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Abstract

Autophagy is a functionally conserved self-degradation process that facilitates the survival of 

eukaryotic life via the management of cellular bioenergetics and maintenance of the fidelity of 

genomic DNA. The first known autophagy inducer was Beclin-1. Beclin-1 is expressed in 

multicellular eukaryotes ranging throughout plants to animals, comprising a nonmonophyllic 

group, as shown in this report via aggressive BLAST searches. In humans, Beclin-1 is a 

haploinsuffient tumor suppressor as biallelic deletions have not been observed in patient tumors 

clinically. Therefore, Beclin-1 fails the Knudson hypothesis, implicating expression of at least one 

Beclin-1 allele is essential for cancer cell survival. However, Beclin-1 is frequently 

monoallelically deleted in advanced human cancers and the expression of two Beclin-1 allelles is 

associated with greater anticancer effects. Overall, experimental evidence suggests that Beclin-1 

inhibits tumor formation, angiogenesis, and metastasis alone and in cooperation with the tumor 

suppressive molecules UVRAG, Bif-1, Ambra1, and MDA-7/IL-24 via diverse mechanisms of 

action. Conversely, Beclin-1 is upregulated in cancer stem cells (CSCs), portending a role in 

cancer recurrence, and highlighting this molecule as an intriguing molecular target for the 

treatment of CSCs. Many aspects of Beclin-1’s biological effects remain to be studied. The 

consequences of these BLAST searches on the molecular evolution of Beclin-1, and the eukaryotic 

branches of the tree of life, are discussed here in greater detail with future inquiry focused upon 

protist taxa. Also in this review, the effects of Beclin-1 on tumor suppression and cancer 

malignancy are discussed. Beclin-1 holds significant promise for the development of novel 

targeted cancer therapeutics and is anticipated to lead to a many advances in our understanding of 

eukaryotic evolution, multicellularity, and even the treatment of CSCs in the coming decades.
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1. GENERAL INTRODUCTION

Autophagy remains a topic of intensive investigation due to its affect upon cancer including 

cell survival, invasion, and metastasis; or conversely, the suppression of tumor growth, 

through lysing cells via type II programmed cell death (PCD; Kroemer et al., 2009). These 

distinct affects are thought to vary depending on the tissue, redox status, and other 

biochemical pathways which are activated concurrently with autophagy signaling. Generally, 

autophagy leads to the sequestration of organelles and long-lived proteins into 

autophagosomes, which later fuse with lysosomes to form the autophagolysosome, 

degrading those sequestered cellular components to produce energy and cellular monomers 

(Fig. 1; Ren & Taegtmeyer, 2015). The maintenance of autophagy flux is essential to 

successfully accomplish mammalian embryogenesis. As such, autophagy is evolutionarily 

conserved in eukaryotes, supporting the significance of this biochemical pathway. The term 

“autophagy” can refer to many different subclassifications of this process; for the purpose of 

this review, “autophagy” refers to macroautophagy.

As many as 30 autophagy-related genes (Atg) have been identified in Saccharomyces 
cerevisiae; please refer to Cao et al. and Klionsky et al. for a more complete review of these 

genes and their molecular mechanisms (Cao & Klionsky, 2007; Li et al., 2012). Beclin-1 

was initially cloned in 1998 (Liang et al., 1998) and was the first identified mammalian 

autophagy inducing protein (Liang etal., 1999). Beclin-1 has now been shown to participate 

in many other biological processes including gametogenesis, neurodegeneration, apoptosis, 

and tumorigenesis (Mizushima, Levine, Cuervo, & Klionsky, 2008). Despite the well-

characterized interaction of Beclin-1 and cancer, no prior review has comprehensively 

discussed the evolution and cancer therapeutic functions of Beclin-1, to our knowledge, at 

this time. Accordingly, to better understand the cancer therapeutic effects of Beclin-1, this 

review will discuss: (1) the molecular evolution of Beclin-1, (2) Beclin-1’s tumor 

suppressive mechanisms of action, (3) the effects of Beclin-1 expression upon tumors and 

cancer malignancy, (4) the effect of Beclin-1 upon conventional cancer therapeutics, and (5) 

the effect of Beclin-1 upon cancer stem cells (CSCs).

2. INTRODUCTION TO BECLIN-1

Following the discovery and characterization of Beclin-1, DNA sequencing analysis 

revealed that Beclin-1 expression is conserved in all animals and most other multicellular 

eukaryotes (Cuervo, 2004; Klionsky, 2007; Levine & Klionsky, 2004; Mizushima, 2007; 

Mizushima et al., 2008), indicating the significance of Beclin-1 at the earliest stages of 

eukaryotic divergence (Fig. 2). Interestingly, Beclin-1 preforms nearly identical functions 

over the diversity of animals, promoting their survival in response to stress via autophagy to 

degrade damaged cellular proteins and organelles. In this way, Beclin-1 plays a critical role 

in maintaining the complex balance of cellular bioenergetics during periods of stress and 

starvation in a wide range of organisms. Furthermore, Beclin-1 has also been shown to play 

a role during embryogenesis and reproduction of eukaryotic organisms ranging from plants 

(Singh et al., 2010) to mice (Gawriluk, Ko, Hong, Christenson, & Rucker, 2014). Therefore, 
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Beclin-1 appears to be a key regulator of not only survival, but also the life cycle of most 

multicellular eukaryotes.

Beclin-1 contains many domains with conserved amino acid sequences across eukaryotic 

species (Fig. 3). One of these evolutionarily conserved domains (ECD; 244–377 aa’s) is 

essential for mediating the protein—protein interaction of Beclin-1 and the class III 

phosphatidylinositol 3′-kinase (PI3K) Vps34, facilitating eukaryotic cell adaptation to 

stressful conditions (Furuya, Yu, Byfield, Pattingre, & Levine, 2005). In this manner, it is 

likely that Beclin-1 provided a selective advantage during the early stages of eukaryotic 

evolution as primitive eukaryotes biochemically diverged from prokaryotes, however, the 

point of this divergence remains unknown. For example, Beclin-1 has been shown to 

contribute to DNA stability, enhance DNA repair, and strengthen overall DNA genome 

integrity via the interaction with Topoisomerase-IIβ (Xu et al., 2017). For this interaction to 

occur, Beclin-1 must translocate to the nucleus. The nuclear translocation of Beclin-1 

appears to occur early during murine development (15–20 days postnatal; Xu et al., 2017). 

As mammals, such as mice, mature Beclin-1 translocates back to the cytoplasm while some 

of these proteins (~50%) remain in the nucleus. However, Beclin-1 and Topoisomerase-IIβ 
are not the only DNA damage repair proteins expressed in eukaryotic cells. Other examples 

include heat shock proteins (HSPs), which are expressed in both prokaryotic and eukaryotic 

cells as an adaptation to cell stress (Finka & Goloubinoff, 2013). It is intriguing, however, 

that Beclin-1 appears to have been selectively advantageous to eukaryotic, but not 

prokaryotic cells. Furthermore, if Beclin-1 provided an advantage to prokaryotic cells, then 

it would have undoubtedly arisen in the prokaryotic cell lineage, indicating that there are 

unique aspects of eukaryotic cell biochemistry which led to the molecular evolution of 

Beclin-1. Some of these unique eukaryotic cell factors may have included the development 

of the nucleus and the longer-life spans observed in eukaryotic cells. It is possible that the 

expression of the HSPs alone were not sufficient for multicellular eukaryotes and additional 

biochemical pathways, such as Beclin-1, were necessary to ensure the fidelity of the 

eukaryotic DNA genome and cell viability in response to cell starvation and DNA-damaging 

stimuli compared to prokaryotes.

