophagic flux in cells, WT 

and Becn1-/- MEFs were treated with Bafilomycin A1 (BafA1). BafA1 disrupts lysosomal 

acidification, leading to accumulation of autophagosomes. During autophagosome maturation, 

LC3I is converted to LC3II via conjugation to phosphatidylethanolamine. LC3II accumulates on 

the autophagosome surface, and p62 acts as an adaptor protein, tethering ubiquitinated proteins 

to LC3II. LC3II and p62 accumulation are therefore a common method to assess autophagy. 

Significant increases in LC3II and p62 were observed in both WT and Becn1-/- MEFs treated 

with BafA1 (Fig. 4A & 4B). Accumulation of p62 was significant and comparable in WT and 

Becn1-/- MEFs. These results were confirmed in WT and Becn1-/- MEFs overexpressing GFP-

LC3. A similar percentage of WT and Becn1-/- cells exhibited punctate GFP-LC3 accumulation 

in response to BafA1 (Fig. 4C & 4D). Overall, these results indicate that autophagosome 

formation and baseline autophagic flux are maintained in Becn1-/- MEFs.  
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Figure 4: Baseline autophagic flux is preserved in Becn1-/- MEFs. A) WT and Becn1-/- MEFs 
were treated with 100nM BafA1 for 4hrs and then harvested for Western blot analysis. 
Representative blots of LC3 and p62 protein levels. Actin was used as a loading control. B) 
Quantifications of LC3II and p62 levels. (n=5 (LC3II), n=4 (p62) *p<0.05, **p<0.01, ns = not 
significant) C) WT and Becn1-/- MEFs overexpressing GFP-LC3 were treated with 100nM 
BafA1 for 4hrs. Scale bar=10µm. D) Percentage of WT and Becn1-/- MEFs positive for GFP-
LC3 puncta out of 100 cells per experiment. (n=3, **p<0.01).   



16 
 

We next examined whether induction of autophagy was altered in response to stress in 

Becn1-/- MEFs. WT and Becn1-/- MEFs were subjected to nutrient deprivation to induce 

autophagy. LC3II protein levels significantly increased in both WT and Becn1-/- MEFs in 

response to starvation (Fig. 5A & 5B), indicating that autophagosome formation was intact in 

Becn1-/- MEFs. Autophagosome formation was confirmed in WT and Becn1-/- MEFs 

overexpressing GFP-LC3 in response to nutrient starvation. A significant increase in the 

percentage of cells containing GFP-LC3 puncta was observed following starvation in both the 

WT and Becn1-/- MEFs, and similar proportions of cells containing punctate GFP-LC3 were 

observed in WT and Becn1-/- MEFs both before and after starvation (Fig. 5C & 5D). 

FCCP induces mitochondrial depolarization and is a known inducer of mitophagy. 

Treatment with FCCP led to a significant increase in LC3II in WT, but not Becn1-/- MEFs (Fig. 

6A & 6B). However, during fluorescence imaging, similar levels of autophagosome formation 

was observed in WT and Becn1-/- MEFs overexpressing GFP-LC3 in response to FCCP. (Fig. 6C 

& 6D). These results suggest that although stress-induced autophagy is intact in Becn1-deficient 

MEFs, it might be slightly reduced in response to mitochondrial depolarization.  

Chapters 1, 2, and 4 are currently being prepared for submission for publication of the 

material. Gonzalez, Eileen, Jeung, Monica, Gustafsson, Åsa B. The thesis author was a coauthor 

