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Cell death, or, more specifically, cell suicide, is a process of fundamental importance to human health.
Throughout our lives, over a million cells are produced every second. When organismal growth has stopped,
to balance cell division, a similar number of cells must be removed. This is achieved by activation of molecular
mechanisms that have evolved so that cells can destroy themselves. The first clues regarding the nature of
one of these mechanisms came from studying genes associated with cancer, in particular the gene for BCL-2.
Subsequent studies revealed that mutations or other defects that inhibit cell death allow cells to accumulate,
prevent removal of cells with damaged DNA, and increase the resistance of malignant cells to chemotherapy.
Knowledge of this mechanism has allowed development of drugs that kill cancer cells by directly activating
the cell death machinery and by synergizing with conventional chemotherapy as well as targeted agents to

achieve improved outcomes for cancer patients.

The cell theory, first established in the 1800s, posits that all or-
ganisms are composed of cells and that all cells are derived
from cells (reviewed in Mazzarello, 1999). Since then, it became
apparent that only multicellular organisms can get cancer and
that cancers can only expand when the rate at which cancer cells
divide is greater than the rate at which they die. What is surpris-
ing is that when cells die, whether they are normal cells or cancer
cells, it is seldom because they are injured or killed by other cells.
Rather, most cells die because they activate programmed cell
death mechanisms that have evolved for this purpose (Kerr
et al., 1972; Vaux et al., 1994).

Cell death has been observed in cancers for a long time, but
was initially largely reported in the context of necrosis observed
in hypoxic areas in growing tumors (Thomlinson and Gray, 1955).
Cell death has also long been associated with cancer therapy
because radiation and chemotherapy were designed to cause
the death of malignant cells, but this comes at the cost of also
causing death of many normal cells (Ballantyne, 1975; Katz
and Glick, 1979; O’Connor, 2015).

Kerr et al. (1972) proposed using the term “apoptosis” to refer
to cells that die as a result of a physiological suicide process
rather than because of some catastrophic event (e.g., freezing
or burning). The latter undergo the morphologically different pro-
cess of necrosis (Kerr et al., 1972). They also looked at apoptosis
and necrosis in the context of cancer, noting that cell death had
long been known to be a characteristic of malignant neoplasms.
They wrote: “Both apoptotic bodies and mitotic figures are
sometimes numerous in rapidly growing tumors; it is the balance
of the two that determines the rate of enlargement.” They fore-
saw induction of apoptosis to treat cancer by observing that ra-
diation increased the rate of apoptosis in squamous cell carci-
nomas and that oophorectomy increased the rate of apoptosis
in mammary cancers in rats (Kerr et al., 1972). Initially, few re-
searchers took notice of their work, but in the late 1980s, things
changed. The current enormous interest in cell death is due to
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elucidation of its molecular mechanisms, the recognition that
apoptosis is a fundamental part of life for metazoans, and that
the way in which cells undergo apoptosis is conserved from
worms to mammals. In addition, the inability of cells to kill them-
selves has been directly linked to development of cancer in hu-
mans and can promote its resistance to therapy (reviewed in
Kreeger, 1996).

How Can Failure of Cell Death Promote Cancer?
Although, on their own, mutations that prevent a cell from killing
itself are insufficient to cause a normal cell to become fully ma-
lignant, when such mutations are passed on to the cell’s prog-
eny, they can promote neoplasia. Normally, cells that detect
irreparable damage to their DNA can kill themselves; for
example, by activation of the tumor suppressor p53, which can
directly transcriptionally activate the apoptosis inducers Puma
and Noxa (Nakano and Vousden, 2001; Yu et al., 2001; Jeffers
et al., 20083; Villunger et al., 2003). Therefore, cells that are inca-
pable of killing themselves, such as those overexpressing the
apoptosis inhibitor BCL-2 or those with defects in p53, may
accumulate further genetic damage that advances neoplastic
transformation. Loss-of-function mutations to p53 would not
only prevent it from inducing apoptosis but also affect its other
tumor-suppressive functions, including its ability to activate
DNA repair pathways, and cause cell cycle arrest and cell senes-
cence (Vousden and Lane, 2007; Janic et al., 2018). If a cell that
is incapable of killing itself receives another mutation that pro-
motes aberrant cell proliferation (for example, a chromosome
translocation that causes overexpression of c-MYC), then the
combined effect will be to cause rapid growth of the nascent ma-
lignant clone. This explains the potent synergy of defects in
apoptosis (e.g., because of BCL-2 overexpression) and deregu-
lated cell proliferation (e.g., because of c-MYC overexpression)
in lymphoma development (Vaux et al., 1988; Strasser et al.,
1990; Fanidi et al., 1992; Bissonnette et al., 1992).
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Figure 1. The BAX/BAK-Dependent Apoptotic Pathway