2.1 Molecular Evolution of Eukaryotic Beclin-1

To better understand the significance of Beclin-1 during eukaryotic evolution, we performed 

aggressive BLAST searches of genomic databases (see Supplementary file available on 

https://doi.org/10.1016/bs.acr.2017.11.002) using human Beclin-1 as a query sequence. The 

searches were performed locally using the approaches outlined in Rosenfeld and DeSalle 

(2012). Initially, human Beclin-1 was compared to the Beclin-1 peptide sequences of 10 

critical taxa (Fig. 2A). These 10 critical taxa included Arabidopsis (plant), Rhizopus (fungi), 

Nematostella (Cnidaria), Drosophila (Protostome—Ecdysozoa), Lottia (Protostome—

Lophotrochozoa), Danio (fish), Xenopus (amphibian), Falco (bird), Felis (cat), and Homo 
(human). Focusing upon the 1–133 5′ Beclin-1 amino acid sequences (Bcl-1), only 

mammalian and amphibian sequences were conserved while bird species (Falco) have lost 

Bcl-1. In the lower fungi, nonbilaterian animals, and protostomes (Rhizopus, Nematostella, 
Drosophila, and Lottia), 1–133 5′ Beclin-1 amino acid sequences displayed greater 

variability relative to mammalian Beclin-1. Much greater amino acid conservation was 
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observed in the Beclin-1 Bcl-2 homology domain 3 (BH3; 114–130) amino acids as all 

animal taxa except for Drosophila contained the BH3 domain; BH3 was also not found in 

the plant taxa Arabidopsis (Fig. 2B). The evolutionary conservation of the Beclin-1 coiled-

coil domain (CCD, 144–269 aa’s), revealed a similar pattern to that of BH3; vertebrate taxa 

displaying similarity while the Drosophila and Arabidopsis taxa diverged from human 

Beclin-1 amino acid sequences (Fig. 2C). It is interesting to note that fungi, Cnidaria and the 

other protostome (Lottia) in this smaller dataset do not show the same high degree of 

divergence as Arabidopsis and Drosophila (Fig. 2D). In contrast to the BH3 and CCD 

domains, the ECD (244–337 aa’s) was highly conserved between all studied taxa. While 

these 10 critical taxa were selected for their evolutionary relevance to mammalian evolution, 

additional sequence alignments were also performed from a richer diversity of 82 additional 

taxa for a total 92 studied taxa overall (Supplementary Fig. 1 in the online version at https://

doi.org/10.1016/bs.acr.2017.11.002).

From these insights and deep sequencing data, an evolutionary tree of Beclin-1 proteins was 

constructed from plants, fungi, and animals (Fig. 3). This tree also shows where in the 

phylogeny interactors with Beclin-1 (PIK3C3, UVRAG, and miRNA-221) also arose. 

Starting from the earliest branch point, Beclin-1, ECD, and PIK3C3 appear to have arisen 

together during the first appearance of Beclin-1 in eukaryotes. Plant species do not have the 

Beclin-1 BH3 domain, while fungi do, which is interesting because Beclin-1 is not found in 

any known protist taxa. However, both plants and fungi do not display the Beclin-1 

interacting protein ultraviolet radiation resistance-associated gene (UVRAG) which is 

interesting as plants and fungi are inundated with high doses of UV irradiation on average 

over their lifetimes. The Beclin-1 CCD domain, Bcl-1 domain, and miRNA-221, a negative 

regulator of Beclin-1, emerged in the common ancestor of vertebrates. The implications of 

these domains upon Beclin-1 function are summarized in Figure 4 (Fig. 4). The Bcl-1 

domain was lost in the bird taxa later during vertebrate evolution (Fig. 3).

Beclin-1 was not found in prokaryotes (Bacteria, Archaea) as indicated in previous reports 

of Beclin-1 conservation in eukaryotic organisms (Wirawan et al., 2012). Interestingly 

however, Beclin-1 was also not found in protists like Chlamydomonas or algae, the common 

ancestors of plants, or in amoeba, Plasmodium or other ancestral protist lineages to fungi 

and animals. This occurs despite the fact that Beclin-1 is found in nearly all multicellular 

eukaryotes ranging from plants to fungi to sponges to cnidarians to bilateral animals 

(Supplementary Fig. 2 in the online version at https://doi.org/10.1016/bs.acr.2017.11.002). 

Furthermore, single celled eukaryotic organisms do not appear to require Beclin-1 

expression, which makes the pattern of origin of Beclin-1 peculiar as multicellular 

eukaryotes (plants and animals) do not comprise a monophyletic group.

Considering these factors, there are at least three scenarios which could explain these 

patterns of Beclin-1 presence in the genomes of multicellular eukaryotes. (1) Beclin-1 may 

have been horizontally transferred from animals to plants or vice versa, which is very 

unlikely. (2) The common ancestor of all eukaryotes may have acquired Beclin-1. 

Subsequently, Beclin-1 may have been lost over time from these protist lineages which may 

have been lost to the fossil record. This scenario would be especially appealing if Beclin-1 is 

deleterious to single celled life. Additional support for this argument was discussed by 
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Huettenbrenner et al. in which single celled organisms were strongly selected against 

acquiring cell death effectors such as Beclin-1 at all costs while PCD appears to have only 

become advantageous in multicellular organisms such that individual cells could be 

sacrificed for the benefit of the organism as a whole (Huettenbrenner et al., 2003). In this 

scenario, we hypothesize that such selective pressures, including the maintenance of DNA 

genome fidelity in longer-lived multicellular eukaryotes, may have been sufficient to select 

for Beclin-1 expression. This scenario implies a hypothetical ancestral single celled protist 

having Beclin-1 in its genome and would be known as “the master ancestor” of all Beclin-1 

containing multicellular eukaryotes or dominus antecorris. The downside of this scenario is 

that it would require several parallel losses of Beclin-1 in protists as these early protist 

lineages are very deep and not monophyletic. (3) Strong selective pressures may have driven 

all animals, and most multicellular plants such as angiosperms and clubmosses (Beclin-1 is 

absent in mosses and gymnosperms) to acquire Beclin-1. Prior to this analysis, the authors 

postulated that Beclin-1 arose as the first eukaryotic cell evolved. What we can hypothesize 

given the distribution of Beclin-1 in these eukaryotic genomes, is that natural selection has 

been a major driver of the evolution of this gene. Since the horizontal gene transfer scenario 

is highly unlikely, this leaves the most likely scenario of single origin with strong selection 

eliminating Beclin-1 in the genomes of protists, and the two-origin scenario with strong 

selection for convergence of the gene in plants and fungi/animals.

