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Abstract

The loss of vital cells within healthy tissues contributes to the development, progression and 

treatment outcomes of many human disorders, including neurological and infectious diseases as 

well as environmental and medical toxicities. Conversely, the abnormal survival and accumulation 

of damaged or superfluous cells drives human pathologies, including cancers and autoimmune 

diseases. Apoptosis is an evolutionarily conserved cell death pathway that is responsible for the 

proper culling of cells during normal eukaryotic development and the maintenance of organismal 

homeostasis. This pathway is controlled by the BCL-2 (B Cell Lymphoma 2) family of proteins, 

which contains both pro-apoptotic and pro-survival members that balance the decision between 

cellular life and death. Recent insights into the dynamic interactions between the BCL-2 proteins 

and how they control apoptotic cell death in healthy and diseased cells have uncovered novel 

opportunities for therapeutic intervention. Importantly, the development of both positive and 

negative small molecule modulators of apoptosis are now enabling researchers to translate the 

discoveries that have been made in the laboratory into clinical practice to positively impact human 

health.

Introduction

In order for us to remain alive, certain cells within our bodies must die. To maintain normal 

physiology and tissue function, cells that are damaged, dysfunctional or no longer necessary 

are constantly cleared via regulated cell death and ideally replaced by new, healthy cells1–3. 

When these normal processes of cell death go awry, the consequences can be disastrous. 

Many of the diseases that constitute the leading causes of death and disability worldwide, 

including neurodegenerative, cardiovascular, autoimmune and infectious diseases involve 

either excessive or insufficient cell removal4,5. Furthermore, cytotoxic chemotherapies and 

ionizing radiation can induce cell death in healthy tissues, limiting the use of these 

potentially curative cancer therapies, especially in paediatric patients6–8. Despite the 
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undeniable importance of maintaining the survival of our healthy cells or eliminating those 

that are damaged or potentially dangerous, our understanding of cell death processes and 

their regulation is still nascent, especially in light of recent findings demonstrating the 

dynamic nature of cell death regulation during development, aging and disease.

The apoptosis pathway is evolutionarily conserved across metazoans. In vertebrates, 

apoptosis is important for proper development9,10, maintenance of tissue homeostasis11,12 

and cancer prevention13. Apoptotic cell death is associated with several conserved features 

(Supplementary Box 1) and culminates in the activation of cysteine-aspartic proteases 

(caspases) which degrade cellular components to prepare dying cells for clearance by 

phagocytes with minimal stress to surrounding cells and tissues14–17. Importantly, in 

contrast to necrosis (an unregulated form of cell death frequently resulting from acute cell 

trauma18), apoptosis requires energy input and thus is an active process. In more detail, 

apoptosis is initiated by either internal or external stimuli and mediated via two distinct 

pathways: the intrinsic pathway (mitochondria-mediated, a focus of this Review), and the 

extrinsic pathway (death receptor [G]-mediated; see Supplementary Box 2).

The key to the regulation and execution of intrinsic apoptosis are BCL-2 (B Cell Lymphoma 

2) family proteins, which include both pro-apoptotic and pro-survival (anti-apoptotic) 

members (Fig. 1). The careful modulation of the balance between these two groups of 

BCL-2 proteins can largely determine cell fate decisions between life and death.

The state of apoptosis research today is particularly exciting given the recent development of 

BH3 mimetics — small molecules that mimic the activity of selected pro-apoptotic proteins 

and thus can sensitize cells to mitochondrial apoptosis (Fig. 1). Several different BH3 

mimetics, targeting various BCL-2 proteins have been developed and are being explored as 

potential therapeutics in pathological conditions caused by insufficient or excessive 

apoptosis (Box 1). These agents have already demonstrated potent clinical utility for the 

treatment of blood cancers, including chronic lymphocytic leukaemia and acute 

myelogenous leukaemia, but their potential uses in other diseases, as discussed in this 

Review, are less established but nonetheless promising.

In this Review we discuss the regulation of apoptosis by the members of the BCL-2 family 

of proteins, including the modulation of BCL-2 proteins themselves in mammalian 

physiology as well as deregulation of BCL-2 protein balance in various pathologies. 

Although many other forms of cell death have been discovered and described, the intrinsic 

apoptosis pathway is physiologically dominant, leading to the demise of over 60 billion of 

our cells each day19 and thus will be the sole focus of this Review.

Intrinsic pathway of apoptosis

Apoptosis is the most studied form of cell death and also the primary mode of cell death 

involved in development and homeostasis18,20. Here we describe the execution of apoptotic 

cell death via the intrinsic pathway, focusing on the dynamic regulation of the process by 

BCL-2 proteins.
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BCL-2 proteins as regulators of intrinsic apoptosis.

BCL-2 proteins are the key regulators of the intrinsic apoptosis pathway. Each member of 

this family contains one or more of BCL-2 homology (BH) domains, BH1-BH4. Apoptosis 

is triggered by pro-apoptotic, BH3-only proteins, the name of which stems from the fact that 

these proteins contain only a single BH domain, in this case BH3. The key effectors of 

apoptosis commitment are BH3-only “activator” proteins21: BIM (BCL-2-interacting 

mediator of cell death; encoded by BCL2L11), BID (BH3-interacting domain death agonist; 

encoded by BID), PUMA (p53 upregulated modulator of apoptosis; encoded by BBC3) and 

potentially others (see below), which bind and activate either or both of the pro-apoptotic 

pore-forming proteins BAX (BCL-2-associated X protein; encoded by BAX) or BAK 

(BCL-2 antagonist/killer; encoded by BAK1). The activation of BAX or BAK at the 

mitochondrial surface results in an allosteric change in these proteins, allowing them to 

oligomerize and form macro-pores in this membrane, causing mitochondrial outer 

membrane permeabilization (MOMP).

MOMP results in the release of apoptogenic proteins from the intermembrane space (Fig. 1). 

In the cytoplasm, released mitochondrial proteins are involved in caspase activation either 

directly — as is the case for cytochrome c [G], which binds to a scaffold protein APAF1 

(apoptotic protease-activating factor 1) to form the apoptosome [G] , or indirectly — as 

exemplified by SMAC [G]22 and serine protease OMI (also known as HTR2A), which 

neutralize caspase-inhibitory proteins such as inhibitor of apoptosis XIAP [G]. These events 

promote the activation of the initiator caspase (caspase 9) and executioner caspases 

(caspases 3, 6 and 7) for dismantling of the cell. Note that although caspase activation is a 

largely ubiquitous downstream event in apoptotic cell death, it is not the main commitment 

point for apoptosis since the prevention of caspase activation does not, under typical 

physiological circumstances, rescue dying cells post-MOMP23,24. This may explain why 

previous efforts to use caspase inhibitors in cells that are undergoing apoptosis to maintain 

tissue function were largely unsuccessful — cells with permeabilized mitochondria cannot 

continue to function metabolically and thus caspase inhibition only delays some of the 

morphological and biochemical changes that are observed post-MOMP in dying cells (see 

Supplementary Box 1). Overall, MOMP is the critical step at which a cell irreversibly 

commits to undergoing apoptotic cell death25 and represents a cellular ‘point of no return’. 

If, however, the commitment to MOMP is incomplete (only a minor subset of mitochondria 

undergo MOMP)26,27, cells may prevent more widespread activation of BAX or BAK and 

retain their clonogenic potential. Interestingly, cells with so-called ‘minority MOMP’ can be 

potentially tumorigenic, owing to the activity of post-MOMP activated proteins such as 

DNAses that may mutate DNA to facilitate neoplastic transformation27,28.

A new detail in this pathway has recently emerged: apart from causing the release of 

mitochondrial proteins, BAX/BAK macropores in the mitochondrial membrane also 

facilitate the release of mitochondrial DNA into the cytoplasm where, in the absence of 

capsases29, it can activate pro-inflammatory signalling, likely via the activation of cGAS-

STING [G] signalling30,31. This finding has possible implications for cancer immunotherapy 

— the activation of cGAS-STING signalling can activate an anti-cancer immune response32. 

Presumably, blocking downstream caspase activity in cancers that are undergoing 
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mitochondrial apoptosis in response to therapy may greatly facilitate the activation of cGAS-

STING signalling and production and release of type-I interferons, which serve as DAMPs 

[G]33 to encourage an anti-cancer immune response.

Countering this pro-apoptotic chain of events are the pro-survival (anti-apoptotic) BCL-2 

family proteins: BCL-2 (B cell lymphoma 2; encoded by BCL2) BCL-XL (B cell lymphoma 

extra large; encoded by BCL2L1), BCL-W (B cell lymphoma w; encoded by BCL2L2) , 

BFL1 (BCL2-related isolated from fetal liver 1; also known as A1; encoded by BCL2A1) 
and MCL1 (Myeloid cell leukaemia 1; encoded by MCL1) . These proteins contain all BH 

domains (BH1-BH4) and can block apoptosis by binding and sequestering monomeric 

activated BAX or BAK or BH3-only activator or sensitizer (see below) proteins34 (Fig. 1 and 

Fig. 2). These specific interactions occur via the binding of the hydrophobic face of the BH3 

domain on the pro-apoptotic protein into a hydrophobic groove formed by the BH1-BH3 

domains on the anti-apoptotic protein. In order for apoptosis to occur, pro-survival proteins 

within the cell must be overwhelmed and BAX and/or BAK activated. This is where the 

balance between pro-survival and pro-apoptotic BH3-only proteins comes into play.

