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Abstract Programmed cell death plays a central role in

the regulation of homeostasis and development of multi-

cellular organisms. Deregulation of programmed cell death

is connected to a number of disorders, including cancer and

autoimmune diseases. Initiation of cell death occurs in the

multiprotein complexes or high molecular weight plat-

forms. Composition, structure, and molecular interactions

within these platforms influence the cellular decision

toward life or death and, therefore, define the induction of a

particular cell death program. Here, we discuss in detail the

key cell-death complexes—including DISC, complex II,

and TNFRI complex I/II, and the necrosome, RIPopto-

some, apoptosome, and PIDDosome—that control

apoptosis or necroptosis pathways as well as their regula-

tion. The possibility of their pharmacological targeting

leading to the development of new strategies of interfer-

ence with cell death programs via control of the high

molecular weight platforms will be discussed.
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Introduction

Programmed cell death (PCD) is an evolutionarily con-

served process in multicellular organisms that regulates

normal homeostasis in various tissues and cell types [1].

For many years, apoptosis was described as the only

example of PCD, but nowadays several cell death modal-

ities are known to represent the whole spectrum of PCD,

including apoptosis, programmed necrosis, and autophagy

[2]. Modes of PCD can be distinguished by their mor-

phological and biochemical features. Apoptotic cell death

is usually accompanied by membrane blebbing, cell

shrinkage, chromatin condensation, DNA fragmentation,

and engulfment of dying cells by macrophages or neigh-

boring cells [3]. In contrast to apoptosis, programmed

necrosis, or necroptosis, can be characterized by the

rounding of cells, cytoplasmic swelling, dysfunction of cell

organelles, rupture of the plasma membrane, and uncon-

trolled spilling of the intracellular content [4, 5]. The

apoptotic program of cell death is mediated via specific

regulatory and executory proteins, i.e., caspases. These

enzymes belong to the family of cysteinyl-specific aspar-

tate proteases [6, 7]. To date, 13 mammalian caspases have

been identified as reviewed in [8, 9]. The caspase family of

proteins can be classified into three groups based on their

cell functions. The first group is the initiator caspases

(caspase-2, -8, -9, -10), which are activated in multiprotein

complexes resulting in the processing and activation of

effector caspases, the second group of proteases. The latter

group (caspase-3, -6, -7) are the key executioners in the

cell-death machinery, which can cleave multiple cellular

substrates leading to the destruction of the cell [10]. The

third group comprises inflammatory caspases (caspase-1,

-4, -5), which are involved in immune responses to

microbial pathogens [9, 11]. Activation of inflammatory
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caspases, such as caspase-1 and -5, also occurs in an

intracellular complex, which is designated the inflamma-

some [9, 11].

Caspases are synthesized as inactive proforms (zymogen

or procaspase) consisting of a prodomain, the large subunit

p20, and the small subunit p10 [10, 12–15]. The large

prodomain of initiator caspases contains specific structural

motifs: DED (death effector domain) or CARD (caspase

recruitment domain) [16]. These motifs are involved in the

recruitment of caspases to the multiprotein complexes via

homotypic interactions with other proteins [16, 17]. The

assembly of these initiation platforms provides unique

conditions for high local caspase concentration that allows

the dimerization of inactive monomers, which is a pre-

requisite for their activation [17, 18]. During activation, the

zymogen is cleaved at specific aspartate residues, large and

small subunits are separated, and the N-terminal domain is

removed to form an enzymatically active heterotetramer

(p20–p10)*2 [19]. It has become increasingly evident that

the multiprotein complexes play a crucial role in cell death

signaling and that understanding the mechanism of the

complex formation and activation may provide opportuni-

ties for the control of cell death processes. Here we discuss

the current knowledge of mechanisms of formation of

complexes, and their potential therapeutic benefit.

Caspase-activating platforms in death receptor

signaling: DISC and complex I/complex II

Apoptosis can be induced via activation of extrinsic or

intrinsic pathways. The extrinsic apoptotic pathway is

triggered by binding of extracellular ligands to their cog-

nate death receptors (DRs), such as CD95 (APO-1/Fas),

TRAIL-R1/TRAIL-R2 (TRAIL receptor 1/2) and TNFR

(tumor necrosis factor receptor) as discussed in [3]. DRs

belong to the TNFR superfamily and are characterized by

the presence of an intracellular death domain (DD) [16]. A

number of adaptor molecules are recruited to the DD and

participate in the transduction of the extrinsic death signal.

The activation of CD95 or TRAIL-R results in the for-

mation of the DISC (death-inducing signaling complex).

