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ABStRACt
Multi-cellular organisms eliminate individual cells through a self-destruct process known as apo-
ptosis. Apoptosis is critical for proper development and maintenance of tissue homeostasis. The 
importance of this process is highlighted by the fact that too much or too little apoptosis is the 
underlying cause of pathologies such as cancer, autoimmune diseases (e.g., lupus, arthritis), and 
neurodegenerative disorders (e.g., Parkinson’s, Alzheimer’s). In the early days, apoptotic cells were 
identified strictly by cell morphology. Now we know that biochemical signatures define a number 
of death programs, of which apoptosis is the most widely understood. In this review, we discuss 
genetic insights gained from C. elegans, the importance of caspases, engulfment of apoptotic cells, 
apoptotic signals, the role of mitochondria, the Bcl-2 family, and the link between dysfunctional 
apoptosis and disease. Within each topic, we highlight landmark studies that contributed to our 
current understanding of apoptosis. All together, this research exemplifies tremendous scientific 
synergy between the disciplines of genetics, biochemistry, developmental cell biology, and structural 
biology. Continued exploration into mechanisms that regulate apoptosis will undoubtedly lead to 
insights into disease processes with potential therapeutic strategies.
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1

1.1 NAtURAL CELL DEAtH IN tHE 19tH CENtURY

Research into cell death exploded near the end of the 20th century, leading to a general misconcep-
tion that the study of cellular suicide is a relatively new field. In reality, naturally occurring cell death 
was described over 150 years earlier and appears to have been forgotten and then re-discovered 
multiple times. The early history of cell death is discussed in excellent reviews by Clarke and Clarke 
(1996) and Majno and Joris (1995). According to Clarke and Clarke (1996), cell death studies 
progressed slowly in part because authors did not routinely recognize early seminal works of others 
and that cell death in itself was not considered to be an interesting scientific process. Around that 
time, scientists were more intrigued with how cells contributed to growth as opposed to cell death. 
Notwithstanding, a number of key reports outline morphological descriptions of dying cells and 
some postulate on how this process is regulated. With modern day molecular biology and genetics, 
many of these centuries-old predictions have turned out to be true.

As described by Clarke and Clarke (1996), by the 19th century, it was already understood that 
in some instances, specific structures would form during development but would not be found in 
the mature organism. For example, it was known in the 1600s that in the fetus, a temporary vessel 
(ductus arteriosus) allowed most of the blood from the right ventricle to bypass the non-functioning 
lung. This fetal blood vessel regressed after birth (Harvey, 1628). In 1835, more obvious examples  
of structural regression were reported in organisms that underwent metamorphosis, such as the 
transition from tadpole to adult toads with the accompanying loss of tadpole gills and tails (Dugès, 
1835). It was not until the breakthrough proposition of the cell theory in 1839 (Schleiden, 1842; 
Schwann, 1839), when it was suggested that these structural regressions were a result of disap-
pearance of individual cells. In 1842, Carl Vogt published a 130-page report that described cel-
lular changes during cartilage development of the toad (Vogt, 1842). Specifically, Vogt detailed 
the disappearance of the cells of the notochord and their replacement by cells of the vertebrae. His 
pioneering scientific contribution was that he equated the well-known loss of specific structures in 
development to the “destruction,” “disappearance,” or “resorption” of cells. However, Vogt does not 
focus or elaborate on the disappearance of cells, and this novel observation was not acknowledged 
by his peers, which set the stage for “cell death” to be re-discovered.

C H A P T E R  1

Historical Perspective of Apoptosis



2 APoPtoSIS 

Twenty years later, August Weismann (Weismann, 1864; Weissman, 1863) outlined regres-
sion during the metamorphosis of the pupating fly. He coined the term “histolyse” to describe the 
morphology of the dying cells and perhaps due to the proposal of new terminology, unlike Vogt’s 
study, Weismann’s work was well acknowledged (Clarke and Clarke, 1996). Subsequent scientists 
adapted his terminology to describe “histolysis” in insects (Viallanes, 1882) and amphibians (Mayer, 
1886). An example of cellular changes documented in 1887 by Barfurth (1887) on the regressing 
tadpole tail is shown in Figure 1, which is taken from Clarke and Clarke (1996). Here the authors 
illustrated the marked different appearance of dying cells from healthy muscle tissue. The dying 
cells are labeled as “sp” for “Sarcoplastin”—“a product of degeneration,” and “fk” for fatty granules—
named because the numerous vacuoles seen in dying cells were assumed to be filled with lipids. 
Further morphological descriptions included the observation that dying cells were associated with 

FIGURE 1: Early example of apoptotic cell morphology. Muscle fiber in longitudinal section from the 
tail of Rana fusca on the third day of regression. sp, “sarcoplastin” a product of degeneration, f k, fatty 
granules labeled because numerous vacuoles seen in dying cells were assumed to be filled with lipids. sk, 
nuclear proliferation in the perimysium internum, Originally from Barfurth (1887). Taken with permis-
sion from Clarke and Clarke (1996).
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ameboid phagocytic cells (Kowalevsky, 1887), leading scientists to wonder whether the phagocytes 
caused histolysis or only acted later to clean up the debris. As fixation, staining, and visualization 
techniques improved, more detailed descriptions of cell death were reported. In particular in 1885, 
Flemming (1885) observed that nuclear staining was diminished in dying cells, and he labeled this 
form of cell death “chromatolytic.” It appears now that “chromatolysis” and what later came to be 
called “apoptosis” are synonymous.

1.2 EXPLoSIoN oF INtERESt IN CELL DEAtH  
IN tHE 20tH CENtURY

By the mid-20th century, developmental biologists had well accepted that cell death was an impor-
tant process shaping insect metamorphosis (Lockshin, 1997) and had labeled this process as “pro-
grammed cell death” (PCD) (Lockshin and Williams, 1965). On the other hand, although similar 
morphological structures were reported in tissues that were not undergoing metamorphosis (the 
first example being Vogt’s article in 1842), it was difficult for the scientific community to accept that 
cell death had a role in rapidly growing tissues. In other words, what would be the point of cell death 
without the regression of some specific structure? Thus, dying cells in normally developing tissues 
were instead postulated to be metabolic deposits of mitotic cells. In 1951, the developmental biolo-
gist, Glücksmann (1951) published a review entitled “Cell deaths in normal vertebrate ontogeny,” 
that systematically summarized the literature of cell death during embryonic development and pre-
sented the hypothesis that cell death actively contributed to tissue and organ formation. Years later, 
influential observations by embryologist Saunders (1966) demonstrated the importance of pro-
grammed cell death in normal development. As an example, Saunders proposed that death of tissue 
sculpted the formation of mature digits, as he contrasted the increased cell death of tissues between 
the developing digits of the chick with the reduced cell death seen in web-footed ducks (Saunders 
and Fallon, 1966) (Figure 2). The idea that cell death between insect and vertebrate systems was 
similar and potentially represented a conserved program was formally discussed by Whitten in an 
article published in 1969, entitled “Cell death during early morphogenesis: parallels between insect 
limb and vertebrate limb development” (Whitten, 1969). Clearly, developmental biologists had 
firmly recognized the importance of programmed cell death in morphogenesis.

Meanwhile, in the related yet separate field of medicine, pathologist John Kerr and colleagues 
were cataloguing the morphology of a class of cell death that they labeled “shrinkage necrosis.” 
Based on ultrastructural features, this form of cell death was reported in both normal tissue and  
pathological specimens. Kerr and colleagues observed shrinkage necrosis in normal embryonic 
and adult tissue (Kerr, 1965; Saunders, 1966), in neoplastic tissues (Kerr and Searle, 1972a; Kerr  
and Searle, 1972b), and in organs after injury or withdrawal of hormone (Kerr et al., 1972). In 
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1972, John Kerr, Andrew Wyllie, and Alistair Currie published a milestone article whereby they 
concluded that this type of cell death was the same as the embryological cell death summarized in 
Alfred Glucksmann’s extensive review article (Kerr et al., 1972). Kerr et al. described that apoptosis 
occurred in two stages comprising nuclear and cytoplasmic condensation and breaking up of cell 
components into membrane-bound apoptotic bodies, followed by phagocytosis of apoptotic bodies 
by neighboring cells (Figure 3). These morphological descriptions of cell death were a synopsis of 
over one hundred years of observations first suggested by Vogt in 1842, with cell death morphol-

FIGURE 2: Early example of programmed cell death in the leg bud of a chick embryo. A classical 
picture of programmed cell death in the leg bud of a chick embryo, stained in vivo with Nile red (which 
becomes concentrated in phagosomes). The dark interdigital zones represent myriads of red-stained 
macrophages scavenging the debris of cells that died on schedule. Originally from Saunders and Fallon 
(1966). Legend and figure taken with permission from Majno and Joris (1995).

FIGURE 3: Two-step model of apoptosis. Apoptosis occurred in two stages comprising nuclear and 
cytoplasmic condensation and breaking up of cell components into membrane-bound apoptotic bodies, 
followed by phagocytosis of apoptotic bodies by neighboring cells or circulating histocytes. Of interest, 
the authors recommended that for the pronunciation of apoptosis, “the stress should be on the penulti-
mate syllable, the second half of the word being pronounced like “ptosis (with the “p” silent),” although 
this intonation was not accepted by all (Funder, 1994). Taken with permission from Kerr et al. (1972).
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ogy extensively described by Flemming (1885) and phagocytosis described by Kowalevsky (1887). 
Importantly, Kerr et al. (1972) discussed that most physiological cell deaths were not accidental, but 
followed a similar morphological pattern as PCD in development. It should be noted that while 
morphologically similar, there was still no definitive link between programmed cell death (as first 
defined in invertebrates) and apoptosis. It would be 20 years until the identification of death genes 
in the nematode provided the molecular framework with which scientists could functionally define 
apoptosis.

While many use the terms “apoptosis” and “programmed cell death” interchangeably, this is 
not entirely correct. PCD refers to all physiological cell deaths that occur in a time- and position- 
dependent manner during the normal development of an organism. Most cell deaths during PCD 
have apoptotic features (Majno and Joris, 1995); however, some exceptions exist. For example, pro-
grammed cell death in the salivary gland and midgut during D. melanogaster development shows 
morphologies of cytoplasmic vacuolization associated with autophagic and not apoptotic cell death 
(Berry and Baehrecke, 2007; Denton et al., 2009). As more non-apoptotic forms of cell death are 
uncovered (Galluzzi et al., 2012), it is perhaps not surprising that developmental programmed cell 
death is accomplished through distinct cell death mechanisms. Nevertheless, at the time of the Kerr 
et al.’s publication (Kerr et al., 1972), the most widely reported cell death had shared features of 
“apoptosis,” and the new terminology caught the interest of the scientific community. In retrospect, 
it is remarkable that the authors’ final comments speculating on the existence of apoptotic regulators 
and the mechanisms of cellular condensation, foreshadow the explosion of discoveries in the field 
that would occur in the ensuing few decades. 

At this point, the morphological descriptions of cell death had led the field as far as it would 
go. That changed with the identification of the first non-morphological marker of apoptosis. Wil-
liams et al. (1974) discovered that mammalian cell death was associated with cleavage of DNA. 
Endonuclease activity could be detected by electrophoretic separation of DNA into “ladders” char-
acteristic of DNA digestion at internucleosomal sites (Hewish and Burgoyne, 1973). Wyllie identi-
fied that these DNA ladders were associated with apoptotic cells (Wyllie, 1980). Importantly, this 
simple biochemical characterization opened the door for the observation of apoptosis to a larger 

FIGURE 4: Apoptotic timeline. Publication timeline of seminal discoveries in the field of apoptosis. 
At the time when this figure was originally published (Vaux, 2002), David Vaux indicated that over 
50,000 papers had been published on apoptosis, and it was only possible to give an indication of some 
of them in the figure. Many, many important papers had therefore been omitted. In most cases, only 
the first member of a protein family was mentioned. Numbers in parantheses refer to references cited in 
original publication (Vaux 2002). Modified figure and modified legend are taken with permission from  
Vaux (2002).
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scientific community. Apoptosis could now be identified without the need for electron or even light 
microscopes but by agarose gel electrophoresis—a common tool in many scientific laboratories.

Moreover, in addition to technical advances, increased interest in the field came about with 
the discovery that apoptosis was an active process, directed by the dying cell. In 1966, Tata analyzed 
RNA and protein synthesis in regressing tissue. Using organ culture of isolated tadpole tails that 
regressed in response to triiodothyronine, Tata observed that actinomycin D (RNA transcription 
inhibitor) and cycloheximide (protein synthesis inhibitor) inhibited tissue regression (Tata, 1966). 
Years later, these observations were confirmed in rodent thymocytes that underwent apoptosis in 
response to glucocorticoid treatment and using the same inhibitors, demonstrated that DNA frag-
mentation was dependent on RNA and protein synthesis (Cohen and Duke, 1984; Wyllie et al., 
1984). That both apoptosis and PCD required RNA and protein synthesis (Cohen and Duke, 1984; 
Tata, 1966; Wyllie et al., 1984) led to the conceptualization of apoptosis as “cellular suicide.”

Altogether, these discoveries sparked increased interest in apoptosis. In 2002, David Vaux 
published a review, which summarizes many of the transformative reports that shaped this field 
(Vaux, 2002) (Figure 4). From his apoptotic timeline, we can see that multiple factors influenced 
the progression of apoptotic research. As we have already discussed, initial early observations ce-
mented by morphological definition and adoption of terminology (Kerr et al., 1972) were followed 
by identification of biochemical features of apoptosis that opened the door for more laboratories 
to study apoptosis (Wyllie, 1980). Importantly, realization of the conservation of the apoptotic 
program between humans and tractable model organisms led to the merging of research disciplines 
of pathology, invertebrate PCD and eventually cancer biology. This melding of fields allowed rapid 
progress in understanding of the molecular mechanisms of the apoptotic pathway, and revealed how 
dysfunction led to human diseases.

1.3 DEFINItIoNS oF CELL DEAtH

Morphological features determined the first accounts of cell death. In general, cell death was first 
largely classified into either “cell death by suicide” (apoptosis) or “cell death by murder” (accidental 
cell death—eventually labeled necrotic cell death) (Majno and Joris, 1995). Apoptosis causes cells 
to shrink and lose contact with neighboring cells. The chromatin condenses and is fragmented 
between nucleosomes by endonucleases. The nucleus buds off forming multiple membrane-bound 
fragments. Cellular budding leads to breaking up of the cell into membrane-encapsulated spheres 
identified as apoptotic bodies (Kerr et al., 1972). Specific membrane signals target apoptotic bod-
ies for engulfment by professional phagocytes or adjacent cells. Figure 5 shows apoptotic bodies 
engulfed by phagocytes ( Jacobson et al., 1997). Due to the encapsulation of cellular components 
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within membrane-bound vesicles and subsequent engulfment by phagocytic cells, apoptosis oc-
curs without leakage of intracellular components. Moreover, the engulfment of apoptotic cells 
by phagocytes induces the phagocyte to express and secret anti-inflammatory cytokines such as 
transforming growth factor b (TGF-b) and IL-10 (Fadok et al., 2001), inhibiting the further re-
cruitment of macrophages. Thus, apoptosis does not induce inflammation and is immunologically  
silent.

In contrast, necrosis was defined as accidental cell death, wherein cells sustain injury resulting 
in swelling, rupture of the plasma membrane, and leakage of cell contents (Majno and Joris, 1995). 
Intracellular molecules, such as HMG protein, uric acid, heat shock proteins, single-stranded RNA, 
and genomic DNA, that are secreted into the extracellular space are subsequently recognized as 
“foreign” by immune cells (Oppenheim and Yang, 2005; Scaffidi et al., 2002; Shi et al., 2003). In-
flammation occurs as these released molecules bind and stimulate receptors on neutrophils, macro-
phages, and natural killer cells (Chen et al., 2007; Oppenheim and Yang, 2005). Furthermore, when 
necrotic cells are engulfed by phagocytic cells, the phagocyte is induced to produce proinflammatory 
cytokines such as TNFa and IL-8, further amplifying inflammation (Fadok et al., 2001). Events 
that trigger necrosis, such as burns, cuts, and compression injury, lead to active inflammation, scar-
ring, and tissue damage. 

