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While cell death is a normal and essential component of development and homeostasis, dysregulation of this process underlies most human diseases, including cancer, autoimmunity and neurodegeneration. The best characterized mechanism for cell death is apoptosis, although some cells die by a distinct process known as autophagy-dependent cell death (ADCD). Autophagy is mediated by the formation of double membrane vesicles that contain protein aggregates, damaged organelles like mitochondria, and bulk cytoplasm, which then fuse with lysosomes to degrade and recycle their contents. Autophagy is typically viewed as an adaptive process that allows cells to survive stresses like nutrient deprivation, although increasing evidence suggests that it may also mediate cell death during development and pathogenesis. An aggressive form of autophagy termed autosis has been described in cells following either ischemia/reperfusion injury or in response to autophagy-inducing proteins like Tat-Beclin 1. Despite an extensive literature on autophagic cell death in a variety of contexts, there are still fundamental gaps in our understanding of this process. As examples: Does autophagy directly kill cells and if so how? Is ADCD activated concurrently when cells are triggered to die via apoptosis? And is ADCD essentially a more protracted version of autosis or a distinct pathway? The goal of this mini-review is to summarize the field and to identify some of the major gaps in our knowledge. Understanding the molecular mechanisms that mediate ADCD will not only provide new insights into development, they may facilitate the creation of better tools for both the diagnostics and treatment of disease.
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INTRODUCTION

The term programmed cell death (PCD) was coined by Lockshin and Williams (1965) to describe the precisely timed loss of skeletal muscles at the end of metamorphosis in moths. PCD plays many essential roles during both development and homeostasis. First, it can insure the presence of the appropriate number of cells within each tissue. A general rule of embryogenesis is that many more cells are produced in each lineage than are ultimately needed to support organogenesis (Raff, 1992). Cells that make a connection with appropriate partners receive a retrograde signal referred to as a trophic factor. These cells then upregulate survival programs and persist, while their unsuccessful neighbors die during a discrete window of development. The classical example of this process is the matching of motor neurons to the muscles they innervate (Hamburger, 1934). Second, targeted cell death can help sculpt the body, such as interdigital cell death in the developing limb bud to form the fingers (Saunders et al., 1962). Third, cell death can target tissues that have served an important function at one stage of development but are then no longer needed at a later stage, such as regression of the tadpole tail during amphibian metamorphosis (Smith and Tata, 1976). These “surplus” tissues represent valuable reservoirs of macromolecules that can be used to support metabolism and development. Fourth, PCD can be used to remove deleterious cells, such as the loss of self-reactive thymocytes during negative selection in the thymus (Surh and Sprent, 1994). Lastly, PCD functions as a normal component of homeostasis. For example, we lose approximately one million cells per minute throughout life, primarily in the hematopoietic system (Levine and Ucker, 2019). These cells are typically replaced by the products of stem cells, thus maintaining tissue homeostasis.

However, not all cell deaths serve a constructive role; it has been estimated that misregulation of this process may account for upwards of 70% of human disease (Reed, 2002). In some cases, inappropriate activation of PCD results in the loss of valuable and irreplaceable cells, thus compromising the tissue. This is the basis of essentially all neurodegenerative disorders like Alzheimer’s and Parkinson’s diseases. In contrast, the failure to delete defective but mitotically-competent cells allows for their clonal expansion, which serves as the basis of most cancers and all autoimmune diseases. Consequently, one of the major drivers of the field is the desire to identify interventions that rescue valuable but condemned cells, or alternatively, selectively target defective ones.

During development, the molecules or cell-cell interactions that trigger PCD typically are not inherently toxic but instead are physiological signals that can activate a range of downstream responses, one of which may be death. This is illustrated in amphibian metamorphosis, where a dramatic increase in the circulating levels of thyroxine simultaneously induces proliferation and differentiation in the developing limb anlagen and cell death in the tail (Yaoita, 2019). However, cell death can also be provoked by external signals that do not normally function during development, such as ionizing radiation or toxins. Previous debate in the field questioned whether these cell deaths can accurately be termed “programmed,” since they do not occur in a temporally or spatially predictable manner. To address this issue, the term Accidental Cell Death (ACD) was introduced to identify deaths that are induced by exogenous insults, while the term Regulated Cell Death (RCD) was coined to capture those cell deaths that employ specific cellular machinery, independent of the upstream trigger (Galluzzi et al., 2018). Thus, while the loss of immature T cells during negative selection is a traditional example of RCD, the killing of these same cells with ionizing radiation represents ACD, even though they both lead to apoptosis (Lowe et al., 1993; Galluzzi et al., 2018). PCD is still an acceptable term for those deaths that occur as a normal component of development.