This figure illustrates some of the key regulators of cell survival in lymphocytes and gives examples of genetic lesions that have been implicated in driving the
development of human chronic lymphocytic leukemia (CLL). Drugs that mimic the effect of pro-apoptotic BH3-only proteins (navitoclax and venetoclax) are
powerful new weapons to treat CLL. Proteins and processes generally implicated in promoting cancer are shown in red; those implicated in suppressing cancer

are shown in green.

As a cancer grows, genetic instability increases the diversity
among the malignant cells. Treatment with chemotherapy or ra-
diation selects malignant cells that happen to have a higher
threshold for triggering their intrinsic cell death mechanism.
This process of Darwinian selection can facilitate the emergence
of resistance to treatment (Turajlic et al., 2019).

Mechanisms of Cell Suicide
Elucidation of the molecular mechanisms cells use to kill them-
selves has provided new insights into the origins of malignancy,
the sensitivity of normal and malignant cells to treatment, and
development of resistance to therapy. Importantly, these discov-
eries identified targets for new anti-cancer therapies.
BAX/BAK-Dependent Cell Death
The cell suicide process that is most thoroughly understood is
variously known as the “intrinsic,” “mitochondrial,” “BCL-2-
regulated,” or “Bcl-2-associated X protein (BAX)/Bcl-2 homolo-
gous antagonist killer (BAK)-dependent” mechanism of
apoptosis (Figure 1). In this pathway, activation of BAX and/or
BAK allows these effectors of apoptosis to permeabilize the
outer mitochondrial membrane (MOMP [mitochondrial outer
membrane permeabilization]) (Cosentino and Garcia-Saez,
2018). This causes release of cytochrome c into the cytoplasm,
where it binds to APAF-1 and triggers formation of the apopto-
some that first activates caspase-9 and, consequently, a
cascade of proteolytic effector caspases (Tait and Green,
2010). MOMP also facilitates release of additional apoptogenic
factors from the mitochondria, such as second mitochondria-
derived activator of caspases (SMAC)/direct IAP bindong protein
with low pl (DIABLO) and HTRA2. These factors promote
apoptosis by inhibiting the E3 ubiquitin ligase X-linked inhibitor
of apoptosis protein (XIAP), which can inhibit caspase-3, a crit-
ical effector of apoptosis (Du et al., 2000; Verhagen et al.,
2000; Deveraux et al., 1997).

Triggering of BAX and BAK is inhibited by anti-apoptotic BCL-
2 family members, including BCL-2 itself, B cell ymphoma-extra
large (BCL-XL), MCL-1, BCL-2-like WEHI (BCL-W), and A1/BFL-
1. Apoptosis is initiated when these anti-apoptotic proteins are
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bound by the BH3-only proteins (i.e., pro-apoptotic BIM, BID,
PUMA, NOXA, BMF, BAD, BLK, and HRK), stopping them from
keeping BAX and BAK in check (Huang et al., 2019; Singh
et al., 2019). Expression and/or activity of the BH3-only proteins
is induced in response to developmental cues and stress stimuli
through a variety of transcriptional and post-transcriptional pro-
cesses (Puthalakath and Strasser, 2002). For example, PUMA
and NOXA are critical for DNA damage-induced apoptosis
(Jeffers et al., 2003; Villunger et al., 2003; Shibue et al., 2006),
and their genes are direct transcriptional targets of the tumor
suppressor p53 (Nakano and Vousden, 2001; Yu et al., 2001).
BIM is required for a full apoptotic response for cells experi-
encing a variety of stresses, such as endoplasmic reticulum
(ER) stress, cytokine deprivation, and glucocorticoid treatment
(Bouillet et al., 1999; Puthalakath et al., 2007). Induction of BIM
can be regulated by the microRNA cluster mir-17-92 (Ventura
et al., 2008; Xiao et al., 2008).