FIGURE 5: Examples of phagocytosed apoptotic cells. Arrows point to dead cells. (A) An early apo-
ptotic cell in the cerebellum of a developing rat (courtesy of  J. Burne). Arrowheads point to phagocytosed  
fragments of apoptotic cells. (B) Two phagocytosed apoptotic cells in a developing rat kidney (Coles  
et al., 1993). (C) A dead cell in the ventral nerve cord of a developing C. elegans embryo (courtesy of  
E. Hartwieg, G. Stanfield, and H. R. Horvitz). Figure and legend taken with permission from Jacobson 
et al. (1997).
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Incredible progress has been made in the biochemical and genetic understanding of cell death 
(see sections 2–5). Biochemical and genetic measurements of cell death can be quantified and lead 
to an understanding that depending on the stimulus and cell type, the two classifications of apo-
ptosis versus necrosis was too simple. Leaders in the field of cell death formed the Nomenclature 
Committee on Cell Death (NCCD) to address confusion in the field related to definitions of cell 
death and made recommendations in 2005, 2009, and 2012 (Galluzzi et al., 2012; Kroemer et al., 
2005; Kroemer et al., 2009). The NCCD stated, “in view of the substantial progress in the bio-
chemical and genetic exploration of cell death, time has come to switch from morphological to mo-
lecular definitions of cell death modalities” (Galluzzi et al., 2012). The committee outlines specific 
biochemical features that define 13 cell death modes (Table 1). This review will discuss cell death 
that is classified as apoptotic, and the reader is referred to other excellent reviews that elaborate on 
non-apoptotic modes of cell death (Degterev and Yuan, 2008; Galluzzi et al., 2012).

tABLE 1: Functional classification of regulated cell death modes

MAIN  
BIoCHEMICAL  

FEAtURES
CASPASE

DEPENDENCE

EXAMPLES oF  
INHIBItoRY  

INtERvENtIoNSa

Anoikis Downregulation of EGFR 
Inhibition of  

ERK1 signaling
Lack of b 1-integrin  

engagement  
Overexpression of BIM 

Caspase-3 (-6,-7)  
activation

++ BCL-2 overexpression 
Z-VAD-fmk  

administration

Authophagic  
cell death

MAP1LC3 lipidation 
SQSTM1 degradation

- - VPS34 inhibitors
AMBRA1, ATG5,  

ATG7, ATG12
or BCN1 genetic  

inhibition

Caspase- 
dependent 
intrinsic apoptosis

MOMP
Irreversible Dym  

dissipation

++ BCL-2 overexpression 
Z-VAD-fmk  

administration
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Caspase- 
independent  
intrinsic apoptosis

Release of  IMS proteins 
Respiratory chain  

inhibition

- - BCL-2 overexpression

Cornification Activation of  
transglutaminases 

Caspase-14 activation

+ Genetic inhibition of 
TG1, TG3 or TG5  

Genetic inhibition of 
caspase-14

Entosis RHO activation 
ROCK1 activation

- - Genetic inhibition of 
metallothionein 2A  

Lysosomal inhibitors

Extrinsic  
apoptosis by death 
receptors

Death receptor signaling 
Caspase-8 (-10) activation

BID cleavage and 
MOMP (in type II cells) 

Caspase-3 (-6,-7)  
activation

++ CrmA expression
Genetic inhibition of 

caspase (8 end 3)
Z-VAD-fmk  

administration

Extrinsic  
apoptosis by  
dependence  
receptors

Dependence receptor 
signaling 

PF2A activation 
DAFK1 activation 

Caspase-9 activation
Caspase-3 (-6,-7)  

activation

++ Genetic inhibition of 
caspases (9 and 3) 

Genetic inhibition of 
PP2A 

Z-VAD-fmk  
administration

Mitotic  
catastrophe

Caspase-2 activation  
(in some instances) 

TP53 or TP73 activation 
(in some instances)  

Mitotic arrest

- - Genetic inhibition of 
TP53 (in some instances) 

Pharmacological or  
genetic inhibition  

of caspase-2  
(in some instances)

tABLE 1 (continued )

MAIN  
BIoCHEMICAL  

FEAtURES
CASPASE

DEPENDENCE

EXAMPLES oF  
INHIBItoRY  

INtERvENtIoNSa
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Necroptosis Death receptor signaling
Caspase inhibition
RIP1 and/or RIP3  

activation

- - Administration of 
necrostatin(s) 

Genetic inhibition of 
RIP1/RIP3

Netosis Caspase inhibition 
NADPH oxidase  

activation 
NET release  

(in some instances)

- - Autophagy inhibition 
NADPH oxidase  

inhibition 
Genetic inhibition of 

PAD4

Parthanatos PARP1-mediated PAR 
accumulation  

Irreversible Dym  
dissipation 

ATP and NADH  
depleton 

PAR binding to AIF and 
AIF nuclear 
translocation

- - Genetic inhibition of AIF 
Pharmacological or  

genetic 
inhibition of PARP1

Pyroptsis Caspase-1 activation 
Caspase-7 activation 

Secretion of IL-1b and 
IL-18

++ Administration of  
Z-YVAD-fmk 

Genetic inhibition of 
caspase-1

TABLE 1: Cell death classifications. Abbreviations: ATG, autophagy; BCN1, beclin 1; Dym, mitochondrial transmembrane po-
tential; CrmA, cytokine response modifier A; DAPK1, death-associated protein kinase 1; EGFR, epidermal growth factor recep-
tor, ERK1, extracellular-regulated kinase 1; IL, interleukin; MAP1LC3, microtubule-associated protein 1 light chain 3; MOMP, 
mitochondrial outer membrane permeabilization; NET, neutrophil extracellular trap; PAD4, peptidylarginine deiminase 4; PAR, 
poly(ADP-ribose); PARP1, poly(ADP-ribose) polymerase 1; PP2A, protein phospatase 2A; ROCK1, RHO-associated, coiled-oil 
containing protein kinase 1; SQSTM1, sequestosome 1; TG, transglutaminase; Z-VAD-fmk, N-benzyloxycarbonyl-Val-Ala-Asp-
fluoromethylketone; Z-YVAD-fmk, N-benzyloxycarbonyl-Tyr-Val-Ala-DL-Asp-fluoromethylketone. Taken with permission 
from (Galluzzi et al. 2012).

tABLE 1 (continued )

MAIN  
BIoCHEMICAL  

FEAtURES
CASPASE

DEPENDENCE

EXAMPLES oF  
INHIBItoRY  

INtERvENtIoNSa



HIStoRICAL PERSPECtIvE oF APoPtoSIS 13

1.4 RoLES oF APoPtoSIS

Why study apoptosis? If apoptosis was critical for proper development, then we would expect that 
organisms with defective apoptosis would have severe phenotypes. For the most part, this is true. 
PCD-deficient worms have 15% more cells than normal, yet have a normal lifespan (Ellis et al., 
1991b). On the other hand, PCD-deficient flies (White et al., 1994) and mice (Kuida et al., 1996) 
show extraneous cell accumulation and die early in development. These differing results likely re-
flect increasing organism complexity. Within higher organisms, it is clear that apoptosis is critical 
for multiple functions.

Apoptosis is important for the deletion of cells in the broad categories of sculpting organs 
and structures, deleting unnecessary structures, maintenance of adult tissue homeostasis, and eradi-
cation of cells that represent a threat to the integrity of the organism. For review, see Jacobson  
et al. (1997). Dysfunctional apoptosis is the root cause of many human diseases, and the study of 
apoptosis has revealed the molecular pathogenesis of human diseases. Ongoing discoveries in this 
field will identify targets for therapeutic manipulation.

1.4.1 Apoptosis in Developing tissue

Apoptosis occurs in developing tissue (Figures 6A–D) ( Jacobson et al., 1997). Apoptosis is critical 
to sculpt structures such as digits, where inhibition of apoptosis results in the persistence of tissue 
between digits ( Jacobson et al., 1994; Milligan et al., 1995). PCD is involved in the hollowing out of 
solid structures to form lumens, such as the formation of the preamniotic cavity in early mouse em-
bryos (Coucouvanis and Martin, 1995) and the lumens of organs in morphogenesis. PCD mediates 
the deletion of vestigial structures during development, such as the tadpole tail during amphibian 
metamorphosis ( Jacobson et al., 1997). As well, there are many examples whereby excess cells are 
produced and then eliminated during normal development. For example, it is estimated that over 
half of the neurons produced during mammalian CNS development are eliminated by PCD (Barres 
and Raff, 1999). As another example, approximately 80% of human oocytes are eliminated prior to 
birth (Reynaud and Driancourt, 2000). Why does an organism go to the trouble of producing excess 
cells that then need to be eliminated? It is possible that a limited supply of extracellular survival 
signals leads to a competition between developing cells. For example, with respect to mammalian 
CNS development, cellular trimming ensures that the number of neurons matches the number of 
target cells that they innervate (Barde, 1989). PCD also eliminates cells that are potentially harmful 
to the organism. In the vertebrate immune system, developing T and B lymphocytes that are either 
non-functional or reactive against self antigens must be deleted or they have the potential to cause 
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autoimmune disease. Thus, the reason for excessive cell production may be to generate a large pool 
of cellular candidates that through a screening process selects only the best cells for survival (Raff, 
1992). 

1.4.2 Apoptosis Maintains Adult tissue Homeostasis

In adult tissues, rates of apoptosis and cell division must be balanced in order to establish a stable 
homeostatic environment. For example, the thymus of an adult mouse is composed of (1–2) × 108 
thymocytes. Each day, (2–4) × 106 new thymocytes are produced, but only approximately 2–3% of 

FIGURE 6: Functions of apoptosis and PCD. (A and B) Sculpting. (C and D) Deleting unwanted 
structures. (E) Controlling cell numbers. (F and G) Eliminating nonfunctional, harmful, abnormal or 
misplaced cells. Figure and modified legend taken with permission from Jacobson et al. (1997).
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these cells survive (Chen et al., 1983). An astounding 98% of newly produced thymocytes die and 
must be cleared away. Humans turn over billions of cells every day at the rate of ~1 million cells per 
second (Henson, 2005; Nagata et al., 2010). According to Gerry Melino, if there was no apoptosis, 
by the time a person reached 80 years of age, the culmination of cellular proliferation would produce 
2 tons of bone marrow and lymph nodes, and intestines that were 16 km long (Melino, 2001). 

1.4.3 Apoptosis Eliminates Damaged Cells

Beyond cell deaths that occur during development or homeostasis, apoptosis also eliminates dam-
aged cells. This non-developmentally regulated cell death occurs after physical damage (ionizing 
radiation), exposure to toxins (hydrogen peroxide, chemotherapy), and in response to viral infection 
(Arends and Wyllie, 1991; Cohen, 1991; Hockenbery et al., 1993; Levine et al., 1993; Martikainen 
et al., 1990). Aged or damaged cells (such as damaged airway epithelial cells, or damaged skin cells) 
must also be routinely removed. Thus apoptosis is necessary for development, maintaining tissue 
homeostasis, and as a quality control mechanism for organism integrity. However, how does a cell 
initiate this process? To gain insights, we must first identify the molecular players.

•  •  •  •
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2.1 CAENORHABDITIS ELEGANS AS A MoDEL SYStEM

Landmark studies that helped elucidate the mechanism of apoptosis came from investigations of 
PCD in the nematode C. elegans. Creation of mutations that affected genes critical for PCD, identi-
fication of those genes, and elegant genetic investigations led to the ordering of the genetic pathway. 
Key gene products identified the core cell death machinery. For review, see Ellis et al. (1991b) and 
Fuchs and Steller (2011).

In 2002, the Nobel Prize in Physiology or Medicine was awarded to Sydney Brenner, John 
E. Sulston and H. Robert Horvitz for their “seminal discoveries concerning the genetic regulation 
of organ development and programmed cell death.” Sydney Brenner initiated these studies in the 
late 1950s, when he became “interested in finding a simple experimental system” to study develop-
mental biology and neurology. He chose to focus on the round worm Caenorhabditis elegans. Many 
practical advantages led Brenner to choose C. elegans. The adult worm is small, measuring about 
1 mm in length, is composed of exactly 959 somatic cells, and has a short life cycle of only 3 days. 
Importantly, the organism is transparent, making it easy to observe cell division and subsequent cell 
fate over time in live animals. Thus, many aspects of this organism have been investigated in great 
detail. For review, see Kenyon (1988).

During the 1970s and 1980s, the lineage of each individual cell from the zygote to the adult 
was mapped. Each cell followed a predictable pattern of division and differentiation, and this was 
the same for every worm (Kimble and Hirsh, 1979; Sulston and Horvitz, 1977; Sulston et al., 1983). 
Surprisingly, Horvitz and Sulston noticed that more cells were produced than were needed, and 
these extra cells did not survive to the adult worm (Sulston and Horvitz, 1977; Sulston et al., 1983).  
In his Nobel lecture, Horvitz stated: “One aspect of the cell lineage particularly caught my at-
tention: in addition to the 959 cells generated during worm development and found in the adult, 
another 131 cells are generated but are not present in the adult. These cells are absent because they 
undergo programmed cell death” (Figure 7). Remarkably, the cell deaths were precisely controlled 
with the same cells dying at the same time in every worm. The dying cells appeared apoptotic, as 
they became round and refractile, were engulfed by neighboring cells, after which the engulfed cell 
corpses underwent degradation (Ellis et al., 1991b). Thus, there must be a genetic program that 

C. elegans and Discovery of the Caspases

C H A P T E R  2
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marked these extraneous 131 cells for death. What were the genes that controlled this process and 
how could they be identified?

To identify these “death genes,” Horvitz and colleagues created worm mutants, looked for 
alterations in cell death patterns and identified the mutated genes that were responsible for the 
aberrant phenotype. C. elegans were treated with ethyl methanesulphonate (EMS), which is an 
alkylating agent that induces random DNA point mutations (Sega, 1984). Using this methodol-
ogy, over 300 EMS-induced mutations were identified (Ankeny, 2001). As this was a non-specific 
approach, many phenotypes were observed ranging from behavioral effects, defective movement, 
and alterations in size and shape. One hundred mutations affected programmed cell death (Ellis 
and Horvitz, 1986; Ellis and Horvitz, 1991; Ellis et al., 1991a; Hedgecock et al., 1983; Hengartner  

FIGURE 7: PCD in C. elegans development. Sequential photographs of an L1 hermaphrodite,  
lateral view; Nomarski optics. The arrow points to the dying cell, P11.aap. Bar = 20 µm. Legend and 
figures taken with permission from Sulston and Horvitz (1977).
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et al., 1992; Sulston, 1976). Thus, the stage was set for the identification of key players of C. elegans 
programmed cell death.

2.2 IDENtIFICAtIoN oF C. ELEGANS CELL DEAtH GENES

More than a dozen genes were identified that affected programmed cell deaths. Two genes ced-3 
and ced-4 (cell death abnormal) were identified that were required for cell death. Mutations in either 
of these genes led to the survival of almost all of the cells that are normally destined to die during 
worm development (Ellis and Horvitz, 1986) (Figure 8). Mutations that completely inactivated 
these genes (designated as Ced-3 and Ced-4 mutations) prevented all programmed cell deaths, while 

FIGURE �: Absence of cell death in ced-3 animals. (a) Nomarski photomicrograph of a newly hatched 
ced-1 larva. Arrows indicate dying cells. (b) Nomarski photomicrograph of a newly hatched ced1; ced3 
larva. Plane of focus is approximately that shown in (a). Arrowheads indicate several of the nuclei that 
can be seen in both (a) and (b). No cell deaths are seen in the ced1; ced3 larva. Bar = 10 µm. Legend and 
figure taken with permission from Ellis and Horvitz (1986).
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weaker mutations (ced-3 and ced-4 ) resulted in a partial suppression of death. Horvitz and col-
leagues suggested that the products of the ced-3 and ced-4 genes encoded toxins that killed cells.

Once the sequence of the ced-3 and ced-4 genes were determined, it was possible to investi-
gate the function of the gene products. At the time, the ced-4 protein was novel in sequence, so no 
insight could be gained with homologues in other systems. On the other hand, the ced-3 protein 
shared 28% identity with a human protein, ICE (Interleukin-1 b-converting enzyme, now known 
as caspase 1). ICE is a cysteine protease that functions during inflammation by cleaving inactive 
pro-IL-1 b into functional interleukin-1b (Cerretti et al., 1992; Thornberry et al., 1992). Although 
it is now known that caspase-1 is not involved in apoptosis, it was nevertheless the first identified 
member of a family of cysteine-dependent proteases (caspases—cysteine aspartic acid-specific pro-
teases) that have critical roles in inflammation and apoptosis. 

Many more cell death genes were identified and the fundamental mechanism of PCD was 
elucidated. The mechanism of PCD in the worm was discovered to be a simple yet efficient path-
way. Apoptosis in mammalian cells utilizes the same core machinery but has evolved into a more 
complex process (Figure 9). The single death genes of C. elegans are represented as expanded large 
protein families. This indicates that redundancy and specialized signaling are important aspects of 
mammalian apoptosis. 