CELL DEATH PROGRAMS

Historically, three distinct cell death programs were recognized based on morphological criteria: type I (nuclear degeneration/apoptosis), type II (cytoplasmic vacuolization/autophagic cell death), and type III degeneration (cell rupture/necrosis) (Schweichel and Merker, 1973; Clarke, 1990) (The term “degeneration” in this context is archaic and not in current use). The intense scientific focus on cell death (∼500,000 citations in Pubmed by the start of 2021) has revealed that there are many more pathways that can mediate cell loss. In addition to the three listed above, other programs include: ferroptosis, pyroptosis, necroptosis, parthanatos, entosis, mitochondrial permeability transition (MPT)-driven necrosis, lysosome-dependent cell death, NETotic cell death, oxytosis, and mitotic catastrophe (reviewed in Galluzzi et al., 2018; Tang et al., 2019; Nirmala and Lopus, 2020).

Necrosis (formerly “type III degeneration”) was initially viewed as a passive process whereby mechanical, chemical, or osmotic insults result in cellular swelling, membrane disruption and subsequent lysis. More recently, several regulated forms of necrosis have been identified, including necroptosis, pyroptosis, parthanoptosis, NETosis, MPT-driven necrosis, oxytosis, and ferroptosis, which are all dependent upon specific signaling pathways within the cell (Degterev et al., 2005; Dixon et al., 2012; Vanden Berghe et al., 2014; Alu et al., 2020). Since cytoplasmic and nuclear constituents are highly inflammatory (collectively known as damage-associated molecular patterns or DAMPS), these deaths can play valuable roles by mobilizing the immune system to respond to an acute injury or infection (Zindel and Kubes, 2020). In contrast, as membrane integrity is maintained during apoptosis, dying cells are typically phagocytosed and degraded by neighboring cells or macrophages, thereby precluding immunological responses. This is obviously beneficial given the massive numbers of cells that die during development and homeostasis, since it would be disastrous for the organism to be in a chronic hyper-inflammatory state. [It should be noted that secondary necrosis of apoptotic cells in vitro, which serves as the basis for some widely used cell death assays, including vital dye exclusion, is an artifact resulting from the absence of phagocytic cells (Krysko et al., 2008). The discarded apoptotic bodies run out of the ATP required to maintain membrane pumps and undergo necrosis].

The best understood cell death program is apoptosis (formerly type I degeneration). This is due in part to outstanding genetic models like the nematode Caenorhabditis elegans, where the key components of the program were identified via mutational analysis (Malin and Shaham, 2015). In addition, the availability of highly sensitive and reliable assays like TUNEL (DNA fragmentation) and Annexin V staining (phosphatidylserine externalization) allow for the easy detection of apoptotic cells both in vitro and in vivo (Galluzzi et al., 2009).

Apoptosis is typically driven by the activation of pro-caspases, a family of cysteine-aspartic proteases that cleave a vast range of cellular proteins (Julien and Wells, 2017). There are two main pathways for caspase activation- extrinsic and intrinsic (reviewed in Bedoui et al., 2020). Ligand binding to membrane death receptors like TRAIL and FAS lead to the formation of the Death-Inducing Signaling Complex (DISC), and the subsequent activation of pro-caspase-8, which then activates the downstream executioner pro-caspases-3 and -7. The intrinsic pathway is initiated when developmental or pathological signals lead to a shift in the balance between pro- and anti-apoptotic Bcl-2 family members that regulate the oligomerization of BAX and BAK. These proteins can form a pore that mediates mitochondrial outer membrane permeabilization (MOMP) causing the release of cytochrome c and other pro-apoptotic proteins like SMAC/DIABLO and apoptosis inducing factor (AIF) (Kalkavan and Green, 2018). Cytochrome c and dATP bind to apoptotic protease activating factor 1 (APAF-1) to facilitate the formation of the apoptosome and the subsequent activation of the initiator caspase-9, and ultimately, the activation of executioner caspases. The extrinsic and intrinsic pathways can be coupled via caspase-8 cleavage of the BH3-only protein Bid to form truncated Bid (tBid) (Li et al., 1998).