The strongest evidence that inability of cells to kill themselves
is oncogenic in humans comes from the discovery of recurrent
mutations in genes encoding regulators of apoptosis in diverse
cancers. This includes mutations in p53, an upstream initiator
of apoptosis but also other tumor-suppressive processes, in
~50% of cancers (Lane, 1992), association of t14:18 chromo-
somal translocations that lead to overexpression of BCL-2 with
follicular lymphoma (Rowley, 1988; Tsujimoto et al., 1985), high
expression of BCL-2 in chronic lymphocytic leukemias because
of deletion of the microRNAs miR-15/16 (reviewed in Pekarsky
et al., 2018), and somatically acquired amplifications of the
genomic regions containing the genes for anti-apoptotic MCL-
1 or BCL-XL in 10%-15% of diverse human cancers (Beroukhim
et al., 2010). In addition to the BAX/BAK-dependent apoptosis
pathway, there are several other cell death mechanisms, but,
to date, the evidence implicating them in development of cancer
or the response of malignant cells to anti-cancer therapeutic
agents is considerably weaker.

Death-Receptor-Triggered Cell Death
Mammalian cells can be induced to undergo caspase-depen-
dent apoptosis by a mechanism that is not inhibited by BCL-2
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(Strasser et al., 1995) and does not require BAX or BAK. This
pathway can be activated by certain tumor necrosis factor
(TNF) receptor family members (so-called death receptors),
such as TNFR1, FAS, and TNF-related apoptosis-inducing
ligand (TRAIL) receptors (Nagata 1997), that, upon ligation,
transmit signals via FAS-associated death domain (FADD) that
active caspase-8 (Kischkel et al., 1995; Muzio et al., 1996). In
so-called type 1 cells, mostly lymphoid cells, active caspase-8
can cause sufficient activation of the effector caspases, in partic-
ular caspases-3 and -7, to effectively kill cells in the absence of
BAX and BAK. In type 2 cells, such as hepatocytes and pancre-
atic islet B cells, cell killing requires signal amplification that is
achieved by caspase-8-mediated proteolytic activation of the
BH3-only protein BID, which then engages the BAX/BAK-medi-
ated apoptotic pathway (Li et al., 1998; Luo et al., 1998; Scaffidi
etal., 1999; Jost et al., 2009; Figure 1). Humans with autoimmune
lympho-proliferative syndrome (ALPS), caused by defects in
FAS-induced apoptosis (mostly mutations in the gene for FAS it-
self), have increased predisposition to develop B lymphoid ma-
lignancies (Straus et al., 2001). This demonstrates that the
death-receptor-triggered apoptotic pathway has tumor-sup-
pressive action.

Necroptosis

Degterev et al (2005) showed that, in addition to activating cas-
pase-dependent apoptosis, TNF could also cause cells to die by
a caspase-independent mechanism they termed “necroptosis.”
They chose this term because the morphology of the dying cells
resembled necrotic cells rather than apoptotic cells, but unlike
cells undergoing necrosis, necroptotic cells were not being killed
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Figure 2. Necroptosis: A Mechanism of
Programmed Cell Death Induced When
TNFR1 or TLR Signaling Is Affected by
Inhibitors of IAPs and Caspase-8
Stimulation of so-called death receptors (members
of the tumor necrosis factor receptor (TNFR) family
with an intra-cellular death domain, such as TNFR1
or FAS) by their ligands (TNF or FAS ligand) normally
induces nuclear factor kB (NF-kB) activation with
cell proliferation and survival for the former or
apoptosis for the latter via FADD adaptor protein-
mediated activation of caspase-8, which then acti-
vates the effector caspases (caspase-3 and cas-
pase-7). The death-receptor-activated apoptotic
pathway can also engage the BAX/BAK-dependent
apoptotic pathway (Figure 1) via proteolytic activa-
tion of the pro-apoptotic BH3-only protein BID.
When caspase-8 is blocked (e.g., by viral inhibitors
such as vFLIP) and inhibitors of apoptosis proteins
(IAPs) are inhibited, necroptotic cell death is instead
activated through RIPK1 and RIPK3, leading to
activation of the membrane pore-forming protein
) MLKL, a pseudo-kinase.
U

