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Abstract

Members of the caspase family of proteases play essential roles in the initiation and execution of
apoptosis. These caspases are divided into two groups: the initiator caspases (caspase-2, -8, -9
and —10), which are the first to be activated in response to a signal, and the executioner caspases
(caspase-3, -6, and —7) that carry out the demolition phase of apoptosis. Many conventional
cancer therapies induce apoptosis to remove the cancer cell by engaging these caspases indirectly.
Newer therapeutic applications have been designed, including those that specifically activate
individual caspases using gene therapy approaches and small molecules that repress natural
inhibitors of caspases already present in the cell. For such approaches to have maximal clinical
efficacy, emerging insights into non-apoptotic roles of these caspases need to be considered. This
review will discuss the roles of caspases as safeguards against cancer in the context of the
advantages and potential limitations of targeting apoptotic caspases for the treatment of cancer.
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1. Introduction

Members of the caspase protease family play integral roles in the initiation and execution of
apoptosis. Once activated, they cleave a number of structural and regulatory proteins to
dismantle the cell from within [1]. These proteolytic events are responsible for the classical
hallmarks of apoptosis including nuclear condensation, DNA fragmentation, and plasma
membrane blebbing [2]. Apoptosis plays crucial roles in the maintenance of cellular
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homeostasis and the removal of damaged cells [3]. Not surprisingly, incorrect regulation of
caspases and apoptosis underlies the pathogenesis of many human diseases [4, 5]. The most
notable of these is cancer. Cancer is the second leading cause of death in the United States
accounting for one in every 4 deaths in the United States (www.cdc.gov/uscs.). One of the
hallmarks of human cancer is the evasion of apoptosis [6]. Therefore, many existing
therapies for cancer aim to overcome apoptosis evasion by targeting different caspase
pathways. While most of these do so indirectly, emerging insights into caspase functions and
new therapeutic strategies based on directly targeting caspases are beginning to show some
promise.

2. The caspase protease family

The identification of the mammalian caspase family of proteases and their roles in apoptotic
cell death was made possible by the discovery that the Caenorhabditis elegans gene Ced3
was required for apoptosis in the nematode [7]. When the protein product of the Ced3 gene
was cloned and sequenced, it was determined to be homologous to the mammalian cysteine
protease caspase-1, then known as interleukin-13 converting enzyme (ICE) [8]. Multiple
additional mammalian proteins were found to share similar homology with cell death protein
3 (CED-3) and this family of proteases became known as the caspases [9]. Each caspase has
in common an active site cysteine (‘C’) and preferentially cleaves its target substrates after
an aspartate residue (“asp-ase’) [9]. There are 14 known mammalian caspases and 12 known
human caspases. Caspases are zymogens comprised of three defined domains: the
prodomain, the large (~p20) catalytic domain, and small catalytic domain (~p10) (Figure 1).
Cleavage between the three domains is generally required to form the stable active enzyme
[10]. In order for a caspase to be activated, it must be in a dimer configuration that is either
preformed or induced [10]. The active enzyme is thus a heterotetramer of the catalytic
domains comprised of two large and two small subunits (p20/p10), (Figure 2) [11]. Each
caspase has a specific substrate specificity, but they all share the preference for an aspartate
residue immediately prior to the cleavage site [12]. In rarer cases, caspases can also cleave
after glutamate and phosphoserine residues [13]. For the cysteine protease activity to occur,
the caspase recognizes four residues (P4-P1, where P1 is the aspartate) on the N-terminal
side of a scissile bond (P1-P1’), resulting in cleavage of a peptide bond C-terminal to P1
[14].

The mammalian caspases can be divided into three broad categories termed executioner
caspases, initiator caspases, and inflammatory caspases. The executioner caspases include
caspase-3 and caspase-7. Caspase-6 is also in this group, but it has a less clearly defined role
in apoptosis. Instead, it plays a unique role in neurodegenerative disease [15]. The
executioner caspases all have in common a short prodomain of 20-30 residues that lacks any
defined motif or protein interaction site. Executioner caspases are so-called because they
bring about the execution phase of apoptosis by cleaving many different structural and
regulatory proteins that shut down the functions of the cell and contribute to the
morphological hallmarks of apoptosis [1]. The executioner caspases are activated when
cleaved by an upstream initiator caspase or additional protease. Caspase-2, —8, -9, and —10
comprise the initiator caspases. They each have a long prodomain that encodes a
protein:protein interaction motif used to facilitate dimerization of the catalytic domains.
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These motifs include the caspase recruitment domain (CARD) found in caspase-2 and
caspase-9, and the death effector domain (DED), found in the prodomains of caspase-8 and
caspase-10 [16] (Figure 1). These interaction domains allow the recruitment of the initiator
caspases to large multi-protein complexes that serve as activation platforms for each caspase.
Activation platforms are specific to each caspase and include the death inducing signaling
complex (DISC) for caspase-8 and caspase-10 [17], the apoptotic peptidase activating factor
1 (APAF1) apoptosome for caspase-9 [18], and the p53-induced death domain protein
(PIDD)osome for caspase-2 [19]. Each complex generally consists of a receptor protein that
oligomerizes and recruits either the caspase or an adaptor protein. For example, the
CD95/Fas DISC is formed when oligomers of CD95/Fas recruit molecules of the adaptor
protein Fas-associated protein with death domain (FADD). FADD in turn binds to caspase-8,
a binding that is mediated by the DED in FADD binding to the DED in caspase-8 [20].
Similarly, oligomerization of APAF1 forms the apoptosome, providing the activation
platform for the recruitment of caspase-9 via the CARD present in caspase-9 and in APAF1
[21]. Recruitment of caspase monomers to their respective activation platform increases the
local concentration of caspase molecules permitting dimerization. Dimerization is essential
to initiates the activation of the caspase [22, 23]. This mechanism is referred to as the
induced proximity model [24]. A third group of caspases is known as the inflammatory
caspase subgroup. These caspases consist of human caspases-1, -4, =5, and 12, murine
caspase-11, and bovine caspase-13. Each of these caspases has a long prodomain encoding a
CARD and, thus, they can be considered initiator caspases. However, the inflammatory
caspases are not generally involved in the initiation of apoptotic cell death. Rather, they are
defined by their contribution to inflammation by regulating the proteolytic cleavage of the
immature cytokines, prolL-1p and prolL-18, or the pore forming protein gasdermin D to
induce an inflammatory form of cell death called pyroptosis [25].

In addition to their modes of activation, the separation into the initiator and executioner
caspase groups is also based on their substrate preferences. Caspase-3 and caspase-7 have
similar preferences for substrate sequences (DEXD), as determined using positional
scanning peptide libraries. Caspase-6, in contrast, appears to prefer branched aliphatic
residues in the P4 position. Caspase-8, caspase-9, caspase-10, and the inflammatory
caspases all prefer substrates with an aliphatic residue at P4 such as leucine or valine. The
substrate specificity of caspase-2 is similar to those of common with caspase-3 and -7 [12,
26]. For that reason, caspase-2 has sometimes been considered an executioner caspase.
However, it contains a long prodomain in its structure, which places it within the initiator
caspase subgroup. It must be noted that these substrate specificities are not always matched
by the repertoire of natural substrates for each caspase [27]. For example, while caspase-3
and caspase-7 have similar peptide preferences they have few substrates in common. These
common substrates include poly-ADP ribose polymerase (PARP), Rho GDP-disassociation
inhibitor (RhoGDI) and Rho-associated coiled coil containing protein kinase 1 (ROCK1).
Caspase-6 has a more limited substrate repertoire that includes lamin A and ceramide
phosphoethanolamine synthase [28, 29]. Caspase-3 is responsible for the cleavage of the
majority of apoptosis-associated substrates known [30, 31].
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3. Mechanisms of caspase activation

The crystal structures of the catalytic domains of caspase-1, -2, =3, =6, =7, =8, and -9 have
been determined [11, 32-38]. Many of the crystal structures of isolated caspases have
demonstrated a stable structure as a homodimer of the catalytic domains representing the
(p20/p10), heterotetramer. Each homodimer has an active site on either end of the dimer.
The homodimer is stabilized by hydrophobic interactions between multiple beta-strands and
one beta sheet of each monomer. The active sites are made of 5 loops (L1-4 and LH) with
L1 and L3 being the more conserved of the loops and L2 and L4 more variant. L1 and L4
make up either side of the substrate-binding pocket and L3 comprises the center of the
pocket. L2 contributes the catalytic cysteine [39] and LH contributes a histidine [40] that
together make up the catalytic dyad (Figure 2). Executioner caspases are present in the cells
as preformed dimers that are activated by cleavage [10]. They are activated when the linker
between the large and small subunit is cleaved by an upstream caspase or another protease
such as granzyme B [41]. When the caspase is in its uncleaved form, the active site is
occupied blocking the formation of a functional substrate-binding site. The site is occupied
by the interdomain linker in caspase-3 and caspase-7 [35, 42, 43]. Cleavage of the linker
forms L2 and L2’. L2’ stabilizes the active site of the neighboring dimer in the
heterotetramer [42]. The cleavage and the accompanying conformational change allows
access to substrate binding pocket and stabilization of the active site (Figure 2).