2.2 Beclin-1 and Eukaryotic Cell Autophagy

One of the principal functions of Beclin-1 is to facilitate the formation of the 

autophagosomes in response to cell stress (Fig. 1). Beclin-1 is regulated via phosphorylation 

at many sites including Ser-234, Ser-295, and Ser-90. Beclin-1 phosphorylation at Ser-234 

and Ser-295 inhibits Beclin-1 signaling, while its phosphorylation at Ser-90 activates 

Beclin-1 to induce autophagy (Fujiwara, Usui, Ohama, & Sato, 2016; Wang et al., 2012); 

Beclin-1 also appears to have three Tyr phosphorylation sites: 229, 233, and 352 associated 

with epidermal growth factor receptor (EGFR) while phosphorylation at Thr-388 is 

regulated by AMPK (Wei et al., 2013; Zhang et al., 2016). Furthermore, Beclin-1 is 

inhibited by complex formation with Bcl-2 (Klein et al., 2015). In this manner, Beclin-1 can 

be activated via the phosphorylation of Bcl-2 at the Ser-90 site, preventing the formation of 

the inhibitory Beclin-1/Bcl-2 complex via c-jun N-terminal kinase (JNK; Wei, Pattingre, 

Sinha, Bassik, & Levine, 2008; Zhou, Li, Jiang, & Zhou, 2015). AMP-activated protein 

kinase (AMPK) is one of the most well-known autophagy regulators; AMPK regulates 

autophagy by phosphorylating Beclin-1 at Thr-388. Thr-388 is required for autophagy to be 

induced during periods of cell starvation (Zhang et al., 2016). AMPK serves as an energy 

sensor to coordinate intracellular bioenergetic responses to cell starvation. When energy is 

low, AMPK activates Ulk1 via phosphorylation Ser-317 and Ser-777, inducing autophagy 

(Kim, Kundu, Viollet, & Guan, 2011). Beclin-1 is highly conserved with functional 

homology in yeast and higher-order eukaryotes including plants, reptiles, and humans, 

implicating its requirement for the growth and survival of eukaryotic cells as they complete 

their respective life cycles via the cooperation of these cell signaling pathways. In this 

review, the effects of Beclin-1 upon many aspects of cancer biology are discussed to 

illustrate the diverse roles of Beclin-1 to promote cancer therapeutic effects.
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3. BECLIN-1 AND CANCER

Beclin-1 has been shown to be a haploinsufficient tumor suppressor in mice (Qu et al., 

2003). Beclin-1 overexpression has also been shown in 85.2% of stage IIIB colon cancers 

(Li et al., 2009). Further analysis indicated that the overexpression of Beclin-1 in these 

colorectal tumors was associated with greater patient survival (Li et al., 2009). The 

controversial role of Beclin-1 upon cancer (summarized in Fig. 5) is primarily associated 

with its role as an autophagy inducer. Therefore, its influence upon oncogenesis and cancer 

therapy warrants further discussion of these phenomena. In this review, we will discuss the 

signaling pathways associated with Beclin-1 to determine how this complex tumor 

suppressive molecule affects oncogenesis, cancer prognosis, and cancer therapeutic 

responses clinically.

3.1 Beclin-1 as a Tumor Suppressor

Beclin-1 has been implicated as a tumor suppressor, preventing tumor formation in many 

human tissues. However, the role of Beclin-1 as an autophagy inducer complicates this 

discussion as autophagy can be either tumor suppressive or oncogenic depending on the 

cellular context and genetic profile of each tumor (Bhutia et al., 2013; Liu & Debnath, 

2016).

Clinically, Beclin-1 deletions are observed in approximately 40% of prostate, 50% of breast, 

and 75% of ovarian cancers clinically (Gao et al., 1995; Knudson, 1971; Qu et al., 2003). 

Decreased Beclin-1 expression is also frequently observed in human breast tumor tissue 

compared to patient matched normal controls (Liang et al., 1999). Furthermore, stable 

Beclin-1 expressing MCF-7 breast cancer cells were shown to display greater levels of 

autophagy, inhibiting colony formation in vitro, and decreased tumor growth in vivo (Gao et 

al., 1995). Beclin-1 heterozygous (+/−) mice were shown to display increased incidence of 

spontaneous tumor formation concurrent with decreased autophagy levels, establishing a 

clear role of autophagy, and Beclin-1 as a haploinsufficient tumor suppressor (Qu et al., 

2003).

These phenomenological observations strongly implicate a tumor suppressive role of 

Beclin-1 in many differing tumor types. For the remainder of this review, when possible, 

Beclin-1 will be discussed within the context of breast cancer cells to focus upon Beclin-1 

signal transduction. This is because Beclin-1 is a breast cancer tumor suppressor, its deletion 

enhances breast cancer malignancy (Liang et al., 1999), and Beclin-1 expression has been 

shown to be enhanced in breast CSC (Gong et al., 2013). Thus, breast cancer represents an 

excellent disease to understand the role of Beclin-1 upon malignancies in vitro and in vivo.

UVRAG contains four functional domains, a proline-rich domain, a lipid-binding domain, a 

C-terminal domain, and a Beclin-1-binding CCD (Gong et al., 2013; Zhao et al., 2012). 

UVRAG is an autophagy inducer and has been shown to be frequently deleted in breast, 

colorectal, and gastric cancers (Gong et al., 2013). Furthermore, the serine–threonine-

specific protein kinase B (Akt) has been shown to inhibit UVRAG via mTOR (Yang et al., 

2013); increased Akt/PI3K/mTOR signaling is thought to be oncogenic during breast 

tumorigenesis (Mohan et al., 2016). UVRAG is also inhibited by Rubicon (Kim et al., 2015), 
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however, Rubicon has not been shown to promote tumorigenesis, to our knowledge, at this 

time. Considering these findings, UVRAG has been classified as a candidate 

haploinsufficient tumor suppressor in breast tissues (Zhao et al., 2012). Biochemical analysis 

of UVRAG-Beclin-1 binding indicates that UVRAG disrupts the inhibitory Bcl-2-Beclin-1 

complex to induce autophagy (Noble, Dong, Manser, & Song, 2008). In this manner, the 

tumor suppressive effects of Beclin-1 may be suppressed indirectly by the deletion of 

UVRAG in Beclin-1 wild-type tumors of the breast. UVRAG also mediates the interaction 

of Beclin-1 with other downstream Beclin-1 signaling molecules to promote cancer 

therapeutic responses.

Bax-interacting factor-1 (Bif-1) is another tumor suppressor which has been shown to 

interact with Beclin-1 to inhibit breast cancer malignancy (Runkle, Meyerkord, Desai, 

Takahashi, & Wang, 2012). Bif-1 is also known as SH3GLB1 or Endophilin B1 (Cuddeback 

et al., 2001; Pierrat et al., 2001) and contains an N-terminal Bin–Amphiphysin–Rvs (BAR) 

domain and a C-terminal Src-homology 3 (SH3) domain. The Src oncogene has been shown 

to bind and phosphorylate Bif-1 on Tyr-80 to inhibit its cell signaling effects and the 

induction of apoptosis (Yamaguchi et al., 2008). The N-BAR domain is responsible for 

binding the plasma membrane, driving membrane curvature (Gallop et al., 2006; Masuda et 

al., 2006; Peter et al., 2004). Bif-1 has been shown to form a complex with Beclin-1 through 

UVRAG, regulating autophagosome formation (Takahashi et al., 2007). While the exact 

mechanism of Bif-1 and Beclin-1 interaction remains unknown, Bif-1 has been shown to 

suppress breast cancer cell migration by degrading EGFR (Runkle et al., 2012). Beclin-1 

and EGFR have also been shown to directly interact with each other (Tan, Thapa, Sun, & 

Anderson, 2015). A survey of Bif-1 mutations in 284 cancerous tissue samples from various 

origins, revealed only one Bif-1 mutation (0.35%), indicating that Bif-1 mutations are rare in 

cancers (Kim, Yoo, & Lee, 2008). Interestingly however, Bif-1 expression has been shown to 

be downregulated in a subset of pancreatic adenocarcinomas (Coppola, Helm, Ghayouri, 

Malafa, & Wang, 2011) and in invasive and metastatic breast carcinoma in situ (Ho et al., 

2009). Therefore, Bif-1 gene mutations may not contribute to tumorigenesis, however, it is 

likely that Bif-1 dysregulation may contribute to cancer progression via increased invasion 

and metastasis. Since Bif-1 mutations have not been observed in breast tumors, Bif-1 

expression may also be silenced by gene methylation or epigenetic modifications in 

metastatic breast cancer cells. Even if such epigenetic changes in Bif-1 occurred it is 

unlikely such changes would establish a stable feedback-loop sufficient for malignant 

transformation, as shown by Hatziapostolou et al. in hepatocellular carcinoma (HCC; 

Hatziapostolou et al., 2011).