2.3 DEFINItIoN AND FUNCtIoN oF  
CASPASES IN APoPtoSIS

Loss of CED3 protein activity resulted in loss of PCD in C. elegans. This demonstrated the neces-
sity of caspases in PCD and apoptosis. Caspase activity is responsible for most of the morphologies 
of the apoptotic cell (cell rounding, detachment from neighbors or extracellular matrix, nuclear 
condensation, DNA fragmentation, membrane blebbing, and phagocytic engulfment). Thornberry  
et al. (1998) proposed that “caspases participate in apoptosis in a manner reminiscent of a well-
planned and executed military operation. They cut off contacts with surrounding cells, reorganize  
the cytoskeleton, shut down DNA replication and repair, interrupt splicing, destroy DNA, disrupt 
the nuclear structure, induce the cell to display signals that mark it for phagocytosis and disinte-
grate the cell into apoptotic bodies.” How do caspases do so many things? Identification of down-
stream targets has revealed how caspases control this wide array of cellular responses. 

Caspases cleave substrates after the aspartic acid residue of a tetrapeptide sequence (P4–P3–
P2–Asp). Caspases are grouped into initiator caspases and effector caspases and substrate cleavage 
recognition motifs of residues P4–P3–P2 define caspase subclasses. Effector caspases proteolyse 
hundreds of intracellular substrates (for comprehensive review, see Taylor et al., 2008). Figure 10 
shows examples of caspase substrates that affect apoptotic morphology. Depending on the caspase 



C ELEGANS AND DISCovERY oF tHE CASPASES 21

FIGURE 9: Evolutionary expansion of C. elegans apoptotic machinery in mammalian cells. Side-by-side 
comparison of the Caenorhabditis elegans CED protein pathway and the core apoptotic machinery in  
mammalian cells shows the conservation of the general outline of the pathway. Extension of the apo-
ptotic machinery can also be observed at every step of the pathway, including multiple B-cell lymphoma 
protein-2 (BCL2) homology-3 (BH3)-only protein activating signals, complex regulation of the BCL2 
family and the addition of mitochondrial cytochrome c release, which drives the formation of an apopto-
some and activation of the upstream caspases (first caspase-9 and then the executioner caspases, such as 
caspase-3 and caspase-7). Added complexity is provided by the existence of multiple family members in 
each class of the apoptotic regulators, with both redundant and non-redundant functions. These regula-
tors provide ‘fail-safe’ apoptosis machinery that can generate specialized responses to various upstream 
stimuli. Possible direct activation of BAX and BAK by BH3-only proteins is indicated by a dotted 
line. APAF1, apoptotic protease-activating factor-1; BAK, BCL2-antagonist/killer-1; BAX, BCL2- 
associated X protein. Legend and figure taken with permission from Degeterev and Yuan (2008).
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FIGURE 10: Caspases coordinate demolition of key cellular structures and organelles. Effector caspases 
(such as caspases 3, 6, and 7 in mammals) orchestrate the dismantling of diverse cell structures through 
cleavage of specific substrates. Collectively, these proteolytic events produce the phenotypic changes to 
the cell that are characteristic of apoptosis, and some examples are shown here. Cleavage of ICAD (in-
hibitor of caspase-activated DNase) releases CAD (caspase activated DNase), which can then catalyze 
inter-nucleosomal DNA cleavage. Caspase-mediated cleavage of nuclear lamins weakens the nuclear 
lamina, allowing nuclear fragmentation, and nuclear envelope proteins are also proteolysed. Proteolysis 
of proteins at focal adhesion sites and cell–cell adhesion sites allows cell detachment and retraction. Cas-
pase activity is required for the exposure of phosphatidylserine (PS) and other phagocytic signals on the 
cell surface. Proteolysis of the Rho effector ROCK1 leads to contraction of the actin cytoskeleton and 
plasma membrane blebbing as well as nuclear fragmentation, whereas cleavage of tubulins and microtu-
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target, cleavage can either inhibit or stimulate substrate function. Cell rounding and retraction is a 
result of caspase cleavage and inactivation of cytoskeletal constituents such as components of actin 
microfilaments (actin, myosin, gelsolin, filamen), microtubular proteins (tubulins, tau) and inter-
mediate filament proteins (vimentin, lamins) (Taylor et al., 2008). Caspases trigger cell blebbing 
through proteolysis that activates the downstream target ROCK1 (Rho-associated kinase 1). In this 
case, caspase cleavage removes the inhibitory C-terminus resulting in constitutive kinase activation, 
phosphorylation of myosin light chain, and contraction of actin bundles leading to membrane bleb-
bing (Coleman et al., 2001; Sebbagh et al., 2001). Detachment from neighboring cells or extracellu-
lar matrix is associated with caspase-mediated destruction of cell–matrix focal adhesion sites (focal 
adhesion kinase) (Levkau et al., 1998), and cell–cell adherens junctions (catenins) (Bannerman  
et al., 1998; Brancolini et al., 1997). Fragmentation of the nucleus and chromatin condensation 
occurs when caspases cleave and disassemble the rigid nuclear laminar network (Rao et al., 1996). 
Caspases trigger DNA fragmentation by indirectly activating the nuclease CAD/DFF-40 (caspase-
activated DNase/DNA fragmentation factor 40) (Enari et al., 1998; Liu et al., 1997). In healthy 
cells, CAD/DFF-40 is found in a complex with its inhibitor/chaperone, ICAD/DFF-45. Caspase 
3 cleaves ICAD/DFF-45, resulting in release of CAD/DFF-40, homodimerization of CAD/DFF-
40 and migration to the nucleus. The CAD/DFF-40 catalytic site is located between two “blades 
of scissors” that cannot access nucleosomal DNA, but can cleave spacer DNA resulting in the char-
acteristic DNA ladder pattern (Sakahira et al., 2001). Caspases cleave targets that alter cell surface 
markers and release specific factors that stimulate phagocytic engulfment of the apoptotic bodies (to 
be discussed in detail). As well, caspases cleave and inactivate numerous other proteins that mediate 
transcription, translation, splicing, metabolism and other vital cellular functions (Taylor et al., 2008; 
Thornberry and Lazebnik, 1998). Thus caspases orchestrate a controlled dismantling of the cell and 
facilitate its silent disposal.

bule associated and motor proteins leads to changes in the microtubule cytoskeleton that may contribute 
to apoptotic body formation (not shown). Caspases also cleave the Golgi-stacking protein GRASP65 
and other Golgi proteins, causing fragmentation of the Golgi apparatus. Proteolysis of the mammalian 
sterile-20 kinase MST1 results in translocation of a catalytically active fragment of this kinase to the 
nucleus where it phosphorylates histone H2B to provoke chromatin condensation. Finally, important 
cellular functions such as translation are disrupted through caspase-mediated proteolysis of multiple 
translation initiation factors (eIFs). ER, endoplasmic reticulum; MLC, myosin light chain. Legend and 
figure taken with permission from Taylor et al. (2008).
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2.4 tHE CASPASE FAMILY

To date, there are at least 11 known functioning members of the caspase family in humans (caspases 
1–10, 14) (Figure 11). Not all caspases contribute to apoptosis with some caspases functioning 
during the innate immune response. Genetic studies demonstrated that mice deficient for specific 
caspase gene expression were either resistant to apoptosis or had diminished cytokine maturation 

FIGURE 11: The caspase family. Figure taken with permission from Taylor et al. (2008).
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(Wang and Lenardo, 2000). Caspases 2, 3, 6, 7, 8, 9, and 10 contribute to apoptosis while caspases 
1, 4, and 5 are involved in the inflammatory processes.

The apoptotic caspases are grouped into either initiator or executioner caspases. Initiator 
caspases (caspase 2, 8, 9, and 10) have longer pro-domain segments of two types—Death Effector 
Domain (DED) or Caspase Recruitment Domain (CARD). As shall be addressed in detail later, 
theses pro-domains facilitate proximity-induced oligomerization that is required for subsequent 
enzymatic activation. Initiator caspases are the apical caspases of the signaling pathway, and auto-
activate in response to an apoptotic signal (specific apoptotic signals will be discussed later). This 
triggers a “caspase cascade” through cleavage and activation of downstream executioner caspases 
(caspase 3, 6, and 7). Targets of initiator caspase cleavage are mostly the initiator caspases themselves 
and executioner caspases. In contrast, executioner caspases cleave hundreds of downstream targets 
responsible for the apoptotic morphology. Why are there so many caspases? Having a two-step 
mechanism of caspase activation (initiator caspases→executioner caspases) allows the amplification 
of an apoptotic signal. Within each group, similar caspases can serve as “back up” molecules for the 
other and/or may signify specialized function dependent on apoptotic stimulus and cell type.

2.5 MECHANISM oF CASPASE ACtIvAtIoN

Caspases are present as pro-enzymes with limited enzymatic activity. The procaspases are comprised 
of three domains: the N-terminal pro-domain and a large and small subunit (Figure 12). Initiator 
procaspases exist in the cell as monomers that form oligomers in response to an apoptotic signal. 
Clustering allows the basal enzymatic activity of one pro-caspase molecule to cleave between the 
domains of another pro-caspase molecule. This results in activation and stabilization of the active 
initiator caspase. Executioner caspases are present as inactive dimers. Upstream initiator caspases 
cleave the interdomain regions, leading to rearrangements. These rearrangements form the active 
site that is comprised of key residues from both the large and small subunits. Structural studies of 
executioner caspases demonstrated that two heterodimers associate to form a tetramer resulting in 
an active enzyme with two catalytic sites (Rotonda et al., 1996; Walker et al., 1994; Wilson et al., 
1994). 

In summary, caspases are present as inactive pro-enzymes in the cells, and their activation is 
tightly controlled. Apoptotic signals activate initiator caspases that then cleave and activate down-
stream executioner caspases. Caspase cleavage is required for protein conformational change that 
creates the catalytic active site. Thus, this two-step process functions to amplify a signal as well as 
to act as a safe-guard mechanism to ensure that death-inducing caspase activity is strictly regulated. 
Another mechanism to control caspases occurs through activity of specific inhibitors known as  
Inhibitor-of-Apoptosis-Proteins (IAPs) that will be discussed in Section 4.2.4. The consequence of 
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caspase activation such as DNA fragmentation, chromatin condensation, cell blebbing and shrink-
ing are all the early hallmarks that first defined this mode of cell death as “apoptosis.” The second 
defining feature of apoptosis that was summarized by Kerr et al. (1972) was phagocytosis of apo-
ptotic bodies. Caspases also play a major role in the engulfment of apoptotic cells and genetic studies 
defined the critical role that this process has in preventing autoimmunity (Discussed in Section 3). 

FIGURE 12: Caspases (Cys Asp acid proteases) cleave substrates in a highly specific manner after 
the Asp residue in short tetrapeptide ( X–X–X–Asp) motifs. Besides apoptotic roles, some caspase 
family members have non-apoptotic functions in processes such as cytokine maturation, inflamma-
tion, and differentiation. Additionally, apoptotic caspases can have non-apoptotic roles in certain 
circumstances. Apoptotic caspases can be divided into two classes: initiator and executioner caspases 
(see the figure, part a). Initiator caspases (caspase 2, caspase 8, and caspase 9) are the apical caspases 
in apoptosis signaling cascades and their activation is normally required for executioner caspase (cas-
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pase 3, caspase 6, and caspase 7) activation. The repertoire of initiator caspase substrates is limited 
and includes self-cleavage, BCL-2 homology 3 (BH3)-interacting domain death agonist (BID) and 
executioner caspases. By contrast, executioner caspases cleave hundreds of different substrates and 
are largely responsible for the phenotypic changes seen during apoptosis. Initiator caspase activa-
tion first involves dimerization of inactive caspase monomers (see the figure, part b). In the case 
of caspase 8, following death receptor ligation, dimers are formed by the recruitment of caspase 
8 monomers through their pro-domains to the adaptor molecule FAS-associated death domain pro-
tein (FADD). Dimerization and interdomain cleavage are required for the activation and stabiliza-
tion of mature caspase 8. Although dimerization is required for caspase 9 activation and interdomain 
cleavage occurs, cleavage is involved in the attenuation rather than promotion of caspase 9 activity. 
The activation mechanism of executioner caspases differs from that of initiator caspases (see the 
figure, part b). Executioner caspases are present as dimers in cells and are activated by cleavage, lead-
ing to intramolecular rearrangements and the formation of an enzymatically active dimer. Modified 
legend and figure taken with permission from Tait and Green (2010).

•  •  •  •
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It is rare to observe dead cell corpses in vivo, even in tissues with high apoptotic rates. This indicates 
that apoptotic clearance is efficient and rapid. Apoptotic cell corpses are quickly recognized and 
removed by neighboring cells or professional phagocytes. However, when these processes are inhib-
ited, apoptotic cells are readily seen (Nagata et al., 2010). As an analogy, Ravichandran (2011) com-
mented that “we do not appreciate the garbage collector until there is a disruption in trash collection 
and we begin to notice the unpleasant odor.” In the same vein, without clearance, apoptotic bodies 
accumulate and undergo secondary necrosis with the associated leakage of cellular components into 
the extracellular space. The release of these intracellular materials is most often immunogenic and 
pro-inflammatory. We know this because deficient cell clearance leads to non-resolving inflamma-
tion and autoimmunity toward self-antigens associated with diseases such as systemic lupus erythe-
matosus or arthritis (Franz et al., 2006; Hanayama et al., 2006; Munoz et al., 2010; Nagata et al.,  
2010; Nathan and Ding, 2010). For extensive review, see Nagata et al. (2010) and Ravichandran 
(2011).

Multiple steps are required for the phagocytic engulfment and clearance of apoptotic cells. 
First, the apoptotic cell releases “find-me” signals that bring phagocytes into close proximity to the 
dying cell (Gardai et al., 2006; Peter et al., 2010). Second, the dying cell exposes “eat-me” signals 
that interact with “eat-me receptors” on the phagocytic cells. Interaction between the apoptotic 
corpse and phagocytic cell stimulates phagocytic cell cytoskeletal reorganization that facilitates 
corpse engulfment (Ravichandran and Lorenz, 2007). Engulfed apoptotic bodies are then directed 
to lysosomes within the phagocyte for degradation into amino acids, nucleotides, fatty acids, and 
monosaccharides that are released from the lysosome and recycled as basic building blocks for the 
cell (Kinchen and Ravichandran, 2008) (Figure 13).

3.1 “FIND-ME” SIGNALS

In C. elegans, dead cells are engulfed by healthy neighboring cells (Hoeppner et al., 2001; Reddien 
et al., 2001). However, in mammalian cells, the engulfing cell is usually a professional phagocytic 
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cell such as a circulating monocyte or its differentiated macrophage or dendritic cell. Because these 
circulating cells are not immediately beside the cell that is destined to die, they must first be ac-
tively recruited to the site of cell death (Ravichandran, 2011). How do these phagocytic cells find 
their target? The dying cell must somehow advertise its condition. It is now known that dying cells 
release “find-me” signals. These soluble mediators interact with receptors on the surface of the 
phagocytic cell triggering intracellular signaling that induces phagocytes to migrate toward areas of 
apoptotic cells (chemotaxis) (Figure 14). Four specific “find me” signals have been identified. Two 

FIGURE 13: Engulfment of apoptotic cells by macrophages. When cells undergo apoptosis, they re-
lease “find me” signals to recruit macrophages, and expose “eat me” signals on their surface. In response 
to the “find me” signal, macrophages approach the dead cells, and they engulf them by recognizing the 
“eat me” signal. The engulfed dead cells are transferred to lysosomes, where all their components are 
degraded into amino acids, nucleotides, fatty acids, and monosaccharides by lysosomal enzymes. Legend 
and figure taken with permission from Nagata et al. (2010).
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are the lipid mediators lysophosphatidylcholine (LPC) and sphingosine-1-phosphate (S1P), one is 
a nucleotide (ATP/UTP) and one is a protein product (fractalkine CX3CL1). These diverse media-
tors bind specific G protein-coupled receptors on the macrophage cell surface (P2Y2, G2Z, SIP-R, 
and CX3CR, respectively) and stimulate chemotaxis.

LPC was the first “find me” signal identified (Lauber et al., 2003). Within the apoptotic cell, 
caspase-3 activates phospholipase A2, which mediates phosphatidylcholine conversion to LPC. 
LPC is released from the apoptotic cell and establishes a putative concentration gradient, wherein 
binding to surface receptors on circulating macrophages (G2A—G2 accumulation protein) stimu-
lates chemotaxis toward the apoptotic cell (Peter et al., 2008). Of note, the relevance of this model 
is in question, as the concentration of LPC required to attract phagocytic cells is high (20–30 µM) 
and may not be physiologically relevant (Nagata et al., 2010).