Unlike the executioner caspases, the initiator caspases are activated by dimerization rather
than cleavage. The active site pocket is thus created and exposed upon formation of the
caspase dimer. Caspase-9 can be activated in the absence of cleavage [44], and dimeric
caspase-2 retains 20% activity when cleavage is blocked [22]. It has been shown /n vitro that
enforced dimerization of caspase-8 and caspase-9 resulted enhanced activity. Blocking
cleavage of caspase-8 impaired the stability of the dimeric species [10]. Thus dimerization
of caspase-8 is required for activation and cleavage serves to stabilize and further enhance
activity of the enzyme. Similarly, cleavage of the interchain linker of capase-9 yielded a 5-
fold increase in activity and removal of the CARD resulted in a further 10-fold
enhancement. However, autocleavage of caspase-9 at the level of the apoptosome has a
different outcome. When caspase-9 is recruited to the APAF-1 apoptosome, it undergoes
dimerization, which is sufficient for activation [45].

The two main pathways of caspase activation that result in apoptosis are termed the intrinsic
pathway and the extrinsic pathway, so-called because they are generally engaged by stresses
that come from outside the cells or within the cell respectively. The intrinsic pathway is
primarily activated by cellular stresses including DNA damage, metabolic stress, and
endoplasmic reticulum stress. Many chemotherapeutic drugs that are used to treat various
cancers engage this pathway. These stimuli converge on the mitochondria leading to
mitochondrial outer membrane permeabilization (MOMP) and the release of cytochrome ¢
from the mitochondrial intermembrane space to the cytosol (Figure 2). Once in the cytosol,
cytochrome ¢ binds to the WD repeats of APAF1, inducing a conformational change that
opens up the molecule. In the presence of dATP or ATP, APAF1 then oligomerizes to
assemble the APAF1 apoptosome [46, 47]. In turn, the apoptosome recruits and activates
caspase-9, which continues the caspase cascade by cleaving the executioner caspases-3 and
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—7. To be able to cleave caspase-3, caspase-9 needs to remain tethered to the apoptosome
and caspase-9 autocleavage to the p35/p17 subunits induces dissociation from the
apoptosome [48]. This has been proposed to act as a molecular timer for caspase activation
[49] rather than increasing the enzyme’s activity as is seen with caspase-8.

The extrinsic pathway generally refers to apoptosis induced by the engagement of death
receptors by their cognate ligands at the cell membrane. The death receptors are all members
of the tumor necrosis factor receptor (TNFR) superfamily, but the death receptors have in
common a death domain (DD) at their C-terminal. The DD is a protein interaction domain
that shares structural features with the DED and CARD. Death receptors include CD95,
TNFR1, and the TNF-related apoptosis-inducing ligand (TRAIL) receptors (TRAIL-
R1/DR4 and TRAIL-R2/DR5). Each of these receptors is activated following
multimerization upon binding of their cognate ligand: CD95L/Fas ligand (FasL), TNF, and
TRAIL respectively, which ultimately leads to activation platform assembly and caspase-8
activation (Figure 3). CD95 and the TRAIL each assemble to form the DISC at the plasma
membrane. In contrast, the caspase-8 activation platform induced by the TNFR1 does not
initially assemble at the membrane. Upon engagement of TNFR1 by TNF, the receptor
rapidly recruits TRADD, a FADD-like homolog, receptor-interacting serine/threonine-
protein kinase 1 (RIPK1) and TNF receptor associated factor 2 (TRAF2) at the plasma
membrane [50]. Termed complex I, this complex induces nuclear factor kappa B (NFxB)
activation. A second complex, complex Ila, is formed when TRADD/RIPK1/TRAF2
dissociates away from TNFR1 and recruits FADD and caspase-8 in the cytoplasm to induce
apoptosis [50] (Figure 3). If caspase-8 is absent or inactive, complex Ilb is formed between
RIPK1 and RIPK3. RIPK3 induces phosphorylation of the pore forming protein, mixed
lineage kinase domain like pseudokinase (MLKL), which forms pores in the plasma
membrane to induce an alternative form of cell death called necroptosis [51] (Figure 3).

The adaptor molecule FADD recruits caspase-8 to the DISC or TNFR complex Il. Caspase-8
has two DEDs in its prodomain and the current model for its activation shows that, when
recruited to the DISC, these DEDs form filaments. Cryo-electron microscopy has revealed
that the caspase-8 DED filaments form ~20 nm wide structures [52]. The first DED of
caspase-8 binds to FADD and the second DED in the same caspase-8 molecule binds to the
first DED of an additional caspase-8 molecule through tandem linkage [53, 54]. Two
additional interaction interfaces of the two caspase-8 DED domains further amplify the DED
chains in two additional directions forming a helical filament assembly [52]. This provides a
mechanism of amplifying the caspase-8 signal.

The pathway of caspase-2-induced apoptosis is somewhat distinct from the intrinsic and
extrinsic pathway. Unlike caspase-8 and caspase-9, caspase-2 does not directly cleave the
executioner caspases, but leads to their activation indirectly through the cleavage of the
proapoptotic B-cell lymphoma 2 (BCL2) family protein, BH3-interacting domain death
agonist (BID), leading to MOMP and subsequent caspase-9 and caspase-3 activation [55].
Caspase-8 can also cleave BID to induce MOMP, bridging the extrinsic and intrinsic
apoptotic pathway [56]. Hence, in certain cell types, caspase-8-induced apoptosis can be
inhibited by BCL2 expression. Cells in which caspase-8 induced apoptosis is not inhibited
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by anti-apoptotic BCL2-family proteins are termed type | cells and cells require MOMP for
caspase-8-induced apoptosis are called type 11 cells [57].

4. Mechanisms of caspase inhibition

There are a number of inhibitors of caspases that are expressed by cells. While the function
of these inhibitors is to limit uncontrolled caspase activation and unnecessary cell death,
high expression of caspase inhibitors in cancer cells is often associated with
chemoresistance. The first group of inhibitors comprises the inhibitor of apoptosis proteins
(IAPs), which includes X-linked IAP (XIAP), clAP1, and clAP2. The IAPs are
characterized by baculovirus IAP repeat (BIR) motifs containing 1-3 Zn fingers and a RING
finger domain on the carboxy-terminal. Members of this group of proteins can inhibit
caspases both directly and indirectly. Human XIAP, clAP1 and clAP2 have all been shown
to bind to and inhibit the active forms of caspase-3, caspase-7, and caspase-9 /17 vitro [58,
59]. However, clAP1 and clAP2 bind caspases with much less efficiency because they lack
important caspase interacting residues that allow for tight binding and direct inhibition [60].
Therefore, XIAP is the primary AP to directly inhibit caspases /n vivo. The crystal structure
of caspase-3 or caspase-7 in complex with XIAP revealed that BIR2 domain in the N-
terminal portion of the XIAP protein binds to and blocks the substrate binding pocket of the
caspase, therefore obstructing recruitment of its substrates [61, 62]. Caspase-9 interacts with
the BIR3 domain of XIAP [37]. XIAP is an E3 ligase. This provides a secondary means to
inhibit caspase-induced apoptosis by targeting active caspase-3 to the proteasome for
degradation [63].