Much less is known about the third classic mechanism of cell death- Type II degeneration/autophagic cell death. The best characterized form of autophagy is macroautophagy, and the two terms are often used interchangeably (Other autophagic mechanisms also include microautophagy and chaperone-mediated autophagy). Autophagy is an evolutionarily ancient process that allows cells to survive starvation and other stresses by facilitating the sequestration and degradation of bulk cytoplasm, damaged organelles like mitochondria and protein aggregates (Hughes and Rusten, 2007; Ohsumi, 2014; Wanderoy et al., 2020). The recycled amino acids and fatty acids facilitate ATP production and other essential processes. The basal levels of autophagy can be upregulated under conditions of nutrient deprivation or loss of growth factors (Figure 1; reviewed in Cicchini et al., 2015). This leads to inhibition of mTorc1 and/or the activation of 5’ AMP-activated protein kinase (AMPK) and Class III phosphatidylinositol 3-kinase. These drive the formation of the phagophore, a crescent shaped double membrane structure generated from intracellular membranes. The elongation of the phagophore membrane is mediated by two ubiquitin-like enzymatic cascade (Atg12-Atg5 and LC3/Atg8), which facilitates the phosphatidylethanolamine-lipidated LC3 (ATG8) and it’s recruitment to the membrane (reviewed in Martens and Fracchiolla, 2020). The phagophore then circularizes to form the autophagosome, which then fuses with lysosomes, resulting in the creation of the autolysosomes, where the trapped contents are degraded.
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FIGURE 1. Signal transduction cascade regulating autophagy. Loss of growth factor stimulation or nutritional inputs like glucose lead to the activation of the ULK complex and the subsequent activation of the Class III PI3 Kinase complex. This drives phagophore assembly and the subsequent recruitment of cellular constituents like damaged mitochondria, protein aggregates and bulk cytoplasm. The phagophore elongates and circularizes to form the autophagosome, which then docks with lysosomes. The fusion of these two organelles leads to autolysosome formation and the destruction of the enclosed cargo via lysosomal hydrolases. [It should be noted that this is distinct from lysosome-mediated cell death in which lysosome rupture and release degradative enzymes like cathepsins (reviewed in Wang et al., 2018)]. Several inhibitors or genetic interventions are available that can block autophagy at key regulatory points (labeled red in boxes) (Vakifahmetoglu-Norberg et al., 2015).




AUTOPHAGY-DEPENDENT CELL DEATH

Given that autophagy can be an adaptive response that helps cells survive adverse conditions, there is still a lack of clarity of if and how autophagy is part of a directed killing program. In fact, Kroemer and Levine (2008) have suggested that the term “autophagic cell death” is a misnomer and that a more appropriate descriptor might be “cell death with autophagy”. Consequently, in order to determine that cells die via autophagy-dependent cell death (ADCD), it has been proposed that three criteria must be met: (1) other forms of cell death have been excluded; (2) there is an increase in autophagic flux; and (3) genetic or pharmacological blockade of autophagy rescues the cell (Shen and Codogno, 2011; Galluzzi et al., 2018). These strict requirements have been met in only a small number of studies, so the number of bona fide ADCD systems is likely more modest than reflected by a Pubmed search with “autophagic cell death” as the search term (Bialik et al., 2018). Nevertheless, there are several genetic models where an absolute requirement for the autophagic machinery has been shown to be essential for cell death. From a phylogenetic perspective, perhaps the most ancient example is found in the free-living social ameba Dictyostelium discoideum (Cornillon et al., 1994). While “Dicty” live solitary lives in the soil, the loss of food triggers a signal transduction cascade that induces the cells to aggregate and form a stalk with a spore-containing fruiting body at the top. As differentiation proceeds, the stalk cells die by an autophagy-dependent pathway. Indeed, targeting the autophagy-related gene-1 (Atg1) blocks death and the cells instead default to necrosis (Kosta et al., 2004).