The activating molecule in Beclin-1-regulated autophagy protein 1 (Ambra1) is critical for 

autophagy induction and the regulation of Beclin-1 activity. Ambra1 also inhibits apoptosis 

driven cell death (Fimia, Corazzari, Antonioli, & Piacentini, 2013; Fimia et al., 2007; Gu et 

al., 2014). Ambra1 is expressed in the majority of pancreatic cancer patient tumors (~64%) 

and was significantly associated with poor overall survival (P = 0.032; Ko et al., 2013). This 

finding was surprising as Ambra1 has been described as a haploinsufficient tumor 

suppressor in MEF’s transformed with the RasV12/E1A oncogene. Furthermore, when 

mTOR was inhibited, Ambra1 enhanced the interaction of c-Myc and its phosphatase PP2A, 

inhibiting myc-induced oncogenesis (Cianfanelli et al., 2015). Consistent with these results, 
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Ambra1 as an inducer of Beclin-1 and autophagy, is expected to stimulate cancer therapeutic 

responses via the Beclin-1 cell signaling axis alone or in combination with mTOR inhibitors 

such as the Rapalog family of drugs (Fig. 6).

Beclin-1 interacts with Ambra1 via its WD40 domain (Sun, 2016). In mice, the deficiency of 

Ambra1 results in significant neural tubular defects associated with autophagy impairment, 

accumulation of ubiquitinated proteins, increased apoptosis, and dysregulated cell division 

(Fimia et al., 2013). Conversely, the overexpression of Ambra1 in rapamycin-treated cells 

has been shown to significantly increase both rapamycin-induced and basal levels of 

autophagy in vitro (Fimia et al., 2013). Therefore, Ambra1 is clearly an autophagy inducer. 

Ambra1 is physiologically inactive when it associates with mTORC1. mTORC1 inhibits 

Ambra1 via phosphorylation at Ser-52, preventing the Ambra1 phosphorylation via ULK1 to 

promote Beclin-1-induced autophagy (Nazio et al., 2013). This study also demonstrated that 

the ULK1 and Beclin-1 complex crosstalk exists prior to autophagy induction, leading to 

autophagy-mediated cell signaling in response to cell starvation (Nazio et al., 2013). While 

the oncogenic effects of Ambra1 in pancreatic cancer requires further characterization, it is 

likely that Ambra1 is inactivated in pancreatic cancers which express high levels of activated 

KRAS and mTOR (Morran et al., 2014), which may account for these clinical observations. 

Additionally, Ambra1 is predominantly expressed in neural tissue so the effects of Ambra1 

expression in glioma, and nonneurological malignances, remains an intriguing area for 

further study.

These tumor suppressive molecules, Beclin-1, UVRAG, Bif-1, and Ambra1, induce 

autophagy via the direct or in-direct stimulation of Beclin-1 to mediate their cancer 

therapeutic effects. As described with Ambra1, these molecules can be incriminated as 

tumor suppressors or oncogenic factors depending on the tissue or the activation of diverse 

cell signaling contexts, respectively. Before addressing the effects of these and other 

molecules on enhancing cancer malignancy, we will speak globally about these proteins and 

their interactions to induce cytotoxic autophagy-dependent cancer cell death. When Bcl-2 is 

phosphorylated and mTOR is inhibited, Beclin-1 forms an autophagy inducing complex, 

which together with UVRAG, Bif-1, and Ambra1, inhibits the activity of the oncogenes 

Bcl-2, Src, and myc to repress tumor malignancy and kill cancer cells (Fig. 6). 

Therapeutically, stimulating this pathway has been effective using the drug Bergapten in 

breast cancer cells (De Amicis et al., 2015). Bergapten is a natural psoralen derivative 

present in many fruits and vegetables. In this study, Bergapten was shown to induce 

cytotoxic autophagy via the upregulation of phosphatase and tensin homolog (PTEN), 

p38MAPK/NF-Y, Beclin-1, PI3KIII, UVRAG, and Ambra1, and downregulate mTOR 

signaling (De Amicis et al., 2015). PTEN is a tumor suppressive molecule which induces 

autophagy and arrests cell cycle progression (Arico et al., 2001), while suppressing the 

oncogenes PI3K and AKT, respectively (Arico et al., 2001; Petiot, Ogier-Denis, Blommaart, 

Meijer, & Codogno, 2000). For cancers with dysregulated mTOR and Bcl-2 expression, 

targeting the Beclin-1 pathway appears to induce profound cancer therapeutic effects for the 

treatment of cancer clinically.
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3.2 The mda-7-miR-221-Beclin-1 Axis

One of the genes known to have antitumor activity in a broad range of malignancies is 

mda-7/IL-24 (Cunningham et al., 2005; Fisher, 2005; Fisher et al., 2003). This IL-10 gene 

family member (Dash et al., 2010) was discovered as a tumor suppressor using subtraction 

hybridization in terminally differentiated human melanoma cells (Jiang & Fisher, 1993; 

Jiang, Lin, Su, Goldstein, & Fisher, 1995). Overexpression of mda-7/IL-24 has been shown 

to sensitize cancer cells to conventional chemotherapeutic drugs (Chada et al., 2006; Emdad, 

Lebedeva, Su, Gupta, et al., 2007; Emdad, Lebedeva, Su, Sarkar, et al., 2007) and 

radiotherapeutics (Nishikawa, Ramesh, Munshi, Chada, & Meyn, 2004; Su et al., 2003; 

Yacoub et al., 2003). One of the most attractive features of mda-7/IL-24 is its capacity to 

induce cancer-selective cell death, as well as its role as an immune-stimulatory molecule 

killing distant metastasis via bystander effects (Gao et al., 2008; Sarkar et al., 2002; Sauane 

et al., 2008; Su et al., 2005, 1998). Furthermore, mda-7/IL-24 also blocks angiogenesis 

(Nishikawa et al., 2004; Ramesh et al., 2003) slowing tumor growth and decreasing the risk 

of cancer metastasis. The cancer-specific cell death effects of mda-7/IL-24 have been shown 

to be mediated through its interaction with the chaperone protein BiP/GRP78, initiating UPR 

or unfolded protein response (Gupta et al., 2006). Some of the other signaling pathways and 

molecules downstream of mda-7/IL-24 which have been described in the literature include 

AIF (Bhoopathi et al., 2016), miR-221 (Pradhan et al., 2017), and Beclin-1 (Bhutia et al., 

2010; Pradhan et al., 2017). Owing to its in vitro and in vivo anticancer activity, mda-7/

IL-24 has been successfully translated into early phase cancer clinical trials (Cunningham et 

al., 2005; Emdad et al., 2009; Fisher et al., 2003, 2007; Lebedeva et al., 2005; Tong et al., 

2005).

MicroRNAs are noncoding small, 19–22 nucleotide RNA molecules which are key 

regulators of gene expression. MicroRNAs negatively regulate gene expression by 

selectively binding and degrading target messenger RNA (mRNA) or by inhibiting mRNA 

translation. Recent studies have shown that microRNAs are also regulated by mda-7/IL-24. 