XIAP mediated inhibition of caspases is regulated by second mitochondria-derived activator
of caspases (Smac)/direct IAP binding protein with low pl (DIABLO) and the related
protein Omi/High temperature requirement protein A2 (HtrA2) [64-67]. Both of these
proteins are released from the mitochondria along with cytochrome c at the time of MOMP.
Smac and Omi bind to the BIR2 or BIR3 domain of XIAP thereby preventing its binding to
the active caspases (Figure 3) [67—69]. The ability of Smac to modulate XIAP activity plays
an important role in the caspase-8 pathway. The difference between type I and type 1l cells is
determined by the level of XIAP expression. In type I cells, XIAP expression is low or
absent and therefore caspase-8-mediated activation of caspase-3 is unimpeded and cell death
is rapid. In contrast, in type Il cells, XIAP expression is high. In these cells Smac release
from mitochondria is required to prevent XIAP from blocking caspase-8-mediated caspase-3
activation and apoptosis proceeds more slowly [70].

clAP1 and clAP2 inhibit caspases in an indirect manner. clAP1/2 block the formation of
complex I, the caspase-8 activation complex induced by TNF. Following complex |
formation, TRAF2 serves a linker to recruit clAP1 and clAP2 to TNFR complex | [71] and,
through ubiquitination of components of the complex, clAP1/2 activates the canonical
NFxB pathway. Additionally, clAP1/2 blocks complex Il formation by recruiting linear
ubiquitin assembly complex (LUBAC) to complex I. LUBAC is a complex that consists of
the proteins heme-oxidized IRP2 ubiquitin ligase 1 (HOIL1), HOIL1-interacting protein
(HOIP) and SHANK Associated RH Domain Interactor (SHARPIN). LUBAC adds linear
ubiquitin chains to inhibitor of nuclear factor kappa-B kinase subunit gamma/NF-kappa-B
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essential modulator (IKKy/NEMO), the regulatory component of the IKK complex [72].
This brings the IKK complex into the TNFR1 complex, facilitating canonical NFxB
activation resulting in the translocation of the NFxB p50/p65 complexes to the nucleus to
induce transcription of multiple survival genes including clAP2. LUBAC also adds linear
ubiquitin chains to other components of the complex, stabilizing complex | and effectively
inhibiting complex Il formation (Figure 4) [73]. Therefore, clAP1/2 are key factors in the
inhibition of caspase-8 activation through the TNF pathway. clAP1/2 also prevents non-
canonical NF«xB signaling by facilitating degradation of NFxB inducing kinase (NIK) [74].
In the absence of clAP1/2, NIK phosphorylates IKKa inducing RelB/p52 complexes.

A second mechanism that cells have evolved to negatively regulate caspases is by blocking
dimerization of initiator caspases. FADD-like IL-1Beta-converting enzyme-inhibitory
protein (FLIP) is a caspase inhibitor that has multiple isoforms. Cellular FLIP long (c-
FLIP,) is a catalytically inactive homolog of caspase-8. Cellular FLIP short (c-FLIPs) [75],
and cellular FLIP raji (c-FLIPg [76]) only comprise the DED containing prodomain and lack
the catalytic domains. c-FLIP can form heterodimers with caspase-8 [23]. Heterodimers
formed between caspase-8 and c-FLIPg are completely inactive, blocking caspase-8
activation [77] In contrast, heterodimers between c-FLIP; and caspase-8 have catalytic
activity. Heterodimerization between c-FLIP| and caspase-8 enables the stabilization of the
active site without caspase-8 cleavage and is energetically favoured when compared to the
homodimerization of caspase-8 [78]. The resulting c-FLIP| /caspase-8 complex has a more
limited substrate repertoire [79]. In the context of the TNFR complex Il, c-FLIP /caspase-8
heterodimers result in the destabilization of the RIPK1/RIPK3 complex (complex I1b),
blocking RIPK3 signalling and necroptosis [80]. This is because the resulting c-FLIP /
caspase-8 heterodimers, while unable to initiate apoptosis, are able to cleave RIPK1 leading
to disassembly of the complex. Conversely, c-FLIP¢/caspase-8 heterodimers prevent the
cleavage of RIPK1 by caspase-8 and, therefore, promote the formation of the RIPK1/RIPK3
complex [81].

Although c-FLIP /5 can directly bind to FADD, /in vitro DISC reconstitution studies have
shown that c- FLIP g is recruited to the DISC primarily by binding to the DED of caspase-8
[77]. Certain studies have shown that high levels of c-FLIPg and c-FLIP,_ result in shorter
DED filaments [77, 82]. However, confocal imaging as well as mathematical and structural
modelling propose that c-FLIP inhibits caspase-8 by increasing the proportion of caspase-8/
FLIP heterodimers compared to caspase-8 homodimers in the chain without affecting
filament length [52, 54, 83]. The reasons for these discrepancies are unclear but are likely
due, in part, to the limitations of working with /n vitro reconstituted complexes. When
present at low concentrations or with high receptor stimulation, the formation of a c-FLIP /
caspase-8 heterodimer at the DISC promotes caspase-8 oligomers. Structural modeling
suggests that c-FLIP isoforms may even stabilize the DISC by bridging neighboring DISCs
together [82]. Thus, in these conditions, c-FLIP, augments apoptosis [84, 85].

Caspase-10 is a close homolog of caspase-8 that also appears to function as a negative
regulator of the extrinsic pathway. Unlike, c-FLIP|_ caspase-10 is catalytically active [86].
Caspase-10 has been shown to inhibit CD95L mediated death independently of c-FLIP by
binding to caspase-8 and preventing caspase-8 activation within the DISC. Instead,
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recruitment of caspase-10 appears to have a pro-survival effect by promoting CD95L-
mediated NF«xB activation [87].

Increased expression levels of each of these inhibitors have been noted in a number of
cancers. They also provide viable drug targets for removing existing brakes on caspase
activation and lowering the threshold for apoptosis. Increased expression of c-FLIP or the
specific c-FLIP isoforms has been demonstrated in multiple cancers including lymphoma
and non-small-cell lung cancer (NSCLC) [88-91] and its overexpression has been linked to
poor prognosis and lower survival rates [92-94]. Similarly, multiple lines of evidence show
that AP expression levels are an important determinant of chemoresistance in cancer. IAP
overexpression has been noted in a number of human cancers and is associated with
increased drug resistance and poorer outcomes [95, 96].

5. Can caspases act as tumor suppressors?

While many upstream regulators of caspases have been defined as oncogenes or tumor
suppressors [97], there have only been a few cases where caspases themselves have been
shown to function as tumor suppressors (see below). In addition, there are not an
overwhelming number of published examples of deregulated caspase expression or mutation
profoundly impacting cancer incidence or progression. This may be because of the essential
nature of these proteins for development. Genetic deletion of many caspases leads to some
form of abnormality or lethality. Deletion of caspase-9 or its upstream regulator, APAF1
results in perinatal lethality due to forebrain outgrowth and resistance to apoptotic inducers
that trigger the intrinsic pathway [98, 99]. Caspase-3 knockouts generated on the murine 129
background showed a similar phenotype with exencephaly, perinatal lethality, and delayed
growth [100]. Surprisingly, thymocytes from the Casp3~/~ animals were not resistant to
apoptosis in this model. When backcrossed to B6 mice, the gross craniofacial abnormalities
of Casp3~'~ were ablated and the mice were born at expected Mendelian ratios [101]. This
indicates the existence of genetic modifiers in 129 mice that causes loss of caspase-3 to
induce exencephaly. Casp6~'~ mice are normal with only a slight resistance to anti-CD95-
induced death [102]. Knockout of caspase-7 on the B6 background was viable but combined
deletion of Casp3and Casp7resulted in lethality shortly after birth [103]. Exencephaly was
largely absent in these double knockout animals but they had major defects in cardiac
development and their cells were resistant to numerous inducers of apoptosis. Therefore,
caspase-3 or caspase-7 can each compensate for the loss of the other during development.
These studies also suggest that caspase-3 and —7 rather than caspase-6 are the main
executioners of apoptosis. Caspase-8 deficient mice are also embryonic lethal [104].
However, the phenotype somewhat mirrors the Casp3/Casp7 double knockout, with a failure
of the cardiovascular system to develop. Deletion of Rijpk3in Casp8 deficient mice rescued
the embryonic lethality [105]. Therefore, the lethal developmental defect of Casp8/~ mice is
not a result of disrupting caspase-8’s role in regulating apoptosis but due to its failure to
suppress necroptosis.