o

but were killing themselves. When death-
receptor-, Toll-like receptor (TLR)-, or Z-
e DNA binding protein 1 (ZBP1)-induced
> activation of caspase-8 is abrogated
(e.g., because of genetic loss or drug-
mediated inhibition of caspase-8), and
clAP1/2 *E2 ubiquitin ligases that promote
pro-survival signaling from TNFR1 and
other receptors are also genetically lost
or inhibited by drugs, cells undergo necroptosis (Festjens
et al., 2006; Yuan et al., 2016). This cell killing is mediated by
the kinases RIPK1 and RIPK3 (Degterev et al., 2008; Kaiser
et al., 2011), which activate the pseudo-kinase mixed lineage ki-
nase domain-like (MLKL), which causes lytic pores in the plasma
membrane (Sun et al., 2012; Murphy et al., 2013; Grootjans et al.,
2017; Figure 2). RIPK1, a critical inducer of necroptosis, is nor-
mally neutralized by caspase-8-mediated proteolysis (Newton
et al., 2019). Necroptosis probably serves as a defense against
viruses that carry inhibitors of caspase-8, such as viral Fas-
associated death domain-like interleukin-1p (IL-1p)-converting
enzyme-inhibitory protein (vFLIP) (Thome et al., 1997).
Pyroptosis
Pyroptosis is a form of programmed cell death that is activated
by intra-cellular bacteria, such as Salmonella. It is mediated by
caspase-1, which is activated within the so-called inflamma-
some by a range of adaptors (reviewed in Schroder and
Tschopp, 2010) or by caspase-11, which has been reported to
be activated directly by intra-cellular lipopolysaccharide (LPS)
(Shiet al., 2014). These caspases activate the plasma membrane
pore-forming protein gasdermin D and the effector caspases
caspases-3 and -7 to cause cell death (Kayagaki et al., 2015;
Shi et al., 2015; Liu et al., 2016; Figure 3).
CTL-Induced Killing of Target Cells
Cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells are
able to kill other cells, such as those that are infected, and
thereby protect the host. CTLs and NK cells can sometimes
also be enlisted to kill malignant cells (Khavari, 1987). Although
this cell killing is not a cell-autonomous mechanism of cell death,
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Figure 3. Pyroptosis: A Mechanism of Cell
Death Induced in Response to Intra-cellular
Bacterial Infection (Pathogen-Associated
Molecular Patterns [PAMPs])

PAMPs (e.g., LPS from intra-cellular bacteria) can
activate caspase-1 and caspase-11 (in humans,
caspase-1, caspase-4, and caspase-5) with the
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it is an adaptive process that has evolved to cause death of the
host’s own cells. CTLs and NK cells can kill tumor cells by a
granule-dependent pathway that uses perforin to allow a family
of proteases called granzymes access to the target cell cytosol
(Cullen and Martin, 2008; Chowdhury and Lieberman, 2008).
Much of the current excitement in enlisting CTL-mediated killing
as a cancer therapy involves drugs called “checkpoint inhibi-
tors” that block signals that would otherwise limit T cell activity
(Amaravadi et al., 2016; Pardoll, 2012) or by infusing expanded
populations of T cells from the patient that are been genetically
engineered to target malignant cells (so-called chimeric antigen
receptor [CAR] T cell therapy) (Kalos et al., 2011).

Autophagy

Autophagy is a process cells use to recycle intracellular macro-
molecules or even entire organelles (e.g., damaged mitochon-
dria) to allow survival when nutrients are scarce (Mizushima
et al., 2004). This process involves tagging of the targeted
macro-molecules or organelles for incorporation into vesicles
that subsequently fuse with lysosomes for degradation; this pro-
vides the starving cell with metabolites and energy. Although
autophagy normally promotes cell survival, it has been pro-
posed to also be a mechanism by which cells, including malig-
nant cells, can kill themselves through self-digestion (Bursch
et al., 1996).