In a human melanoma model, it was shown that mda7/IL-24 downregulates miR-221 (Das et 

al., 2010). Recent studies from our group also indicated that miR-221 transcriptionally 

targets Beclin-1 (Pradhan et al., 2017). Beclin-1 is also transcriptionally regulated by a 

number of other cellular pathways. p65, a NF-κB pathway family member, induces Beclin-1 

(Copetti, Demarchi, & Schneider, 2009). 14-3-3 protein and E2F1 also transactivate 

Beclin-1 leading to the upregulation of autophagy (Wang, Ling, & Lin, 2010). Previous 

studies have also shown the role of microRNAs in Beclin-1 regulation. miR-30a targets 

Beclin-1 UTR and regulates the autophagy process (Zhu et al., 2009). Overexpression of 

miR-30a downregulates Beclin-1 transcripts as well as protein levels. MicroRNA-221 is one 

of the most frequently upregulated miRs in cancer. It targets a number of tumor suppressors 

including p27 (le Sage et al., 2007), PUMA (Zhang et al., 2010), PTEN (Garofalo et al., 

2009), and p57 (Fornari et al., 2008). Beclin-1 can also be transcriptionally targeted by 

miR-221 (Pradhan et al., 2017), blocking toxic autophagic cell death. Overall this regulatory 

loop identified a new pathway of mda-7/IL-24-mediated cancer-specific toxic autophagy 

leading to cell death (Fig. 7).
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3.3 Arguments for and Against the Oncogenicity of Beclin-1

Enhanced autophagy signaling via Beclin-1 may also promote cancer malignancy during 

periods of cell stress imposed by hypoxia and the metastatic process. The phenomenological 

observations from breast cancer patients indicate that Beclin-1 expression declines with 

increasing cancer stages, however, some reports suggest Beclin-1 and autophagy may 

contribute to resistance to cancer chemotherapy (Ying et al., 2015) and radiation (Apel, Herr, 

Schwarz, Rodemann, & Mayer, 2008). Beclin-1 may play a role in breast CSC maintenance 

which are refractory to chemotherapy and radiation treatment (Gong et al., 2013). These 

possibilities will be discussed and the contribution of Beclin-1 in promoting cancer 

oncogenesis and tumor malignancy in greater detail in this review.

3.3.1 Beclin-1 Expression and Cancer—Beclin-1 monoallelic deletions have been 

observed in many tumors implicating Beclin-1 as a tumor suppressive molecule. A more 

detailed description of Beclin-1 in cancer is shown in Table 1 (Ahn et al., 2007; Cliby et al., 

1993; Ding et al., 2008; Eccles et al., 1992; Futreal et al., 1992; Gao et al., 1995; 

Koukourakis et al., 2010; Li et al., 2009; Li, Chen, et al., 2010; Lin et al., 2013; Miracco et 

al., 2010, 2007; Pirtoli et al., 2009; Radwan et al., 2016; Russell et al., 1990;Saito etal., 

1993; Tangir et al., 1996; Zhang etal., 2009; Zhou et al., 2013). While most studies indicate 

that Beclin-1 is tumor suppressive, it is possible that the deletion of Beclin-1 may have led to 

the loss of autophagy signaling, and thereby stimulated many other pathways including 

necrosis and inflammation which are associated with tumorigenesis (Mathew & White, 

2011; White & DiPaola, 2009). Interestingly, Beclin-1 biallelic deletions have not been 

observed in tumors clinically, failing the Knudson two-hit hypothesis required for genes to 

be characterized as true tumor suppressors (Knudson, 1971). Therefore, Beclin-1 is 

described as a haploinsufficient tumor suppressor instead as Beclin-1 heterozygous mice 

displayed greater tumor formation (Qu et al., 2003). The lack of biallelic Beclin-1 deletions 

in tumors clinically also indicates that expression of at least one functional Beclin-1 allele is 

required for cancer cell survival, or at least, for tumor growth.

Qu et al. rigorously tested whether or not Beclin-1 functions as a tumor suppressor or an 

oncogene by crossing mice which express the oncogenic hepatitis B virus (HBV) large-

envelope polypeptide with Beclin-1 wild-type or heterozygous mice, respectively (Qu et al., 

2003). These data indicated that 15% of Beclin-1 heterozygous mice developed palpable 

tumors with confirmed histological malignancy vs only 1% of Beclin-1 wild-type littermates 

that formed tumors at 13–18 weeks of age. One hundred mice were examined in both the 

Beclin-1 wild-type and heterozygous groups, respectively. These malignancies were 

consistent with lymphoma, lung, and liver cancers. Beclin-1 heterozygote mice also 

displayed tissue hyperplasia in the mammary gland and in splenic germinal centers. Beclin-1 

heterozygous tumors also displayed greater overall cell division and larger tumor formation 

(Qu et al., 2003). Finally, Beclin-1 heterozygous mice were shown to display less autophagy 

activity in bronchial epithelial cells and germinal B lymphocytes. Tumors were later 

observed to form from these tissues (bronchus and lymphocytes), indicating that autophagy 

induced by Beclin-1 was protective against lung and lymphoma oncogenesis in mice 

expressing the HBV oncogene (Qu et al., 2003). This study was carefully designed and 

categorically disproved the hypothesis that Beclin-1 promotes tumor oncogenesis, indicating 
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that the downregulation of Beclin-1 expression both promoted tumor cell growth and 

enhanced tumor formation in vivo. Consistent with these observations, Beclin-1 may also 

serve as a tumor suppressor gene due to its ability to control the cell cycle (Sun et al., 2011) 

and stimulate apoptosis (Li et al., 2013).

Alternatively, when Beclin-1 is suppressed and autophagy is therefore dysregulated, 

tumorigenesis may occur directly via other autophagy-related molecules or indirectly via the 

formation of oxidative free radicals. Although the crosstalk between mitochondrial 

dysfunction, autophagy, and redox signaling are not well understood (Lee, Giordano, & 

Zhang, 2012), these concepts will be discussed further here. For example, p62/SQSTM1, 

which binds ubiquitinated proteins and sequesters them into the autophagolysosome for 

degradation, has been shown to be upregulated along with other autophagy genes by nuclear 

factor-erythroid 2-related factor 2 (Nrf2) nuclear translocation and redox signaling (Giles, 

Gutowski, Giles, & Jacob, 2003; Riley et al., 2010). By this mechanism, Nrf2 has been 

shown to increase p62 expression, leading to p62-mediated reactive oxygen species 

scavenger activity in models of neurodegeneration (Lee et al., 2012).

Relating these concepts back to cancer, it is hypothesized that deficiencies in autophagy 

which could lead to the accumulation of oxidative radicals, contributing to overall genome 

instability and tumorigenesis. Interestingly however, the upregulation of p62 was only 

shown to be oncogenic when autophagy is suppressed (Mathew et al., 2009). Furthermore, 

p62 is essential for HER2-driven oncogenic breast transformation via multiple signaling 

pathways, including the PTEN/PI3KIII/AKT axis, WNT/β-catenin, NF-κB, and NRF2-

KEAP1 pathways, respectively (Cai-McRae, Zhong, & Karantza, 2015). For example, 

Beclin-1 has been shown to interact with Her2 and when this interaction is disrupted by the 

dual tyrosine kinase inhibitor, lapatinib, autophagy is induced to lyse Her2 expressing breast 

cancer cells via the phosphorylation of Akt (Han et al., 2013). These studies indicate that the 

disruption of p62-mediated oxidative scavenging is cancer therapeutic and suppresses the 

formation of breast tumors. The cancer therapeutic consequences of autophagy disruption 

via Beclin-1 and p62 deletion, suggests a dual role of autophagy during carcinogenesis such 

that autophagy suppresses tumor initiation (Kung, Budina, Balaburski, Bergenstock, & 

Murphy, 2011), but autophagy also may support the maintenance of established tumors and 

their respective microenvironments during hypoxia (Tan et al., 2016), further enhancing 

tumor invasion and metastasis (Mowers, Sharifi, & Macleod, 2017); these concepts are 

summarized as illustrated in Fig. 5.