of this material. 
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Figure 5: Becn1-/- MEFs form autophagosomes in response to starvation. A WT and Becn1-/- 
MEFs were exposed to nutrient deprivation for 3hrs, then harvested for Western blot analysis. 
Representative blot of LC3I/II protein levels. Actin was used as a loading control. B) 
Quantification of LC3II protein levels (n=5, *p<0.05, ns=not significant). C) WT and Becn1-/- 
MEFs overexpressing GFP-LC3 were exposed to nutrient starvation conditions for 3hrs. Scale 
bar=10µm. D) Percentage of WT and Becn1-/- cells positive for GFP-LC3 puncta out of 100 cells 
per experiment (n=4, *p<0.05).   
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Figure 6: Becn1-/- MEFs form autophagosomes in response to mitochondrial 
depolarization. A) WT and Becn1-/- MEFs were treated with 10µM FCCP for 3hrs and 
harvested for Western blot analysis. Representative blot of LC3 protein levels. Actin was used as 
a loading control. B) Quantification of LC3II protein levels (n=4, *p<0.05, ns=not significant). 
C) WT and Becn1-/- MEFs overexpressing GFP-LC3 were treated with 10µM FCCP for 3hrs. D) 
Percentage of WT and Becn1-/- MEFs positive for GFP-LC3 puncta out of 100 cells per 
experiment (n=3, **p<0.01).  
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 Chapter 2 
 

Autophagy is intact in Beclin2-deficient HeLa cells 
 

Beclin2 is a homolog of Beclin1, with 57% sequence identity between human BECN1 

and BECN2, and 47% sequence identity between the mouse variants (He et al., 2013). Beclin2 

has been demonstrated to play a role in autophagy, although its specific mechanism of action is 

unknown (He et al., 2013). We observed comparable baseline autophagy and intact 

autophagosome formation in WT and Becn1-/- MEFs, suggesting that a compensation mechanism 

exists to accommodate for the lack of Beclin1. Given the protein sequence similarity between 

Beclin1 and Beclin2, we investigated whether Beclin2 was responsible for maintaining 

autophagy in Becn1-/- cells. We successfully used CRISPR/Cas9 to generate both BECN1 and 

BECN2 knockout HeLa cell lines. Knockout of BECN1 and BECN2 in HeLa cells was confirmed 

by Western blot and PCR respectively (data not shown). Our lab also attempted to create a 

BECN1/2 double-knockout cell line in HeLa cells, but we were unsuccessful. 

To investigate the effect of Beclin1 or Beclin2 deficiency on autophagic flux, WT, 

BECN1-/-, and BECN2-/- HeLa cells were treated with BafA1. Similar to previous experiments, 

autophagy was assessed by monitoring the conversion of LC3I to LC3II and the accumulation of 

p62. Exposure to BafA1 in WT, BECN1-/-, and BECN2-/- HeLa cells resulted in a significant 

increase in LC3II and p62 levels (Fig. 7A & 7B). Overall, there was significantly less LC3II 

accumulation in BECN1-/- and BECN2-/- cells compared to WT cells (Fig. 7A & 7B). To further 

investigate autophagosome formation, WT, BECN1-/-, and BECN2-/- HeLa cells overexpressing 

GFP-LC3 were treated with BafA1. WT and BECN2-/- HeLa cells demonstrated a significant 

increase in the number of GFP-LC3 puncta per cell. While an increase in GFP-LC3 puncta was 

observed in the BECN1-/- cells, it was not significant (Fig. 7C & 7D). Unexpectedly, BECN1-/- 
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HeLa cells had higher levels of autophagy at baseline compared to WT, while BECN2-/- cells had 

similar levels to the WT (Fig. 7E). Overall, these findings suggest that baseline autophagy is 

intact in Beclin2-deficient HeLa cells and reduced in Beclin1-deficient HeLa cells. 
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Figure 7: Baseline autophagic flux is preserved in BECN2-/- HeLa cells. A) WT, BECN1-/- 
and BECN2-/- cells were exposed to 100nM BafA1 for 4hrs and harvested for Western blot 
analysis. Representative blot of LC3 and p62 protein levels. GAPDH was used as a loading 
control. B) Quantifications of LC3II and p62 protein levels. Analysis was performed using two-
way ANOVA with Tukey post-test. (n=6 (LC3II), n=7 (p62), *p<0.05,  **p<0.01, ***p<0.001, 
****p<0.0001, ns=not significant). C) WT, BECN1-/-, and BECN2-/- HeLa cells overexpressing 
GFP-LC3 were treated with 100nM BafA1 for 4hrs. Scale bar=10µm. D) Number of GFP-LC3 
puncta per cell in 25 individual cells per experiment in WT, BECN1-/-, and BECN2-/- HeLa cells. 
Analysis was performed using two-way ANOVA with Tukey post-test. (n=3, ***p<0.001, 
****p<0.0001). E) Comparison of number of GFP-LC3 puncta found in controls in 25 
individual cells per experiment. Analysis was performed using one-way ANOVA with Bartlett’s 
post test (n=3, ns=not significant). 
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Next, we investigated the induction of autophagy in response to starvation and 

mitochondrial depolarization. WT, BECN1-/-, and BECN2-/- HeLa cells were exposed to nutrient 

deprivation, and we observed a significant increase in LC3II protein levels in WT and BECN2-/- 