Regardless of which cell death mechanism is debilitated, the
inability of cells to kill themselves promotes development of can-
cer, and this was recognized as one of the original six “hallmarks
of cancer” (Hanahan and Weinberg, 2000). Understanding the
molecular mechanisms of apoptotic cell death has already pro-
vided new avenues for treatment of cancer and for enhancing
the efficacy of existing therapies.

Induction of Cell Death as Cancer Therapy

Conventional Chemotherapy and Radiation

Most of the empirically discovered cancer therapies, including
alkylating agents, anti-metabolites, topoisomerase inhibitors,
anti-microtubule alkaloids, and radiation, act by blocking DNA
synthesis, damaging DNA, or inhibiting DNA replication (DeVita
and Chu, 2008). If a cancer cell is exposed to sufficient concen-
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trations of these agents for long enough, even if it is not killed
outright, it will no longer be capable of copying its DNA and
dividing. Unfortunately, these treatments have the same direct
toxic effects on normal cells, especially those that are rapidly
proliferating, such as progenitor cells in the bone marrow or in-
testines. As a consequence, conventional chemotherapy and ra-
diation typically have a narrow therapeutic index with severe
dose-limiting side effects. Therefore, in many types of cancer,
these agents cannot be given in doses sufficient to eradicate
all malignant cells and cure the patient.

Over the past 30 years, it has become apparent that chemo-
therapy and radiation cause some tumor cells to die even at
doses that are not sufficient to kill them directly. Instead, some
cells respond to changes caused by the drugs by undergoing
apoptosis as a stress response (reviewed in Vaux and Hacker,
1995; Xu et al., 2005; Kultz, 2005). Research on apoptosis has re-
vealed some of the pathways by which this occurs. Stress re-
sponses, such as the DNA damage response (Vousden and
Lane, 2007) and the ER stress response (Herr and Debatin,
2001), can trigger apoptosis; for example, by transcriptional
and post-transcriptional processes that increase pro-apoptotic
BH3-only proteins (Figure 3). Accordingly, overexpression of
pro-survival BCL-2 proteins (e.g., BCL-2 itself) (Tsujimoto,
1989; McDonnell et al., 1989; Strasser et al., 1991), combined
loss of BAX and BAK (Lindsten et al., 2000), or loss of BH3-
only proteins (particularly PUMA, BIM, or NOXA), can render ma-
lignant as well as non-transformed cells resistant to diverse anti-
cancer agents, including conventional chemotherapeutic agents
(e.g., glucocorticoids, cyclophosphamide, and taxenes) as well
as targeted inhibitors of oncogenic kinases (e.g., imatinib to
inhibit BCR-ABL in chronic myelogenous leukemia [CML]) (Bouil-
let et al., 1999; Villunger et al., 2003; Kuroda et al., 2006; Jeffers
et al., 2003; Shibue et al., 2003; Figure 4).

Many cancer cells carry defects, such as mutations in p53,
that impair expression of the BH3-only proteins that are critical
for initiation of apoptosis in response to anti-cancer agents
(Roos and Kaina, 2006; Vo and Letai, 2010). Unfortunately, not
only malignant cells but also some normal cells, particularly in-
testinal epithelial cells and certain hematopoietic cell subsets
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and their progenitors, undergo apoptosis in response to stresses
caused by cytotoxic anti-cancer agents (Yu, 2013). This is, at
least in part, responsible for the damage to normal tissues
(e.g., mucosal layers and the hematopoietic system) experi-
enced by cancer patients during chemotherapy and radiation
therapy. Indeed, the key mechanism by which these treatments
work is by killing dividing cells, both normal and malignant ones.
This is why they work best in tissues, such as the bone marrow,
that have a population of non-dividing, quiescent stem cells that
are resistant to the treatment and can subsequently be mobilized
and proliferate to allow recovery. Finding a way to inhibit
apoptosis specifically in healthy tissues during cancer therapy
would be a significant advance. This may allow patients to be
administered higher-intensity regimens, offering greater chan-
ces of remission.