FIGURE 14: Proposed “find me” signals. As “find me” signals, ATP/UTP, lysophosphatidyl-
choline (LPC), sphingosine-1-phosphate (S1P), and fractalkine CX3CL1 have been proposed. 
These molecules bind specific receptors on macrophages, all of which are G protein-coupled seven- 
transmembrane receptors, and activate them for chemotaxis. Legend and figure taken with permission 
from Nagata et al. (2010).
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S1P is another “find me” signal and a well-known chemotaxis signal for immune responses. 
Apoptotic cell production of S1P is proposed to occur through two mechanisms. Gude et al. (2008) 
suggest that apoptosis upregulates intracellular levels of the kinase that produces S1P (SphK1), 
which in turn increases S1P levels that are released. Weigert et al. (2010) suggest that an S1P con-
centration gradient is indirectly established when caspase-1 cleaves the S1P kinase, SphK2, causing 
SphK2 release and subsequent elevation of S1P levels in the extracellular space. In either case, it is 
proposed that S1P stimulates macrophage recruitment through binding and activation to the mac-
rophage S1P-R receptors. At this present time, the function of neither LPC nor S1P as bonafide 
“find me” signals has been validated in vivo.

Fractalkine (CX3CL1) is an inter-cellular plasma membrane adhesion molecule. In apopto-
tic cells, fractalkine is cleaved to a 60-kDa product and is released as microparticles to function as a 
“find me” signal (Truman et al., 2008). CX3CL1 cleavage is caspase-dependent, but may not be a 
direct substrate of caspases, but is instead produced through caspase-activated extracellular ADAM 
protease activity. CX3CL1 interacts with the monocyte receptor CX3CR1 and induces monocyte 
migration. Mice lacking CX3CR1 showed a decrease in monocyte migration to apoptotic areas 
validating CX3CL1 in vivo as a “find me” signal (Truman et al., 2008). 

Nucleotides are the fourth known “find me” signal (Elliott et al., 2009). ATP and UTP 
are released through a caspase-dependent opening of a channel (pannexin channel) on the plasma 
membrane (Chekeni et al., 2010). Mechanistically, the C-terminal tail of the pannexin family mem-
ber, PANX1, is removed by caspases 3 and 7 triggering channel opening that allow molecules of up 
to 1 kDa (including nucleotides) to pass through the plasma membrane. Mice with genetic ablation 
of PANX1 are defective in nucleotide release during apoptosis and show diminished macrophage 
recruitment (Qu et al., 2011). Released nucleotides attract monocytes in both in vitro and in vivo 
experimental conditions (Elliott et al., 2009). ATP/UTP interact with the monocyte P2Y2 recep-
tor leading to migration of monocytes to apoptotic cells. Importantly, studies with P2Y2-null mice 
have demonstrated the importance of this signaling pathway for monocyte migration.

Interestingly, apoptotic epithelial cells of the airway release nucleotides, yet are engulfed by 
adjacent healthy epithelial cells instead of circulating macrophages (Elliott et al., 2009). As it turns 
out, “find me” signals also “prime” cells for phagocytosis. In D. melanogaster, apoptotic cells in-
duce the upregulation of the engulfment machinery of neighboring cells (MacDonald et al., 2006; 
Ziegenfuss et al., 2008). In mammalian cells CXCL1 induces macrophage production of MFG-E8 
which is a bridging molecule involved in engulfment (Miksa et al., 2007). Thus, in addition to es-
tablishing a chemotactic gradient for phagocytic cells, “find me” signals also increase the engulfment 
activity of nearby cells thereby facilitating two related yet independent means to ensure their own 
clearance.
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A hallmark feature of apoptosis is that it is non-immunogenic, specifically recruiting mono-
cytes and macrophages, as opposed to inflammatory cells of the immune system (Fadok et al., 1998; 
Voll et al., 1997). However, LPC, S1P and ATP/UTP are also capable of activating inflammatory 
neutrophils and lymphocytes (Florey and Haskard, 2009; Lecut et al., 2009) and ATP is known as a 
universal inflammatory “danger signal” (Trautmann, 2009). So for example, how would an organism 
determine whether ATP should stimulate monocyte (non-immunogenic) or neutrophil (inflamma-
tory) recruitment? A possible differentiating factor may be overall ATP levels in the extracellular 
space. Apoptotic cells release less ATP than necrotic cells (Elliott et al., 2009) and only higher levels 
of ATP induce inflammation and recruitment of neutrophils (Aymeric et al., 2010). Additionally, 
Bournazou et al. (2009) discovered that apoptotic cell supernatants also contain “keep out” signals. 
Through a caspase-dependent mechanism, lactoferrin is released from apoptotic cells and specifi-
cally inhibits neutrophil, but not monocyte chemotaxis (Bournazou et al., 2009). How “find me” 
and “keep out” signals regulate immunogenic versus non-immunogenic responses is an expanding 
area of research.

3.2 “EAt ME” SIGNALS

Once professional phagocytes are recruited to the site of the dying cell, it must be able to differenti-
ate the apoptotic corpse from the surrounding healthy cells. This is accomplished through interac-
tion between “eat me” signals displayed on the surface of the apoptotic cell and specific receptors on 
the phagocyte. Once engaged, the phagocytic receptor initiates a series of signal transduction events 
that lead to cytoskeletal changes that enable engulfment of the apoptotic corpse (Figure 15).

The first, and most widely recognized “eat me” signal is the surface exposure of phosphati-
dylserine (PS) (Fadok et al., 1992). In healthy cells, PS is found on the inner leaflet of the lipid bi-
layer (Balasubramanian and Schroit, 2003). Early in the apoptotic process, in a caspase-dependent 
manner, PS exposure to the outer membrane surface of the dying cell increases more than 280-fold  
(Borisenko et al., 2003). Surface-exposed PS quickly became a widely-used experimental identi-
fier of apoptotic cells based on binding of externalized PS to fluorescent annexinV molecules. PS 
externalization is a critical inducer of phagocytosis. Blocking PS exposure inhibits phagocytosis of 
apoptotic bodies (Asano et al., 2004; Krahling et al., 1999) and artificially inserting PS into the 
membrane of healthy cells promotes their engulfment (Tanaka and Schroit, 1983), indicating that 
PS is an essential “eat me” signal. However, PS exposure alone is not sufficient to trigger engulfment 
suggesting that other “eat me” signals contribute to the process. As yet, these accessory signals are 
not clearly defined. Furthermore, it is surprising that the mechanism for PS externalization is not 
well defined. The current model is that in healthy cells, ATP-dependent translocases maintain PS 
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on the inside of the cell, but during apoptosis, ATP levels decrease and diminish translocase activity. 
Additionally, increasing cytosolic calcium levels activate a Ca2+-dependent phospholipid scram-
blase flipping phospholipids between the inner and outer leaflet (Balasubramanian and Schroit, 
2003; Sahu et al., 2007). This model, however, has not been fully validated with in vivo systems 
(Darland-Ransom et al., 2008; Zullig et al., 2007).

Once PS is exposed on the apoptotic cell, it must be recognized by phagocytic cell surface re-
ceptors. Two distinct types of engulfment receptors are known. Both are membrane proteins but one 
class directly binds PS and the second type indirectly recognizes PS through intermediate soluble 
bridging molecules. Direct PS binding receptors are the T cell immunoglobulin and mucin (TIM) 
family (Kobayashi et al., 2007; Miyanishi et al., 2007; Santiago et al., 2007), brain angiogenesis 

FIGURE 15: Molecules proposed to recognize phosphatidylserine. The most likely “eat me” signal is 
phosphatidylserine. MFG-E8 and Gas6 are secreted proteins that bind phosphatidylserine and work as 
bridging molecules between apoptotic cells and macrophages. Tim-4, BAI1, and Stabilin-2 are type I-
membrane proteins that are proposed phosphatidylserine receptors. Molecules that activate Rac1 (CrkII, 
Dock180, Elmo, and GULP) are involved in the engulfment of apoptotic cells. Legend and figure taken 
with permission from Nagata et al. (2010).
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inhibitor 1 (BAI1) (Park et al., 2007a), and Stabilin-2 (Park et al., 2008). Integrins indirectly rec-
ognize PS through the bridging molecule milk fat globule EGF factor 8 (MFG-E8). MFG-E8 is a 
secreted soluble protein that has two distinct binding sites that can simultaneously engage PS on the 
apoptotic cell and integrin avb3 on the phagocytic cell (Akakura et al., 2004). Interestingly, MFG-
E8 is upregulated in macrophages in response to “find me” signals, establishing a link between “find 
me” and “eat me” signals. Tyro-3-Axl-Mer receptors (TAM/MER) also indirectly bind PS through 
the bridging molecule Gas6 and protein S. Loss of  TAM/MER receptors inhibits clearance of 
apoptotic cells in mouse tissues demonstrating in vivo significance of these receptors for apoptotic 
cell engulfment (Prasad et al., 2006).

Upon receptor stimulation, either directly or indirectly, the phagocytic cell cytoskeleton 
undergoes physical changes that facilitate corpse engulfment. Currently, the molecular details of 
the signaling pathway are not clear. However, it is likely that signals converge on the Rho family  
GTPases such as Rac1 (Nakaya et al., 2006). Upon recognition of an apoptotic cell by a phagocyte, 
within the phagocyte, activated Rac1 and integrin are recruited to the interface and induce the 
formation of phagocytic cups containing actin patches. Upon engulfment initiation, Rac1 is inac-
tivated and actin is depolymerized. Rab5 facilitates the transport of apoptotic bodies to lysosomes 
(Kitano et al., 2008). 

3.3 IMPAIRED ENGULFMENt oF APoPtotIC CoRPSES 
LEADS to AUtoIMMUNE DISEASE

Deficiency in the clearance of apoptotic bodies leads to autoimmunity. A deficiency in clearance 
of apoptotic corpses is proposed to be one of the causes for Systemic Lupus Erythematosus (SLE) 
(Gaipl et al., 2006). The evidence for this model is that some SLE patients show abnormally high 
numbers of un-engulfed apoptotic cells in their lymph nodes, and have macrophages with a reduced 
ability to engulf apoptotic cells. This lack of apoptotic cell clearance is proposed to lead to elevated 
numbers of secondary necrotic cells spilling their intracellular components into the extracellular 
space leading to production of self-antibodies. Theoretically, this would account for the high levels 
of circulating antibodies against nuclear components such as DNA and ribonucleoproteins that is 
characteristic of SLE (Rumore and Steinman, 1990). Experimental validation of this model is seen 
with MFG-E8 deficient mice. Macrophages from these mice were deficient for engulfment, their 
sera contained anti-DNA and anti-nuclear antibodies, and they developed an SLE-type of autoim-
mune disorder (Hanayama et al., 2004).

After apoptotic cells are engulfed by phagocytes, their components are trafficked to the 
phagocytic lysosome for re-cycling. Acidic lysosomal DNase II catalyzes complete hydrolysis of 
nucleosomal DNA into nucleotide building blocks. Mice that lack DNase II accumulate undigested 
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DNA in their macrophages. This induces the macrophages to secrete various cytokines. One such 
cytokine IFNb is toxic to erythroblasts and lymphocytes causing the knock-out embryos to die of 
severe anemia (Kawane et al., 2001). If these same DNaseII knock-out mice are also deficient for 
the IFN receptor, the mice survive (Kawane et al., 2001). However, these mice develop polyarthritis 
later in life, because the undigested DNA continues to induce the production of proinflamma-
tory molecules (Kawane et al., 2006). In particular, the macrophages containing undigested DNA 
are induced to secrete TNFa, which leads to a cytokine storm involving enhanced production of  
IL-1b, IL-6, and TNFa by synovial cells; all causative agents of polyarthritis. All together, these 
in vivo studies demonstrate that the presence of genomic DNA in the extracellular space (through 
necrosis) or accumulation of undigested DNA in the lysosomes of macrophages (through reduced 
macrophage activity) activates the innate immune response and inflammation.

•  •  •  •
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Apoptotic signals are classified as either extrinsic or intrinsic signals. While these two pathways 
have distinct elements, they both ultimately lead to activation of the downstream core apoptotic 
machinery. See Figure 16 for overall outline of extrinsic and intrinsic apoptotic signals.

4.1 EXtRINSIC SIGNALS

The extrinsic signal is critical for the development and homeostasis of the immune system as exem-
plified in the extensive apoptosis of mouse thymocytes. As well, extrinsic signals mediate the apo-
ptosis of cells recognized as dangerous to the organism, such as viral infected or transformed cells. As 
the name indicates, the extrinsic signal originates from the outside of the cell. In many cases, a death 
message is transmitted through cell–cell contact between surface bound ligands on a cytotoxic cell 
with death receptors on the surface of the target cell. The initiating extrinsic signaling molecules are 
members of the tumor necrosis factor (TNF) family of cytokines named FasL (CD95L/APO1-L),  
TNF-related apoptosis inducing ligand TRAIL (APO-2L), TNF and TL1A. These death- 
inducing ligands, bind to plasma membrane receptors of the TNF-R1 family. These death receptors 
are FAS (CD95, APO-1), TRAIL-R1 (DR4), TRAIL-R2 (DR5), TNF receptor 1 (TNFR1), and 
TRAMP (DR3). All death receptors contain a conserved 80 amino acid sequence known as the 
“death domain” (DD). Upon ligand binding to receptor, the DD facilitates protein–protein interac-
tions and transmission of the death signal from the outside of the cell to the apoptotic machinery 
on the inside of the cell. For review, see Galluzzi et al. (2012), Strasser et al. (2009) and Danial and 
Korsmeyer (2004). (Figure 17).

The FASL-FAS pathway is the prototypic extrinsic apoptotic pathway and is particularly 
important for immune homeostasis and function (Siegel et al., 2000). Interestingly, FAS was pulled 
out of a screen as the target of monoclonal antibodies that induced apoptosis in cell lines (Itoh  
et al., 1991). Its ligand FASL was discovered soon after (Suda et al., 1993). FASL is expressed both 
as a membrane-bound surface protein on cytotoxic T cells and natural killers cells, and/or is re-
leased as a soluble factor. Both membrane-bound and soluble FASL can activate the target receptor 

Extrinsic and Intrinsic  
Apoptotic Signals
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FIGURE 16: Overall model for extrinsic and intrinsic apoptotic signals. Apoptotic pathways. The ex-
ecution of apoptosis downstream of the death stimuli is governed by two molecular programs known as 
the intrinsic and the extrinsic apoptotic pathways that ultimately terminate in caspase activation. The in-
trinsic pathway is activated by multiple cellular stresses, including growth factor deprivation, DNA dam-
age, and misfolded proteins. Mitochondria participate in the intrinsic pathway by releasing apoptogenic 
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FAS (Tanaka et al., 1995). The FASL-FAS system plays important roles in the immune response. 
Mice carrying spontaneous mutations in the genes for FAS (Fas lpr/lpr ) or FASL (Fasl gld /gld ) develop 
SLE-like autoimmune disease (Takahashi et al., 1994; Watanabe-Fukunaga et al., 1992). As well, 
FAS gene mutations in humans are strongly associated with the autoimmune lympho-proliferative 
syndrome, ALPS (Fisher et al., 1995; Rieux-Laucat et al., 1995) demonstrating that FASL-FAS 
functions as a barrier for autoimmunity. Furthermore, lymphoma is associated with both ALPS 
patients and FASL-FAS deficient mice indicating that FASL-FAS is also a barrier to carcinogen-
esis. Most likely integrated with those functions, FASL-FAS mediates clearance of virus-infected 
and damaged cells. All together, in vivo and in vitro studies indicate that FASL-FAS is critical for 
induction of apoptosis and immune cell regulation. 