HeLa cells (Fig 8A & 8B). BECN1-/- HeLa cells had a modest increase in LC3II levels after 

starvation that did not reach significance. (Fig. 8A & 8B). To further assess autophagosome 

formation, GFP-LC3 was overexpressed in WT, BECN1-/-, and BECN2-/- HeLa cells, which were 

then exposed to starvation. All three cell lines displayed a significant increase in the number of 

GFP-LC3 puncta per cell in response to starvation (Fig. 8C & 8D).  

We also observed that mitochondrial depolarization with FCCP resulted in a significant 

increase in LC3II accumulation in all three cell lines (Fig. 9A & 9B). WT, BECN1-/-, and 

BECN2-/- HeLa cells overexpressing GFP-LC3 exhibited a significant increase in GFP-LC3 

puncta in response to FCCP (Fig. 9C & 9D). Collectively, these results indicate that stress-

induced autophagy is maintained in BECN1-/- and BECN2-/- HeLa cells. 

Chapters 1, 2, and 4 are currently being prepared for submission for publication of the 

material. Gonzalez, Eileen, Jeung, Monica, Gustafsson, Åsa B. The thesis author was a coauthor 

of this material. 
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Figure 8: BECN2-/- HeLa cells form autophagosomes normally in response to starvation. A) 
WT, BECN1-/-, and BECN2-/- cells were subjected to nutrient starvation for 3hrs, then harvested 
for Western blot analysis. Representative blot of LC3 protein levels. GAPDH was used as a 
loading control. B) Quantification of LC3II protein levels. Analysis was performed using two-
way ANOVA with Tukey post-test (n=5, **p<0.01, ns=not significant). C) Representative 
images of WT, BECN1-/- and BECN2-/- HeLa cells overexpressing GFP-LC3 after exposure to 
nutrient starvation conditions for 3hrs. Scale bar=10µm. D) Number of GFP-LC3 puncta per cell 
in 25 individual cells per experiment in WT, BECN1-/-, and BECN2-/- HeLa cells. Analysis was 
performed using two-way ANOVA with Tukey post-test (n=3, ***p<0.001).   
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Figure 9: BECN2-/- HeLa cells form autophagosomes normally in response to mitochondrial 
depolarization. A) WT, BECN1-/-, and BECN2-/- cells were treated with 10µM FCCP for 3hrs, 
then collected for Western blot analysis. Representative blot of LC3 protein levels. GAPDH was 
used as a loading control. B) Quantification of LC3II protein levels (n=5, *p<0.05, **p<0.01, 
***p=0.001). C) Representative images of WT, BECN1-/- and BECN2-/- HeLa cells 
overexpressing GFP-LC3 after treatment with 10µM FCCP for 3hrs. Scale bar=10µm. D) 
Number of GFP-LC3 puncta per cell in 25 individual cells per experiment in WT, BECN1-/-, and 
BECN2-/- HeLa cells. Analysis was performed using two-way ANOVA with Tukey post-test 
(n=3, **p<0.01, ***p<0.001).   
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Chapter 3  

Preparation of a novel mitophagy reporter for use in vivo 

Genetically encoded fluorescent tags are a common method for imaging proteins and 

organelles. These are protein sequences which are fused to the protein of interest and may be 

naturally fluorescent, or may bind to endogenous or exogenous fluorophores made by or 

provided to the cells respectively. (Thorn, 2017). The brightness of the fluorescent tag depends 

on a variety of factors, including the folding and maturation rate of the protein it is fused to, the 

cell type it is expressed in, and environmental factors such as pH and salt concentration (Thorn, 