Direct Activation of BAX and BAK to Induce Apoptosis of
Cancer Cells

Given that most cells, including cancer cells, harbor cell suicide
machineries, therapies that could directly activate them would
provide a novel treatment strategy. Malignant cells that have
lost upstream activators of the stress-induced apoptotic
pathway, such as p53 or the pro-apoptotic BH3-only proteins,
or overexpress inhibitors of apoptosis, such as BCL-2, would
be resistant to lower doses of chemotherapy or radiation. To
overcome this mechanism of therapy resistance, small-molecule
compounds mimicking the action of the pro-apoptotic BH3-only
proteins (so-called BH3 mimetics, which bind to anti-apoptotic
BCL-2 family members) would seem to be ideal for cancer
therapy.

However, because apoptosis that is controlled by BCL-2 fam-
ily members involves protein-protein interactions, BCL-2 and its
pro-survival relatives had widely been considered to be un-drug-
gable. Rising to the challenge, a team at Abbott developed an
NMR-based small-molecule screening approach that resulted
in production of ABT-737 and then an orally active variant,
ABT-263/navitoclax, both compounds targeting BCL-2, BCL-
XL, and BCL-W (Oltersdorf et al., 2005; Tse et al., 2008). Subse-
quently, newer-generation drugs that specifically target BCL-2
(ABT-199/venetoclax) or other family members, such as BCL-
XL or MCL-1, have been developed (reviewed in Ni Chonghaile
and Letai, 2008; Merino et al., 2018; Figure 1).

Navitoclax/ABT-263, which targets BCL-XL, BCL-2, and BCL-
W, has entered clinical trials but is progressing slowly because of
the on-target killing of platelets (thrombocytopenia), which
depend on BCL-XL for survival (Mason et al., 2007; Zhang
et al., 2007). Venetoclax/ABT-199, which is specific for BCL-2,
was produced to avoid thrombocytopenia caused by inhibition
of BCL-XL. Venetoclax has been approved for treatment of
chronic lymphocytic leukemia (CLL), in which it can produce
extraordinarily rapid responses, even in cases that re-occur after
multiple rounds of chemotherapy (Roberts et al., 2016; Stilgen-
bauer et al., 2016). Further trials in CLL and mantle cell lym-
phoma are being conducted, in which Venetoclax is combined
with other drugs, such as Bruton’s tyrosine kinase (BTK) inhibi-
tors or anti-CD20 antibodies. Venetoclax is also showing prom-
ise for treatment of some forms of multiple myeloma (Vaxman
et al.,, 2018) as well as acute myeloid leukemia (AML) (Pan
et al., 2014; DiNardo et al., 2019).
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Genetic experiments using inducible gene deletion showed
that many cancer cells, including c-MYC- or BCR-ABL-driven
pre-B/B lymphomas (Kelly et al., 2014; Koss et al., 2013),
AMLs (Glaser et al., 2012), and multiple myeloma driven by
diverse oncogenes (Gong et al., 2016), are critically dependent
on anti-apoptotic MCL-1 to sustain their expansion. Therefore,
several MCL-1-specific BH3 mimetics have been developed
(Kotschy et al., 2016; Tron et al., 2018; Caenepeel et al., 2018),
and three such drugs have entered clinical trials. Finding a ther-
apeutic window for these compounds will be a key challenge,
given that inducible genetic loss of MCL-1 causes severe (some-
times fatal) damage to the heart, liver, intestines, and nervous
system (Arbour et al., 2008; Thomas et al., 2013; Wang et al.,
2013; Vick et al., 2009; Healy et al., 2020). Perhaps coupling of
MCL-1 inhibitors (and possibly also BCL-XL inhibitors) to anti-
bodies against tumor-specific antigens, such as mutant
epidermal growth factor receptor (EGFR), will allow preferential
delivery of these compounds to malignant cells, making them
both effective and tolerable.