The fruit fly Drosophila melanogaster also provides several well-characterized examples of autophagic cell death during metamorphosis. The loss of the salivary glands is dependent on both apoptosis and autophagy, as genetic interference with either of these pathways represses but does not prevent cell death (Martin and Baehrecke, 2004; Berry and Baehrecke, 2007). In contrast, the death of the gut appears to require just autophagy, as genetic inactivation or knockdown Atg1, Atg2 or Atg18 severely delays these deaths (Denton et al., 2009, 2012). Midgut death in flies is recognized as the clearest and most convincing example of ADCD during development.

There are a number of studies supporting the existence of ADCD in mammals, most notably in terminally differentiated cells like muscles and neurons, and some cancers (Linder and Kögel, 2019). Examples include the loss of neurons in neurodegenerative disorders like Alzheimer’s disease (Nixon et al., 2005; Bredesen, 2008), spinal cord injury (Kanno et al., 2011), MPTP-induced cytotoxicity (Zhao et al., 2019), and neonatal hypoxia-ischemia following asphyxia (Ginet et al., 2014). Perhaps the best supported examples have focused on the death of hippocampal stem cells following insulin withdrawal in vitro (Yu et al., 2008) or following chronic stress in vivo (Jung et al., 2020).

Cells that are null for the pro-apoptotic proteins BAK and BAX, and thus incapable of initiating apoptosis provide intriguing insights into ADCD (Shimizu et al., 2004; Arakawa et al., 2017). When mouse embryonic fibroblasts from Bax–/–Bak–/– mice were treated with the potent apoptosis inducers etoposide or staurosporine, they initiated ADCD (Shimizu et al., 2004). Concurrent inactivation of Atg5 in Bax–/–Bak–/– mice restricted both apoptosis and autophagy. This led to the retention of otherwise condemned cells, including interdigital cells in the limb buds, thymocytes, and some neurons (Arakawa et al., 2017). These data provide strong evidence autophagy is required for PCD during normal mammalian development.

In 2013 a novel form of autophagic cell death termed “autosis” was described in cells that are treated with Tat-Beclin 1, a potent cell-permeant autophagy inducer (Liu et al., 2013; Liu and Levine, 2015). Autotic cells display a dramatic increase in the number of autophagic vesicles and empty vesicles within the cytoplasm. Over time the mitochondria become electron dense, the perinuclear space balloons as the inner and outer nuclear membranes separate, and the nucleus displays concavity. A similar set of morphological changes can be observed in vivo in cardiomyocytes in adult mice and rat neonatal neurons following ischemia/reperfusion injury (Liu et al., 2013; Nah et al., 2016, 2020), a process that is clinically relevant to heart attacks and strokes respectively. Autosis can be inhibited genetically by inactivating essential autophagy genes (e.g., Beclin1 and Atg7) or pharmacologically with anti-autophagic drugs that block phagophore assembly (e.g., 3-methyladenine) but not lysosome fusion (e.g., Bafilomycin A1) (Figure 1; Liu et al., 2013). In a high throughput screen, it was also found that inhibitors of Na+, K+ adenosine triphosphatase (ATPase) like the cardiac glycosides ouabain and digoxin can also inhibit autosis, which is diagnostic for autosis (Liu et al., 2013; Nah et al., 2020).



UNANSWERED QUESTIONS

While the data presented in this review provides an overview of cell death in general, and ADCD during development in particular, there are still several major gaps in our fundamental understanding of this process (Lindqvist et al., 2015; Bialik et al., 2018). Some of the key questions that remain unresolved are discussed below.