2017). 

pH-sensitive variants of green fluorescent protein (GFP) are commonly used in the study 

of proteins involved in vesicular trafficking (Mahon, 2011) and can be particularly useful in the 

study of autophagy and mitophagy due to the decrease in pH that occurs during autophagosome 

to lysosome fusion. pHluorin2 is a variant of GFP derived from radiometric pHluorin, a version 

of GFP which has increased sensitivity to pH changes, and GFP2, a GFP variant containing 

mammalianized codons and with higher fluorescence than standard GFP. Much like traditional 

GFP, pHluorin2 fluorescence is quenched at low pH. (Mahon, 2011). In contrast, mCherry has 

high pH resistance and remains fluorescent in low pH environments (Shaner et al., 2004). The 

objective was to develop a mitophagy reporter utilizing pHluorin2 and mCherry. The tandem 

mCherry-pH2 fluorophores were linked to a mitochondrial targeting sequence (MTS) to target 

the construct to the mitochondrial matrix (MTS-mCh-pH2-TM). During mitophagy, 

mitochondria are engulfed in autophagosomes, which fuse with lysosomes, forming a low-pH 

environment inside the vesicle. Before lysosome fusion with the autophagosome, both mCherry 

(red) and pHluorin2 (green) will fluoresce, making the mitochondria appear yellow. Following 
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lysosome fusion, pHluorin2 is quenched, leaving only mCherry fluorescence (red) visible. This 

process allowed us to visualize mitochondria undergoing mitophagy (Fig.10A). The reporter was 

validated in MEFs and HeLa cells by comparing images produced using the new reporter against 

images produced with existing mitophagy reporters (data not shown).  

After validation of the reporter in cells, the lab wanted to generate a mouse line 

overexpressing the reporter in the heart. I assisted in this project by cloning the reporter cDNA 

into the α-MHC plasmid. α-MHC is a cardiac-specific promoter, which will ensure expression of 

the gene only in cardiac myocytes. The construct was cloned into the α-MHC plasmid in 

between SalI and HindIII, with the mitochondrial targeting sequence ligated to SalI and the 

transmembrane region ligated to HindIII (Fig. 10B). The vector was then linearized using NotI 

for injection into mice. The construct was sent to the transgenic mouse core for injection. 

Successful transgene expression was confirmed via PCR genotyping using primers generated to 

recognize the pHluorin2 gene. We have 2 positive mouse pups that will be used to expand the 

line.  
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Figure 10: Preparation of mitophagy reporter for generation of transgenic mice. A) 
Description of mitophagy reporter. At neutral pH, both mCherry and pHluorin2 fluoresce, 
producing yellow mitochondria. At low pH inside autolysosomes, pHluorin2 is quenched, 
resulting in red-only mitochondria. B) The mitophagy reporter was cloned into the α-MHC 
plasmid backbone between HindIII and SalI, and the plasmid was linearized using NotI for 
injection into mice.  
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Chapter 4 

Characterization of the role of Beclin2 in Parkin-mediated mitophagy 

Previous studies have reported that the loss of Beclin1 results in a reduction of mitophagy 

(Sun et al., 2018). Prior research conducted by the lab has confirmed that Becn1-/- MEFs have 

reduced Parkin-mediated mitochondrial clearance, and that BECN1-/- HeLa cells also have 

reduced Parkin-mediated mitophagy (data not shown). While it has been demonstrated that 

Beclin2 deficiency results in reduction of autophagy, no previous studies have been conducted 

on the effect of Beclin2 deficiency in Parkin-mediated mitophagy. Here I compared whether 

Beclin2 deficiency leads to a similar defect in Parkin-mediated mitophagy as observed in the 

absence of Beclin1. 