Biochemical studies have led to mechanistic insights of the signaling pathway (Figure 16). 
FAS is present as an inactive trimer on the surface of healthy cells. FASL binding to FAS induces 
conformational changes to FAS. This facilitates the recruitment of multiple proteins to the intracel-
lular cytosolic domain of FAS. The assembled multiprotein complex is called the “death-inducing 
signaling complex” (DISC) (Kischkel et al., 1995). Proteins that were first discovered to make up 
the DISC are the adaptor FADD (FAS-associated protein with a DD), caspase 8 and the caspase 
8-modulator c-FLIP.  FAS and FADD both contain “death domains” (DD) that facilitate ho-
motypic protein-protein interactions. FAS-bound FADD then recruits caspase 8 through another 

factors such as cytochrome c. Upon release, cytochrome c assembles into a molecular platform known as 
the apoptosome leading to the activation of initiator caspase-9. The BCL-2 protein family consists of 
antiapoptotic and proapoptotic molecules that function immediately upstream of mitochondria and con-
trol the release of apoptogenic factors. The BH3-only subclass of proapoptotic BCL-2 proteins respond 
to cellular stress and activate the mitochondrial apoptotic program by neutralizing the antiapoptotic 
members of the family and activating proapoptotic BAX and BAK. Upon activation, BAX and BAK 
undergo allosteric activation to permeabilize the mitochondrial outer membrane leading to cytochrome 
c release. The second apoptotic program, the extrinsic pathway, operates downstream of death receptors, 
including FAS. Activated death receptors then signal to recruit specialized protein complexes to acti-
vate initiator caspase-8. For example, a death-inducing signaling complex (DISC) is formed upon the 
recruitment of adaptor proteins, such as FADD, to activated FAS and the subsequent recruitment and 
activation of caspase-8. In certain cell types, the extrinsic and intrinsic pathways are linked through a mi-
tochondrial amplification loop, involving caspase-8-mediated cleavage and activation of the BH3-only 
protein BID, which triggers the intrinsic pathway. Activation of effector caspases by initiator caspase-8 
and caspase-9 leads to the cleavage of key cellular substrates and cell demise. Legend and figure taken 
with permission from Benz et al. (2007).
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interaction domain called the “death effector domain” that is present on both FADD and the pro-
domain of caspase 8. Binding to FADD induces caspase 8 dimerization and conformational change. 
Caspase 8 oligomerization leads to cross-dimer processing between the large and small subunit 
(Chang et al., 2003). Active caspase 8 then undergoes auto-cleavage separating the active enzyme 
from the FADD-bound prodomain, allowing caspase 8 to leave the DISC and access downstream 
substrates (Boatright et al., 2003). C-FLIP also contains a DED and heterodimerizes with caspase 
8, which, depending on the concentration of c-FLIP can either inhibit or stimulate caspase 8 activ-
ity. The importance of FADD, caspase 8, and c-FLIP signaling for FAS-induced apoptosis has been 
demonstrated both biochemically and in whole animal studies (Newton et al., 2000; Varfolomeev 
et al., 1998; Yeh et al., 2000; Zhang et al., 1998; Zhang and He, 2005). Thus, the extrinsic path-

FIGURE 17: Extrinsic death receptor pathways. The distinct composition of the Death-Inducing- 
Signaling Complex (DISC) downstream of the various death receptors TNFR1, CD95, and DR4/5 is 
illustrated. Legend and figure taken with permission from Danial and Korsmeyer (2004).
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way transduces an external apoptotic signal through death receptor stimulation triggering protein- 
protein interactions that activate caspase 8. Caspase 8 can then cleave downstream caspases and 
induce apoptosis.

It is now known that the extrinsic pathway is more complex than first described. For example, 
additional proteins are recruited to the FASL-FAS signaling DISC. These proteins are RIPK1  
(receptor-interacting protein kinase 1), cIAPs (cellular inhibitor of apoptosis proteins), and E3 
ubiquitin ligases that individually modulate the activity of caspase 8 (Galluzzi et al., 2012). Ad-
ditionally, TNFR receptors require recruitment of an intermediary protein TRADD (TNFR- 
associated DD) prior to binding FADD and caspase 8 (Schutze et al., 2008) and TNFR1 also 
recruits TRAF2/5 (TNFR-associated factor), which initiates activation of the transcription fac-
tor NF-kB (Strasser et al., 2009) (Figure 17). Thus, differences in the composition of the protein 
complexes assembled in response to receptor activation can initiate a death program or alternatively 
stimulate survival pathways.

The extrinsic pathway triggers a caspase cascade through DISC-mediated caspase 8 activa-
tion leading to activation of downstream caspases 3 and 7. While initiator caspases mainly cleave 
downstream executioner caspases, initiator caspase 8 can also cleave the pro-apoptotic Bcl-2 family 
member Bid (Li et al., 1998; Luo et al., 1998) (Bid will be discussed in more detail in Section 5.6). 
Cleavage of Bid initiates caspase activation through an indirect pathway that requires mitochondria. 
This pathway is known as the “intrinsic apoptotic pathway.”

4.2 INtRINSIC SIGNALS

While extrinsic apoptotic signals are delivered from the outside of the cell, intrinsic signals originate 
from the inside of the cell (Figure 16). Diverse cellular insults, such as DNA damage, growth factor 
withdrawal, and calcium overload in response to misfolded proteins, among others, independently 
activate diverse signaling pathways that converge on the mitochondria. These death signals lead to 
mitochondrial outer membrane permeabilization (MOMP). Pro-apoptotic proteins that are nor-
mally contained within the mitochondria leak into the cytoplasm and initiate two distinct apoptotic 
pathways that are caspase-dependent or -independent. MOMP is considered to be the “point of no 
return” for cell death (Chipuk et al., 2006). For review, see Vaux (2011).

How was it determined that mitochondria play a central signaling role in apoptosis? Hocken-
bery et al. (1990) were the first to suggest the involvement of mitochondria when they reported 
that a regulator of apoptosis protein, Bcl-2, was localized to this organelle. A few years later, using 
Xenopus oocyte extracts, Newmeyer et al. (1994) identified a mitochondrial component that stimu-
lated in vitro DNA fragmentation. Following this observation, Xiadong Wang’s group conducted a 
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series of biochemical purification and in vitro reconstitution apoptosis assays. Wang’s identification 
of mitochondrial cytochrome c as an apoptogenic factor cemented the functional contribution of 
mitochondria to apoptosis. 

Identification of a role for cytochrome c in apoptosis was done through an in vitro apoptotic 
assay wherein addition of dATP to HeLa cytosolic extracts obtained after high-speed centrifuga-
tion (S100) resulted in cleavage of caspase 3 (Liu et al., 1996). Biochemical fractionation of S100 
revealed that cytochrome c was present in the active fraction. Immunodepletion of cytochrome c 
from cellular extracts resulted in a loss of caspase activation that was rescued by addition of puri-
fied cytochrome c, indicating that cytochrome c was both necessary and sufficient for apoptosis of 
their in vitro assay (Figure 18). The question remained as to how cytochrome c, which is normally 
sequestered in the mitochondria, could stimulate cytosolic-localized caspases. 

4.2.1 Cytochrome c Induces a Caspase Cascade

Liu et al. demonstrated that cytochrome c leaked out of mitochondria in cells treated with the 
apoptotic agent staurosporine (Liu et al., 1996), and it is now known that myriad cellular stressors 
converge on mitochondria, mediating MOMP and release of cytochrome c from the mitochondria. 

FIGURE 1�: Identification of cytochrome c as the active component of apoptotic extracts. (A) HeLa 
S-100 (lanes 1 and 2), or HeLa S-100 immunodepleted of cytochrome c (lanes 3 and 4), or HeLa S-
100 immunodepleted of cytochrome c supplemented with Apaf-2 purified through the Mono S column 
(H) (lanes 5 and 6), bovine heart cytochrome c (B) (lanes 7 and 8), or rat liver cytochrome c (R) (lanes 
9 and 10), were incubated with 35S-labeled CPP32 (caspase 3) in the absence (lanes 1, 3, 5, 7, and 9) or 
presence (lanes 2, 4, 6, 8, and 10) of dATP. Samples were subjected to SDS–PAGE and transferred to a 
nitrocellulose filter, which was then exposed to film. Modified legend and figure was taken with permis-
sion from Liu et al. (1996).
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However, how does cytochrome c lead to caspase activation? Further fractionation studies from  
the Wang laboratory identified another caspase-activating factor in S100. This factor, Apaf-1, was  
the mammalian homologue of C. elegans CED-4 (Zou et al., 1997). In the presence of cytochrome  
c and dATP, Apaf-1 formed an oligomeric structure labeled as the “apoptosome,” which facilitated 
caspase activation (Li et al., 1997). Similar to the role of the DISC for extrinsic signaling, Apaf-1 
oligomers formed a platform for caspase activation, pointing to the emergence of a common theme 
of proximity-induced caspase clustering.

Apaf-1 is composed of three domains: a CARD domain, a CED-4-like domain and a WD-
40 domain (Figure 19). In healthy cells, Apaf-1 exists as a monomeric molecule. Under condi-
tions of cellular stress when cytochrome c is released into the cytosol, cytochrome c binds to the 
WD40 domain and dATP binds to the nucleotide-binding region within the CED-4-like domain. 
This binding induces Apaf-1 to undergo conformational changes (Li et al., 1997) that leads to  

FIGURE 19: The wheel of death: formation of the apoptosome. (a) The Apaf-1 protein consists of 
three functional units: the CARD, which is responsible for recruiting caspase-9; a nucleotide-binding 
and oligomerization domain with sequence homology to CED-4, which is responsible for dATP/ATP-
dependent oligomerization; and the C-terminal WD40 domain, which is responsible for binding of 
cytochrome c. (b) Sequential binding of cytochrome c and dATP/ATP converts Apaf-1 from an autoin-
hibited monomeric state to a heptameric platform for caspase 9 activation. The functional apoptosome 
adopts a wheel-like structure with the cytochrome c-binding domains protruding like spokes from the 
central hub of the wheel, which is comprised of the CED-4 and CARD regions. Legend and figure 
taken with permission from Fadeel et al. (2008).
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oligomerization. Seven Apaf-1 molecules assemble to form a heptameric protein complex labeled 
the apoptosome.  Structural studies revealed that the apoptosome is shaped like a wheel and has 
been dubbed the “wheel of death” (Acehan et al., 2002) (Figure 19). The CED-4-like domain and 
WD-40 domains form the radiating spokes of the wheel and the CARD domains cluster in the 
center to form the central hub of the wheel. Pro-caspase 9 also contains a CARD domain in its 
prodomain and is recruited to Apaf-1 via CARD–CARD interactions. The close proximity of the 
Apaf-1 CARD domains brings pro-caspase 9 close together facilitating proximity-induced activa-
tion of procaspase 9. Activation of initiator caspase 9 leads to activation of downstream caspase 3 
and apoptosis.

Elegant biochemical studies defined the intrinsic apoptotic pathway as cytochrome c→Apaf-
1→caspase 9→caspase 3. However, the role of cytochrome c in apoptotic signaling was muddied by 
the fact that cytochrome c has dual functions. Cytochrome c is essential for electron transport and 
ATP production during oxidative phosphorylation. Conceivably, apoptosis defects in cytochrome 
c knock-out mice could be due to either depleted ATP levels, or a loss of apoptosome formation. 
Insightful genetic studies in mice addressed these uncertainties. In order to determine the in vivo 
relevance of cytochrome c in apoptosis, Tak Mak's group generated knock-in mice that expressed a 
mutant form of cytochrome c that retained electron transport ability but could not activate Apaf-1 
(Hao et al., 2005). The resulting embryos developed severely malformed brains due to acute loss 
of apoptosis in the developing central nervous system, and did not survive (recall from Section 1.4 
that apoptosis normally eliminates over 50% of neurons during brain development). Evidence that 
the cytochrome c mutant did indeed lose the ability to bind Apaf-1 was demonstrated because in 
response to multiple apoptotic insults, cells extracted from the embryo showed no Apaf-1 oligomer-
ization and had inhibited apoptosis. These results demonstrated that the ability of cytochrome c to 
induce apoptosome formation, and not its role in mitochondrial respiration, was critical for apopto-
sis in multiple cell types, especially neurons. Genetic studies also demonstrated that the cytochrome 
c→Apaf-1→caspase 9→caspase 3 pathway was biologically important. Similar to cytochrome c 
Apaf-1-binding-deficient knock-in mice, Apaf-1-deficiency was embryonic lethal with embryos 
showing similar accumulation of extraneous neurons and protruding masses in the brain (Cecconi 
et al., 1998; Yoshida et al., 1998). Apaf-1 deficient thymocytes were resistant to various apoptotic 
insults, despite the expected release of cytochrome c into the cytosol. Finally, mice deficient for 
caspase 9 or caspase 3 displayed loss of neuronal apoptosis with associated fetal brain deformities 
(Ranger et al., 2001). All together, these studies demonstrated that the cytochrome c→Apaf-1→
caspase 9→caspase 3 pathway was relevant in vivo and essential for neuronal apoptosis. 

We have now seen two examples whereby caspase activation is accomplished through re-
cruitment of caspases to adaptor protein complexes; pro-caspase 8 activation through binding to 
the DISC and pro-caspase 9 activation through binding to the apoptosome. Two other similar 
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complexes have been discovered in mammals. The “PIDDosome” facilitates pro-caspase 2 activa-
tion. The PIDDosome consists of seven RAIDD (receptor-interacting protein (RIP)-associated 
ICH-1/CED-3-homologous protein with a death domain (DD) molecules complexed to 5 PIDD 
(p53-induced protein with death domain) molecules (Park et al., 2007b). As well, the “Inflamma-
some” facilitates the activation of the inflammatory procaspase 1. The inflammasome consists of 
pro-caspase 1, NALP1 (NACHT-, LRR-, and PYD-containing protein 1) and ASC (apoptosis-
associated speck-like CARD protein) (Martinon et al., 2002). Thus, the general theme of caspase 
activation through adaptor-mediated clustering is revisited many times.

4.2.2  other Proteins Released from Mitochondria that Contribute  
to Caspase Cascade

Cytochrome c is not the only protein that is released from the mitochondria of apoptotic cells.  
Using similar purification strategies, Xiadong Wang’s group identified Smac (second mitochondrial 
activator of caspases) as a component from HeLa cell mitochondria that enhanced in vitro cleavage 
of caspase 3 (Du et al., 2000). Using a slightly different approach, David Vaux’s group was screen-
ing for modulators of an apoptotic inhibitor known as XIAP (X-linked Inhibitor of Apoptosis 
Protein). XIAP is a cytosolic protein that directly binds to active caspase 3, 7 and 9 and inhibits 
caspase enzymatic activity. (XIAP will be discussed in more detail in section 6.3). Using a co- 
immunoprecipitation/purification strategy Verhagen et al. identified Diablo (direct IAP binding 
protein with low pI) as an interacting partner of XIAP (Verhagen et al., 2000). Smac and Dia-
blo turned out to be the same protein. Smac/Diablo is released from apoptotic mitochondria and 
enhances caspase activity downstream of Apaf-1. Specifically, Smac/Diablo inhibits an inhibitor, 
and thus indirectly activates caspases. Through an N-terminal IAP Binding Motif (IBM), Smac/ 
Diablo binds and inhibits XIAP-mediated inhibition of active caspases 3 and 9 (Ekert et al., 2001; 
Srinivasula et al., 2000; Wu et al., 2000). 

Unlike the clear contribution of cytochrome c and Apaf-1 to biological apoptotic pathways, 
the in vivo function of Smac/Diablo is less clear. Mice lacking Smac/Diablo develop normally with 
no detectable loss in sensitivity to apoptotic insults (Okada et al., 2002). Similarly, XIAP-deficient 
mice also develop normally with no phenotypic differences in response to apoptotic stimuli (Harlin 
et al., 2001). A possible explanation for the lack of an apoptotic phenotype in these genetic studies is 
that both Smac/Diablo and XIAP are redundant and that other proteins compensate for their loss. 

A potential protein that could also inhibit XIAP function is HtrA2/Omi. Like Smac/ 
Diablo, HtrA2/Omi was identified as a XIAP-binding protein (Verhagen et al., 2002). HtrA2/Omi 
is present in the mitochondrial intermembrane space of healthy cells. It functions as a chaperone 
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and serine protease that refolds or degrades misfolded mitochondrial proteins (Spiess et al., 1999). 
HtrA2/Omi also contains an IAP-Binding motif (IBM) and once it is released from mitochondria 
in apoptotic cells, is predicted to inhibit XIAP function similar to Smac/Diablo. However, genetic 
studies in mice do not support this role for HtrA2/Omi in apoptosis. HtrA2/Omi-deficiency did 
not lead to apoptotic resistance. Instead, the mice developed lethal neurodegenerative abnormalities, 
likely a result of mitochondrial misfolded protein accumulation leading to mitochondrial dysfunc-
tion (Martins et al., 2004). Further evidence against the idea that Smac/Diablo and HtrA2/Omi 
have redundant function for XIAP inhibition came with the report that deletion of both genes 
produced mice with the same phenotype as HtrA2/Omi deficiency alone (Martins et al., 2004). 
Therefore, while Smac/Diablo and HtrA2/Omi can increase caspase activity in vitro, it does not 
appear that these proteins function in this capacity in whole organisms. 

4.2.3 Caspase-Independent Apoptotic Pathway

In addition to inducing caspase activation, the mitochondrial apoptotic pathway has also been pro-
posed to release proteins that induce cell death independent of caspase activation. AIF (Apoptosis 
Initiating Factor) is a mitochondrial protein that was first proposed to cause DNA fragmentation 
independent of caspase activation (Susin et al., 1996). In apoptotic cells, AIF was released from mi-
tochondria, translocated to the nucleus where it directly bound and digested DNA (Ye et al., 2002). 
However, the evidence that AIF has a physiological role as a pro-apoptotic protein is controversial. 
Joza et al. concluded that AIF played an essential role in apoptosis, as AIF deficiency in mice led 
to cellular accumulation during the first wave of developmental programmed cell death—embryoid 
body cavitation ( Joza et al., 2001). However, an alternative model was proposed when it was shown 
that AIF is an oxidoreductase/NADH oxidase of the mitochondrial electron transport chain (com-
plex I) (Vahsen et al., 2004). A naturally occurring mutant mouse model (Harlequin), which has 
reduced AIF levels is phenotypically similar to mice with complex I deficiency and do not display 
cellular accumulation as would be expected if AIF was pro-apoptotic (Klein et al., 2002). In con-
trast, Harlequin mice display neuronal degeneration that is rescued by AIF expression indicating 
that AIF has anti-apoptotic activity in the central nervous system. Thus, the role of AIF as a pro-
apoptotic mitochondrial protein is not clear.