To date, at least 8 different BH3-only proteins have been discovered and validated to have 

canonical pro-apoptotic activity (binding and modulating the activity of pro-survival BCL-2 

family proteins and/or BAX/BAK) in mammalian cells. These proteins include BIM, BID, 

BAD (BCL2 associated agonist of cell death; encoded by BAD), BIK (BCL2 interacting 

killer; encoded by BIK), BMF (BCL-2 modifying factor; encoded by BMF), Hrk (Harakiri; 

encoded by HRK) [G], Noxa (Latin for damage, also known as PMA-induced protein 1; 

encoded by PMAIP1) and PUMA. Of these, BIM, tBID (truncated and active form of BID, 

generated by caspase-mediated cleavage) and PUMA are most potent at activating BAX and 

BAK21,35–38. Due to their less efficient activation of BAX or BAK, the remaining BH3-only 

proteins are referred to as ‘sensitizers’ and their main function is considered to be in the 

inhibition of pro-survival proteins21,39. Each of these 8 proteins contain a single, 9–13 

amino acid BH3 domain, which is required for their interactions with pro-survival BCL-2 

proteins and/or with BAX or BAK40. This binding is highly selective and BH3-only proteins 

have varying binding affinities for different pro-survival and/or pro-apoptotic effector 

proteins (Fig. 2)34,41–46. Although BAX and BAK activation resulting from direct, 

detectable35,47 interactions with activator BH3-only proteins is a widely-accepted view of 

apoptosis induction, recent work demonstrating BAX and BAK activation even in the 

absence of all known BH3-only proteins48 suggests that other direct activators may exist 

(including the mitochondrial outer membrane itself) when all pro-survival proteins are 

inactivated.

Apoptosis initiators.

Intrinsic apoptosis can be triggered by diverse stimuli including genotoxic damage (i.e. 

ionizing radiation46,49, DNA-targeting cytotoxic chemotherapies50), damage to cellular 

organelles or signalling platforms (ER stress [G]51,52, mitochondrial damage53, inhibition of 

intracellular signalling pathways54), excessive mitogenic stimulation (activation-induced cell 

death [G] 55,56) or oncogene-induced cell death57 (of note, this type of cell death has been 

thoroughly established only for the c-Myc oncogene and the activation of other mitogenic 
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oncogenes may increase apoptotic sensitivity of cells, but potentially only through the 

requisite activation of c-Myc for cell growth and proliferation46,57–61)). Cells may be driven 

into apoptosis even by the lack of proper stimulus (i.e. growth factor withdrawal62, nutrient 

deprivation63) (Fig. 1). The diversity in apoptosis initiators is mirrored by the diversity in the 

levels and types of pro-apoptotic effectors unleashed as highlighted below. For example, 

DNA damage from ionizing radiation or genotoxic chemotherapeutics induces apoptosis by 

activating p53 to drive transcription of its target genes including BAX, PUMA and 

Noxa64,65 and repression of BCL-2 (Fig. 2a). This contrasts with apoptosis induced by 

kinase inhibition or growth factor withdrawal, which involves activation of BIM66,67, BAD 

(via dephosphorylation68), BMF69 and Hrk70. The specificity of these responses may 

potentially be leveraged to control cell fate decisions in cells that are damaged or stressed.

BCL-2 protein levels and apoptotic priming.

Proteins of the BCL-2 family are regulated by multiple mechanisms (Box 2) and their 

expression levels widely differ depending on tissue type, cell lineage, developmental stage, 

organismal age and any stress or damage that is experienced (Fig. 3)46,71. The balance 

between pro-apoptotic and pro-survival proteins determines whether a cell will live or 

die66,72–74. To illustrate, a cell that maintains its survival by expressing only enough pro-

survival proteins to barely buffer existing pro-apoptotic proteins is considered primed for 

apoptosis (Fig. 2b). A primed cell readily undergoes MOMP in response to even a weak pro-

apoptotic signal, which can be elicited by cellular stress or damage. A cell that expresses a 

surplus of pro-survival proteins that can buffer against existing and potentially additional 

pro-death molecules is less primed, or unprimed. Finally, a cell that does not express 

sufficient levels of the key pore-forming proteins BAX and BAK are unable to undergo 

MOMP (and therefore unable to die via the mitochondrial apoptosis pathway, but may still 

be able to die via the extrinsic apoptosis pathway – see Supplementary Box 2) and are 

designated as apoptosis refractory. While expressed here categorically for illustration, 

priming exists on a continuum and cells can exist at any point along this scale. Recently, a 

functional assay called BH3 profiling was developed (Box 3), which measures apoptotic 

priming72,75.

Apoptosis pathway in physiology

An important mechanism that ensures organismal homeostasis is the removal of damaged or 

superfluous cells via apoptosis and in the former case their replacement from stem cell-

derived progeny. Although not absolutely essential for animal development or survival, 

apoptotic competence ensures proper tissue development and homeostasis (Fig. 3).

Heightened apoptotic sensitivity as a hallmark of developing tissues.

Development is associated with high cell proliferation. Apoptosis has long been considered 

essential for normal development76,77 by allowing for the removal of superfluous or 

damaged cells generated as a result of this high proliferation as well as to shape tissues by 

removing unwanted cells. However, mounting evidence supports the view that although 

apoptotic cell death has a major role in proper organ and limb formation, cell specialization 

and differentiation, it is not absolutely essential for mammalian development. Although mice 
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lacking both BAX and BAK have profound resistance to apoptosis and exhibit phenotypes 

indicative of loss of developmental apoptosis, such as interdigital webbing and imperforate 

vaginas (see also below), they are able to survive into adulthood if they successfully pass the 

crucial perinatal period at which the vast majority of double-knockout mice die, reportedly 

due to difficulties with proper feeding10,78. It is possible that the extrinsic apoptosis pathway 

or another pro-apoptotic, pore-forming protein, such as the non-canonical BCL-2 family 

member BOK (BCL-2-related ovarian killer; encoded by BOK) replaces the need for BAX 

and BAK during development. Indeed, the loss of BOK has been recently shown to 

exacerbate the phenotypes associated with loss of BAX and BAK10 and to phenocopy many 

of the profound abnormalities of Apaf1 knockout mice, which are considered completely 

null for intrinsic apoptosis due to the inability to form functional apoptosomes79. However, a 

small subset of triple knockout mice for Bax, Bak1 and Bok are able to survive to adulthood 

(similarly to Apaf1 knockout mice), highlighting that although intrinsic apoptosis is 

important for proper development, it is not absolutely essential for mammalian life. In 

addition, a recent report showed that concomitant loss of autophagy-regulating protein 

ATG5 made phenotypes associated with Bax/Bak1 double knockout even more pronounced, 

implying that autophagic cell death may compensate for loss of the competence for intrinsic 

apoptosis80.

Despite this, apoptosis is important for the optimal formation and maturation of tissues and 

organs. For instance, perinatal brain development is associated with massive proliferation of 

neural progenitors81, followed by a wave of apoptosis that eliminates approximately half of 

cells that are either excessive or have not established appropriate synaptic connectivity82. 

The death of neuronal cells during this period is almost entirely BAX-dependent as 

demonstrated by the accumulation of excess neurons in Bax (but not Bak1) knockout 

animals78,83 as well as BCL-2 overexpressing animals (Fig. 3)62. Apart from BAX, also 

other pro-apoptotic proteins, including BIM and BID are highly expressed in the developing 

brain. Importantly, the high expression of pro-apoptotic proteins that facilitates neuronal 

pruning also renders the developing brain highly sensitive to pro-apoptotic signalling (Fig. 

3) and so this tissue is classified as “primed for apoptosis” by BH3 profiling (Box 3)46. The 

extremely high apoptotic sensitivity of the developing brain is likely responsible for the 

hypersensitivity of this tissue to sources of damage or stress, including chemotherapy or 

ionizing radiation at this stage of life46,84,7,85. Importantly, pro-apoptotic proteins are 

strongly downregulated after the early postnatal period and thus protect terminally 

differentiated and largely irreplaceable neurons from unwanted apoptosis later in life (Fig. 

3). In fact, we propose that the increased sensitivity of the developing brain to a great variety 

of environmental toxins (such as lead86 or arsenic87) or medically necessary agents 

(anaesthetics88, glucocorticoids89) as well as perinatal injuries (ischaemia–reperfusion injury 

[G]90, traumatic brain injuries91) may be due to its increased propensity of developing 

neuronal cells to undergo apoptosis as compared to adults.

Due to the high expression of pro-apoptotic proteins in the developing brain46,77, this tissue 

is dependent on the expression of the pro-survival protein BCL-XL to keep these death-

inducing proteins balanced. In fact, knockout of the pro-survival gene Bcl2l1 (encoding 

BCL-XL), results in embryonic lethality due to massive cell loss within the developing 

Singh et al. Page 6

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2020 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



central nervous system (as well as in the haematopoietic system)92, thus highlighting the 

tight regulation of apoptosis during neurogenesis and development.