Of the apoptotic caspases, caspase-2 is the only one not to result in a developmental
abnormality when deleted in mice. Mice are born normal and at the expected Mendelian
ratios [106, 107]. Although these mice do not show any evidence of spontaneous
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tumorigenesis, caspase-2 has been shown to function as a tumor suppressor when the
CaspZ”'~ mice have been crossed to a number of established murine models of cancer.
Compared to wild type mice, caspase-2 deficient mice showed significantly accelerated
tumorigenesis in the Ep-Myc lymphoma model and in ataxia-telangiectasia mutated (A#m)
=/~ lymphomas [108, 109]. Caspase-2 has also been shown to have a tumor suppressor role
in non-hematologic tumors. Deficiency of caspase-2 significantly accelerated tumorigenesis
in the MMTV/c-neu murine mammary carcinogenesis model, and in (LSL)-Krasc12P/* Jlung
adenocarcinoma [110, 111]. Finally, chemically-induced liver tumors have been reported to
grow more aggressively in the absence of caspase-2 [112]. Despite this, caspase-2 does not
appear to act universally as a tumor suppressor. For example, deletion of caspase-2 has no
effect on the growth or incidence of chemically-induced fibrosarcoma or irradiation-induced
lymphoma [113]. In a murine model of neuroblastoma, deletion of caspase-2 has actually
been reported to delay TH-MYCN-induced neuroblastoma [114]. This may suggest that
caspase-2 has both tumor promoting and tumor suppressive effects depending on the type of
cancer.

At present, it is unclear if caspase-2 is unique in its tumor suppressive abilities or if similar
functions of the other caspases are masked by their essential functions in development.
Caspase-1 is another caspase that does not show a lethal phenotype when knocked out [115]
and Casp1 deficiency has been shown to enhance tumor formation in an inflammation-
induced colorectal cancer model [116]. Conditional knockout of caspase-8 in B cells
resulted in B-cell lymphomagenesis, the incidence of which was further enhanced by co-
deletion of 7p53[117]. Similarly, neural crest specific deletion of Casp8in TH-MYCN mice
led to more aggressive neuroblastoma [118]. However, in the latter case, there was no
difference in tumor incidence, latency or size. Rather, loss of caspase-8 was associated with
a significant increased incidence of bone metastasis and rate of secondary tumors. Based on
these observations, it is possible that the use of additional lineage specific deletions could
uncover tumor suppressive roles for the additional caspases.

6. What are the consequences of deregulated caspase expression in
cancer?

Evidence of significant associations between caspase expression levels and cancer severity
has often been either slight or contradictory. For example, in pediatric neuroblastoma,
caspase-8 expression was shown to be absent or deficient in 75% of primary neuroblastoma
cases and this downregulation appeared to be due to gene silencing by methylation of the
CpG rich 5’ flanking region of CASP8[119, 120]. Although there was no correlation
between caspase-8 protein expression and survival [119], neuroblastoma cell lines with
methylated CASP8 were resistant to doxorubicin and CD95L-mediated apoptosis [120].
However, CASP8 methylation has not been reported in any other tumor type, and in
glioblastoma, increased expression of caspase-8 protein was reported to be associated with a
worse prognosis [121].

Although caspase-2 has been shown to function as a tumor suppressor in mouse models,
corroborating evidence from human studies has been somewhat lacking. CASP2is located
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on chromosome 7q34-35 that is frequently deleted in leukemia. Lower expression of
caspase-2 was associated with drug resistance in childhood leukemia subtypes such as acute
lymphoblastic leukemia (T-ALL) and acute myeloid leukemia (AML) [122], and reduced
expression of caspase-2 in AML has been correlated with poor prognosis [123]. High levels
of inactive caspase-2 protein have been linked to a worse prognosis in cancer patients with
ALL and AML, suggesting that defects in caspase-2 activation may also contribute to patient
outcomes [124, 125]. CASPZis subject to epigenetic silencing in a high proportion of
mesotheliomas and cases of adult ALL [126]. In contrast, low caspase-2 expression
correlates with survival in MYCN non-amplified neuroblastoma [114]. This is somewhat
consistent with the data from the mouse model, although, in mice, the delay in tumorigenesis
associated with caspase-2 loss was observed in a MYCN amplified context. It must be noted
that many of these studies were hampered by small sample sizes or the significance of the
association was not overwhelmingly large. Therefore, the clinical significance of caspase-2
expression levels in human cancer has not been fully elucidated.

There are similar conflicting results concerning the validity of caspase-3 as a biomarker for
human cancer. In breast tissue samples collected from 46 cancer patients, 31 of whom had
adenocarcinoma, 75% of the tumor samples analyzed were found devoid of both caspase-3
protein and mRNA, [127]. However, some studies have shown a link between increased
caspase-3 expression and poor cancer prognosis. For example, immunohistochemistry for
caspase-3 on tissue microarrays from a large cohort of early stage breast cancer patients
revealed a small but statistically significant association between high caspase-3 expression
and lower rates of cancer-specific survival [128]. Similarly, increased levels of cleaved
caspase-3, as measured by immunohistochemistry analysis, were significantly associated
with lower survival rates in gastric cancer, ovarian cancer, cervical cancer, and colorectal
cancer [129]. The association of poor cancer prognosis with increased levels of cleaved
caspase-3 was also detected in studies on oral tongue squamous cell carcinoma [130].
However, stratification analysis of the results revealed that, in patients with advanced disease
progression (i.e. larger tumor size and metastases to lymph nodes), a higher level of cleaved
caspase-3 was associated with a better prognosis [130].

The reasons for these conflicting results are not very clear. As discussed, it may be that
complete inactivation of an apoptotic caspase is rare because of its essential roles in
development and other processes. Instead of direct inactivation of the caspase itself, it is
more likely that caspases are compromised in cancer by mutation or deregulation of
upstream regulatory factors impacting caspase activation. Another factor that could explain
the contradictory associations of caspase expression with cancer incidence or severity in
both human populations and murine models is that many caspases have been shown to have
roles in addition to inducing apoptosis. The availability of distinct caspase substrate
repertoires in different cell types or even disease stage could impact the downstream
consequences of caspase activation. This may explain some of the differences seen in the
correlations of caspase expression with prognosis or disease severity. It is thus possible that
the specific conditions of the cell in which a caspase is activated determines whether that
caspase induces apoptosis or an additional non-apoptotic process. This could potentially
play a fundamental role in determining how a caspase can impact cancer. Therefore, it is
important to understand both the mechanisms of action of caspases and the downstream
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functions of each caspase to be able to fully appreciate their role in cancer and how to
effectively target these proteins for therapeutic success.

7. Targeting caspase pathways

One of the goals of cancer treatment is to design therapies that can remove the cancer cells
without harming the healthy tissue. Compounds, such as TRAIL, that have been shown to
selectively kill cancer cells [131] could achieve this. Another important challenge is
designing strategies to overcome inherent resistance of tumor cells to conventional therapies.
Leveraging the fact that caspase inhibitors including XIAP and c-FLIP are often
overexpressed in cancer [95, 132] can provide a means to specifically target tumors.