Death-Receptor-Induced Apoptosis as an Anti-cancer
Therapy

Genetic experiments have shown that loss or inhibition of
essential mediators of TNFR family death-receptor-induced
apoptosis do not afford protection against radiation or chemo-
therapeutic drugs (Newton and Strasser, 2000). Nevertheless,
death-receptor-induced cell killing may contribute to the over-
all response to chemotherapeutic agents in vivo, given that
some drugs can increase the expression of death receptors
and sensitize malignant cells to their ligands (e.g., TRAIL and
FAS ligand) (Friesen et al., 1996; Green, 2003). However, this
process could conceivably also cause unwanted killing of
healthy cells. Although agonists of the TRAIL receptors DR3
and DR4 (i.e., TRAIL itself or receptor-activating antibodies)
have been shown to kill certain cancer cells in culture and in vivo
(Yang et al., 2010), the clinical trials of these agents have not
progressed substantially. Perhaps such agents would be able
to synergize with BH3-mimetic drugs in killing cancer cells by
activating both apoptotic pathways.

The Roles of Non-apoptotic Programmed Cell Death
Pathways in Tumor Development and Anti-cancer
Therapy

The role of autophagy in cancer continues to be debated. The
gene for the autophagy gene BECLIN was found to be deleted
in a large number of breast cancers, prompting the hypothesis
that inability of cells to commit autophagic suicide might pro-
mote their malignant transformation (Aita et al., 1999). However,
because the BECN1 locus is tightly linked to that of the well-
known breast cancer gene BRACT, it appears that BECN1 muta-
tions are not independently increased in human cancer and that
BECLIN is not a tumor suppressor (Laddha et al., 2014). To date,
scant further evidence has emerged for autophagy as a mecha-
nism by which mammalian cells kill themselves or of a correlation
of mutations with autophagy genes with cancer (Amaravadi
et al., 2016). On the contrary, some studies have shown that
autophagy can promote tumor growth; for example, by helping
malignant cells adapt their metabolism when nutrients are
scarce (reviewed in Poillet-Perez and White, 2019).
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The role of defects in necroptosis in tumor development and the
response of malignant cells to anti-cancer agents is currently also
controversial. There have been reports suggesting that necropto-
sis of cells in the tumor microenvironment (rather than necroptosis
of nascent neoplastic cells) promotes development and progres-
sion of pancreatic and liver cancer by modulating the hostimmune
response against the malignant cells (Seifert et al., 2016; Seehawer
etal.,2018; Wang et al., 2018). However, these findings have since
been challenged (Patel et al., 2020), and a previous study found no
role of necroptosis in tumorigenesis (Najafov et al., 2017).

Inflammation, which can involve pyroptotic cell death, is recog-
nized as a potent driver of neoplastic transformation in diverse
cancers, including those of the liver, colon, and stomach (re-
viewed in Todoric and Karin, 2019). However, little is known about
the role, if any, of pyroptotic cell death in tumorigenesis and the
response of cancer cells to chemotherapy. To our knowledge,
gasdermin D, the essential mediator of pyroptosis, has so far
not been identified in whole cancer genome studies as a tumor
suppressor or resistance factor in anti-cancer therapy. However,
gasdermin E, a relative of gasdermin D that is also able to perfo-
rate the plasma membrane, has been shown to be activated by
effector caspases in tumor cells treated with chemotherapeutic
drugs. This changed the morphology of the dying tumor cells
from apoptosis into a pyroptosis-like death (Wang et al., 2017).

Ferroptosis is a form of cell death mediated by oxygen free rad-
icals. It depends on the presence of Fe ions and is induced by
blockade of an antiporter composed of SLC7A11 and SLC3A2
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Figure 4. Pro-apoptotic BH3-Only Proteins
Are Critical Initiators of Killing of Tumor Cells
by Diverse Anti-cancer Agents

Different cytotoxic insults, such as DNA damage,
cause an increase in distinct pro-apoptotic BH3-
only proteins through diverse transcriptional and/or
post-transcriptional processes. BH3-only proteins
bind with very high affinity (sub-nanomolar) to the
anti-apoptotic BCL-2 family members (e.g., BCL-
2), and this unleashes the apoptosis effectors BAX
and BAK. Some BH3-only proteins (e.g., BIM and
PUMA) have been reported to also be able to acti-
vate BAX and BAK by binding to them directly (see
also Figure 1).