The heightened apoptotic sensitivity of tissues during development is not limited to the 

brain. The heart, kidneys and liver are also more sensitive to pro-apoptotic stimuli at 

perinatal and early postnatal stages than in adults46,77. Importantly, this heightened apoptotic 

sensitivity is frequently associated with active proliferation of tissues and expression of the 

growth- and division-supporting transcription factor c-Myc, suggesting that active 

proliferation is tightly coupled to expression of the machinery necessary for apoptosis 

induction. c-Myc actively drives the transcription of prominent pro-apoptotic genes 

including BAX, BID and BIM in proliferating tissues, promoting a state of high 

susceptibility to apoptosis46,93. Note that this process is also active in cancers, as discussed 

below. A major exception to this rule linking high proliferation with high apoptotic 

sensitivity are peripheral resting B and T lymphocytes, which are not actively cycling but are 

extremely primed for apoptosis and, consequently, are highly sensitive to many types of 

cytotoxic chemotherapies and ionizing radiation94 (see also next sub-section).

The normal development of germ cells and reproductive tissues is also highly dependent on 

balanced regulation of mitochondrial apoptosis by BCL-2 family proteins, potentially 

serving to eliminate male germ cells that carry genetic dysfunctions in apoptosis. For 

instance, Bax knockout11 (as well as knockout of multiple other pro-apoptotic genes such as 

Apaf1 (ref. 79) or overexpression of pro-survival MCL1(ref. 95), BCL-2 or BCL-XL
96) 

impairs germ cell differentiation, resulting in male sterility. Although this process is 

incompletely understood, it seems that blocking the naturally occurring apoptosis that 

regulates germ cell number leads to an imbalance of germ cells with supporting Sertoli cells 

[G], which leads to massive loss of germ cells via a non-apoptotic cell death (Fig. 3). In 

female mice, blocking apoptosis via deletion of BAX and BAK78 or overexpressing BCL-2 

(ref. 97) prevents the normal hormonally-driven opening of the vaginal cavity to the skin at 5 

weeks of age, impinging on their reproductive capacity.

The role of MCL1 in mammalian development is less clear than BCL-2 or BCL-XL due to 

the very early (at embryonic day 3.5) lethality of this knockout, which is associated with a 

trophectoderm defect that impairs implantation of the embryo98. Although this early 

lethality may be due to a strong requirement for MCL1 in counteracting apoptosis, it may 

alternatively be due to potential physiological roles of MCL1 beyond regulating apoptosis: it 

has been shown that an amino-terminally truncated isoform of MCL1 is imported into the 

mitochondrial matrix where it facilitates respiration and ATP production99,100. However, in 

cancer cells, the loss of MCL1 has no major impact on cell growth beyond regulating 

apoptosis48. It is still entirely possible that any non-apoptotic functions of MCL1 may only 

be detected in certain contexts, especially in non-transformed cells that are less proficient at 

adapting to changing growth conditions.

As many tissues mature and reach a largely post-mitotic state, most apoptosis-regulating 

proteins (both those that are pro-survival as well as pro-apoptotic) are strongly 

downregulated to foster apoptosis resistance46,77,7. Although the aetiology of this 

downregulation is unclear, it ostensibly prepares non-replaceable cells for life-long survival 
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by removing the proteins that can potentially cause their demise. It is possible that the 

apoptosis pathway becomes re-activated in certain physiological or pathological 

circumstances, including those mentioned below in disease-specific settings such as 

neurodegenerative disorders.

Importance of apoptosis for tissue homeostasis.

In mammals, the blood system contains multiple types of differentiated cells with highly 

specialized functions. Many types of mature blood cells are extremely short-lived and are 

replaced at an estimated rate of more than 60 million cells per minute in an adult human. For 

example, neutrophils — the most common nucleated cell type in the peripheral blood — 

have a lifespan of only 5.4 days101, meaning that roughly 20% of neutrophils die via 

apoptosis each day in an adult human. The short half-life of these cells is likely due to their 

prominent role as phagocytes for invading pathogens — mammals have presumably evolved 

to allow these cells (together with their microbial load) to self-destruct via apoptosis and be 

replaced instead of utilizing a detoxification strategy. Interestingly, a similar mechanism of 

self-destruction exists in hepatocytes within the liver, which accumulate toxins and undergo 

apoptosis. Apoptotic hepatocytes release cytokines, which stimulate liver regeneration and 

hepatocyte proliferation allowing the tissue to recover102.

The continuous death of neutrophils requires the constant proliferation of haematopoietic 

progenitor cells (HPCs) and, upstream, haematopoietic stem cells (HSCs). The continuous 

yet variable proliferation of these cells is correlated with their levels of apoptotic priming: 

the higher rates of proliferation in more differentiated progenitors103 are associated with 

higher levels of priming104. Similarly, HSCs in young animals are more primed for 

apoptosis than in aged individuals, which corresponds with higher proliferative potential of 

young HSCs104. Strong evidence for the role of BCL-2 family proteins in maintaining 

homeostasis of the haematopoietic system can be observed in mouse models of apoptotic 

dysfunction. For example, Bax knockout, and especially Bax and Bak1 double knockout78, 

mice accumulate mature T and B lymphocytes11, which indicates that these cells, similarly 

to neutrophils, are normally cleared via apoptosis at the end of their useful lifespans, upon 

clearance of active infection, and during the maturation process in the thymus when auto-

reactive lymphocytes are removed (Fig. 3). In addition, genetic ablation or pharmacologic 

inhibition of BCL-XL causes accelerated apoptosis in platelets, which rely on BCL-XL to 

counteract their high apoptotic susceptibility105, causing thrombocytopenia and 

complicating the clinical translation of BH3 mimetics targeting this pro-survival protein for 

cancer treatment106 (see Box 1). These regulatory mechanisms have recently been reviewed 

elsewhere (see 107,108).

Although some adult somatic cells within other tissues can die via apoptosis in response to 

genotoxic damage or other stress (for example, cells within the intestinal crypts109), the role 

of apoptosis in maintaining major organ systems beyond the haematopoietic system at 

steady state is less clearly defined110. For example, the knockout of Bax, Bak1, or Bok (or 

even all three10) genes has limited impact on the homeostasis of the gastrointestinal system, 

suggesting that apoptotic cell death is not a highly prominent feature of that tissue. However, 

the importance of apoptotic susceptibility may only become apparent when the tissue is 
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damaged and requires repair or large-scale physiological remodelling, as is the case for 

mammary gland involution following lactation111. Indeed, cellular sensitivity to apoptosis 

changes during repair and regeneration46,112, highlighting the link between tissue 

proliferation and apoptotic competence. For example, in the liver, hepatocyte loss due to 

alcohol toxicity, viral infection or excessive fatty acids113 can stimulate surviving 

hepatocytes to proliferate and regenerate lost tissue, which is associated with the 

upregulation of c-Myc and its pro-apoptotic targets in dividing cells (Fig. 3). In this 

proliferative state hepatocytes are transiently sensitized to apoptosis46 and potentially are 

more vulnerable to cell death in the event of a subsequent insult (Fig. 2b).

Suppression of apoptosis in disease

As with many other biological, physical and chemical systems within complex organisms, 

apoptotic cell death is kept in a crucial balance to maintain equilibrium. When cells that are 

intended to die by apoptosis fail to do so, they can accumulate and cause detriment to the 

host via several distinct mechanisms, several of which are outlined below.

Cancer cell survival.

There is no other set of diseases in which apoptosis has been better characterized than 

cancers. In fact, the namesake of this family, BCL-2, was named for its discovery in B-cell 

lymphomas, where BCL-2 is frequently grossly overexpressed 114. In addition, the ready 

access to clinical material and widespread use and utility of in vitro cancer cell lines has 

greatly accelerated studies of apoptosis regulation in this disease.

Because it is associated with accumulating DNA damage, aberrant growth signals and 

excessive pressure to support cell growth, the transformation of a cell to a malignant state is 

inherently stressful115,116. In addition, many of the genes necessary for active growth and 

proliferation are controlled by c-Myc, which is therefore unsurprisingly deregulated in 

nearly all cancers117. This, however, comes with the cost of increased expression of pro-

apoptotic genes, which are also controlled by c-Myc, resulting in heightened apoptotic 

priming and frequent apoptosis of pre-malignant cells (Fig. 4). The evasion of apoptosis at 

this stage of cellular transformation is vital for the continued proliferation of cancer cells 

and tumour formation, and the ability to suppress apoptosis is referred to as one of the 

hallmarks of cancer118. Indeed, blocking apoptosis has been shown across many model 

systems to facilitate malignant transformation and cancer development119,120. The means by 

which cells evade apoptosis vary greatly among cancer types and even within the same 

cancer type, resulting in heterogeneous expression of and dependence on pro-survival 

BCL-2 family proteins. This topic has been recently reviewed by several groups (see 
74,121–123) and will thus only be addressed briefly in this Review.

The need to actively suppress apoptotic cell death is particularly important for cancers that 

originate from the haematopoietic system (which as discussed above is particularly primed 

for apoptosis) and the expression of BCL-2 family members is frequently altered in these 

cancers. The mechanisms most typically employed include: upregulation of pro-survival 

proteins including BCL-2, MCL1, BCL-XL, BFL1 and BCL-W; downregulation or 

inactivation of pro-apoptotic proteins including BIM, BID, BAX, Noxa, PUMA, and Hrk via 
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mutation (observed only rarely124, potentially owing to the large protein–protein interaction 

surfaces found in BCL-2 family proteins, which are not effectively blocked by mutations), 

phosphorylation69,125 or other post-translational126 or post-transcriptional98 mechanisms; or 

downregulation or inactivation of the pore-forming proteins BAX and BAK (Fig. 4). 