3.4 Beclin-1 Expression and Its Effect Upon Cancer Progression

Overall, the expression of Beclin-1 is not clearly implicated as repressed or overexpressed in 

colorectal cancers clinically (Koukourakis et al., 2010). In T-cell lymphoma, however, 

decreased Beclin-1 expression associates with decreased overall and progression-free 

survival indicating tissue-specific consequences of Beclin-1 upon cancer malignancy (Huang 

et al., 2010). Therefore, to elucidate the effect of Beclin-1 upon colorectal tumors clinically, 

the effect of Beclin-1 expression upon colorectal adenocarcinoma prognosis was assessed in 

155 patients treated with surgery alone (Koukourakis et al., 2010). Beclin-1 expression was 

shown to be at normal levels (n=62, 40%), under expressed (n=24, 15.5%), limited 
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overexpression (n=36, 23.2%), and extensively overexpressed (n=33, 21.3%) in these 155 

colorectal adenocarcinoma patients by tumor histopathological analysis. Patient 3-year 

overall survival was the greatest in the normal-like Beclin-1 expression group (89%) 

compared to Beclin-1 limited overexpression (77.7%), Beclin-1 extensive overexpression 

(43.3%), however, the lowest patient survival was shown in the Beclin-1 under expression 

group (31%). The authors indicated that two biologically distinct pathways of Beclin-1 

activity, both linked with tumor aggressiveness and that the maintenance of physiological 

levels of Beclin-1 in cancers is relevant in colon cancer (Koukourakis et al., 2010). First, the 

loss of Beclin-1, by monoallelic gene deletion, was shown to stimulate breast oncogenesis 

(Aita et al., 1999). Second, as Beclin-1 interacts with the antiapoptotic Bcl-2 protein (Cao & 

Klionsky, 2007), the loss of Beclin-1 may have potentiated the antiapoptotic machinery 

which may account, at least in part, for the poorer prognosis of Beclin-1 negative colorectal 

tumors. Furthermore, Li et al. found that increased Beclin-1 expression is linked with better 

stage III colorectal cancer patient prognosis (Liang, Yu, Brown, & Levine, 2001). Beclin-1 

was also shown to be a crucial regulator of colorectal cancer growth and metastasis upon 

further study (Koukourakis et al., 2010). Therefore, additional insights into the role of 

Beclin-1 to promote cancer malignancy are critical to understanding this process 

mechanistically.

3.4.1 Beclin-1 in Cancer Invasion, Metastasis, and Tumor Hypoxia—Autophagy 

is known to support the survival of cancer cells in hypoxic tumor microenvironments 

(Mathew & White, 2011). However, Beclin-1 has also been shown to inhibit the 

proliferation, invasion, and metastasis of CaSki cervical cancer cells in vivo (Sun et al., 

2011). In this cancer model system, Beclin-1 expression was shown to arrest cancer cells in 

the G0/G1 phase of the cell cycle and to inhibit vascular endothelial growth factor (VEGF) 

and matrix metalloprotease 9 (MMP-9), which likely was responsible for the observed 

repression of invasion and metastasis in CaSki tumors which stably overexpress Beclin-1 

relative to pcDNA3.1 (Sun et al., 2011). Beclin-1 overexpression was also shown to suppress 

angiogenesis, VEGF, and MMP-9 expression in vitro (Sun et al., 2011). Interestingly, 

however, in Beclin-1 heterozygous mice, differences in circulating VEGF were not observed 

whereas the production of EPO was markedly elevated in the circulation of Beclin-1 

heterozygotes relative to Beclin-1 wild-type mice (Lee, Kim, Jin, Choi, & Ryter, 2011). It is 

possible therefore that Beclin-1 only suppresses VEGF in vitro or in the tumor 

microenvironment. Taken together, these data suggest that Beclin-1 plays a role in 

preventing cancer malignancy via the suppression of cancer cell growth, invasion, and 

metastasis, while simultaneously preventing tumor angiogenesis.

Consistent with these findings, heterozygous disruption of Beclin-1 accelerated tumor 

growth and angiogenesis under hypoxic conditions in melanoma bearing mice in vivo (Lee 

et al., 2011). Cells cultured from Beclin-1 wild-type and Beclin-1 heterozygous mice 

indicated that Beclin-1 expression inhibited angiogenesis via decreased hypoxia-inducible 

factor-2α (HIF-2α) expression, limiting endothelial cell proliferation, and tube formation in 

response to hypoxia (Lee et al., 2011). Furthermore, these data demonstrate that mice 

deficient in Beclin-1 displayed a proangiogenic phenotype associated with HIF-2α 
upregulation and increased erythropoietin production (Lee et al., 2011). Conversely, 
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however, when colon cancer patient samples were analyzed histologically, these data 

suggested high levels of Beclin-1 expression was associated with improved survival (Li et 

al., 2009) , while an in depth metaanalysis of data from six clinical studies indicated that 

elevated Beclin-1 expression was associated with tumor metastasis and poor prognosis in 

colorectal cancer patients (Han et al., 2014). On a molecular level, Beclin-1 negatively 

regulates angiogenesis in vivo in murine model systems, with implications for the inhibition 

of tumor growth (Sun et al., 2011). While the role of Beclin-1 in colorectal cancer pathology 

remains controversial, it is clear that Beclin-1 is an intriguing molecular target for colorectal 

and many other human malignancies. These competing findings may also reflect the 

differential effects of Beclin-1 depending on its subcellular compartmentalization in these 

individual tumor cells or the expression of other Beclin-1 regulatory molecules.

3.5 Beclin-1 and Resistance to Cancer Therapy

3.5.1 The Effect of Beclin-1 Upon Cancer Chemotherapeutic Efficacy and 
Patient Survival—While Beclin-1 possesses numerous tumor suppressive mechanisms of 

action, the effects of Beclin-1 on autophagy induction may antagonize the efficacy of 

cytotoxic cancer therapeutics acting through apoptosis. These antagonistic effects of 

autophagy upon apoptosis are likely a consequence of numerous individual molecular 

interactions (Moreau, Luo, & Rubinsztein, 2010) . Two examples are the mutually inhibitory 

interactions between LC3 and Beclin-1 with the apoptosis inducing and effector caspase, 

caspase-3 (Ma, Zhang, Huang, Guo, & Hu, 2016). Interestingly, while autophagy has been 

implicated in enhancing cancer cell survival via the inhibition of apoptosis (Moreau et al., 

2010), such antagonism has not be observed via the autophagy inducer Beclin-1; as 

determined via selectively silencing Beclin-1 expression with siRNA (Huang et al., 2014). In 

this manner, the role of Beclin-1 upon cancer therapeutic responses are predicated upon 

many factors, reflecting the Janus faces of autophagy and its effects upon Beclin-1 signaling.