BIK

BMF

—

that exchanges extracellular cystine with

intracellular glutamate (System x. ™) (Dixon

et al., 2012). Although it is indisputably a

J T process that can result in cell death, it
has not yet been settled whether cells

! dying by ferroptosis kill themselves by a

BID physiological mechanism that evolved for
that purpose or whether the cells succumb

because a vital process needed for their

ongoing metabolism and survival has

I been blocked. If only the latter is true, de-

tBID

fects in ferroptosis would not be expected
to contribute to the development of can-
cer. Proper regulation of SLC7A11 expres-
sion has been reported to be critical for the
tumor suppressor function of p53 (Jiang
et al., 2015), but this was subsequently
challenged (Tarangelo et al., 2018). Regardless of whether fer-
roptosis is a physiological mechanism of cell suicide or a novel
way of killing cells, if a drug can be developed that can induce fer-
roptosis in cancer cells but leaves normal cells unaffected, then it
may have relevance for cancer treatment.

Immunotherapy, Inmune Checkpoint Inhibitors, and
CAR T Cell Therapy

CTLs and NK cells play critical roles in killing virus-infected cells.
This activity can also be triggered to kill cancer cells, either spon-
taneously or through use of immune checkpoint inhibitors, such
as antibodies that block CTLA4, PD1, or its ligand PD-L1 (Wei
etal., 2018). CTLs and NK cells kill target cells through the action
of perforin, a pore-forming protein, and certain granzymes and
also through FAS ligand-induced FAS-mediated apoptosis
(Lowin et al., 1994). Perforin plus granzyme-mediated cell killing
has been reported to involve activation of caspases in target
cells, but non-apoptotic processes are likely to contribute as
well (Voskoboinik et al., 2015). Of note, CTL-induced killing of tu-
mor cells has been reported to be mediated in part by granzyme
B-driven activation of gasdermin E, indicating that this killing
could be “pyroptosis like.” Of note, the levels of gasdermin E
in cancers has been shown to correlate with more favorable ther-
apeutic responses (Zhang et al., 2020).

Agonists of
death receptors

Conclusions
Cell death research has come a long way in the last ~30 years,
and in addition to revealing mechanisms of a fundamental
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biological process, it has now led to new treatments for cancer
and possibly other diseases, such as certain autoimmune pa-
thologies or infectious diseases, which may also benefit from
killing of pathogenic cells (i.e., auto-antibody-producing plasma
cells or infected cells) by BH3-mimetic drugs.

Although a lot has been discovered, basic research continues
into the BAX/BAK-dependent mechanism of cell death to deter-
mine the finer details of how they form pores or channels in the
outer mitochondrial membrane and how their activation is regu-
lated by anti-apoptotic BCL-2 family members. Much more re-
mains to be learned about other programmed cell death mecha-
nisms, such as necroptosis, pyroptosis, and ferroptosis, in
particular the roles of these processes in the development or
treatment of cancer.

Clinically, the BCL-2-specific inhibitor venetoclax has pro-
vided an excellent case study of the importance of basic
research in identifying novel targets for the treatment of cancer.
Research on venetoclax is continuing at break-neck pace, with
nearly 200 registered clinical trials planned or underway. These
will reveal which malignancies are sensitive to venetoclax, how
it is best administered, how resistance might develop, and with
which drugs it can best be combined. Reports of some patients
with CLL becoming minimal residual disease negative after
receiving venetoclax and remaining disease free after ceasing
this therapy are enormously encouraging (Kater et al., 2019).
The BCL-2/BCL-XL/BCL-W inhibitor navitoclax is mentioned in
only 10 clinical trials that are planned or underway, presumably
because of its dose-limiting effects on platelets. Trials of the
more recently developed MCL-1 inhibitors are ramping up,
with 18 registered trials planned or underway. There is hope
that these endeavors, which are built on many years of basic
research on cell death, will lead to substantial improvements
for cancer patients.
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