To confirm previous reports of impaired Parkin-mediated mitophagy in Beclin1-deficient 

cells, MEFs overexpressing mCh-Parkin were exposed to FCCP to induce mitochondrial 

depolarization. Becn1-/- MEFs displayed impaired mitochondrial clearance in comparison to WT 

MEFs after FCCP exposure. Unexpectedly, Becn1-/- MEFs had increased levels of COX IV 

following FCCP treatment, suggesting potential activation of mitochondrial biogenesis (Fig. 11A 

& 11B). This experiment was also conducted in our HeLa cell lines. WT, BECN1-/-, and BECN2-

/- HeLa cells overexpressing mCh-Parkin were exposed to FCCP. WT and BECN2-/- HeLa cells 

demonstrated a significant level of mitochondrial clearance, while BECN1-/- had impaired 

clearance (Fig. 11C & 11D). We then sought to characterize the effects of oligomycin/antimycin 

A treatment in the HeLa cell lines. Antimycin A inhibits the mitochondrial respiratory complex 

III, leading to accumulation of reactive oxygen species (ROS) and minor depolarization. 

Oligomycin inhibits the compensatory reverse hydrolysis activity of the F1Fo-ATP-synthase for 

stronger depolarization (Georgakopoulos et al., 2017). WT, BECN1-/-, and BECN2-/- HeLa cells 



29 
 

expressing mCh-Parkin were treated with oligomycin/antimycin A, and levels of COX IV 

clearance were used to assess mitophagy. Following oligomycin/antimycin A exposure, WT, 

BECN1-/-, and BECN2-/- HeLa cells demonstrated a significant level of mitochondrial clearance. 

Similar levels of mitochondrial clearance were observed in BECN2-/- and WT cells, while 

BECN1-/- HeLa cells demonstrated reduced mitochondrial clearance compared to WT (Fig. 11E 

& 11F). In agreement with previous literature, Beclin1 deficiency impairs Parkin-mediated 

mitophagy. Overall, the data suggests that Beclin2 is not essential in Parkin-mediated mitophagy. 
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Figure 11: Evaluation of mitochondrial clearance in BECN1-/- and BECN2-/- cells. A) WT 
and Becn1-/- MEFs expressing mCherry-Parkin were treated with 25µM FCCP for 12 and 24hrs, 
and then collected for Western blot analysis. Representative blot showing COX IV protein 
levels. Actin was used as a loading control. B) Quantification of COX IV protein levels at 24hrs 
(n=5, p<0.05, ns=not significant). C) WT, BECN1-/- and BECN2-/- HeLa cells expressing mCh-
Parkin were treated with 25µM FCCP for 12 and 24hrs, and then collected for Western blot 
analysis. Representative blot of COX IV protein levels. Actin was used as a loading control. D) 
Quantification of COX IV protein levels at 12hrs (n=3, *p<0.05, ns=not significant).  
E) WT, BECN1-/- and BECN2-/- HeLa cells expressing mCh-Parkin were treated with 0.2mM 
oligomycin and 4µM antimycin A for 12 and 18hrs, and then collected for Western blot analysis. 
Representative blot of COX IV protein levels. Actin was used as a loading control. F) 
Quantification of COX IV protein levels at 12hrs (n=5, **p<0.01, ****p<0.0001).  
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We confirmed these results using the MTS-mCh-pH2-TM mitophagy reporter. WT, BECN1-/- 

and BECN2-/- HeLa cells expressing myc-Parkin plus the mitophagy reporter were treated with 

oligomycin/antimycin A to induce mitophagy. After treatment, cells were fixed and stained with 

anti-myc to identify cells transfected with both myc-Parkin and MTS-mCh-pH2-TM. BECN1-/- 

HeLa cells did not demonstrate a significant increase in mitophagy following 

oligomycin/antimycin A exposure (Fig. 12A & 12B). WT and BECN2-/- HeLa cells both 

demonstrated significant increases in mitophagy following treatment. These results are consistent 

with the earlier HeLa cell data, which also suggest that Beclin1-deficient HeLa cells have 

impaired mitophagy and Beclin2-deficient HeLa cells have intact mitophagy. Unexpectedly, 

BECN2-/- HeLa cells displayed higher levels of mitophagy compared to the WT after 

oligomycin/antimycin A treatment (Fig 12A & 12B). These results further confirm that Beclin1 

plays a role in Parkin-mediated mitophagy, while Beclin2 is dispensable. 