Another mitochondrial protein that has been proposed to induce caspase-independent cell 
death is Endo G (Endonuclease G). Endo G is another protein that was identified by Xiaodong 
Wang’s group. They found that Endo G was released from mitochondria, entered the nucleus and 
cleaved nuclear DNA (Li et al., 2001). Two mouse genetic studies reported opposing results for 
the role of Endo G as a physiological pro-apoptotic factor. First, Zhang et al. (2003) showed that 
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EndoG deficiency was embryonic lethal and that cells from EndoG heterozygous mutants had 
impaired DNA fragmentation and were resistant to multiple cellular stressors. In addition, spon-
taneous cell death of spermatogonia, thymocytes, and splenocytes was reduced in mutant mice, 
suggesting a physiological role of EndoG as a pro-apoptotic factor. However, Irvine et al. (2005) 
created EndoG knock-out mice that did not disturb an overlapping gene of unknown function that 
had apparently been disrupted in the Zhang study. Irvine reported that their EndoG knockout mice 
were viable and showed no defect in apoptosis or DNA fragmentation. Therefore, it appears that 
EndoG does not contribute to mitochondrial apoptotic pathway.

All together, the data indicate that physiological and developmental signals in whole animals 
activate an intrinsic apoptotic pathway that includes release of mitochondrial cytochrome c leading 
to activation of Apaf-1 and downstream caspase activation. Smac/Diablo and HtrA2/Omi may 
contribute to the amplification of the caspase signal, although the genetic validation for this model 
is not strong. The existence of an intrinsic pathway that leads to caspase-independent cell death 
through such factors as AIF and EndoG, however, are in question.

The release of proteins from the mitochondria to activate caspases is not a conserved path-
way. For example, as already discussed, in mammalian cells apoptotic stimuli cause cytochrome c to 
be released from mitochondria wherein it binds to the WD-40 region of Apaf-1 contributing to its 
activation. In C. elegans, the Apaf-1-like molecule, CED-4 does not contain WD-40 motifs and is 
not bound by cytochrome c. Activation of CED-4 occurs spontaneously following removal of its 
inhibitor CED-9 (Metzstein et al., 1998). In D. melanogaster, the Apaf-1 homolog dARK does have 
WD40 domains, but does not require binding to cytochrome c to activate the Drosophila caspase 
DRONC (Kanuka et al., 1999). Thus, cytochrome c release is not necessary for Apaf-1 activation 
in lower organisms. What about the requirement for mitochondrial release of Smac /Diablo or 
HtrA2/Omi as inhibitors of  IAP? In Drosophila, the antagonists of the IAP homologs DIAP1/2 
are Reaper, HID, Grim and Sickle (Kornbluth and White, 2005). These proteins bind and inhibit 
IAPs in a similar fashion as Smac /Diablo and HtrA2/Omi. However, unlike their mammalian 
counterparts, Reaper, HID, Grim, and Sickle are located in the cytosol and therefore do not need 
to be released from mitochondria. Thus, release of mitochondrial proteins does not appear to be 
necessary for apoptosis in the worm or fly.

4.2.4 Inhibitor of Apoptosis Proteins (IAPs)

Inhibitor of Apoptosis Proteins (IAPs) are a class of proteins that regulate apoptosis, inflammation 
and cell survival. For review, see (Gyrd-Hansen and Meier, 2010; LaCasse et al., 2008). The first 
member, OpIAP, was isolated from insect baculovirus based on its ability to inhibit apoptosis in  
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virus infected cells (Crook et al., 1993). IAP proteins were originally characterized for their ability 
to inhibit caspase activity, thereby providing a regulatory step for apoptosis downstream of mi-
tochondrial dysfunction. Now, further studies have identified a more complex role for IAPs that 
includes many aspects of cellular homeostasis. 

There are now eight known IAPs in humans, of which three have been shown to inhibit 
apoptosis through inhibition of caspase activity (Figure 20). All IAPs contain an approximately 70 
residue BIR (baculovirus IAP repeat) domain, which mediates protein–protein interactions. BIR 
domains have differential binding characteristics. For apoptotic inhibition, BIR domains have a 
peptide-binding groove with a hydrophobic cleft that binds to IBMs (IAP-binding motifs) on 
the N-terminus of target proteins (Lin et al., 2007; Liu et al., 2000). The target protein IBM is 
a tetrapeptide domain with an N-terminal alanine residue followed by conserved residues. These 
sequences are found on caspases 3, 7, and 9 and Smac/Diablo. Additionally, some IAPs contain 
RING finger domains that confer ubiquitin E3 ligase activity, UBA domains that enable interac-
tions with ubiquitylated proteins and CARD (CAspase Recruitment Domains) domains. 

The IAPs, XIAP, cIAP1, and cIAP2 inhibit apoptosis. XIAP is the only mammalian IAP 
that is a direct inhibitor of caspases (Eckelman et al., 2006). XIAP binds and inhibits caspases 3/7 

FIGURE 20: The IAP-family. Figure taken with permission from Mannhold et al. (2010).
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and caspase 9, although the mechanism of inhibition differs for the executioner versus initiator cas-
pases. For caspase 3/7 inhibitions, two distinct regions of XIAP are important. The BIR2 domain 
of XIAP interacts with caspase 3 at the newly generated caspase 3 N-terminus of the small subunit 
that is created upon cleavage by upstream initiator caspases (Riedl et al., 2001; Scott et al., 2005). 
Additionally, the XIAP linker region between the BIR1 and BIR2 domains binds the catalytic 
site of caspases 3 or 7, sterically hindering substrate entry (Sun et al., 1999). As one recalls, the 
caspase active site is created through procaspase cleavage and rearrangement, meaning that XIAP 
inhibits “active” caspase 3/7 heterotetramers (Figure 12). XIAP-mediated inhibition of caspase 9 
is distinctly different. The XIAP BIR3 domain binds to caspase 9 monomers at the region that is 
required for homodimerization (Shiozaki et al., 2003; Srinivasula et al., 2001). Thus, XIAP-caspase 
9 heterodimers prevent formation of the caspase 9 catalytic site.

Investigations into the physiological role of XIAP have not led to a clear picture of XIAP 
function. As mentioned previously, XIAP knock-out mice were not phenotypically different from 
wild-type mice with respect to caspase activation and apoptosis (Harlin et al., 2001). However, 
these mice did show increased levels of c-IAP1/2, which could conceivably compensate for XIAP 
loss and mask apparent XIAP function. More specific gene-targeting knock-in of an endogenous 
XIAP gene lacking the RING finger showed that these mice had increased caspase activity and 
apoptosis in response to death signals (Schile et al., 2008). XIAP and cIAP1/2 have been shown to 
mono and polyubiquitylate caspases 3 and 7. The functional consequence of monoubiquitylation is 
unclear, but polyubiquitylation has been linked to degradation and inactivation (Schile et al., 2008; 
Suzuki et al., 2001). These results suggest that XIAP ubiquitylation activity may contribute to anti-
apoptotic function.

•  •  •  •
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The Bcl-2 family of proteins is a major regulator of apoptosis. Bcl-2 proteins interpret cellular 
stress signals and coordinate the release of apoptogenic factors from mitochondria. Thus, they are 
considered as gatekeepers of the mitochondrial apoptotic pathway. The first member of this family, 
Bcl-2, was identified as an oncogene in follicular lymphomas. Subsequent studies uncovered a direct 
link between apoptosis and carcinogenesis. This novel concept attracted the interest of many inves-
tigators and their combined work has elucidated the basic biology of the apoptotic pathway. The 
emerging picture is that of a complex cellular machine, that employs novel cell signaling concepts 
and may hold the key for the development of novel cancer therapeutics. For review, see Chipuk  
et al. (2010), Danial (2007), Taylor et al. (2008), and Youle and Strasser (2008).

5.1 tHE DISCovERY oF BCL-2

The t (14;18) reciprocal chromosomal translocation is a common cytogenetic abnormality of hu-
man lymphoma, present in about 85% of follicular lymphoma and up to 30% of diffuse lymphomas 
(Rowley, 1982; Yunis, 1983). Thus, the development of this form of cancer is likely driven by aber-
rations in the genes affected by this physical translocation. In 1985, three research groups reported 
the molecular characterization of this chromosomal rearrangement (Bakhshi et al., 1985; Cleary and 
Sklar, 1985; Tsujimoto et al., 1985). The translocation placed the immunoglobulin gene enhancer 
from chromosome 14 close to a gene on chromosome 18. The gene was given the name of BCL-2 
(B-cell lymphoma-2). Because of the strong association of BCL-2 translocation with lymphoma, 
BCL-2 was considered as a putative oncogene. Oncogenes as defined by Michael Bishop and Har-
old Varmus (Nobel Laureates, 1998) are cancer-causing genes whose protein products cause cel-
lular proliferation and cancer. By all accounts then, BCL-2 expression should induce cell division. 
However, Bcl-2 was not able to stimulate cellular proliferation and hence did not easily fit into the 
classical model of an oncogene. Was Bcl-2 an oncogene that contributed to cancer?

The answer to this question was found in two seminal reports that were published a few 
years later. In 1988, David Vaux, then a graduate student in the laboratory of Jerry Adams, was 
exploring the biological role of Bcl-2. He ectopically expressed bcl-2 in cultured hematopoietic 
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cells that were dependent on the growth factor IL-3 (interleukin 3) for survival (Vaux et al., 1988).  
Vaux et al. found that bcl-2 promoted the survival of cells after growth factor withdrawal, whereas 
non-bcl-2 expressing cells died. Notably, while bcl-2 expressing cells remained viable, they did  
not proliferate. This result was distinctly different from the effect of ectopic expression of the clas-
sical oncogene myc, which did not promote survival in the absence of factor (Figure 21). One year 
later, Stanley Korsmeyer’s group created transgenic mice mimicking the t (14:18) translocation in 
order to directly test Bcl-2 overexpression in an in vivo model (McDonnell et al., 1989). They ob-
served B-cell follicular hyperplasia characterized by extended cell survival. Importantly, over time 
many of the mice developed diffuse large B-cell lymphoma (McDonnell and Korsmeyer, 1991). 
This was the first definitive piece of evidence that inhibiting cell death could cause cancer. Ac-
cording to Benz and Nathan (Benz and Nathan, 2007), “For those of us who struggled with the 
inconsistencies of cancer, Stan’s discovery was a bombshell” indicating that “cancer could also be 

FIGURE 21: Bcl-2 inhibits cell death that normally occurs in response to growth factor withdrawal. 
Flow cytometric analysis of FDC-P1 cells cultured with or without factor (+/- F). The left column 
shows cell-size with dead cells (propidium-iodide-stained) shaded. The middle column shows nuclear 
size and the right column shows DNA content indicative of cell cycle stage, as indicated. Modified leg-
end and modified figure taken with permission from Vaux et al. (1988).
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caused by mutations that induce immortality in cells.” Furthermore, Korsmeyer’s results addressed 
a long-standing puzzle about follicular lymphoma. Unlike most cancers that were characterized by 
increased numbers of mitotic cells, follicular lymphoma showed normal mitotic indices (Benz and 
Nathan, 2007). Korsmeyer’s discovery that cancer could arise from a lack of cell death explained the 
curious lack of mitotic cells in these cancers. This paradigm shift introduced a new concept and class 
of oncogenes that did not promote proliferation but blocked apoptosis.

Stanley Korsmeyer and his colleagues helped transform cancer research. After identifying 
the association of Bcl-2 with cancer, Korsmeyer explored the role of mitochondria in apoptosis and 
identified critical Bcl-2-interacting proteins, Bax, Bad, and Bid. A pioneer in this field, Stanley 
Korsmeyer died of cancer in 2005 at the age of 54. His legacy is that he defined a connection be-
tween apoptosis and cancer and paved the way for investigations into new forms of cancer treatment 
that were conceived from a solid foundational understanding of basic biological processes.

5.2 BCL-2 FAMILY MEMBERS

Since the original identification of Bcl-2, the family has grown. Multiple investigators undertook 
protein interaction screens and homology cloning to identify a growing list of Bcl-2-like proteins. 
In general, the family is made up of anti-apoptotic and pro-apoptotic proteins. See Figure 22. 
Within the group of pro-apoptotic proteins, the family is further subdivided into effector multi- 
domain Bax (BCL-2-associated x protein) or Bak (BCL-2 antagonist killer 1) proteins and BH3-
only proteins (proteins that contain only the third Bcl-2 homology-BH-domain).

The defining feature of family members is the possession of conserved sequence homology 
regions known as BCL-2 homology (BH) domains (from 1 to 4). These BH domains are a-helical 
segments that define the structure and function of the protein. All anti-apoptotic members and some 
pro-apoptotic members (Bax, Bak, Bok) contain BH domains 1–3, with some of these members 
also possessing a BH4 domain. The BH3-only proteins are pro-apoptotic and as their name implies, 
only contain the BH3 domain, which is regarded as the minimal death domain. All anti-apoptotic 
and pro-apoptotic multi-domain and a subset of BH3-only (Bim, Bik, HRK) proteins contain a 
C-terminal transmembrane (TM) domain. This hydrophobic domain facilitates binding to intra-
cellular membranes, such as mitochondria, endoplasmic reticulum, and nuclear membranes.

Why so many family members? Partly because apoptosis is so critical for organism develop-
ment and tissue homeostasis, multiple members serve as redundant “back-ups” for others. A likely 
more prominent role is that because of organism complexity, each Bcl-2-family member responds 
to specific developmental cues, or environmental stressors. Specific intracellular localization, tissue-
specific expression and regulated expression during development support this idea of specialized 
function. Additionally, genetic studies in mice support roles for specification and redundancy.
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FIGURE 22: The Bcl-2 family. Figure taken with permission from (Taylor et al., 2008).
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5.3 MoUSE KNoCK-oUt StUDIES DEMoNStRAtE  
SPECIALIZAtIoN oF FUNCtIoN AND  
ovERLAPPING FUNCtIoN

Mouse knock-out studies have given physiological context to the role of individual members of the 
Bcl-2 family (Table 2). As expected, deletion of anti-apoptotic genes produced animals that showed 
signs of enhanced cell death. However, the affected organs were different, indicating specialized 
function of each anti-apoptotic protein. For example, loss of BCL-2 caused enhanced death of 
kidney and melanocyte progenitors, and mature B and T lymphocytes. The resulting animals suc-
cumbed to fatal polycystic kidney disease, were prematurely grey, and had abnormally low levels 
of circulating lymphocytes (Veis et al., 1993). Interestingly, all of these effects were rescued by 
deletion of the BH3-only protein Bim, indicating that Bim and Bcl-2 were linked in a genetic 
signaling pathway. Loss of BCL-XL was embryonic lethal with enhanced death of fetal erythroid 
progenitors and neuronal cells (Motoyama et al., 1995). MCL-1 deletion prevented implantation, 
and conditional knockout animals had premature death of immature B and T lymphoid cells and 
hematopoietic stem cells (Rinkenberger et al., 2000). All together, these results demonstrated the 
prevalence of apoptosis regulation in developing systems, especially in hematopoietic and neuronal 
cells. As described previously, these cell types have some of the highest rates of apoptosis and so 
it is not surprising that these cells are the most affected by loss of anti-apoptosis proteins. These 
negative regulators of apoptosis are the “brakes” that keep cell death in check, because, as seen in the 
knock-out animals, unchecked apoptosis can lead to severe pathologies and death. 

In contrast, we would expect that deletion of pro-apoptotic genes would produce animals 
with diminished cell death and tissue overgrowth. Likely, these defects would be most apparent in 
hematologic and neuronal cells. Loss of the pro-apoptotic BAX gene produced live animals with 
lymphoid hyperplasia (Knudson et al., 1995). Mice born with deletion of the pro-apoptotic BAK 
gene had no phenotype (Lindsten et al., 2000). The mild phenotypes of the BAX and BAK deficient 
mice suggested that the two encoded proteins had overlapping function, and if this was so, the  
double-deficient mice should show stronger aberrations in cell death. This did turn out to be the 
case, as most of the BAX/BAK double knock-out (DKO) mice were not viable (Lindsten et al., 
2000). These mice displayed multiple developmental defects, such as persistence of interdigital 
webs, and hyperplasia within the central nervous and hematopoietic systems. As well, fibroblasts 
harvested from mouse embryos were resistant to all apoptotic stimuli that activate the intrinsic 
pathway, indicating that Bax and Bak are the requisite gatekeepers of  MOMP.