Interestingly, aged HSCs in mammals are less adept at repairing DNA damage and, as 

discussed above, they are also less primed for apoptosis than younger counterparts104. These 

mechanisms may contribute to the outgrowth and survival of malignant clones in the 

haematopoietic system and may provide a mechanistic basis for the large increases in 

prevalence of most lymphomas and leukaemias as we age127.

Cancer cells must only suppress enough pro-apoptotic signalling via the above mechanisms 

to maintain survival during daily fluctuations in nutrient and environmental stressors and so 

generally they remain highly primed for apoptosis when unchallenged by exogenous 

perturbations. Thus, the evasion of apoptosis during carcinogenesis does not necessarily 

yield an apoptosis resistant cell and for this reason, cancer cells, and in particular those of 

the haematopoietic origin, show high sensitivity to cytotoxic chemotherapy and ionizing 

radiation72,73,116,128,129 (Fig. 4). However, cancer cells can develop further resistance to 

these treatments (including via one of the aforementioned mechanisms,) and for too many 

patients, the inability to eradicate 100% of malignant cells results in the selection and 

expansion of such resistant cells and thus drives therapy resistance.

Although solid tumours frequently exhibit similar changes in BCL-2 family proteins as those 

listed above for haematologic malignancies, they typically employ fewer and less dramatic 

alterations in order to stave off apoptosis. This may be due to the inherently lower levels of 

apoptotic sensitivity evident in cells of non-haematologic lineages. For example, mature 

cells from the adult brain and kidneys are profoundly resistant to apoptosis46 and thus the 

malignant cells that emerge from those tissues (which likely originate from stem cells within 

the tissue but ostensibly share many lineage-associated characteristics such as apoptosis 

regulation) are likely to be more resistant to apoptosis as well. Furthermore, the genes that 

can drive proliferation in cancers are also tissue-type-specific130. This may help explain why 

solid tumours are, in general, less sensitive to chemotherapy and radiation therapy than 

haematopoietic cancers.

Development of autoimmune diseases.

Beyond cancer, the most compelling evidence of insufficient apoptosis contributing to 

disease is in autoimmune disorders. Although these defects may involve perturbations to the 

extrinsic pathway131, the intrinsic pathway is also implicated. For instance, mice lacking 

BIM132 or overexpressing BCL-2 (ref. 133) spontaneously produce auto-antibodies to 

nuclear antigens and develop a systemic autoimmune disease. In humans, abnormally high 

expression of BCL-2 in peripheral blood B and T lymphocytes has been observed in patients 

diagnosed with systemic lupus erythematosus (SLE) — a prototypic autoimmune disease 

characterized by inflammation and organ damage in association with the expression of auto-

antibodies against double-stranded DNA. Such high BCL-2 levels may be responsible for 

the survival of self-reactive lymphocytes driving SLE.
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Autoimmune lymphoproliferative syndrome (ALPS) is a recently-characterized disorder 

caused predominantly by inherited mutations in the gene that encodes Fas (tumor necrosis 

factor receptor superfamily member 6, which is implicated in extrinsic apoptosis) leading to 

reduction in apoptosis potential and expansion of double negative T cells [G] (DNTCs) — a 

hallmark of ALPS. Although the accumulation of T cells due to dysfunctional Fas-mediated 

apoptosis does not directly involve BCL-2 family proteins, it has been reported that DNTCs 

frequently upregulate pro-apoptotic BIM, which is counteracted by the overexpression of at 

least one pro-survival BCL-2 family protein (BCL-2 or BCL-XL). The important role of 

intrinsic apoptosis deregulation in ALPS is supported by the sensitivity of ALPS-associated 

DNTCs to BH3 mimetics103.

Finally, gastrointestinal autoimmune diseases such as Crohn’s disease and ulcerative colitis 

are believed to occur as a consequence of chronic inflammation and consequent death of 

intestinal epithelial cells. This inflammation is established by hyper-proliferating T cells that 

normally would be eliminated by cell death134. However, in these conditions, an increase in 

pro-survival BCL-2 prevents T cell apoptosis.

Propagation of intracellular pathogens.

Pathogenic microorganisms must evade detection or must prevent the self-destruction of 

host’s cells for a period long enough to replicate and spread. To accomplish this, certain 

types of infectious pathogens have evolved the ability to produce factors that suppress 

apoptosis. It is important to note that herein we focus exclusively on BCL-2 family proteins, 

yet virus-mediated and bacteria-mediated effects on the extrinsic apoptosis pathway, which 

is widely involved in responses to infection, are also common (reviewed in 135,136).

One fourth of the world’s population is infected with Mycobacterium tuberculosis, leading 

to over 10 million symptomatic illnesses and over 1.7 million deaths each year. Infection 

with M. tuberculosis initiates when lung macrophages phagocytize the bacteria in the 

alveolar spaces. Notably, the internalized bacteria are able to survive and replicate within 

these host cells. Once detected, the host attempts to use autocrine or paracrine signalling to 

trigger extrinsic apoptosis in infected macrophages. However, M. tuberculosis cell wall 

components enhance the activity of the nuclear receptor PPARγ (peroxisome proliferator-

activated receptor γ) to drive production of pro-survival protein MCL1, which inhibits both 

extrinsic and intrinsic apoptosis, thereby supporting further replication of the pathogen137. 

Finally, when the threshold of about 20 bacteria per cell is reached, the cell undergoes a 

form of cell death termed “high-MOI (multiplicity of infection) apoptosis137”, which shares 

features of apoptosis and necrosis and may be the preferred mode of self-destruction from 

the perspective of pathogen spreading owing to the non-immunogenic nature of apoptotic 

cell death. Once released from the dying cells, the bacteria are able to infect additional cells 

and continue the cycle or spread to other individuals via aerosolized transmission. A similar 

mechanism is employed by Legionella pneumophila, which secretes a protein 

(phosphoinositide phosphatase SidF) into infected host cells that blocks the activity of 

several pro-apoptotic proteins to prevent the mitochondrial apoptosis that typically serves to 

limit pathogen expansion138.
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Similarly to intracellular bacteria, viruses require the host cells to replicate and thus must 

prevent their self-destruction upon detection of infection. Cytomeglovirus (CMV), for 

example, produces multiple proteins that suppress apoptosis, including viral mitochondria-

localized inhibitor of apoptosis (vMIA; also known as pUL37×1), which is structurally 

similar to BCL-XL despite its considerable sequence differences139. vMIA can block 

mitochondrial apoptosis via mechanisms reminiscent of BCL-XL, including the binding and 

sequestration of BAX at the mitochondrial membrane to block MOMP. In addition, a 

product of the m41.1 open reading frame of CMV encodes a mitochondria-localized 

inhibitor of BAK oligomerization (vIBO)), which in combination with vMIA completely 

inhibits the intrinsic apoptosis pathway139. Interestingly, CMV also causes ER stress during 

active infection and actively produces the viral protein UL38 to block ER stress-induced 

apoptosis. Similar mechanisms can be observed in cells infected with Epstein-Barr Virus 

(EBV) and Kaposi’s sarcoma gamma-herpesviruses (KSHVs), which encode the pro-

survival BCL-2 viral homologs: BHRF1 and KSHV–BCL-2, respectively, which can bind 

and sequester BIM140,141. In addition, the expression of the EBV-encoded latent membrane 

protein 1 (LMP1) upregulates expression of several pro-survival proteins including BCL-2, 

MCL1 and BFL1 (refs. 142–144) to suppress apoptosis during viral replication, making it a 

promising therapeutic target for the treatment of EBV infection. Note that expression of 

these virally-associated pro-survival proteins can suppress apoptosis during malignant 

transformation, facilitating the development of a wide range of cancer types145

Promoting apoptotic cell death for therapeutic benefit.

Based on our understanding of apoptosis regulation in cancers, great effort across many 

academic and industry laboratories has been dedicated to the development of agents that can 

inhibit pro-survival protein function with an aim to promote apoptosis in cancer cells (see 

Box 1 for details).

The involvement of BCL-2 family proteins in several types of autoimmune disorders 

suggests that inhibiting pro-survival protein function may reverse the abnormal 

accumulation of cells that would typically be destined for deletion. BH3 mimetics may thus 

have therapeutic efficacy in these diseases and promising results have emerged from 

preclinical studies. For example, in the mouse model of SLE, treatment with BCL-2 

inhibitor venetoclax reduced the numbers of peripheral B cells and dampened phenotypes 

associated with the disease146,147. Based on the success in mouse studies, clinical trials are 

now underway to evaluate venetoclax in patients diagnosed with SLE. This treatment seems 

to show good tolerability148 but therapeutic data are not yet available.

As highlighted above, infectious pathogens frequently suppress apoptosis in host cells as a 

part of their infectious strategy. Theoretically, inhibiting the pro-survival signalling in these 

situations would allow for apoptosis to proceed as intended and potentially could prevent 

expansion of infectious pathogens in the host. So far, BH3 mimetics have been shown to be 

effective during L. pneumophila infection. In this case, the bacterium blocks host cell 

protein synthesis causing a reduction in expression of high-turnover MCL1 and sensitizing 

cells to BCL-XL inhibition149. Although using BH3 mimetics to target mammalian BCL-2 

family proteins can be efficacious in certain contexts, developing agents that block the 
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function of the pathogen-encoded counterparts would likely further widen the therapeutic 

index. A potential challenge here is the development of small molecules that inhibit the 

activity of pro-survival proteins expressed by the pathogen but not their mammalian 

counterparts and we need to learn more about how to target these pathogenic proteins.