1. Is ADCD widespread but masked by apoptosis?: Some insight into this question is provided from the study of cells from Bax–/–Bak–/– mice, where condemned cells are precluded from undergoing apoptosis and default to ADCD (Shimizu et al., 2004; Arakawa et al., 2017). There are two possible interpretations of these data. The first is that apoptosis and ADCD are triggered concurrently, but ADCD is masked by the much faster apoptosis program (Figure 2A). Alternatively, when cells are unable to activate their primary cell death program, there is compensatory initiation of another one to ensure that condemned cells are removed. Given the complicated cross-talk between autophagic and apoptotic proteins, such as Beclin 1 and Bcl-2 (Xu and Qin, 2019), this process is feasible but challenging to resolve (reviewed in Tsapras and Nezis, 2017).

2. Does autophagy trigger cell death indirectly? Autophagy can selectively target the destruction of key survival proteins like the inhibitor of apoptosis protein (IAP) BRUCE (which prevents pro-caspase activation) (Nezis et al., 2010), catalase (which blocks free radical generation) (Yu et al., 2006), and ferritin (which sequesters iron) (Gao et al., 2016). Loss of these survival proteins subsequently facilitates cell death (Figure 2B). However, instead of dying with an autophagic morphology, these condemned cells die by apoptosis, necrosis, or ferroptosis respectively. Consequently, while autophagy can derepress cell death, it does not meet the three requirements of ADCD in that the actual death process is mediated by a different program.

3. Is ADCD a less aggressive form of autosis? A number of studies have shown a direct correlation between autosis and cell death. Indeed, inhibition of autosis with cardiac glycosides can rescue these otherwise condemned cells (Liu et al., 2013; Nah et al., 2020). One possibility is that autosis is just a more aggressive version of the same program that mediates ADCD during development (Figure 2C). In support of this hypothesis, knockdown of upstream autophagy regulators (beclin1, Atg13, and Atg14) can block Tat-Beclin 1-induced cell death (Liu et al., 2013). An overlap between autosis and ADCD would offer mechanistic insights into the cell death process since autosis is accompanied by damage to organelles like mitochondria and the nucleus (Liu et al., 2013). In addition, the aggressive production of intracellular vacuoles during autosis is associated with the breakdown of the Golgi complex and the endoplasmic reticulum, which depletes intracellular membranes, something that is seen in some examples of ADCD (Liu and Levine, 2015). This may explain why Bafilomycin A1, which blocks lysosome fusion to autophagosomes, does not inhibit autosis (Liu et al., 2013). In the case of ischemia/reperfusion injury there is also a dramatic increase in the production of destructive free radicals (Wu et al., 2018). Collectively, these insults likely bring about the demise of the cell. However the relationship between ADCD and autosis is unclear. All of the examples of autosis described thus far result from pathological drivers of autophagy, like Tat-Beclin 1 or ischemia/reperfusion injury, rather than by physiological changes within a developmental context. It should also be noted that the morphologies associated with ADCD and autosis are distinct, although this may reflect the faster kinetics or intensity of autosis relative to the more protracted time course of ADCD. Clearly this is an area that warrants further investigation.
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FIGURE 2. Proposed ADCD pathways. (A) Both apoptosis and ADCD are triggered concurrently but the speed of apoptosis masks the involvement of ADCD. Blockage of apoptosis in Bax– /– Bak– /– cells allows autophagy to progress to the death of the cell. (B) Autophagy derepresses other cell death programs. By selectively targeting key survival proteins, compromised cells are able to activate non-autophagic cell death programs. (C) Treating cells with potent autophagy inducers like Tat-Beclin 1 results in the rapid demise of the cells (above the dashed “death threshold” line). If a cell is subjected to mild stresses, it transiently upregulates autophagy, which helps it survive the insult. However, when the cell is exposed to a cell death inducer during development, autophagy is driven past the point of no return and the cell dies.




CONCLUSION

While it has not been demonstrated unambiguously that autophagy drives cell death during development (Kroemer and Levine, 2008), there is increasing evidence that ADCD is a bonafide cell death program. Nevertheless, there are still major gaps in our understanding of this mechanism in development and pathogenesis. Resolving these issues will not only advance our fundamental understanding of an ancient cellular process that is relevant to developmental biology and homeostasis, it may provide insights into the diagnostics and/or therapeutics for disease. In particular, ADCD appears to be an important process in neurodegeneration, cancer, and cardiology. The field will benefit greatly from the identification of the kinds of markers and inhibitors that have propelled the study of apoptosis.
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