Chapters 1, 2, and 4 are currently being prepared for submission for publication of the 

material. Gonzalez, Eileen, Jeung, Monica, Gustafsson, Åsa B. The thesis author was a coauthor 

of this material. 
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Figure 12: Fluorescence imaging analysis of mitophagy. A. WT, BECN1-/- and BECN2-/- 
HeLa cells expressing myc-Parkin and the mitophagy reporter were treated with 0.2mM 
oligomycin and 4µM antimycin A (OA) for 12hrs. Scale bar=10µm. B. Quantification of the 
number of red puncta per cell. 25 cells per experiment were scored for mitophagy events. 
Subtraction of yellow puncta was performed via ImageJ, then remaining red puncta were 
manually counted. Statistical analysis was performed using one-way ANOVA with post-test 
(n=3, *p<0.05, ****p<0.0001, ns=not significant).  
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Summary 

 The data shown displays a comparison of the roles of Beclin1 and Beclin2 in autophagy 

and in Parkin-mediated mitophagy. Both Beclin1- and Beclin2- deficient cells demonstrate intact 

baseline autophagic flux and stress-induced autophagosome formation. However, Beclin1-

deficient cells have reduced Parkin-mediated mitophagy, while BECN2-deficient cells retain 

intact mitophagic activity. Generation of a mouse line containing a novel pH-based mitophagy 

reporter localized to the heart which can be used in simple imaging experiments both in vivo and 

in vitro will be useful for future studies of cardiac mitophagic activity in live animals. 

Discussion and Conclusions 

These results provide deeper insight into the roles of the Beclin proteins in autophagy. 

We first demonstrated that autophagic flux and stress-induced autophagy can still proceed in the 

absence of Beclin1 in MEFs and HeLa cells. We also observed that loss of Beclin2 has no 

significant effect on autophagy, likely because our Beclin2 deficient cells retained Beclin1. We 

then determined that Beclin1 plays a role in Parkin-mediated mitophagy, while Beclin2 does not 

seem to play a role in this process. Finally, we generated a novel reporter to assess mitophagy in 

vitro and in vivo. Therefore, our research suggests possible compensatory functions of Beclin1 

and Beclin2 in autophagy, but differences in their role in mitophagy. 

Traditional autophagy is induced by Beclin1 as a part of the PtdIns3K complex which 

initiates the formation of autophagosomes. However, several studies have reported the existence 

of non-canonical, Beclin1-independent autophagy pathways. Examples of Beclin1-independent 

autophagy that have been described to date occur during very specific circumstances, such as the 

treatment of breast cancer cells with the diterpene carnasol (Al Dhaheri et al., 2014) or colorectal 

cancer cells with Rhus coraria extract (Athamneh et al., 2017). Thus, it is assumed that the 
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induction of general autophagy during starvation is regulated by Beclin1. It has been assumed 

that baseline autophagy involved in the turnover of organelles and long-lived proteins is also 

Beclin1 dependent. It is interesting to note that because viral infections may be cleared in cells 

by autophagy, Beclin1 is a common target for viruses to inhibit autophagy (Ahmad et al., 2018). 

This suggests that it is evolutionarily advantageous to both have Beclin1-independent autophagy 

pathways as well as redundancy in the functions of Beclin2. In our research, we observed a 

smaller decrease in autophagy in Beclin1-deficient cells than expected during starvation or 

mitochondrial stress, as autophagy in these cases should be Beclin1-dependent. It is possible that 

Beclin2 compensates for the loss of Beclin1 and participates in maintaining functional autophagy 

in its absence. Beclin2 is a homolog of Beclin1 with similar amino acid sequences but different 

genomic organization, and it has been demonstrated that siRNA directed against Beclin2 does 

not decrease expression of Beclin1 (He et al., 2013), as well as that Beclin2 is involved in 

immune-signaling based autophagy pathways (Zhu et al., 2020). This suggests the possibility 

that Beclin2 would not be vulnerable to the same viral interference as Beclin1, and that Beclin2 

may partially compensate for Beclin1 during basal autophagy to maintain a minimal level of 

autophagy even in cases where Beclin1 might be inhibited. Regardless, our data demonstrate that 

Beclin1 deficiency does not lead to a total loss of autophagy. 