Deletions of BH3-only genes were mostly non-lethal and showed tissue-specific and stress-
specific phenotypes. These results demonstrated a division of labor among the individual family 
members of this group. As examples, BID-deficient mice were resistant to Fas-induced apoptosis of  
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tABLE 2: BCL-2 family mouse model phenotypes

ANtI-APoPtotIC BCL-2 PRotEINS

GENE MUtAtIoN PHENotYPE
CoMBINAtIoN  

PHENotYPE REFERENCE

a1 Knockout Nuetrophils display enhanced 

spontaneous apoptosis and lack 

LPS-induced apoptosis  

inhibition

-NA- Hamasaki et al., 1998

Orlofsky et al., 2002

bcl-2 Knockout Increased postnatal mortality,  

polycystic kidneys, apoptotic  

involution of thymus and spleen, 

graying of hair follicles, reduced 

number of neurons, small size

with bik-/- : No additional  

phenotype

with bim-/- : Heterozygous  

knockout rescues pigment 

defect; homozygous knock-

out further rescues kidney 

phenotype (see below)

Coultas et al., 2004

Veis et al., 1993

Boulliet et al., 2001

bcl-w Knockout Male sterile due to  

spermatogenesis defects

-NA- Print et al., 1998

bcl-x Knockout Lethal at embryonic day E13.5 due 

to massive apotosis of  

hematopoietic and neuronal cells

-NA- Motoyama et al., 1995

mcl-1 Knockout Embryonic lethal due to failure of 

the blastocyst to implant

-NA- Rickenberger et al., 

2000

PRo-APoPtotIC EFFECtoRS

bak Knockout None with bax-/- : Pre-/peri-

natal lethality; interdigital 

webbing; behavioral, he-

matopoetic, homeostatic, 

immune, nervous system 

and reproductive defects; 

cell resistant to apotosis

with bim-/- : Increased 

white blood cells 

Lindsten et al., 2000

Hutcheson et al., 2005
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bax Knockout B and T cell hyperplasia;  

abnormal germ cells and gonad  

morphology; prolonged ovarian 

lifespan; reduced CNS and  

PNS cell death

with bax-/- : See above

with bim-/- : Inter-digital 

webbing; male infertility; 

increase white blood cells 

(see below)

Hutcheson et al., 2005

Knudson et al., 1995

Wei et al., 2001

BH3-oNLY PRotEINS

bad Knockin

(3S→3A)

Growth factor-dependent  

survival is reduced in immune and 

nervous cells

-NA- Datta et al., 2002

Knockin

(S155A)

Abnormal insulin secretion -NA- Danial et al., 2008

Knockout Animals develop diffuse large  

B cell lymphoma

-NA- Ranger et al., 2003

bid Knockout Animals are resistant to  

anti-Fas ligation

with bim-/- : No additional  

phenotype (see below)

Yin et al., 1999

Willis et al., 2001

bik Knockout None with bcl-2-/- See above

with bim-/- : Male  

infertility

Coultas et al., 2005

bim Knockout Accumulation of lymphoid and 

myeloid cells; development of 

autoimmune kidney disease; females 

display imperforated vaginas

with bak-/- : See above

with bax-/- : See above

with bid-/- : See above

with bik-/- : See above

with bcl-2-/- : See above

with noxa-/- : Abnormal 

NK cell morphology

Bouillet et al., 1999

Huntington et al., 2007

tABLE 2: (continued )

ANtI-APoPtotIC BCL-2 PRotEINS

GENE MUtAtIoN PHENotYPE
CoMBINAtIoN  

PHENotYPE REFERENCE
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bmf Knockout Lymphocytes protected from apop-

tosis induced by glucocorticoids or 

histone deacetylase inhibitors; mice 

develop B-cell restricted  

lymphadenopathy; increased rate of 

gamma-irradiation- 

induced thymic lymphomas

-NA- Labi et al., 2008

bnip3L/

nix

Knockout Abnormal morphology, lack of 

mitochondrial clearance,  

decreased numbers and  

increased fragility of  

reticulocytes and erythcrocytes

-NA- Diwan et al., 2007

Schweers et al., 2007

hrk Knockout Motorneurons are protected from 

cell death induced by resection of 

the hypoglossal nerve; delayed cell 

death of superior cervical ganglia  

neurons triggered by nerve growth 

factor withdrawal

-NA- Imaizumi et al., 2004

Coultas et al., 2007

noxa Knockout MEFs and thymocytes display mild 

resistance to etoposide 

with bim-/- : see above Villunger et al., 2003

puma Knockout Lymphocytes protected from 

apoptosis; thymocytes, neurons and 

MEFs resistance to DNA-damage 

induced apoptosis

-NA- Jeffers et al., 2003

Villunger et al., 2003

Bcl-2 family mouse model phenotypes. Reference citations correspond to references from the original publication (Chipuk et al. 
2010). Taken with permission from (Chipuk et al. 2010).

tABLE 2: (continued )

ANtI-APoPtotIC BCL-2 PRotEINS

GENE MUtAtIoN PHENotYPE
CoMBINAtIoN  

PHENotYPE REFERENCE

hepatocytes, although they showed normal lymphoid cell numbers with no increased resistance to 
apoptotic insults (Kaufmann et al., 2007; Yin et al., 1999). On the other hand, BAD-deficient mice 
were slightly resistant to the apoptotic signal of growth factor deprivation, and had lymphoid hyper-
plasia that progressed to diffuse lymphoma in aged animals (Ranger et al., 2003). PUMA-deficient 
and also NOXA-deficient mice had cell types that were resistant to DNA damage ( Jeffers et al., 
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2003; Villunger et al., 2003). However, BIM-deficient mice were only mildly resistant and BID- 
deficient mice showed no resistance to DNA damage, indicating that individual BH3-only members 
were responsive to different apoptotic signals. Of the BH3-only knock-out mice, BIM-deficient 
mice had the most severe phenotype with hyperplasia of lymphoid and myeloid cells developing 
into fatal SLE-like autoimmune disease. This phenotype is similar to what was seen with loss of 
function of Fas/FasL, validating the critical role of apoptosis in immune cell homeostasis (Bouil-
let et al., 1999). All together, these results demonstrated the physiological role of BCL-2 family 
members. Multiple members compensate for the loss of function of others, and also importantly 
give specialized function. 

5.4 PRotEIN–PRotEIN INtERACtIoNS BEtwEEN BCL-2 
FAMILY MEMBERS DICtAtE FUNCtIoN

Many of these Bcl-2 family members were identified through protein–protein interaction screens, 
so it was clear that each class of proteins must modulate each other’s functions. Structural studies 
delivered insights at the molecular level to how these proteins interacted. In 1996, Stephen Fesik’s 
group published the crystal and solution structure of Bcl-XL (Muchmore et al., 1996). Its structure 
consisted of two central hydrophobic a-helices surrounded by amphipathic helices. Particularly 
striking was the close arrangement of the helices of the BH1, BH2 and BH3 domains that created 
an elongated surface exposed hydrophobic cleft. Fesik’s group hypothesized that this hydrophobic 
face might be an interaction site for other Bcl-2 family proteins. Subsequent structural studies 
demonstrated that indeed this cleft was a binding site for the BH3 domain of a partner Bcl-2-like 
protein. These early discoveries set the stage for investigations that unraveled the complex Bcl-2 
family signaling network and identified molecular interactions that formed the basis for rational 
drug design. 

It is now known that in vertebrates, the Bcl-2 family forms the requisite gateway through 
which cell death signals are transduced to the mitochondria. Pro-apoptotic proteins stimulate 
MOMP (mitochondrial outer membrane permeabilization), while anti-apoptotic proteins inhibit 
MOMP. The general understanding is that latent BH3-only proteins are activated in response to 
cellular stress and transmit a death signal to the mitochondria by either inhibiting anti-apoptotic 
proteins or stimulating pro-apoptotic multi-domain proteins. Depending on the strength of the 
apoptotic insult and the relative concentrations of pro- versus anti-apoptotic proteins, the multi- 
domain pro-apoptotic proteins Bax and/or Bak form pores in the mitochondrial outer membrane 
and induce MOMP. This induces the release of mitochondrial apoptogenic factors such as cyto-
chrome c, eventually leading to caspase activation and death of the cell. For review, see Chipuk et 
al. (2010) and Danial (2007).
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A number of models have been put forth to explain the interaction patterns of the differ-
ent classes of Bcl-2 family members (Figure 23b). The indirect activation model proposes that 
the major function of the anti-apoptotic proteins is to inhibit the pore-forming activity of Bax 
and Bak (Adams and Cory, 2007b). BH3-only proteins initiate apoptotic signaling by binding 
anti-apoptotic proteins and displacing Bax and Bak. In other words, the BH3-only proteins are  
inhibitors of inhibitors. Liberated Bax and Bak then induce MOMP. Within this model, the BH3-
only family is further subdivided into two classes. Bid, Bim and Puma form one class that can bind 
to all anti-apoptotic proteins and therefore is the stronger activator of the two classes. On the other 
hand, Bad, Bmf, and Noxa only bind to a subset of anti-apoptotic proteins. Bad, Bmf, and Bik bind 
to the anti-apoptotic proteins Bcl-2, Bcl-XL, and Bcl-w, whereas Noxa binds to Mcl-1 and A1 

FIGURE 23: The direct and indirect activation models for how BH3-only proteins activate Bax and 
Bak. (a) In the direct activation model, the indicated activator BH3-only proteins, via their BH3 domain 
(red triangle), directly engage Bax and Bak and activate them, whereas sensitizer BH3-only proteins 
(e.g., Bad or Noxa), which can only bind the pro-survival proteins, serve only to displace activators from 
the pro-survival proteins. (b) In the indirect activation model, the BH3-only proteins only bind the pro-
survival proteins. Because the promiscuous binders (Bim, tBid, and Puma) can neutralize all pro-survival 
proteins, each can readily trigger Bax/Bak activation, whereas any selective binder (e.g., Bad) must be 
co-expressed with a complementary binder (e.g., Noxa) to do so. Modified legend and figure taken with 
permission from Adams and Cory (2007a). 
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(Chen et al., 2005). Thus, apoptosis is ensured with activation of Bid, Bim, and Puma, alone, or, for 
example, with combined activation of Bad and Noxa (Willis et al., 2005).

The direct activation model also proposes two classes of the BH3-only proteins, however, 
with distinct mechanisms of activation (Kuwana et al., 2005; Letai et al., 2002) (Figure 2a). Activa-
tor BH3-only proteins (Bid, Bim, and Puma) bind not only to the anti-apoptotic proteins, but also 
to the multi-domain pro-apoptotic Bax and Bak. Unlike the indirect model, this model proposes 
that binding of activator BH3-only proteins to Bax and Bak can directly induce conformational 
changes leading to MOMP. The other class of BH3-only proteins (Bad, Bmf Bik, and Noxa), are 
called the sensitizers or derepressors and function to bind to anti-apoptotic proteins and release 
activator BH3-only proteins that are free to directly stimulate Bax or Bak.

The stumbling block for the acceptance of the direct activation model was that the interaction 
between BH3-only proteins and Bax or Bak, was initially difficult to visualize. Thus, proponents of 
the direct model rationalized that the association was transient—a “hit and run” (Wei et al., 2000). 
Since then, numerous groups have reported direct binding of Bax and Bak to BH3-only proteins 
or peptides, leading to a general acceptance of this model (Cartron et al., 2004; Gavathiotis et al., 
2008; Kim et al., 2006; Letai et al., 2002; Walensky et al., 2006). Furthermore, triple Bim, Bid, and 
Puma knock-out mice were phenotypically similar to Bax/Bak DKO mice (Ren et al., 2010). This 
result suggested that Bax or Bak were dependent on direct activation by Bim, Bid, or Puma, thus 
supporting the direct activator model. If BH3-only proteins functioned only through an indirect 
activation model, the presence of other BH3-only proteins should have compensated for the genetic 
loss in the triple knock-out mice. In all likelihood, apoptotic signaling incorporates aspects of both 
the indirect and direct activation models. David Andrew’s group has suggested further refinement 
by the “embedded together” model. This group used in vitro reconstitution systems to identify that 
interactions between Bcl-2 family members occurs both in the cytosol and continue to progress in 
the lipid bilayer. Thus, these distinct environments confer distinct regulatory mechanisms (Basanez 
and Hardwick, 2008; Billen et al., 2008). According to Andrews’ group, BH3-only proteins directly 
regulate both anti- and pro-apoptotic Bcl-2 family members. Binding results in conformational 
change of  Bcl-2 associated with insertion of multiple membrane spanning helices, which can in-
hibit Bax or Bak. Thus, this model has expanded upon and incorporates aspects of  both the origi-
nally proposed direct and indirect models. 

5.5 tHE BAX, BAK PoRE

Apoptotic signals converge on the mitochondria. Cells that are depleted of Bax and Bak have a 
severely compromised cell death response to multiple apoptotic stimuli. Specifically, these cells do 
not induce MOMP, indicating that Bax and Bak play central roles in membrane permeabiliza-
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tion. A clue to how Bax could accomplish this task first came from the structure of its inhibitor,  
Bcl-XL. The structure of Bcl-XL was reminiscent of the membrane translocation domain of  bac-
terial toxins. Surprisingly, the structure of Bax was found to be very similar to Bcl-XL (Petros et al., 
2004). Therefore, it was suggested that perhaps Bax had pore-forming properties that contributed 
to MOMP with the subsequent apoptotic release of mitochondrial proteins. Since those early dis-
coveries, how Bcl-2 family proteins induce MOMP has been the focus of intense study.

In general, there are two mechanisms whereby MOMP occurs. The first is through assembly 
of pore structures in the mitochondrial outer membrane composed of oligomers of either Bax or 
Bak. The second occurs through induction of mitochondrial permeability transitions that results in 
mitochondrial swelling and non-specific rupture of the outer membrane. Both models result in the 
release of mitochondrial apoptogenic proteins. Bcl-2 family members regulate both activities. 

Novel insights into the mechanism of  Bax-mediated MOMP have been brought to light by 
in vitro biophysical and structural analyses. Donald Newmeyer’s group was the first to use a stepwise 
reductionist approach to investigate the putative pore-forming ability of  Bax (Kuwana et al., 2002) 
(Figure 24). Using isolated mitochondria, resealed mitochondrial outer membrane vesicles and de-
fined liposomes, this group demonstrated that a combination of the BH3-only protein Bid and Bax 

FIGURE 24: In vitro reconstitution assays for analysis of ability of Bax to permeabilize lipid mem-
branes.  A Bid BH3 domain peptide can activate Bax to induce permeabilization of liposomes. Dextran-
loaded liposomes were treated with the indicated concentrations of wild-type and (less active) mutant 
Bid BH3 peptide, monomeric Bax, and BclxL. The lipid compositions of liposomes, estimated by thin-
layer chromatography, are indicated at the top; and mimic mitochondrial membranes. Modified legend 
and figure taken with permission from Kuwana et al. (2002).
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could induce membrane permeabilization that was inhibited by Bcl-XL. Thus, this reconstituted 
system faithfully reproduced the effects of  Bcl-2 family proteins. Their results demonstrated that 
Bcl-2 family proteins by themselves could permeabilize lipid bilayers, and that BH3 domains could 
directly activate Bax. Furthermore, permeabilization was measured by the release of fluorescently 
conjugated dextran molecules (larger than cytochrome c), suggestive of the formation of a multi-
meric pore. While an oligomeric Bax pore has not been directly demonstrated in cells, Bax pores 
have been induced in lipid bilayers in the presence of supraphysiological Ca2+ concentrations (Epand  
et al., 2002). While Bax has been demonstrated to permeabilize membranes, how do apoptotic 
signals activate Bax?

Upstream apoptotic signals activate Bax and Bak by inducing protein conformational change 
that leads to protein homo-oligomerization. The specific mechanism of activation is different for 
either protein. In healthy cells, Bax is a monomeric protein that is either soluble in the cytosol, or 
loosely attached to the mitochondrial outer membrane (Goping et al., 1998; Wolter et al., 1997). 
A surface-exposed hydrophobic cleft of  Bax interacts with its own C-terminal tail thus preventing 
Bax from integrating into mitochondrial membranes in the absence of apoptotic stimuli (Suzuki 
et al., 2000). Structural studies demonstrate that the a-helical BH3-domain peptide of Bim binds 
to the opposite face of the Bax monomer and induces a conformational change that exposes an 
N-terminal epitope (Figure 25). It is predicted that these conformational changes releases the C-
terminal tail allowing Bax insertion into mitochondrial membranes. This is followed by the mem-
brane insertion of additional a-helices facilitating Bax oligomerization and pore formation in the 
mitochondrial outer membrane (Annis et al., 2005) (Figure 26). In addition to protein–protein 
interactions protein–lipid interactions also regulate Bax pore-forming ability (Chipuk et al., 2012; 
Kuwana et al., 2002).