The effects of Beclin-1 expression upon cancer therapeutic responses of colorectal and 

ovarian cancer patients treated with the apoptosis inducers cetuximab or carboplatin and 

paxilitaxel, respectively, were determined in the clinical setting. Colorectal cancer patients 

treated with cetuximab-containing or noncetuximab-containing chemotherapy were then 

evaluated for their respective cancer therapeutic responses and Beclin-1 expression in treated 

tumors (Guo et al., 2011). Cetuximab is a monoclonal antibody which inhibits the EGFR 

and has been approved for use in many human cancers. Cetuximab has been reported to 

induce autophagy via the suppression of the mammalian target of rapamycin (mTOR) (Li, 

Lu, Pan, & Fan, 2010), however, cetuximab has also been implicated as an apoptosis inducer 

via the inhibition of the mitogen-activated protein kinase (MAPK) and the Janus kinase/

STAT3 pathways in head and neck squamous cell carcinoma cells (Bonner et al., 2000). In 

colorectal cancer patients treated with cetuximab, decreased Beclin-1 expression was 

associated with prolonged progression-free survival (Guo et al., 2011). The authors indicated 

that the role of autophagy in cetuximab treatment is controversial and that increased or 

decreased levels of Beclin-1 expression may not be indicative of the presence or absence of 

autophagy in treated tumors (Guo et al., 2011). However, decreased LC3 expression was 

correlated with greater overall response rates for cetuximab-treated colorectal cancer 

patients (Guo et al., 2011). In ovarian cancer patients treated with surgical resection 
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followed by treatment with the cytotoxic cancer chemotherapeutics carboplatin and 

paclitaxel; patient cancer therapeutic responses and Beclin-1 expression in treated tumors 

were also evaluated (Valente et al., 2014). Carboplatin is a platinum-based chemotherapeutic 

and cell cycle non-selective inducer of DNA damage and apoptosis. Paclitaxel is a cell cycle 

selective inhibitor of cell division which stabilizes microtubules by binding β-tubulin 

polymers, preventing cell division, and inducing apoptosis via prolonged activation of the 

mitotic cell cycle checkpoint. No differences were observed at 5 years’ posttreatment, 

however, a greater proportion of ovarian cancer patients whose tumors expressed higher 

levels of Beclin-1 displayed significantly greater survival (n = 34, 83%; P-value < 0.03) 

relative to patients with tumors expressing less Beclin-1 (n = 7, 17%; Valente et al., 2014). 

Therefore, Beclin-1 appears to antagonize the cancer therapeutic efficacy of cetuximab in 

colorectal cancer cells while Beclin-1 expression appears to enhance the cancer therapeutic 

effects of the apoptosis inducers carboplatin and paclitaxel in ovarian cancer patients. 

Similarly, Beclin-1 overexpression enhanced the sensitivity of CaSki cervical cancer cells to 

apoptosis via cisplatin, paclitaxel, 5-FU, and epirubicin (Sun et al., 2010). Unfortunately, to 

the best of our knowledge, no studies have compared the same cancer chemotherapeutics 

upon the survival of cancer patients with differing tumor types investigating the effects of 

Beclin-1 as a clinical biomarker of overall cancer patient survival, indicating the need for 

further research in this area. Therefore, it cannot be concluded at this time if either 

fundamental differences exist between Beclin-1 expression and the oncogenesis of ovarian 

and colorectal cancers or if yet undiscovered molecular markers for response to these drugs 

may explain the differences observed between these cancer therapeutics, respectively.

3.5.2 The Effect of Beclin-1 Upon Radiation Therapy, Autophagy, and UVRAG
—Growing evidence suggests that autophagy contributes to the resistance of cancers to 

radiation therapy (Gewirtz, 2014; Wilson et al., 2011; Yin et al., 2011), however, the effects 

of the Beclin-1 pathway upon radiation-resistance remains undefined. Beclin-1 has been 

shown to improve DNA stability by physical interactions with UVRAG (Park, Tougeron, 

Huang, Okamoto, & Sinicrope, 2014). Very recently, Beclin-1-mediated DNA stability was 

shown to occur independently of autophagy via interaction with UVRAG to enhance cellular 

DNA damage repair and maintain genome integrity (Xu et al., 2017; Zhao et al., 2012). 

Likewise, increased UVRAG expression has been shown to protect cancer cells against 

radiation treatment (Park et al., 2014). UVRAG also disrupts irradiation-induced apoptosis 

via altering Bax localization thereby inhibiting apoptosis (Yin et al., 2011), when Beclin-1 

translocates to the nucleus. Consequently, the downregulation of UVRAG expression 

inhibits autophagy and sensitizes cancer cells to DNA damage-mediated cell death via the 

upregulation of serine–threonine-specific protein kinase B (Akt) and mTOR (Yang et al., 

2013).

The clinical application of radiation therapy entails the targeted exposure of tumors to high 

doses to cytotoxic doses of ionizing radiation, leading to the formation of oxidative radicals 

and DNA damage and eventually apoptotic cell death via p53 (Cui et al., 2016). In K-ras-

induced transgenic murine lung tumors, however, treatment with Beclin-1 aerosols was 

shown to sensitize these tumors to fractionated radiation treatment (Shin et al., 2012). This 

result was surprising considering the role of the autophagy proteins Beclin-1, Atg5, and 
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Atg12 to protect against DNA damage (He, Dai, Jin, Liu, & Rent, 2012). However, if the 

effects of Beclin-1 and UVRAG upon autophagy are independent from its effects upon 

radiation-induced cell death, as recent reports suggest (Xu et al., 2017; Zhao et al., 2012), 

additional molecules may predict the consequences of Beclin-1 and UVRAG signaling in 

cancerous tissues.

Returning to the discussion of the K-ras-induced lung carcinogenic model (Shin et al., 

2012), by supplementing these cells with Beclin-1 containing aerosols, the resistance of 

these tumors to radiation treatment inherent to K-ras expressing tumors was overcome 

(Bernhard et al., 2000). It is likely that Beclin-1 stimulated the death of tumors following 

radiation treatment by stimulating DNA damage responses in vivo. Phenomenologically, 

radiation treatment does not appear to depend upon autophagy. For example, while 

autophagy inhibition rendered some breast cancer cells such as MCF-7 and ZR-75 more 

sensitive to radiation (Bristol et al., 2012; Wilson et al., 2011), the inhibition of autophagy in 

4H1 and HS578t breast cancer cells had no effect upon their viability posttreatment (Bristol 

et al., 2013; Gewirtz, 2014). Mechanistically, the inhibition of autophagy has only been 

shown to enhance radiation efficacy in cancer cells with functional P53 (Chakradeo et al., 

2015). Beclin-1 and UVRAG have also been shown to protect cells against radiation 

treatment (Park et al., 2014), however, the antagonism of autophagy may only be therapeutic 

due to the inhibitory crosstalk of the downstream apoptosis autophagy-signaling molecules 

of the respective DNA damage response genes P53 and Beclin-1, respectively (Ma et al., 

2016). Therefore, it appears that Beclin-1 expression supports the lysis of cancer cells in 

response to DNA damage, however, with careful consideration the expression profiles of p53 

and UVRAG, the development of more personalized radiation treatment protocols is feasible 

to improve patient clinical outcomes from radiation treatment.