 Another interesting finding was that our untreated Beclin1-deficient cells seemed to have 

elevated levels of basal autophagy relative to untreated cells from our other cell lines (WT MEFs 

and HeLa cells, and Beclin2-deficient HeLa cells). This effect was clearly observed during the 

various fluorescence experiments, as BECN1-/- HeLa cells had significantly higher numbers of 

puncta compared to the WT at baseline (Fig. 7E & 9E). The reason for the enhanced autophagy 

is unclear. It is possible that this effect is due to reduced elimination of the autophagosome. 



35 
 

Beclin1 may play a role in autophagosome and lysosome fusion. It is also possible that the 

upregulation of autophagosome formation intended as a compensatory mechanism for the loss of 

Beclin1 for immune-responsive reasons, as mentioned above, since Beclin1 is a common target 

of viral interference. 

We also examined the effects of both Beclin1 and Beclin2 deficiency on Parkin-mediated 

mitophagy. These experiments were restricted to HeLa cells because we were unsuccessful in 

generating a Becn2-/- MEF line. The behavior of Beclin2 deficient cells during mitophagy has not 

previously been characterized. In agreement with previous research, we observed that Beclin1 

deficiency resulted in decreased mitochondrial clearance (Gelmetti et al., 2017). In contrast, we 

observed that Beclin2 deficiency had no impact on mitochondrial clearance. Unexpectedly, 

BECN2-/- HeLa cells had increased mitophagy response compared to the WT during use of the 

mitophagy reporter (Fig. 11A & 11B). However, this was merely an observed trend, and no 

further research has been done to examine this apparent increase in mitophagy within this paper. 

We have demonstrated here that Beclin2 deficiency did not decrease Parkin-mediated mitophagy 

in HeLa cells, and that BECN2-/- cells are capable of functional mitophagy. Overall, this suggests 

that unlike Beclin1, Beclin2 does not have a role in for Parkin-mediated mitophagy. 

Additional research is necessary to clarify Beclin2’s role in autophagy. Previous work on 

Beclin2 has demonstrated that it participates in autophagy (He et al., 2013), and we have more 

closely characterized its role in autophagy and mitophagy. Additionally, Beclin2 has been shown 

to have specific roles in immune-related autophagy (Zhu et al., 2020), but the mechanisms by 

which Beclin2 regulates other forms of autophagy have not been investigated. As Beclin2 

remains a mostly uncharacterized protein, there are also no studies on the effects of Beclin2 

overexpression. This could potentially provide further insights on its function in autophagy. 
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Other unexplored areas of study involve the interaction of Beclin1 and Beclin2 and the effects of 

simultaneous overexpression of both proteins, or of the effects of a double-knockout cell line on 

autophagy. A manuscript in preparation from our lab will be discussing the effects of 

simultaneous Beclin1 and Beclin2 deficiency to begin to examine whether cells still form 

autophagosomes following a double-knockout of the two Beclin proteins. Our observed increase 

in autophagy at baseline in our Beclin1 HeLa cells also leaves new areas of study to be explored. 

This shows that there is additional research to be done on Beclin1’s role in the regulation of 

autophagy and mitophagy. 

The generation of the mitophagy reporter mouse line also has potential to be invaluable 

for future investigation of mitophagy in vivo. The ability to assess mitophagy in vivo allows our 

lab to examine the roles of a wide variety of mitophagy-related proteins that we have examined 

in cells in vivo. Our lab is in possession of Becn1+/- heterozygous mice, and in combination with 

the new homozygous mitophagy reporter mice, a future direction for the lab could involve in 

vivo exploration into the role of Beclin1 during mitophagy. Clearly, there is much more work to 

be done to explore both the individual roles and the possible interacting roles of Beclin1 and 

Beclin2 in general autophagy and mitophagy. With the avenue of in vivo cardiac research into 

the Beclin proteins now open, it is important to attempt to fully understand how both Beclin1 and 

Beclin2 regulate autophagy, as this could lead to the discovery of new therapeutic interventions. 
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