Excessive apoptosis in disease

Similarly to insufficient apoptosis, the loss of cells due to inappropriate or excessive 

apoptosis may be deleterious. The most notable example includes the non-regenerative 

tissues, such as the brain, which are particularly susceptible to the loss of cells. Excessive 

apoptosis can also be caused by pathogens.

Neuronal cell death in neurodegenerative diseases.

Prominent neurodegenerative diseases including Alzheimer disease, amyotrophic lateral 

sclerosis (ALS), Parkinson disease and Huntington disease are all characterized by the 

accumulation of misfolded proteins150,151, which eventually disrupt the nervous system by 

aggregating and depositing within cells or the extracellular matrix, culminating in the 

dysfunction or loss of neurons5. Although apoptosis is important for perinatal brain 

development as discussed above, in adults the vast majority of cells in the nervous system 

are post-mitotic and profoundly resistant to apoptosis (apoptosis refractory) owing to 

insufficient expression of pre- and post-MOMP pro-apoptotic proteins46,152–154 (Fig. 2 and 

Fig. 3). Despite this, apoptosis-associated proteins may be upregulated during the 

pathogenesis of these diseases and, as discussed below, may represent a potential novel 

therapeutic target for neurodegeneration.

In Alzheimer disease, the accumulation of amyloid-β [G] (Aβ) peptides and tau [G]-
containing neurofibrillary tangles [G] (NFTs) leads to the dysfunction and death of neurons, 

resulting in a progressive dementia that is eventually fatal5. Although the exact mechanisms 

by which neurons undergo cell death in response to the Aβ peptides and tau NFTs is unclear, 

it has been shown that synthetic Aβ peptides can activate caspase 3 and induce apoptosis in 

cultured neurons155. Interestingly, several groups have reported that caspases may also 

directly cleave tau and drive formation of NFTs155, potentially linking Aβ to tau NFT 

formation and to Alzheimer disease pathogenesis. Other studies have provided evidence that 

Aβ kills neurons by first inducing membrane-associated oxidative stress, resulting in lipid 

peroxidation and the production of 4-hydroxynonenal [G] 156 and ceramide [G] 157, which 

activate the intrinsic mitochondria-dependent apoptosis pathway. Most pertinent to this 

Review, Aβ has been reported to induce apoptosis by downregulating BCL-2 and 

upregulating BAX in addition to inducing oxidative stress and apoptotic cascades in 

synapses and dendrites158. However, it is important to note that in vitro cultures of primary 

neurons are typically derived from embryos or neonates and these cells are more sensitive to 

apoptotic cell death than adult neurons46 (see above), thus making generalization to human 

disease challenging.

Several mouse lines expressing human Aβ precursor (APP) show age-dependent 

accumulation of Aβ in the hippocampus and cerebral cortex, decreased neurogenesis and 

increased neurodegeneration along with markers of apoptosis159. In support of the 
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contribution of intrinsic apoptosis to the pathology of Alzheimer disease, it was shown that 

the expression of pro-apoptotic BAX and BAK is increased in hippocampal neurons in the 

majority of brains obtained from individuals affected by Alzheimer disease, along with 

changes in other BCL-2 family proteins4,160. Furthermore, the potential benefit of inhibiting 

mitochondrial apoptosis has been directly demonstrated through the use of a triple 

transgenic (overexpressing APPswe, tauP301L and PS1(Presenilin-1 [G] )M146V) Alzheimer 

disease mouse model wherein overexpression of anti-apoptotic BCL-2 blocked activation of 

caspase 9 and caspase 3; in these conditions, the degree of caspase cleavage of tau was 

limited, the formation of plaques and NFTs was inhibited and memory retention was 

improved161.

The pathological hallmark of Parkinson disease is progressive and selective dopaminergic 

neuronal degeneration in the substantia nigra pars compacta (SNpc), the brain region that 

controls motor activity162. Although the mechanisms underlying the selective loss of 

nigrostriatal dopaminergic neurons in this disease have not yet been elucidated, it has been 

shown that Parkinson disease is associated with mitochondrial dysfunction and several 

recent human post-mortem studies have suggested that dopaminergic neurons die by 

apoptosis162. To date, at least three genes have been found to be associated with Parkinson 

disease; these genes encode: α-synuclein, parkin, and PTEN-induced kinase 1 (PINK1)162. 

Deletion of PINK1 in human and mouse neurons sensitizes them to apoptosis as evidenced 

by decreased overall viability and increased caspase 3 activation in response to the classical 

apoptosis-inducing pan-kinase inhibitor staurosporine163. Parkin deficiency, which is a 

prominent cause of familial Parkinson disease, may contribute to heightened apoptotic 

sensitivity of cultured cells of neural lineage164. Adding further evidence to the causative 

role of apoptosis in Parkinson disease, experimental mouse models of the disease have 

shown that p53-mediated upregulation of BAX is a necessary step in SNpc dopaminergic 

neuron apoptosis caused by mitochondrial dysfunction (inhibition of respiratory complex 

I)165.

ALS is a common motor neuron disease initiated by the loss of motor neurons in the brain 

and spinal cord164, which leads to muscle weakness, paralysis and ultimately to death due to 

respiratory failure. Several gene mutations have been identified that contribute to this 

disorder with more than 20% of familial ALS cases being linked to mutations in the gene 

encoding copper/zinc superoxide dismutase 1 (SOD1)166. Alterations in the expression of 

different BCL-2 family members have been described in the spinal cord of transgenic mice 

expressing mutant SOD1 and in humans affected with ALS164. Moreover, survival of SOD1 

mutant mice is prolonged by the overexpression of BCL-2164. Importantly, it has been 

shown that although BAX deletion only slightly increases the survival of SOD1 mutant 

mice, it strongly protects motor neurons against apoptosis and improves motor function by 

preventing neuronal loss and degeneration, slowing onset of ALS symptoms, including 

paralysis167.

Huntington disease is an inherited neurodegenerative disease characterized by chorea [G], 
personality changes, dementia and early death168, which results from the selective death and 

dysfunction of specific neuronal subpopulations within the central nervous system. The gene 

responsible for these effects encodes huntingtin, which contains a polymorphic stretch of 
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repeated CAG trinucleotides, encoding a polyglutamine tract. Huntingtin gene in healthy 

people possesses less than 20 repeats and huntingtin with more than 35 repeats results in a 

higher probability of developing Huntington disease. In vitro models of Huntington disease 

show clear signs of apoptosis as indicated by neurite loss or destruction, chromatin 

condensation, nuclear pyknosis and fragmentation168. In support of the role of apoptotic cell 

death in neurodegeneration in Huntington disease, brains of individuals expressing mutant 

huntingtin reproducibly stain for apoptotic markers (TUNEL [G] -positivity, activation of 

caspases 1, 3, 6, and 8) and these effects can be inhibited in mice by co-expression of 

BCL-2, BCL-XL or caspase inhibitors169.

In summary, although these different neurodegenerative diseases are driven by highly 

diverse mechanisms, they broadly involve the loss of neurons, often through apoptosis, 

which then results in disease-associated phenotypes. In each case, direct and potent 

inhibitors of BAX and BAK would potentially be effective at preventing the loss of neurons 

and delaying disease progression and mortality. However, the degree to which these 

strategies would be effective therapeutically depends on whether the host would be better 

served by keeping a damaged or dysfunctional neural cells in place, or perhaps allowing 

them to die via apoptosis. This question can only be answered by assessing functional 

outcomes including, for example, motor function, cognition and long-term survival upon 

apoptosis inhibition. Although some evidence, as outlined above, indicates that blocking 

mitochondrial apoptosis can have therapeutic benefit in neurodegeneration, other studies 

have demonstrated mixed results170.

Acute brain injuries.

Cerebral ischaemia has traditionally been considered to induce an exclusively necrotic cell 

death in affected neural cells171. However, more recent work has demonstrated that although 

cells within the ischaemic core indeed die via necrosis, those within the penumbra [G] may 

remain metabolically active and die via apoptosis at a later time point, which exacerbates 

tissue loss and dysfunction172. Several reports connect BCL-2 family proteins directly to 

ischaemia–reperfusion injury in the brain, including evidence of BID cleavage (indicative of 

activation) following ischaemia in brain tissue and observations that loss of BID reduces the 

extent of infarcted brain tissue173. However, there is little data showing that inhibition of 

mitochondrial apoptosis may be effective at minimizing ischaemia–reperfusion-associated 

dysfunction in adult brain tissue174. Nevertheless, based on the increased expression of 

apoptosis-related genes in the developing brain, we propose that mitochondrial apoptosis is 

most involved in ischaemia–reperfusion injury in young humans (especially during the 

perinatal period and infancy) and not adults. As expected, BAX and downstream caspases 

are activated in a neonatal model of ischaeemia–reperfusion injury175.