3.6 Beclin-1 and CSC Maintenance

One fundamental problem with cancer chemotherapy and radiation treatments is the inherent 

resistance of CSCs to these therapeutic approaches. Gong et al. created three-dimensional 

cultures of breast cancer cells called “mammospheres” to study the biology of breast CSC 

containing tumors in an easily manipulated model system in vitro. Using this approach, 

Beclin-1 expression and autophagic flux were enhanced in cancer cells grown in spherical vs 

monolayer cultures (Gong et al., 2013). Beclin-1 expression was enhanced further in 

mammosphere cultures in the presence of CSCs (Gong et al., 2013). Using models of 

Beclin-1 suppression (tet-off, shRNA), decreased Beclin-1 expression was shown to inhibit 

the formation of spherical cultures by cancer cells and CSCs in vitro; decreased Beclin-1 

also decreased tumor volumes produced from implanted mammospheres in vivo (Gong et 

al., 2013). Taken together, these data indicated that Beclin-1 expression was required for 

breast CSC-induced tumorigenesis.

Considering that enhanced Beclin-1 expression was associated with spherical cancer cell 

growth and was upregulated in the presence of CSCs, additional insight is necessary to 

elucidate the cancer therapeutic or oncogenic effects of Beclin-1 expression upon CSCs. 

One of the best validated markers for stem/progenitor-like cells is the expression of aldehyde 

dehydrogenase 1 (ALDH1; Martin et al., 2016). High levels of ALDH1 expression can 
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correctly identify tumorigenic cell populations prior to implantation and is correlated with 

poor overall prognosis in cancer patients (Martin et al., 2016). At this time, Beclin-1 has not 

been shown to interact with ALDH1 or other cancer stem cell markers mechanistically. 

However, the close association of enhanced Beclin-1 expression in ALDH1-positive cells 

indicates that a potential direct or indirect signaling axis may exist between these two 

molecules. Therefore, Beclin-1 appears to contribute to the maintenance of CSCs and may 

serve as an intriguing molecular target for their destruction.

4. CONCLUSIONS AND FUTURE DIRECTIONS

The tumor suppressive properties of Beclin-1 appear to be a result of complex series of 

interactions with autophagy and apoptotic cell death pathways in cooperation with other 

tumor suppressive molecules such as UVRAG, Bif-1, Ambra1, and mda-7/IL-24. 

Evolutionarily, Beclin-1 appears to have emerged as multicellular eukaryotes needed 

additional biochemical pathways by which to adapt to cell stress, maintain the integrity of 

their DNA genomes, or provide PCD mechanism to enhance the survival of multicellular 

organisms. In this review, we have also postulated the evolutionary events in the molecular 

evolution of Beclin-1. The distribution of Beclin-1 in eukaryotes requires parallel losses in 

protest lineages or parallel gains of the gene in plant and fungi/animal genomes. Which 

scenario is correct will require further investigation. In human cancers, Beclin-1 is 

frequently monoallelically deleted and, it is implied that, one functional copy is always 

present in human cells and this remaining allele must not be silenced via methylation or 

epigenetic modifications for the cancer cells to survive and grow. Furthermore, the deletion 

of both Beclin-1 alleles has not been observed in tumors, clinically supporting this claim. 

The overexpression of Beclin-1 has also been implicated in inhibiting angiogenesis and 

tumor metastasis. One of the most prominent and growing concerns in modern oncology is 

the elimination of CSC. Beclin-1 expression has been shown to be elevated in these cells, 

comprising an intriguing molecular target for the development of novel CSC treatment 

modalities. Although clearly complex, defining the precise role of Beclin-1 in mediating 

cancer cell development, response to therapy and progression will be pivotal in determining 

if manipulating this molecule can be used to enhance therapeutic outcomes.
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Fig. 1. 
The effect of cell stress and starvation on the maturation of the auto-phagolysosomes and 

autophagy. This graphic depicts the extension of the autophagy membrane, the sequestration 

of ubiquitinated long-lived proteins, p62-mediated protein scavenging, and damaged 

organelles such as the mitochondria. Ultimately, these components are degraded following 

lysosomal fusion. Blue circles are representative of degraded proteins and orange circles are 

representative of the degradation of the mitochondria. Purple coloring is indicative of 

autophagosome acidification and the degradation of its components occurring during the 

final stages of autophagolysosome maturation.
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Fig. 2. 
The conservation of Beclin-1 amino acid sequences between humans and 10 critical 

multicellular eukaryotic taxa. (A) The alignment of Beclin-1 5′ amino acids (1–113). (B) 

Alignment of the Beclin-1 Bcl-2 homology domain 3 (BH3; 114–130) amino acids. (C) 

Alignment of the Beclin-1 CCD region (144–269) amino acids. (D) The alignment of the 

evolutionarily conserved domain (ECD; 244–337 aa’s). The numbers 1–10 are indicative of 

the following taxa, respectively. 1 = Arabidopsis (plant), 2 = Rhizopus (fungi), 3 = 

Nematostella (Cnidaria), 4 = Drosophila (Protostome—Ecdysozoa), 5 = Lottia (Protostome

—Lophotrochozoa), 6 = Danio (fish), 7 = Xenopus (amphibian), 8 = Falco (bird), 9 = Felis 
(cat), and 10 = Homo (human). BH3, Bcl-2 homology domain; CCD, coiled-coil domain; 

ECD, evolutionarily conserved domain.
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Fig. 3. 
The evolutionary tree of the origins of Beclin-1 and several of its interaction partners in 

eukaryotes. Specific protein domains of BECN1 are also indicated. BECN1, Beclin-1; ECD, 

evolutionarily conserved domain; BH3, Bcl-2 homology domain; UVRAG, ultraviolet 

radiation resistance-associated gene; CCD, coiled-coil domain.
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Fig. 4. 
Schematic of the major Beclin-1 protein domains and their respective protein–protein 

interaction partners. The red–yellow shaded region indicates the overlap between the 

Beclin-1 CCD and ECD domains. BH3, Bcl-2 homology-3 domain; CCD, coiled-coil 

domain; ECD, evolutionary conserved domain of Beclin-1.
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Fig. 5. 
Schematic of the regulation of tumor growth, angiogenesis, and cancer stem cells by 

Beclin-1. Beclin-1 has been shown to inhibit tumor initiation in transgenic mice. 

Furthermore, Beclin-1 deletions are common in human cancers. When Beclin-1 is 

monoallelically deleted, tumor formation therefore becomes much more likely. In large 

(Phase III/IV) tumors, however, Beclin-1 and autophagy in general may play a role to 

enhance tumor malignancy. Interestingly however, Beclin-1 is associated with the inhibition 

of MMP-9 and VEGF to inhibit tumor angiogenesis and cancer cell metastasis despite the 

effects of tumor hypoxia to induce Beclin-1 and autophagy in vivo. Beclin-1 is also 

overexpressed in cancer stem cells (CSCs), however it remains unknown it Beclin-1 also 

inhibits tumor formation by CSCs as seen phenomenologically in primary tumors in 

transgenic mice. Perhaps Beclin-1 is an appealing target for the development of novel CSC 

targeted therapeutics; however, this will remain an area for further investigation.
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Fig. 6. 
The regulation of Beclin-1 activity by a selection of oncogenes and tumor suppressive 

molecules. These molecules were colored green for tumor suppressors and red for 

oncogenes to indicate their interactions with Beclin-1 and autophagy. Molecules shown in 

blue are thought to be neutral in regard to oncogenesis.
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Fig. 7. 
The regulation of Beclin-1 expression via microRNAs and the effect of mda-7/IL-24 to 

increase the activity of Beclin-1 to induce autophagy and lyse cancer cells. Green circles 
indicate tumor suppressive molecules. Red circles are indicative of microRNA. The blue 
double-stranded molecule is a cartoon of the Beclin-1 gene. The single-stranded molecule 

with the red backbone is indicative of the Beclin-1 mRNA transcript. The debris is indicative 

of mRNA degradation following the association of miRs with Beclin-1 mRNA transcripts.
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