TRAIL is a death receptor ligand with potential as a cancer therapy because it has been
shown in mouse models and in cell lines to selectively kill cancer cells but not primary cells
or tissue [131]. In contrast, treatment with CD95L induces a lethal level of hepatocyte cell
death in mice [133]. The receptors for TRAIL, TRAIL-R1 and TRAIL-R2, are expressed
widely in normal tissue [134, 135]. TRAIL also has two decoy receptors, TRAIL-R3/DcR1
and TRAIL-R4/DcR2, which do not express an intracellular DD and, thus, cannot transduce
the apoptotic signal to caspase-8 [136]. An association between TRAIL-R4 expression and
TRAIL resistance has been reported in breast cancer cell lines [137], suggesting that the
decoy receptors provide a mechanism for the cancer-specific killing of TRAIL. However, in
other cancers, such as multiple myeloma, no correlation between the level of decoy receptor
expression and the efficiency of TRAIL-mediated killing has been shown [138]. A number
of TRAIL agonists have been developed to clinically activate the TRAIL pathway for cancer
therapies. These include agonistic antibodies against TRAIL-R1 and soluble recombinant
forms of TRAIL. Unfortunately, most cancers have demonstrated resistance to these
therapies [139]. The resistance factors appear to vary dependent on cell type and can be
mediated through c-FLIP [140], IAPs [141] or anti-apoptotic BCL2 family proteins [142].
Combination therapies that include TRAIL plus Smac mimetics (see below) or BH3
mimetics (inhibitors of anti-apoptotic BCL2 family proteins) have shown promising
preclinical efficacy (reviewed in [139]).

To overcome |AP-associated resistance in cancer, a range of drugs called Smac mimetics
have been developed to target the IAPs. Smac mimetics were designed to disrupt the
interaction between XIAP and active caspases as a means to induce apoptosis of cancer cells
[143, 144] They are chemical derivatives of the peptide sequence AVPI, which is the region
of Smac that binds to the BIR2 and BIR3 domains of XIAP [145, 146]. Although Smac
mimetics were originally designed to target XIAP, they actually have improved efficiency in
targeting clAP1 and clAP2. When bound to clAP1/2, Smac mimetics enhance the
proteosomal degradation of clAP1/2 by inducing a conformational change that results in
dimerization of the RING domain and facilitating autoubiquitination and degradation of the
IAPs [147]. This facilitates complex Il formation, caspase-8 activation and apoptosis.

Smac mimetics can be divided into two categories, monovalent or bivalent compounds.
Bivalents are made up of two Smac mimetic motifs (monovalents) that are bridged by a
linker. Monovalents have the advantage of being orally bioavailable. Bivalent compounds
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have higher potency and cytotoxicity [143, 144, 148]. Current Smac mimetics used in
precilinical studies or in clinical trials include monovalent compounds, such as LCL161 and
Debio1143 [149], and the bivalent compounds birinapant and AZD5582 [150]. In phase |
clinical trials, these Smac mimetics have been shown to be tolerable with minimal severe
side-effects or toxicities [151-153]. However, limited anti-tumor activity was observed in
these investigations. Indeed, a phase Il clinical trial using birinapant as a treatment for
platinum-resistant or refractory epithelial ovarian cancer was terminated for lack of clinical
benefit despite evidence of consistent clAP1 protein depletion in tumors [154]. Although
several groups have reported that Smac mimetics can be used effectively to kill cancer cells
[143, 144, 148, 155], they currently show more clinical promise when used in combination
with existing therapies. Smac mimetics used combination with therapeutic agents that target
death receptors appear to be the most effective methods for cancer therapy and their use has
enhanced the cytotoxicity of TRAIL [156]; CD95L [157] and TNFa [143].

The reason for the limited effectiveness of Smac mimetics as a monotherapy can be partially
explained by a feedback loop leading to upregulation of clAP2. Degradation of clAP1/2 by
Smac-mimetics facilitates non-canonical NFxB activation, triggering the upregulation of
TNFa and, consequently, TNFa-mediated cell death [143]. clAP1 and clAP2 are
functionally redundant, so only one needs to be present for their action [158]. Smac
mimetic-induced depletion of clAP1 can lead to activation non-canonical NFxB signaling,
resulting in increased clAP2 expression [159]. The de novo expressed clAP2 is not further
depleted by the Smac mimetic because clAP2 degradation requires clAP1 [160]. Thus, up-
regulation of clAP2 can lead to resistance to Smac mimetic-induced cell death. Another
factor that confers resistance to Smac mimetics occurs in cancers that results from a
chromosomal translocation resulting in the clAP2-MALT1 oncogene. clAP2-MALT1 is the
most common translocation in Mucosa-associated lymphoid tissue (MALT) lymphoma and
creates a fusion protein of the N-terminal portion of clAP2 lacking the RING domain and
the C-terminal caspase-like domain of the paracaspase MALT1. This fusion results in
stabilized clAP2 expression and constitutive canonical NFxB activation contributing to
overall cell survival [161]. Thus, blocking NFxB signaling is an effective way to overcome
resistance to Smac mimetics. For example, inhibition of IKKp with the drug BMS-345541
blocked the upregulation of clAP2 and sensitized H1299 NSCLC cells to apoptosis induced
by the Smac mimetic plus TNFa [159].

Due to the relationship between c-FLIP overexpression with both poor patient outcomes and
TRAIL resistance, inhibiting or downregulating c-FLIP has long been considered a potential
means of overcoming resistance in cancer. While small molecule inhibitors of c-FLIP have
been in development, their use as clinical agents has yet to be published. However, other
methods have been used to either decrease c-FLIP levels or inhibit its expression. c-FLIP is a
short-lived protein that is rapidly turned over by the proteasome [162]. A number of agents
have been shown to enhance proteasome-mediated degradation of c-FLIP to overcome
chemoresistance. These include cisplatin, which has been shown to induce ubiquitination
and degradation of c-FLIP in a p53-dependent manner. Cisplatin-induces p53 expression and
promotes p53 binding to c-FLIP and ITCH, an E3 ligase and key regulator of FLIP
ubiquitination [163-165]. HDAC inhibitors have similarly been shown to induce FLIP
depletion to overcome TRAIL resistance [166]. It has been proposed that HDAC inhibition
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disrupts c-FLIP binding to Ku70, which in turn promotes its degradation [167]. c-FLIP
transcription is regulated by a number of factors including NFxB and AKT [168, 169].
Inhibition of NFxB in combination with TRAIL treatment induces apoptosis in part by
downregulating FLIP expression [170]. Similarly, inhibition of AKT has been shown to
overcome resistance to cisplatin-induced apoptosis that has been associated with c-FLIP
overexpression [171]. Finally, c-FLIP function can be deregulated by interfering with its
ability to bind to caspase-8. It has been demonstrated that mild heat stress induced
aggregation of c-FLIP, leading to the depletion of the available cytosolic pool of c-FLIP that
could be recruited to the DISC [172]. Generating chemical inhibitors that would disrupt c-
FLIP binding to the DISC or complex Il would be ideal. However, a number of challenges to
this approach exist. The first is to identify compounds that do not simultaneously inhibit
caspase-8. In addition, the mechanisms and outcomes of c-FLIP-associated inhibition of cell
death are different for the different isoforms and, as discussed, can vary with c-FLIP
concentration. Thus c-FLIP inhibitors may have different cellular effects depending on the
isoform expressed and the relative levels of receptor to c-FLIP expression. Further
clarification of the mechanism of FLIP-mediated caspase-8 inhibition will aid the rational
drug design of FLIP specific inhibitors.