Similar to cerebral ischaemia, there seems to be a greater role for mitochondrial apoptosis in 

neonatal traumatic brain injuries than in adults176,177. This would suggest that the 

apoptotically primed cells within the brain respond to certain injuries with pro-apoptotic 

signalling that can effectively activate BAX. It is thus likely that brains of young mammals 

would be hypersensitive to any types of damage or stress that induces apoptotic signalling 

due to their heightened BAX expression and apoptotic priming (Fig. 3).
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Cell death induced by pathogens.

In contrast to mechanisms inhibiting cell death in host cells upon infection mentioned above, 

which are only starting to emerge, it is well recognized that apoptosis has an important role 

in the deleterious effects of infection in humans. Here, we will describe two notable 

examples.

In Nobel prize-winning work, Helicobacter pylori was shown to be directly responsible for 

the development of gastritis and eventually peptic ulcers137, along with gastric lymphomas 

and adenocarcinomas. H. pylori contains several virulence factors; among these, vacuolating 

cytotoxin (VacA) has been shown to directly induce mitochondrial apoptosis in gastric 

epithelial cells and is thought to play a crucial role in the development of ulcers in the 

duodenum178. Mechanistically, VacA can induce receptor-like protein tyrosine phosphatase 

(RPTPβ) to cause activation of BAX and BAK179. In addition, this toxin inhibits JAK–

STAT3 signalling, causing downregulation of pro-survival proteins BCL-2 and BCL-XL, 

leading to apoptosis180.

As another example, prolonged infection with the human immunodeficiency virus (HIV) 

causes acquired immunodeficiency syndrome (AIDS), owing to progressive loss of CD4+ T 

cells, which involves BCL-2 family proteins at several levels. First, HIV triggers apoptosis 

in T cells upon infection by producing HIV proteases that specifically cleave and inactivate 

BCL-2 (ref. 181), thereby shifting the balance of pro-survival and pro-apoptotic proteins 

toward apoptosis. Furthermore, infected cells also secrete viral proteins such as gp120, Tat 

and Nef into the extracellular environment. Gp120 binds various receptors on T cells, which 

activate the extrinsic as well as the intrinsic apoptosis pathways in bystander (not necessarily 

infected) T cells182. Intrinsic apoptosis of bystander T cells is proposed to be driven by 

gp120-mediated upregulation of BAX183 along with concurrent downregulation of BCL-2 

(ref. 184).

It is important to note that pathogen-induced death of infected cells may also occur via 

necrosis — this is especially true of the lytic phase of infection, during which extensive 

bacterial or viral replication has been completed and when necrotic cell death facilitates the 

maximal spread of infectious material to additional host cells and, eventually, additional host 

organisms105,185.

Inhibiting apoptotic cell death for therapeutic benefit.

The strong evidence of apoptosis having a role in many diseases associated with abnormal 

cell loss has prompted efforts to drug this pathway for therapeutic benefit. However, the lack 

of potent and selective inhibitors of apoptosis, especially at the level of the BCL-2 family, 

has prevented more rigorous evaluation of the therapeutic potential in this space. Early 

studies tested the therapeutic efficacy of pan-caspase inhibitors such as Z-VAD-fmk that 

could block the key executioner caspases. Importantly, the use of these agents is expected to 

have limited clinical benefit for direct apoptosis inhibition because they work downstream of 

MOMP and cannot reverse the profound damage to mitochondrial function that is induced 

by BAX and BAK-mediated pore formation. Nevertheless, pharmacologic inhibition of 

caspases is able to reduce caspase activation in response to ischaemia and traumatic injuries 
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in adult brain tissue and can provide a therapeutic effect, in particular when combined with 

antagonists of the N-Methyl-D-aspartate (NMDA) receptor, which reduce excitotoxicity [G] 
186. It is possible that caspase inhibitors are acting via mechanisms outside of apoptosis 

prevention in these scenarios, such as the prevention of caspase-mediated cleavage of targets 

unrelated to apoptosis, as is the case for tau155. In addition, due to the involvement of 

caspases in key processes such as inflammation, these inhibitors may be blocking 

inflammatory pathways that have pathogenic roles such as neuroinflammation187. In 

neonates, several studies closely examined the use of caspase inhibitors for neuroprotection, 

reporting that they reduce caspase activation, TUNEL positivity as well as tissue 

damage188–190. Crucially, however, when functional outcomes were tested, the 

administration of these agents did not lead to improvement in post-injury motor or executive 

function188, again suggesting that inhibiting caspases is not likely sufficient to completely 

block injury-associated dysfunction if the primary mechanism is mitochondrial apoptosis.

More recently, agents that directly inhibit the activity of BAX have been reported based on 

strong in vitro evidence of binding and cell death inhibition191 (Box 1). Excitingly, these 

agents can protect neurons from excitotoxic damage in vitro191 and from ischaemia injury in 

vivo192 but likely require further optimization prior to clinical testing. Regardless, the 

development of these and additional agents is expected to provide new opportunities to 

reverse the progression of diseases that are driven by excessive apoptosis.

CONCLUSIONS AND PERSPECTIVE

Accumulating evidence suggests that deregulated — increased or decreased — apoptosis is 

involved in the pathological depletion or accumulation of cells in many human disorders. 

There is an unclear understanding, however, of the molecular mechanisms that drive 

deregulation of apoptosis during the onset of these diseases and how the apoptotic pathway 

may be modulated for clinical benefit. Continued research in this space should seek to define 

the cellular and molecular targets for controlling apoptosis — keeping it in check or 

enhancing, according to the need — and to explore their potential for clinical translation. Of 

crucial importance in this space is the use of functional and physiological assessments of 

cellular survival as measurements of therapeutic efficacy of potential therapeutic agents 

instead of simply the preservation or elimination of cells. For example, a cardiomyocyte that 

doesn’t activate caspases in response to ischaemia–reperfusion injury may appear to be alive 

by typical biochemical measurements, but may be functionally inert. In fact, the presence of 

a functionally inert and damaged cell may be more deleterious to the host than a cell that has 

committed itself to apoptotic cell death and, as a result, has been cleared via non-

immunogenic processes and perhaps even replaced. In addition, therapeutic efforts must 

consider our growing knowledge of the pivotal roles of apoptosis in maintaining organismal 

homeostasis and the dynamic nature of its regulation in different tissues at different ages — 

the modulation of apoptosis pharmacologically is expected to have drastically different 

effects in young individuals versus adults46,85,153 and potentially in humans of advanced age 

(in which apoptotic potential might change, as exemplified by the changes in apoptotic 

susceptibility in the HSC niche and platelets)104. In addition, although the roles of BCL-2 

family proteins in adult tissues have been studied and are thought to be established, the 

effects of cellular damage, stress or disease-associated factors are difficult to predict and 

Singh et al. Page 17

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2020 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



have not been comprehensively characterized. Thus, it is likely that the function of some 

BCL-2 family proteins can only become apparent in specific physiological or pathological 

contexts. Furthermore, although our understanding of BCL-2 family regulation by cell-

autonomous processes is steadily improving, how interactions between cells and their 

microenvironment (including immune cells, vasculature, growth factors and nutrient 

availability) can affect apoptotic signalling is highly complex and may not be clear for quite 

some time.

Despite these challenges, research into how BCL-2 family proteins regulate and deregulate 

physiology is proceeding at a rapid pace and additional opportunities for clinical translation 

are constantly being identified. In cancer, where the modulation of apoptosis has clear and 

strong rationale, the biggest challenge is identifying which patients are most likely to benefit 

from treatment with BH3 mimetics, and how to combine them with existing therapies to 

maximize efficacy and limit toxicity. Since these agents have on-target toxicities (for 

example, thrombocytopenia due to BCL-XL inhibition), the clinical development of 

biomarker assays that can measure cancer cell dependence on specific pro-survival BCL-2 

family proteins are needed. A strong fundamental understanding of BCL-2 family protein 

function has been built and methods for assigning therapies193,194, monitoring responses195 

and predicting mechanisms of therapy resistance196–198 are all now possible. Putting the 

efforts of so many into practice are the recent approvals for the first ever use of BH3 

mimetics for cancer therapy116, with many future successes in the modulation of BCL-2 

family proteins for clinical benefit on the horizon (Box 1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary:

Death receptor
A subgroup of the tumour necrosis factor receptor (TNFR) superfamily that can activate the 

extrinsic apoptosis pathway via a conserved cytoplasmic signalling platform called the death 

domain. Prominent members of this family include Fas (also known as Apo-1 and CD95), 

TNF-R1, and TRAIL

Cytochrome c
an essential component of the electron transport chain within mitochondria, where it carries 

electrons. When released from mitochondria as a result of BAX/BAK activation, cytochrome 
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c has a prominent role in controlling the commitment to apoptosis — it binds to APAF1 to 

form the apoptosome, which activates caspases

Apoptosome
a quaternary protein complex composed of cytoplasmic cytochrome c, APAF1 and dATP 

that recruits and activates the normally inactive pro-caspase 9, which then activates effector 

caspases to prepare cell for phagocytosis

SMAC (second mitochondria-derived activator of caspases; also known as DIABLO)
a protein that is released from mitochondria during mitochondrial outer membrane 

permeabilization to bind and inactivate XIAP to promote caspase activation

XIAP (X-linked inhibitor of apoptosis protein)
a member of the inhibitor of apoptosis family of proteins (IAP) that can prevent caspase 

activation. XIAP binds and inactivates caspases 3, 7 and 9 via its BIR2 and BIR3 domains

cGAS–STING
Cyclic guanosine monophosphate (GMP)–adenosine monophosphate (AMP) synthase 