Bak activation differs. In healthy cells, Bak exists as an inactive monomer that is already 
integrated into the mitochondrial outer membrane. The mitochondrial protein VDAC (voltage- 
dependent-anion channel) binds and maintains Bak in an inactive state (Cheng et al., 2003). Apo-
ptotic signals induce BH3-only proteins to bind to Bak, dislodging VDAC, facilitating Bak oligo-
merization and pore formation (Kim et al., 2006). Other groups have shown that Bak is also inhibited 
by binding to the anti-apoptotic proteins Mcl-1 and Bcl-XL, which are displaced in response to 
BH3-only protein binding (Willis et al., 2005). In addition to the requirement for BH3-only protein  
involvement, Bak activation is also stimulated by the sphingolipid product sphingosine-1-phosphate, 
implicating involvement of ER lipid metabolism in apoptotic signaling (Chipuk et al., 2012).

Homotypic oligomerization of Bax or Bak molecules requires a series of steps (Figure 26). 
Conformational changes within their N-termini expose previously buried BH3-domains that can 
now interact with the surface hydrophobic grooves of neighboring Bax or Bak molecules. Additional 
“back-to-back” interactions between dimers facilitates the formation of  higher-order structures 
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that form membrane pores allowing the efflux of mitochondrial apoptogenic proteins (Dewson and 
Kluck, 2009). Anti-apoptotic Bcl-2 proteins have been shown to be capable of inhibiting Bak at 
this step (Ruffolo and Shore, 2003). Thus, the activation of the multi-domain Bax and Bak proteins 
follows a multi-step process that is initiated by upstream BH3-only proteins, inhibited by anti-
apoptotic proteins and culminates in the formation of membrane pores that induce MOMP and 
cue the next step of the apoptotic pathway.

An alternative pathway for MOMP involves a mitochondrial conductance channel known as 
the Permeability Transition Pore ( PTP). Mobilization of ER Ca2+ stores induces mitochondrial 
uptake of Ca2+ that triggers mitochondrial PTP opening (Rizzuto and Pozzan, 2006). Opening 
of the PTP causes mitochondria swelling and rupturing of the MOM (Szalai et al., 1999). Bcl-2 

FIGURE 25: Activation of the BAX protein by the BIM BH3 domain. a, The structure of  BAX based 
is shown with BIM SAHB binding at a site on the ‘back’ of the molecule ( yellow) (SAHB, stabilized 
a-helices of  BCL-2 domains). This contrasts with the expected binding of a BH3-domain helix in the 
conventional (at least for antiapoptotic proteins) hydrophobic BH pocket located at the ‘front’ of the 
molecule ( blue). b, Gavathiotis et al. (2008) find that conformational changes accompany the binding 
of a BIM SAHB peptide to BAX. The chain containing a-helix 1 (a1) and the loop between a1 and 
a2 is shown before (green) and after (blue) binding of BIM SAHB. The BAX amino-terminal region 
6A7, which becomes exposed on association with BIM SAHB, is shown in red. (Images prepared by  
T. Moldoveanu, St. Jude Children’s Research Hospital.) Modified legend and figure taken with permis-
sion from Green and Chipuk (2008).
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family members regulate this process not by acting on mitochondria, but by controlling Ca2+ efflux 
at the ER (Nutt et al., 2002; Pinton et al., 2001; Scorrano et al., 2003). Ectopic expression of Bcl-2 
or loss of both Bax and Bak results in lower ER Ca2+ levels and consequently less Ca2+ uptake by 
mitochondria (Lam et al., 1994; Scorrano et al., 2003). Apoptotic stimuli, such as C2-ceramide, 
arachidonic acid and oxidative stress, have been shown to cause Ca2+ efflux from the ER and induce 
cell death via PTP activation (Scorrano et al., 2003).

5.6 BH3-oNLY PRotEINS tRANSMIt DEAtH SIGNALS

What are some of the triggers for apoptosis and how do they activate the pro-apoptotic members of 
the Bcl-2 family? This job falls to the BH3-only proteins. These molecules are upstream sentinels 
that relay the death message to Bax or Bak ( Figure 27). Their activity is tightly controlled. Also, as 
we recall from the mouse genetic models of Bcl-2 family proteins, loss of  BH3-only genes resulted 
in varied phenotypes. Together these observations indicate that each BH3-only protein is “kept in 

FIGURE 26: Direct activation of  BAX triggers a continuum of events that leads to mitochondrial 
apoptosis. The interaction between BIM SAHB and BAX at the a1-a6 interaction site (a) triggers a 
conformational change in BAX (b) that leads to its translocation to mitochondria (c), oligomerization 
within the mitochondrial outer membrane (d), and the release of key apoptogenic factors. Legend and 
figure taken with permission from Gavathiotis et al. (2008).
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check” by multiple mechanisms and once activated, play tissue-specific roles in response to special-
ized death signals. 

Specific roles for BH3-only proteins have been elucidated by elegant cell biology and ge-
netic approaches. For the most part, BH3-only proteins are inactive until apoptotic insults result in 
transcriptional expression or post-translational modifications. For example, in healthy cells, Bid is 
localized in the cytosol. Upon delivery of a death signal through Fas ligation, subsequent activation 
of caspase 8 results in Bid cleavage. This cleaved Bid then migrates to mitochondria where it can 
bind and inactivate anti-apoptotic Bcl-2 proteins, and/or activate pro-apoptotic Bax (Gavathiotis 
et al., 2008; Li et al., 1998; Luo et al., 1998). The in vivo relevance of this pathway is demonstrated 
by the Bid knock-out mice that show resistance to Fas-induced apoptosis in hepatocytes (Yin  
et al., 1999).

FIGURE 27: BH3-only proteins monitor cellular well being. BH3-only proteins are activated by a 
variety of cellular stresses. Once activated, they initiate apoptosis by binding and neutralizing Bcl-2 pro-
survival proteins via their BH3 domain (red triangle). Bid, which is typically activated following caspase 
cleavage, amplifies the apoptotic response by engaging the Bcl-2 pro-survival proteins. Potentially tBid 
may also engage Bax (or Bak). Modified legend and figure taken with permission from Willis and Adams 
(2005).
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As another example, Bad intracellular localization is also altered in response to apoptotic 
stimuli, however, in this case, the trigger for Bad activation is de-phosphorylation (Datta et al., 
2000; Zha et al., 1996). In healthy cells, survival signaling pathways (e.g., PI3-K/AKT and Ras/
MEK pathways) maintain Bad in a phosphorylated state with three conserved serine residues play-
ing a major role. In particular, phosphorylation of S136 is a critical binding site for 14-3-3 proteins 
and this interaction sequesters Bad in the cytosol. When growth factor is depleted, subsequent loss 
of survival kinase activity leads to Bad de-phosphorylation and migration to mitochondria where 
it binds and inhibits anti-apoptotic Bcl-2 proteins. The analysis of Bad3SA knock-in mice, wherein 
the three critical phosphorylation sites were mutated to non-phosphorylatable alanines, supported 
the regulatory role of Bad phosphorylation. The resulting mice were viable, showed enhance cell 
death with reduced lymphocyte and neuronal cells due to the inability of survival kinases to phos-
phorylate and inactivate mutant Bad (Datta et al., 2002). Thus, Bad phosphorylation serves as a 
sensor for survival pathway signaling and titrates the strength of an apoptotic signal.

As a last example, the activation of Noxa and Puma requires transcriptional activation. In 
response to DNA damage, p53 levels increase and lead to expression of a number of genes includ-
ing NOXA and PUMA. Noxa and Puma then inhibit anti-apoptotic proteins to induce cell death. 
NOXA and PUMA knock-out mice demonstrated resistance to DNA-damage-induced cell death 
verifying a specific role of Noxa and Puma in the DNA damage response (Nakano and Vousden, 
2001; Oda et al., 2000; Yu et al., 2001). Thus, in summary, unique intracellular localization, interac-
tions with regulatory molecules and specific mechanisms of activation indicate that each BH3-only 
protein is a sensor for distinct apoptotic signals.

•  •  •  •
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Since the first association of  Bcl-2 with human follicular lymphoma, there has been a clear link be-
tween loss of apoptotic signaling and cancer. This paradigm is supported by multiple mouse models 
wherein genetic inhibition of apoptosis leads to cancer development. Diminished apoptosis also 
contributes to resistance to anti-cancer treatments because these therapies rely on activating apo-
ptosis. Through the process of developing a better understanding of the apoptotic pathway, a num-
ber of groups have rationally explored new molecular targeted therapies designed to “re-boot” the  
cancer cell’s weakened apoptotic machinery. For review, see Fulda (2009) and Lessene et al. (2008).

6.1 DIMINISHED APoPtoSIS IN CANCER

There are many reports in various cancer types wherein apoptotic regulators are dysfunctional ( Fig-
ure 28). Mediators of the extrinsic apoptotic pathway can be deregulated in cancer. For example, 
downregulation or mutation of the Fas death receptor has been reported in hematological cancers 
as well as solid tumors ( Friesen et al., 1997; Fulda et al., 1998; Lee et al., 1999). Aberrant expres-
sion of anti-apoptotic FLIP prevents death receptor-mediated activation of pro-caspase 8 (Fulda, 
2009). Bcl-2 family protein alterations also exist. For example, BA X mutations are found in ~50% 
of colorectal cancers ( Miquel et al., 2005) and mutations in BAD and BIK have been found in 
colon cancers and B cell lymphomas (Arena et al., 2003; Lee et al., 2004). Bcl-2 overexpression is 
found not only in B-cell lymphomas but also in Hodgkin’s lymphoma where it is associated with 
poor overall survival (Gascoyne et al., 1997) and breast cancer where it is associated with reduced 
survival and resistance to endocrine therapy (Tawfik et al., 2012). Mcl-1 expression is a negative 
prognostic indicator of disease progression and outcome in chronic lymphocytic leukemia ( Pepper 
et al., 2008). Bcl-XL expression levels in the NCI-60 cell lines have been shown to correlate with 
resistance to 122 different chemotherapeutic agents (Amundson et al., 2000). Clearly, downregula-
tion of pro-apoptotic and upregulation of anti-apoptotic Bcl-2 family members is associated with 
cancer progression and treatment response. The scenario with IAP overexpression is more complex. 
A variety of human cancers show increase in IAP expression that is associated with poor prognosis 
and therapy resistance, however in some cases, loss of IAPs is associated with tumor progression 
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(Favaloro et al., 2012). These effects are likely due to the dual roles of IAPs as both caspase inhibi-
tors and regulators of the NF-kB pathway. Nevertheless, altogether these studies demonstrate that 
defects in apoptosis are common in cancer (Hanahan and Weinberg, 2011). Based on the cur-
rent molecular understanding of apoptotic signaling, novel ideas have been proposed and are being 
tested that aim to stimulate apoptosis of cancer cells for clinical benefit.

FIGURE 2�: Defects in apoptosis pathways in human cancers. Signaling via the death receptor pathway 
can be inhibited by mutations, downregulation or epigenetic silencing of death receptors (DR) such as 
CD95 or TRAIL receptors (  TRAIL-Rs), overexpression of  FLIP or epigenetic silencing of caspase-8. 
The mitochondrial pathway may be impaired by overexpression of anti-apoptotic Bcl-2 proteins, Bax 
mutations or epigenetic silencing of Apaf-1. Activation of downstream caspases can be blocked by high 
levels of  “ Inhibitor of Apoptosis Proteins’’ (IAPs). Legend and figure taken with permission from Fulda 
(2009).
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6.2 BCL-2 FAMILY ANtAGoNIStS

A simple approach to inactivating anti-apoptotic Bcl-2 proteins is through targeted downregula-
tion. This approach led to the development of the antisense Bcl-2 molecule oblimersen. Positive 
early stage results in the clinical setting, led to multiple randomized phase II clinical trials in chronic 
lymphocytic leukemia, metastatic melanoma, multiple myeloma, and acute myelogenous leukemia.  
Oblimersen had no single agent activity (Benz et al., 2007), although combination therapy with 
cyclophosphamide and fludarabine showed promising results (O’Brien et al., 2007). Trials are ongo-
ing and the story of oblimersen underscores the difficulty in identifying effective clinical trials with 
which to test new drug efficacy.

Based on structural insights, the search began for compounds that could bind to the hydro-
phobic groove of anti-apoptotic proteins and thus raise apoptotic potential of cancer cells. Using 
a SAR (structure–activity relationship) approach that is a reiterative approach combining NMR 
based screening of small molecules followed by structure-based design, a large consortium of re-
searchers discovered ABT-737—a small molecule inhibitor that had been screened for Bcl-XL-
binding (Oltersdorf et al., 2005) (Figure 29). ABT-737 induced apoptosis in malignant cells, but 
not normal cells, suggesting that toxic side-effects would be favorable in the clinical setting. Further 
modifications led to the production of ABT-263, which is orally available and thus a superior clini-
cal candidate (Tse et al., 2008). ABT263/737 binds with high affinity to Bcl-2, Bcl-XL, and Bcl-w, 
revealing a similar binding specificity as the BH3-only protein Bad. Accordingly, ABT263/737 
was toxic to cells that expressed Bcl-2, Bcl-XL or Bcl-w but not expressing Mcl-1 (van Delft et al., 
2006). The compound showed single-agent efficacy in models of small cell lung cancer, lymphoma 
and leukemia (Oltersdorf et al., 2005). Not surprisingly, resistance to ABT263/737 is associated 
with cells overexpressing Mcl-1(van Delft et al., 2006), thus potentially limiting the effectiveness of 
this compound for therapy.

An independent screen of a natural products library identified GX15-070 (obatoclax), which 
binds Bcl-2, Bcl-XL, Bcl-w, and Mcl-1 (Nguyen et al., 2007). GX15-070 has single agent activity 
in chronic lymphocytic leukemia, mantle cell lymphoma, breast, and non-small cell lung cancer cells 
(Campas et al., 2006; Shore and Viallet, 2005). Ongoing studies include clinical trials of hemato-
logical malignancies (Lessene et al., 2008).

Modified peptides mimicking the BH3 domain have also been explored. Unmodified pep-
tides have relatively poor binding affinity to anti-apoptotic Bcl-2 proteins because of unstable helix 
formation (Petros et al., 2000). Replacement of two non-essential amino acids with non-natural 
amino acids enables “stapling” of the peptide, which enhances the helicity of 23 mer peptides of the 
Bid and Bim BH3 domain (Walensky et al., 2004).
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FIGURE 29: Structural studies related to the discovery of ABT-737. (b) BCL-XL bound to ABT-737 
(PDB: 2YXJ). (c) Overlay of  BCL-XL–ABT-737 complex with BCL-XL–BIM BH3 complex (PDB: 
1PQ1). For clarity BCL-XL from the BCL-XL–BIM BH3 structure is not displayed in the overlay. 
Legend and figure taken with permission from Lessene et al. (2008).
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Another small molecule inhibitor of anti-apoptotic Bcl-2 family proteins is the cotton plant 
product, gossypol. This molecule binds Bcl-2, Bcl-XL, and Mcl-1 with higher affinity than GX15-
070 (Tang et al., 2008). It shows single agent activity against cell lines of multiple myeloma and 
chronic lymphocytic leukemia (Lessene et al., 2008) and promising clinical trial data.

6.3 IAP ANtAGoNIStS

Small molecule inhibitors have also been generated to target IAP activity (  Mannhold et al., 2010). 
The first molecule was modeled after the 4-residue amino-terminus of Smac that interacts with 
XIAP-BIR3 (Sun et al., 2006; Zobel et al., 2006). Higher affinity peptides were acquired after 
screening of several peptide libraries. Bivalent Smac mimetics containing two binding sites bind 
to XIAP-BIR2-BIR3. These compounds relieve XIAP-mediated inhibition of caspases as well as 
trigger XIAP autoubiquitination and degradation. Smac mimetics have single agent activity in ad-
dition to activity in combination with other therapeutic agents. Currently, these compounds are in 
pre-clinical and clinical development. 

•  •  •  •
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Apoptosis is a fundamental biological process. It is vital for the development, the maintenance of 
tissue homeostasis, and the eradication of damaged cells that pose a risk to the whole organism. 
While publication records suggest that apoptosis was discovered in the late twentieth century, tissue 
regression was recognized and recorded at least 250 years before that. Increased interest in apopto-
sis was a result of technical advances and genetic insights that facilitated the merging of different 
disciplines that had been independently studying the same phenomenon. Use of simple experimen-
tal model systems, in vitro reconstitution and cell biology studies produced hypotheses that were 
validated (or disproven) through mouse genetics approaches. The elucidation of complex signaling 
pathways and structural insights of the core signaling molecules resulted in characterization of the 
apoptotic pathway at the molecular level. Understanding how loss or enhanced apoptosis leads to 
human pathologies is a current challenge that will be met by ongoing investigations of apoptotic 
pathways in concert with rational approaches to modulate this critical cellular program.

•  •  •  •

C H A P T E R  7
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