8. Using caspases in gene therapy approaches

The discovery that initiator caspase activation is induced by dimerization has directly led to
the development of novel therapeutic approaches using an inducible version of caspase-9.
This approach was first used as a safety switch in biological therapies used for the treatment
of cancer. When haploidentical stem cell transplant is used for the treatment of leukemia, a
major clinical side effect is graft-versus-host disease (GvHD), an often life-threatening
allergic reaction to the transplanted T cells. To test if removing the cells following transplant
could counteract GvHD, donor T cells were engineered to express an inducible version of
caspase-9 (/Casp9). The catalytic domains of caspase-9 were fused to the FK-binding
domain FKBP, dimerization of which can be induced by a small, otherwise bioinert,
molecule AP1903 (referred to as chemical inducer of dimerization [CID]). Induced
dimerization of FKBP serves to enforce dimerization and activation of caspase-9 in the
absence of any other upstream signal. To test the effectiveness of this, T cells from a
partially matched donor were engineered to express /Casp9and were adoptively transferred
into patients with high-risk malignancies who had received a T-cell-depleted hemopoietic
stem cell transplant. Although such T cell depleted transplants produce a low incidence of
graft versus host disease, the recipients have a higher risk of infection and relapse of their
malignancy since they lack the benefit of T cell control of infectious agents and of residual
host malignant cells. Accordingly, investigators gave /Casp9-expressing T cells after the
transplant with the intent of restoring the beneficial effects of T cells, but this time adding
the protection of /Caspg-mediated T cell killing, should GvHD emerge. Following any
evidence of GvVHD or transplant rejection, the dimerization agent was administered. This
resulted in rapid apoptosis and elimination of more than 90% of the T cells. Remarkably,
GVHD subsided in 24-28 hours in the 4/10 patients who had this complication [173]. The T
cell reconstitution in patients given the dimerization agent after GvHD appeared unaffected
when compared to patients who did not have GvHD and the T cells with /Casp9in the non-
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GVHD patients remained for more than 2 years after treatment, showing lack of spontaneous
iCasp9 dimerization and the elimination of cells that would result [174]. Further murine
studies have shown the potential for using this approach to remove transplanted induced
pluripotent stem cells or mesenchymal stromal cells (MSC) [175, 176].

The same inducible caspase-9 approach has been tested as a mechanism for directly
targeting solid tumors. In this system, MSC were used to deliver an adenoviral-based /Casp9
gene to lung tumors [177, 178]. Upon infusion into mice or humans, MSC naturally home to
lung vasculature and to lung tumors. This allows the /Casp9 gene to be directly and
specifically delivered to NSCLC. Subsequent treatment with CID would induce caspase-9
activation and would be expected to kill the tumor cells. While this approach showed
promise in NSCLC cell lines, resistance to CID in some of the lines revealed potential
limitations. Two methods have been proposed to overcome this. First, inhibition of the
proteasome by treatment with bortezomib was shown to enhance caspase-9-induced
apoptosis in resistant lines. This appeared to be due to the inhibition of XIAP-mediated
degradation of active caspases [177]. Second, using conditionally replication competent
adenovirus to encode /Casp9 provided both an amplification step for inducible caspase-9
expression and an additional mechanism for tumor destruction, improving the overall
effectiveness of the approach [178]. More recent studies have similarly used an adeno-
associated virus-based delivery of iCasp9to AML in a zebrafish xenograft model and to
hepatocellular carcinoma in a murine xenograft model. When CID was administered
systemically a significant reduction in survival and tumor size was observed respectively
[179, 180].

Caspase-3 has similarly been proposed for use in gene therapy approaches. It has been
proposed that caspase-3 can be targeted to gastric tumors by selectively delivering the
caspase to tumors overexpressing human epidermal growth factor receptor (HER), an
oncogene that is overexpressed in 10-40% human gastric carcinomas. For this, NIH3T3
mouse fibroblasts were engineered to express and secrete a fusion protein containing a
secretion signal, an anti-HER2 monoclonal antibody fragment that would target HER2
expressing cells, a pseudomonas exotoxin A-derived transportation domain fragment, and a
constitutively active caspase-3 that would induce apoptosis in the targeted cells (HER-PE-
CP3). When cultured in the presence of medium from the engineered cells that contained the
secreted active HER-PE-CP3, human gastric cancer cells underwent apoptosis at the level of
approximately 20%. Injection of the recombinant protein producing cells into mice
engrafted with SGC7901 gastric cancer cells resulted in a significant reduction in tumor size
and a significant increase in survival. Importantly, there was no evidence of injury or cell
death in the major organs, demonstrating the successful and specific delivery of the fusion
protein to the tumor and not to the non-cancerous tissues [181].

A major advantage of directly engaging caspase-9 or caspase-3 in tumor cells is that they
initiate apoptosis downstream of MOMP. Thus, these engineered cells would theoretically
not be affected by overexpression of anti-apoptotic BCL2 family proteins that block MOMP.
These anti-apoptotic proteins include BCL2, BCL-X|_ and induced myeloid leukemia cell
differentiation protein (MCLZ1) and are upregulated in many human cancers, providing a key
mechanism for resistance to chemotherapy (reviewed in [182]). However, it has been shown
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that caspase-3 activation can induce a positive feedback loop to the mitochondria by
cleaving BID [183]. Thus, it is conceivable that these caspase-9 and caspase-3-based
therapies could induce MOMP to some degree, and this may enhance their cytotoxicity in
tumors that do not overexpress the anti-apoptotic proteins. Consequently, it is important to
measure the efficiency of such approaches in the presence and absence of high levels of
BCL2, BCL-X| and MCL1 to determine their effectiveness in a wide array of cancers. The
iCasp9suicide could be further modified based on our knowledge of the caspase-9 activation
pathway. For example, engineering a caspase-9 that is unable to bind to XIAP could be an
effective means to overcome resistance. The use of additional initiator caspases in the
inducible suicide gene system for cancer treatment has yet to be investigated. However, a
similar approach was used for caspase-8 to selectively remove adipocytes and cardiac
myocytes to develop mouse models of lipoatrophy and heart failure respectively [184, 185].
These studies support the concept that using an inducible caspase-8 for the induction of
apoptosis could potentially be developed for cancer therapeutics. Given the differences in
how the different initiator caspases are activated and their outcomes, it is possible that
exploring the use of caspase-2 or caspase-8 in this system could have dramatically different
effects on the efficiency of cancer cell death in a therapeutic setting.

10. Non-apoptotic functions of caspases

An important consideration when targeting caspase pathways for therapeutic benefit in
cancer is that many caspases have non-apoptotic roles and these roles may help or hinder the
efficacy of tumor killing depending on the context. For example, caspase-2 has been
proposed to have a role in cellular proliferation. Caspase-2 deficient cells proliferate at
higher rates [108, 186] and have evidence of aneuploidy and genomic instability [109, 110].
In MMTV/c-neu mice, mammary tumors from Casp2~~ mice showed little evidence of
altered apoptosis, but displayed a number of indicators of impaired cell division and
genomic instability including an increased mitotic index, abnormal mitoses, karyomegaly,
and multinucleation [110]. Similar evidence of increased genomic instability was shown in
CaspZ™"=1 At~ lymphomas [109]. In the Kras lung tumor model, Casp2~/~ lung tumors
initially responded well to chemotherapy but the tumors promptly rebounded with increased
proliferation compared to the Casp2** mice [111]. In colon cancer, it has been shown that
aneuploidy tolerance associated with somatic mutations in B¢/9L is largely a result of the
impaired ability of BCLIL to induce caspase-2 expression [187]. Caspase-2 has been shown
to cleave murine double minute 2 (MDMZ2) [188], which has been proposed to be a key
effector of the role of caspase-2 in protecting from polyploidy and aneuploidy [187, 189].
MDM?2 is an E3 ligase that targets p53 for proteasomal degradation. MDM2 is cleaved by
caspase-2 at Asp-367, liberating the c-terminal RING domain, thereby preventing
ubiquitination and degradation of p53 and promoting p53 stability and function [188]. Thus,
in the absence of caspase-2, DNA-damage-induced expression of the p53 target genes Pidd,
p21, and MdmZ2was decreased [110]. This promotion of the p53 pathway may underlie the
proposed role of caspase-2 in regulating cell division. However, caspase-2 has been shown to
function in the absence of p53 [190] so any role of caspase-2 on cell cycle in a p53-deficient
context needs to be investigated.
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While the roles of caspase-2 in inducing apoptosis and limiting cell proliferation may both
be expected to have an overall positive impact on impairing cancer growth, non-apoptotic
roles of other caspases have been shown to have opposing effects on cancer growth and
treatment outcomes. In addition to inducing apoptosis, caspase-3 can impair tumor growth
and progression by cleaving substrates that do not have a direct role in apoptosis. Ras
GTPase (RasGAP) is a caspase-3 substrate that, when cleaved at positions 157 and 455,
sensitizes tumor cells to apoptosis [191]. However, under conditions of low cellular stress
that lead to a low level of caspase-3 activation, caspase-3 only cleaves RasGAP at position
455, producing an N-terminal fragment that activates the Ras-PI13K-AKT pathway,
promoting survival [191]. The calcium-independent phospholipase A, (iPLA)) is a
caspase-3 substrate that, when cleaved, promotes cellular proliferation [192]. This appears to
provide a mechanism whereby caspase-3 can trigger tumor cell repopulation. Immune
compromised mice were engrafted with tumor cells in the presence of dying wild type or
Casp3~ mouse embryonic fibroblasts (MEF). The resulting tumors showed a strikingly
lower rate of growth, caspase-3 activation, and cell proliferation in the presence co-injected
cells deficient in caspase-3 [192]. This suggested the caspase-3 replete dying cells released a
growth signal to boost proliferation of surrounding tumor cells. This signal was identified as
cleaved iPLA,. Inactivation of caspase-3 has been shown to have additional anti-tumor
effects. In the colon cancer cell line, HCT116, CRISPR/Cas9 knockout of caspase-3 resulted
in reduced colony forming ability in soft agar and increased sensitivity to radiation and
mitomycin C-induced cell death. Upon engraftment into mice, these cells showed similar
rates of tumor growth but the caspase-3 deficient tumors responded significantly better to
radiotherapy with lower rates of lung metastases. The caspase-3 deficient cells had reduced
expression of N-cadherin, Snail, Slug, and zinc finger E-box-binding homeobox 1 (ZEB1),
all proteins known to promote metastasis [193]. Thus, in certain conditions, caspase-3
appears to promote metastasis.