(cGAS) is a DNA-sensing molecule that activates innate immune responses through 

production of the second messenger cyclic GMP–AMP (cGAMP), which then binds and 

activates the adaptor protein stimulator of IFN gene (STING). Importantly, cGAS is 

activated by double-stranded DNA that can be foreign or self

DAMPs (damage-associated molecular pattern molecules)
signals that initiate and perpetuate immune activation in response to tissue damage, trauma, 

or ischaemia regardless of whether pathogens are present at site of injury

ER stress
a response of the endoplasmic reticulum (ER) to aberrations of protein folding (and other 

stresses), which is aimed at clearing unfolded proteins and restoring ER homeostasis. In 

cases when this cannot be accomplished, cellular functions degenerate and often result in 

apoptosis

Activation-induced cell death
A programmed cell death process initiated in immune cells (especially T cells) by repeated 

stimulation of their T-cell receptor that helps to maintain peripheral immune tolerance

Ischaemia–reperfusion injury
a type of tissue damage resulting from initial ischaemia or hypoxia, followed by re-

oxygenation, as seen in myocardial infarction, ischaemic stroke and other traumas

Sertoli cells
elongated cells of the seminiferous tubules within the testis to which spermatids attach 

during spermatogenesis for support and nourishment

Double-negative T cells
T cells expressing the T cell receptor but lacking CD4, CD8 or NK cell markers
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Amyloid-β (Aβ)
a peptide produced through the proteolytic cleavage of a transmembrane protein, amyloid 

precursor protein (APP), by β- and γ-secretases. Accumulation of Aβ in the brain is thought 

to be an early event in the pathogenesis of Alzheimer disease

Tau
the major microtubule associated protein (MAP) of a normal post-mitotic and mature 

neuron. Tau has six molecular isoforms that are generated by alternative splicing and is 

thought to promote the assembly of tubulin into microtubules. In Alzheimer disease and 

other ‘tauopathies’, tau is hyperphosphorylated and aggregates into neurofibrillary tangles to 

impair neuronal function

Neurofibrillary tangles (NFTs)
Aggregates of hyperphosphorylated tau proteins within neurons that cause dysfunction

4-Hydroxynonenal (4-HNE)
a product of lipid peroxidation that can induce apoptosis

Ceramide
A lipid that acts as a second messenger in activating apoptosis within the sphingomyelin 

pathway, which is initiated by the hydrolysis of the plasma membrane phospholipid 

sphingomyelin

Presenilin-1
The catalytic subunit of γ-secretase, which is a protease that cleaves a variety of type 1 

transmembrane proteins, most notably amyloid precursor protein. Mutations in the PSEN1 

gene encoding presenilin-1 are the most common cause of familial Alzheimer disease

Chorea
a movement disorder that causes involuntary, unpredictable body movements

TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labelling)
an assay that detects fragmented DNA, which is one of the hallmarks of apoptotic cell death

Penumbra
in medicine, the area surrounding the focal point of an ischaemic event

Excitotoxicity
a process, whereby cells in the nervous system are killed by excessive neurotransmitter 

stimulation

Cell-cycle checkpoint violation
failure of a cell to stop at specific checkpoints in the cell cycle when it would normally 

examine internal and external cues to determine whether to advance with cell division
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Box 1:

BH3 mimetics under development
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As outlined in this Review, modulating cell death can have a potentially profound impact 

on the treatment of many human diseases, especially cancers. The recent development of 

novel small-molecule inhibitors of pro-survival proteins from the BCL-2 family, called 

BH3 mimetics, enables the direct and selective activation of mitochondrial apoptosis in 

cells that are highly dependent on one or more pro-survival proteins (due to inherent or 

stress-induced signalling). These agents work by inhibiting the activity of pro-survival 

proteins (see figure) and, in the process, freeing any pro-apoptotic protein that is actively 

being sequestered. The pro-apoptotic protein is then able to carry out its primary function 

in activating apoptosis (see also Fig. 4)74.

The US Food and Drug Administration recently approved the BCL-2 inhibitor venetoclax 

(ABT-199) for use in chronic lymphocytic leukaemia based on its excellent clinical 

activity, including in patients that have relapsed after multiple rounds of therapy and 

those with mutated p53 (ref. 199). Agents targeting other major pro-survival proteins 

Singh et al. Page 33

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2020 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(BCL-XL and MCL1) are also undergoing clinical evaluation74,200,201. Although these 

agents have already shown great potential in haematologic cancers, their deployment in 

solid cancers and non-malignant diseases has been challenging due to an insufficient 

understanding of apoptotic dependencies and how to identify and exploit them in the 

clinic safely and effectively.

Although these agents have on-target toxicities that can be managed clinically (such as 

thrombocytopenia due to platelet apoptosis in response to BCL-XL inhibition202) they 

would ideally be administered to patients with cancers that are dependent on the specific 

pro-survival protein being inhibited to avoid unnecessary toxicity and maximize activity. 

As one might expect, the expression level of a pro-survival protein within cells is not 

itself a strong predictor of whether apoptosis will occur upon its inhibition203 since it is 

the active sequestration of pro-apoptotic molecules that ultimately determine response, 

which is more difficult to ascertain. This is particularly true of clinical biopsy specimens, 

which are most commonly formalin fixed and paraffin embedded, making most 

biochemical and functional assays impossible. However, the clinical development of 

these agents is being complemented by intense research and development of the 

biomarkers that may guide their use.

As highlighted throughout this Review, there are exciting opportunities to block apoptosis 

for potential therapeutic benefit. The recent development of small molecule inhibitors of 

BAX and BAK may finally enable clinical evaluation of this novel class of agents. It may 

be expected that blocking apoptosis could help facilitate tumorigenesis since pre-

neoplastic cells would not die in response to accumulating DNA damage but we envision 

that inhibitors of BAX and BAK would not be used chronically. We would propose that 

transient inhibition of apoptosis may give cells an additional opportunity to repair DNA 

damage or re-establish protein homeostasis and return to an optimal, healthy state – this, 

however, needs to be formally tested in animal models or clinically. Overall, as the 

understanding of the BCL-2 family regulation advances beyond cancer, agents such as 

those shown in the figure, both positive and negative regulators of apoptosis, may be 

extended for therapeutic use in non-malignant diseases as proposed in this Review.
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Box 2:

Regulation of BCL-2 proteins

Although the final decision of whether a cell should undergo apoptosis is binary and 

switch-like, the regulation of BCL-2 family proteins is graded and highly complex. 

Multiple positive feedback loops ensure that when the balance of BCL-2 family proteins 

shifts toward apoptosis, it cannot be reversed. For example, activated caspases cleave and 

activate BID204 to facilitate further BAX/BAK activation to ensure that mitochondrial 

outer membrane permeabilization (MOMP) is complete and irreversible. In turn, the 

inhibition of XIAP by SMAC and OMI following MOMP fuels rapid and potent caspase 

activation205,206. Ultimately, cellular susceptibility to apoptosis is determined by the 

abundance, stability, activity and localization of BCL-2 family proteins. Levels of BCL-2 

family proteins are, in large part, determined by their transcriptional regulation. For 

example, transcription of pro-apoptotic BAX mRNA is regulated by p53 (ref. 207) and 

Myc46,93 (see also Fig. 2a) to drive apoptotic competence in damaged or highly 

proliferative cells, respectively. Similarly, transcription factors typically associated with 

immune cell activation such as NF-κB and STAT3 can upregulate BFL1 (ref. 208) and 

BCL-2 (ref. 209), respectively, to help promote cell survival, which likely supports 

immune system homeostasis and facilitates immune responses. This transcriptional 

regulation is balanced by protein degradation via the ubiquitin–proteasome system210. In 

addition, BCL-2 protein activity can be affected by interactions with other proteins — 

including interaction between BCL-2 family members (see Fig. 2a) as well interactions 

various non-BCL-2 family proteins — and by various post-translational modifications 

(these topics have been recently reviewed elsewhere34,210–212). Moreover, because the 

loss of mitochondrial outer membrane integrity is the key cellular event committing the 

cell to apoptosis, the regulation of pro-apoptotic protein localization to this membrane 

needs to be tightly regulated213. The regulation of BCL-2 family proteins at the 

mitochondrial surface has been comprehensively reviewed elsewhere (see 121,210). A 

prominent example is the regulation of BAX and BCL-XL, which are continuously 

shuttled between the mitochondrial membrane and the cytosol. BAX thus seemingly 

requires a two-step activation system: the first step induces a change in BAX 

conformation by the binding of a pro-apoptotic BH3 domain to a non-canonical binding 

site and recruits it to the mitochondrial surface214,215; the second step enables BAX to 

oligomerize and form pores in the mitochondrial outer membrane35. The redundant levels 

of regulation help ensure that apoptosis only occurs when intended, helping to maintain 

organismal homeostasis. Importantly, the ways in which each of the BCL-2 family 

proteins is regulated can vary in different physiological contexts and in disease, as 

described in this Review.
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Box 3:

BH3 profiling and its applications

Due to the large number of BCL-2 family proteins, their complex interactions and post-

translational modifications, it is difficult to measure the apoptosis sensitivity of cells via 

biochemical approaches. The BH3 profiling assay overcomes this by functionally 

tracking cellular responses to pro-apoptotic signals delivered directly to the BCL-2 

family proteins at the mitochondria. This integrated measure avoids the need for 

quantitation of individual BCL-2 family proteins and can be used as a platform to test 

several important parameters.

Measuring the level of apoptotic priming within healthy or diseased cells and 
tissues.

Cells differ in their sensitivity to apoptosis, ranging along a continuum that is defined 

from being primed for apoptosis (highly sensitive) to being apoptosis refractory (unable 

to undergo apoptotic cell death)44,46,75,216,217 (see also Fig. 2b). Apoptotic priming 

defines how close cells are to the threshold of apoptosis. Due to the complexity in 

regulation of BCL-2 family proteins and the varied upstream signalling pathways 

activated by stress or damage, delivering a dose of pro-apoptotic signals directly to 

mitochondria is the only manner in which measurement of apoptotic priming can be 

made accurately. Such measurements have been previously used to identify apoptotic 

priming as a major determinant of cancer responses to chemotherapy in the 

clinic216,218,219 as well as healthy tissue responses to ionizing radiation and 

chemotherapy46.

Measuring cellular dependence on specific pro-survival proteins.

Certain BH3 peptides, which mimic the activity of sensitizer BH3-only proteins, have 

very specific interactions with pro-survival proteins (see also Fig. 2a). For example, the 

BAD BH3 peptide inhibits BCL-2, BCL-XL and BCL-w, whereas the Hrk BH3 peptide 

only inhibits BCL-XL. Using these peptides, the dependence of a given cell on any of the 

pro-survival proteins can be directly assessed by measuring the extent of cytochrome c 

loss in response to BH3 peptides derived from sensitizer proteins. These measurements 

have been used to identify dependencies on pro-survival proteins in chronic lymphocytic 

leukaemias (BCL-2)193,220, certain acute myeloid leukaemias (BCL-2), subtypes of 

healthy T cells and their transformed counterparts (BCL-2 or BCL-XL
221), and multiple 

myelomas (MCL1 and BCL-2).

Uncovering novel interaction dynamics among apoptosis-regulating proteins.

The direct application of BH3 domain peptides to monitored mitochondria allows for the 

careful dissection of interaction dynamics between BCL-2 family proteins. This has 

previously been used to characterize the selectivity of BH3 domains and the proteins that 

bear them for their pro-survival interaction partners21 or pro-apoptotic effectors41.

Predicting how patients will respond to chemotherapy in the clinic.
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The level of apoptotic priming within a tumour cell prior to therapy can be a major 

determinant of therapy response216. BH3 profiling has been shown to have potential 

clinical utility to predict how patients respond to both cytotoxic chemotherapies216,222,223 

as well as personalized use of BH3 mimetics193,224.
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Figure 1: The mitochondrial apoptosis pathway.
To initiate apoptosis, cellular stress or damage signals [1] unleash pro-apoptotic proteins 

(BH3-only ‘activators’ of apoptosis) via their upregulation (BIM or PUMA) or cleavage 

(BID cleaved to form truncated tBID) [2], which can either be bound and sequestered by 

pro-survival proteins such as BCL-2, BCL-XL or MCL1 [3] or, when these pro-survival 

proteins are saturated or absent, can activate BAX and/or BAK [4]. Activated BAX or BAK 

oligomerize and form pores to cause mitochondrial outer membrane permeabilization 

(MOMP), resulting in the release of apoptogenic molecules including SMAC, OMI and 

cytochrome c from the mitochondrial intermembrane space. Cytochrome c binds APAF1 in 

the cytosol to form the apoptosome (5), which serves as a platform for the activation of 

caspase 9, which then goes on to activate the effector caspases 3 and 7 (6) to dismantle the 

cell and prepare it for phagocytosis. Caspase activation can be blocked by XIAP (7), which 

in turn is inhibited by the released SMAC and OMI proteins from mitochondria (7). 

Upstream damage or stress signalling can also activate BH3-only ‘sensitizer’ proteins that 

don’t efficiently activate BAX and BAK but inhibit the activity of pro-survival BCL-2 family 

proteins to release any sequestered BH3-only activators, which trigger MOMP (8). BH3 

mimetics are a novel class of agents that are able to sensitize cells to apoptosis by blocking 

the activity of pro-survival BCL-2 family proteins (9).
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Figure 2: Interactions among BCL-2 family proteins and apoptotic priming.
(a) BCL-2 family proteins interact in several key ways. BH3-only ‘activator’ proteins (BIM, 

tBID and to a lesser extent PUMA (dashed lines)) can activate BAX or BAK to result in 

mitochondrial permeabilization (tBID most efficiently activates BAK, whereas BIM shows 

stronger affinity for BAX). However, pro-survival proteins can also bind and sequester the 

activator BH3-only proteins via Mode 1 inhibition. BH3-only ‘sensitizer’ proteins can bind 

and inactivate specific pro-survival proteins, which would result in the release of any BH3-

only activators that are actively being sequestered. Finally, pro-survival proteins can also 

bind and sequester BAX or BAK directly via Mode 2 inhibition, preventing their 

oligomerization. Damage and stress-induced signalling pathways trigger apoptosis via 

distinct mechanisms involving modulation of the expression levels or activity of BCL-2 

family proteins. The table below is a graphic depiction of the different interactions and their 

affinities established between BCL-2 family proteins. These different interactions result in 

differential regulation of apoptosis, depending on expression levels of the different 

components. In addition, BH3 mimetics of sensitizer proteins can be used to further modify 

the BCL-2 protein interactome. (b) Cells can exhibit widely differing susceptibility to 

apoptosis. Cells which are primed for apoptosis express high levels of pro-apoptotic 

activator proteins at a basal state and even a mild stress, which causes a modest increase in 

the expression of pro-apoptotic factors, will trigger mitochondrial outer membrane 

permeabilization (MOMP). Unprimed cells can activate apoptosis, but require more damage 

or stress to overwhelm pro-survival proteins that are not actively sequestering pro-apoptotic 

molecules. Finally, cells that are apoptosis refractory do not express sufficient levels of the 

pro-apoptotic pore-forming proteins BAX or BAK and are unable to trigger MOMP even 

under severe stress.
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Figure 3: Apoptosis and apoptotic priming in physiology.
Apoptosis is differently and dynamically regulated across mammalian lifespan. Tissues that 

are highly proliferative or have the potential to become highly proliferative (developing 

tissues, adult haematopoietic system) are typically primed for apoptosis (red). High 

apoptotic priming in these tissues makes them highly sensitive to various insults. Tissues 

that are largely post-mitotic are apoptosis refractory (green), whereas tissues that are 

characterized as unprimed (such as gastrointestinal system and lungs of adults) (yellow) 

typically contain highly heterogeneous cell types that may differ in apoptosis sensitivity at a 
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cell by cell level. The level of priming within cells or tissues is dependent on the expression 

of BCL-2 family proteins, with the strongest determinants being expression of the pro-

apoptotic, pore-forming molecules BAX and BAK. Pro-survival and sensitizer BH3-only 

proteins can be expressed at variable levels and are not as clearly associated with a specific 

level of priming. Changes in the levels of BCL-2 proteins will, inevitably, impose changes 

on apoptotic susceptibility, leading to increased or insufficient apoptosis, which can result in 

pathology. HSC, haematopoietic stem cell; IR, ionizing radiation.
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Figure 4: Apoptotic dependencies in cancer cells and their responsiveness to therapy.
(a) During the process of neoplastic transformation, oncogene-driven abnormal growth 

signals and cell-cycle checkpoint violation [G] leads to cellular stress and upregulation of 

pro-apoptotic proteins. This upregulation results in higher apoptotic priming of malignant 

cells at the basal state than normal cells. Because healthy adult tissues are mostly refractory 

to apoptosis or unprimed (see also Fig. 3), this increase in apoptotic priming of aberrant cells 

can be exploited therapeutically using BH3 mimetics, in particular when combined with 

standard anti-cancer therapies such as radiation or chemotherapy. (b) Haematopoietic cells 

are naturally highly primed for apoptosis. Hence, oncogenic stress and resulting 

upregulation of pro-apoptotic factors frequently results in the removal of pre-malignant cells 

derived from this lineage (middle arrow). Several mechanisms associated with BCL-2 

protein deregulation, including BIM mutations (1), downregulation of BAX (2) or BIM (3) 

and upregulation of BCL-2 or MCL1 (4) support the emergence of haematopoietic cancers, 

which depend on these mechanisms for their survival. Notably, these mechanisms are mainly 

employed to keep malignant cells alive and haematopoietic cancers typically remain primed 

for apoptosis and hence are susceptible to therapy and respond well to treatments with BH3 
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mimetics. However, certain mechanisms, including mutations of sensitizer proteins (1) and 

downregulation of mitochondrial outer membrane permeabilization (MOMP) pore-forming 

components (2) yield cells that are unprimed or even apoptosis refractory, and hence 

resistant to therapies. Solid tumours can employ similar mechanisms to boost their survival, 

but these dependencies are much less pronounced than in haematopoietic cancers. 

Nevertheless, these mechanisms may underlie the development of resistance to treatment 

and disease relapse.
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