As discussed, caspase-8 can exert a pro-survival function by inhibiting RIPK3-dependent
necrosis. While this mechanism is usually associated with immune defects, necroptosis of
endothelial cells induced by tumor cells has been shown to induce metastasis. This process
was enhanced when caspase-8 was inactivated in the endothelial cells [194]. It has been
shown that under non-apoptotic conditions, caspase-8 in transformed cells can potentially
contribute to metastasis by increasing cell motility through the promotion of calpain
activation, an important driver of cytoskeletal remodeling through Rac activation,
lamellipodia formation, and cell adhesion turnover [195]. Thus, different non-apoptotic
functions of caspase-8 may both positively and negatively affect outcomes in cancer.

When the mitochondrial pathway is engaged, MOMP had long been considered to be a
complete process, with all mitochondria being permeabilized at once [196]. More recent
studies have challenged this view, showing that it is possible for only a small subset of the
mitochondria in a cell to undergo MOMP. This process has been termed minority MOMP
[197]. Minority MOMP has been shown to induce small amounts of caspase activation that
are not sufficient to induce apoptosis. Instead, through cleavage of the caspase-3 substrate,
ICAD, which is an inhibitor of the DNase CAD, CAD-mediated DNA damage ensues,
which can lead to accumulation of genomic instability. The fact that low levels of caspase
activity can result in outcomes that could either increase resistance to therapies or enhance
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tumor growth is an important consideration when targeting caspase pathways. As discussed,
in trials using the caspase-9 suicide gene, up to 10% of the cells do not undergo apoptosis
despite expressing the /Casp9. While it has not been investigated whether this small
population of cells induced lower levels of caspase activation or if these cells show any
evidence of genomic instability or proinflammatory markers, these events should be
considered when translating these studies to more direct tumor killing mechanisms. To avoid
relapse or developing resistance to these therapies, these approaches need to develop to the
point that they induce maximal apoptosis in the tumors and the biological characteristics of
the cells left behind need to be fully evaluated.

10. Caspase independent cell death

Under many circumstances, even if caspases are inhibited, cell death will still occur by some
mechanism. This is especially true of the intrinsic pathway. MOMP is often considered the
point of no return in cell death. For example, in a study of Apafi-knockout embryonic stem
cells, deficiency in APAF1 was not sufficient to block cell death but inhibition of MOMP by
overexpression of BCL2 allowed cell survival [198]. Similarly, cells lacking both effectors
of MOMP, BCL2 associated X apoptosis regulator (BAX) and BCL2-antagonist killer 1
(BAK), are completely resistant to stimuli that engage the mitochondrial pathway [199].
Thus, if caspases are blocked downstream of MOMP, caspase-independent cell death
(CICD) will occur, whereas if MOMP is blocked, the cell will survive. CICD is thought to
occur primarily as a result of eventual loss of ATP from the mitochondria due to MOMP.
However, the release of apoptosis inducing factor (AlF) and endonuclease G (EndoG) from
mitochondria has also been proposed to play a role. EndoG is an apoptotic DNase that, once
released from the mitochondria, translocates to the nucleus to induce DNA fragmentation
independent of caspases [200]. AIF similarly translocates to the nucleus to induce DNA
fragmentation and peripheral chromatin condensation in the absence of caspases [201].
However, most documented forms of CICD are not characterized by fragmented nuclei and
other mechanisms are likely involved.

There are a number of consequences of CICD. Studies have shown that, in the absence of
caspases, both the NFxB and the cGAS/STING pathways are engaged. These independent
pathways result in a proinflammatory response that have anti-tumor effects. For example,
CICD-associated NFxB activation led to a profound reduction in the growth of BCL2-
dependent tumors [202]. Release of mtDNA from the mitochondria as a result of
mitochondrial inner membrane permeabilization following an apoptotic stimulus has been
shown to activate cGAS/STING when caspases are blocked or under conditions of minority
MOMP [203, 204]. cGAS/STING induces the type | interferon response. By inducing an
immune response this pathway may also have an anti-tumor effect but this has not been
directly investigated. Together, these studies show that inducing CICD rather than apoptosis
may have a therapeutic benefit when treating certain cancers. If CICD was more effective at
inducing an anti-tumorigenic response, then blocking caspase activation downstream of
MOMP through APAF-1 removal would be expected to result in improved outcomes.
Arguing against this is the fact that epigenetic silencing of APAF-1 in melanoma cell lines is
associated with increased chemoresistance [205], and loss of heterozygosity of APAF-1 did
not correlate with changes in overall survival [206]. Nonetheless, it is not clear if this would
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be the case in all cancer types. While many caspase inhibitors have been patented for use in
diseases ranging from stroke to neurodegeneration [207], their efficacy, if any, in
combination with chemotherapy for cancer treatment has not been explored.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has been shown to protect from
CICD [208]. GAPDH is overexpressed in many human tumors [209] and its overexpression
results in accelerated Ep-Myc lymphomagenesis [210]. Overexpression of GAPDH
increased glycolysis and enhanced autophagy by increasing expression of autophagy related
12 (Atg12). These two processes appear to cooperate to inhibit CICD [208]. In the absence
of caspase activation, GAPDH has also been shown to stabilize the AKT pathway leading to
a mildly increased BCL-X|_ expression. The increased expression of BCL-X| was sufficient
to protect a subset of mitochondria from MOMP leading to increased clonogenic outgrowth
[211]. This form of incomplete MOMP (iMOMP) can occur regardless of the presence or
absence of caspase activity, but, when caspases are blocked, there is a strong correlation
between iIMOMP and recovery from CICD and transformation potential [212].

11. Conclusions

In summary, approaches that directly induce caspase activation or lift the brakes on existing
inhibitors of caspase activation represent promising strategies for the treatment of different
types of cancer. However, certain challenges remain. Since the discovery of the caspase
family of proteases, our knowledge of their functions has expanded from being solely drivers
of apoptosis to having multifaceted roles in cellular biology ranging from regulating cellular
proliferation to inducing genomic instability. Adding to this complexity, different substrate
repertoires of individual caspases that change with cell types and disease progression can
significantly impact the outcome of activation of a specific caspase. Because of these diverse
roles, insufficient or incomplete activation of caspases may even contribute to
chemoresistance or resurgence of tumor growth. Thus, in order to completely leverage the
apoptotic caspase pathways for therapeutic or preventative purposes both the mechanisms
and full consequences of their activation need to be considered and their multiple critical
roles in determining cell fate need to be fully understood. Great strides have been made in
elucidating these biochemical pathways and will ensure that these challenges can be
overcome to provide continued improvements in the development and application of new
therapeutic strategies to prevent and cure cancer.
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AlF apoptosis inducing factor

ALL acute lymphoblastic leukemia
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AML acute myeloid leukemia

APAF1 apoptotic peptidase activating factor 1
ATM ataxia-telangiectasia mutated

BAK BCL2-antagonist killer 1

BAX BCL2 associated X apoptosis regulator
BCL proapoptotic B-cell lymphoma

BID BH3-interacting domain death agonist
BIR baculovirus IAP repeat

CAD Caspase-activated DNase

CARD caspase recruitment domain

c-FLIPL cellular FLIP long

c-FLIPS cellular FLIP short

cGAS cyclic GMP-AMP synthase

clAP cellular inhibitor of apoptosis protein
CICD caspase-independent cell death

CID chemical inducer of dimerization

DD death domain

DED death effector domain

DIABLO direct IAP binding protein with low pl
DISC death inducing signaling complex
EndoG endonuclease G

FADD fas-associated protein with death domain
FLIP FLICE (FADD-like IL-1p-converting enzyme)- inhibitory protein
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GvHD graft-versus-host disease

HDAC Histone deacetylase

HER human epidermal growth factor receptor
HOIL1 heme-oxidized IRP2 ubiquitin ligase 1
HOIP HOIL1-interacting protein
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HtrA2
IAP
iCasp9
IKKy
iMOMP
iPL A2
LUBAC
MALT
MCL-1
MDM2
MEF
MLKL
MOMP
MSC
NEMO
NFxB
NIK
NSCLC
PARP
PIDD
RasGAP
RhoGDI
RIPK1
ROCK1
Sharpin
Smac

STING

High temperature requirement protein A2

inhibitor of apoptosis proteins

inducible version of caspase-9

inhibitor of nuclear factor kappa-B kinase subunit gamma
incomplete MOMP

calcium-independent phospholipase A2

linear ubiquitin assembly complex

Mucosa-associated lymphoid tissue

myeloid leukemia cell differentiation protein

murine double minute 2

mouse embryonic fibroblasts

mixed lineage kinase domain like pseudokinase
mitochondrial outer membrane permeabilization
mesenchymal stromal cells

NF-kappa-B essential modulator

nuclear factor kappa-light-chain-enhancer of activated B cells
NF«xB inducing kinase

non-small-cell lung cancer

poly-ADP ribose polymerase

p53-induced death domain protein

Ras GTPase

Rho GDP-disassociation inhibitor
receptor-interacting serine/threonine-protein kinase 1
Rho-associated coiled coil containing protein kinase 1
SHANK Associated RH Domain Interactor

second mitochondria-derived activator of caspases

stimulator of interferon genes
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Highlights
. The caspase family of proteases are essential to initiate and execute apoptotic
cell death.
. Deregulation of caspase expression and activation contributes to cancer and

resistance to cancer therapies.

. Targeting apoptotic caspase pathways by gene therapy approaches or by
targeting endogenous caspase inhibitors represents a promising therapeutic
strategy for cancer treatment.

. Many caspases have non-apoptotic functions that need to be considered when
targeting caspase pathways in cancer.
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Figure 1. The human apoptotic caspases.
A schematic representation of the domain organization of the human apoptotic caspases is

shown. The caspases are divided into the initiator caspases and the executioner caspases.
Each caspase comprises a prodomain and a large and small catalytic subunit. Initiator
caspases have long prodomains containing the protein:protein interaction motifs, caspase
recruitment domain (CARD) or death effector domain (DED), as indicated. The cleavage
sites for each caspase are depicted with red arrows.
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Active caspase-3 heterotetramer Inactive caspase-3 Active caspase-3

Figure 2. Structure of the caspase-3 heterotetramer.
The crystal structure of the active caspase-2 heterodimer (/ef?) and a ribbon diagram of the

structure (right) are shown. The large (p20) and small (p10) subunits of the heterodimer are
depicted in blue and yellow respectively. Caspase-3 is shown bound to the inhibitor z-
DEVD-cmk (cyan). The catalytic histidine and cysteine are shown in red. The loops, L1
(magenta), L2 (black), LH (green), L3 (orange), and L4 (pale pink) make up the active
pocket. Caspase-3 is activated by cleavage of the intersubunit linker (L2). Cleavage of the
intersubunit linker opens up the active pocket, exposing the active cysteine (red star). For
clarity, the loops, catalytic residues, and inhibitor are only highlighted in one half of the
heterotetramer. The molecular models of the protein structures were created using PyMOL
v1.3.Edu with the full length caspase-3 crystal structure (PDB:2DKO) [38].
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Figure 3. The mitochondrial pathway of apoptosis.
Diverse cellular stresses such as DNA damage, ER stress, and metabolic stress activate the

intrinsic pathway leading to mitochondrial outer membrane permeabilization (MOMP).
MOMP allows for the release of cytochrome c, second mitochondria-derived activator of
caspases/ direct IAP binding protein with low pl (Smac/DIABLO), and Omi/ high
temperature requirement protein A2 (HtrA2) from the mitochondrial intermembrane space.
Cytochrome ¢ binds to the WD repeats (red rectangle) of apoptotic peptidase activating
factor 1 (APAFL), inducing a conformational change that opens up the molecule. This allows
multiple molecules of APAF1 to oligomerize and assemble into the APAF1 apoptosome.
The apoptosome recruits and activates caspase-9, which then activates caspase-3 and
caspase-7 leading to apoptosis. Smac/DIABLO and Omi/HtrA2 bind to XIAP to prevent it
from inhibiting active caspases.
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Figure 4. The death receptor pathway of apoptosis.
At the plasma membrane, the ligands CD95L, TNF-related apoptosis-inducing ligand

(TRAIL), and tumor necrosis factor a (TNFa) induce multimerization and activation of the
death receptors CD95, TRAIL R1/R2, and TNFR1 respectively leading to death-inducing
signaling complex (DISC) assembly. The CD95 or TRAILR1/R2 DISC leads to caspase-8
induced proximity via fas-associated protein with death domain (FADD)binding the
intracellular death domain (DD) of the receptor and the death effector domain (DED) of
caspase-8. Caspase-8 activates the downstream caspases directly or indirectly through BID
cleavage and mitochondrial outer membrane permeabilization (MOMP). TNFR1 recruits
receptor-interacting serine/threonine-protein kinase 1 (RIPK1), TNFR1-associated death
domain protein (TRADD), TNF receptor associated factor 2 (TRAF2), cellular inhibitor of
apoptosis protein 1/2 (clAP1/2), and linear ubiquitin assembly complex (LUBAC),
comprised of HOIL1-interacting protein (HOIP), heme-oxidized IRP2 ubiquitin ligase 1
(HOIL1), and SHANK Associated RH Domain Interactor (Sharpin). LUBAC adds linear
ubiquitin chains (Ub) to RIPK1 and NF-kappa-B essential modulator (NEMO)to recruit the
inhibitor of nuclear factor kappa-B kinase (IKK)complex to activate nuclear factor kappa-
light-chain-enhancer of activated B cells (NFxB) (p50/p65). clAP1/2 induce NIK
degradation to inhibit non-canonical NFxB (RelB/p50). In the absence of clAP1/2, TRADD/
RIPK1/TRAF2 disassociates from the plasma membrane and recruits FADD and caspase-8
(Complex I1a) to induce apoptosis. In the absence of caspase-8, RIPK1 forms a complex
with RIPK3 (Complex Ilb). RIPK3 induces phosphorylation of mixed lineage kinase domain
like pseudokinase (MLKL), resulting in necroptosis. Cellular-FLICE inhibitory protein long
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or short (c-FLIP s) can form heterodimers with caspase-8. At high concentrations c-FLIP_
and c-FLIPq inhibit caspase-8 activation. c-FLIP|_ interaction with caspase-8 within complex
Ila destabilizes the complex I1b, promoting survival. For simplicity, c-FLIPg is shown in the
DISC and c-FLIP,_is shown in complex lIla but the isoforms can interact with both
complexes.
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