DISC comprises the oligomerized receptor, Fas-associated

DD (FADD), initiator zymogens procaspase-8 and pro-

caspase-10, and the regulatory protein cellular FLICE

inhibitory protein (c-FLIP) [20, 21] (Fig. 1). The interac-

tions between proteins at the DISC are based on the

homotypic contacts [22]. The DD of the receptor interacts

with the DD of FADD, whereas DED of FADD interacts

with DED-containing procaspase-8/10 and c-FLIP. The

ratio between the core DISC proteins DR, FADD, and

procaspase-8 was considered to be 1:1:1 [3]. However,

recently it was reported that the stoichiometry is different

from that predicted and procaspase-8 exceeds FADD at the

DISC by several fold [23, 24]. Furthermore, it was shown

that at the DISC the DED-containing proteins procaspase-

8/-10 and c-FLIP form so-called DED chains via interac-

tions of their DEDs. In this way, procaspase-8 can form

homodimers, leading to the efficient activation of caspase-

8. Moreover, the length of procaspase-8 chains is con-

trolled in a dynamic fashion and depends on several

factors, such as CD95 stimulation strength, concentration

of procaspase-8 in the cell, and the turnover rate of pro-

caspase-8 at the DISC [23]. In particular, it was shown that

longer chains could be formed upon low DR stimulation

strength, reflecting the chain dynamics at the DISC. Thus,

the control of the length of DED chains is one of the key

factors in the regulation of procaspase-8 activation [23].

The activation of procaspase-8 is an autoproteolytic

process that occurs upon its oligomerization at the receptor

complex [18, 25, 26]. Caspase-8 processing is mostly

described by a two-step model, which includes the cleav-

age between the protease domains, and between the

prodomain and the large protease subunit. Initially,

zymogen is cleaved to form the p43/41 and p10 subunits.

Further, the p43/41 subunit is processed to produce the

prodomain p26/p24 and p18. These cleavage processes

lead to the formation of the caspase-8 active heterotetramer

(p18/p10)*2 at the DISC. Subsequently, the mature cas-

pase-8 is released into the cytosol to trigger the apoptotic

pathways [21]. In addition to the classical two-step cleav-

age mechanism, an alternative cleavage mechanism of

procaspase-8 processing at the DISC was described, which

involves formation of the C-terminal cleavage product p30

[27, 28]. The importance of p30 in regulation of procas-

pase-8 activation at the DISC has to be further addressed.

The stimulation of TRAIL-R or CD95 results in the

formation of not only membrane-associated DISC, but in

the assembly of secondary cytoplasmic signaling com-

plexes [29, 30]. According to the initial reports, the CD95

secondary complex includes FADD, procaspase-8, and

c-FLIP and does not comprise CD95 (Fig. 1). This com-

plex potentially enhances the activation of initiator

caspase-8 in the cytosol and the apoptotic process [30].

Later, it was reported that the secondary complex also

contains the protein receptor-interacting protein 1 (RIP1)

and—depending upon its modification status, stimulation

conditions, and cell line—it could promote both nuclear

factor (NF)-jB activation and necroptotic cell death; the

latter will be discussed below [31, 32]. The TRAIL-R

secondary complex contains FADD, procaspase-8, and

several factors, e.g., RIP1 (receptor-interacting serine/

threonine-protein kinase 1), TNFR-associated factor 2

(TRAF2) and NF-jB essential modulator (NEMO), also

known as IKKc, which are involved in NF-jB activation

[29]. Recently, it has been shown that TRAIL-R and

CD95- induced complex II also mediate chemokine
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production and macrophage migration [29, 31]. Therefore,

the stimulation of TRAIL-R/CD95 induces not only cell

self-destruction, but also macrophage phagocytosis of

apoptotic cells.

TNFR1 signaling has some similar and distinct features

compared to CD95- or TRAIL-R1/2 pathways as reviewed

in [33]. The stimulation of TNF-R1 triggers pro-inflam-

matory and immune-stimulatory activity, e.g., JNK, p38-

MAPK, and NF-jB pathways [34]. The TNF-R1 stimula-

tion results in the assembly of two signaling complexes:

complex I and II (A/B) [17, 35]. Once stimulated, TNF-R1

recruits the adaptor molecule TNFR-associated death

domain protein (TRADD), RIP1, TRAF-1/2, cellular

inhibitor of apoptosis (cIAP-1/2), and the linear ubiquitin

chain assembly complex (LUBAC) complex containing

heme-oxidized IRP2 ligase (HOIL), HOIP, and Sharpin,

leading to formation of TNF-R1 complex I [36–38]

(Fig. 1). Complex I can promote efficient NF-jB activation

via attachment of polyubiquitin chains to RIP1 and

recruitment of NEMO [37]. Recently, the key role in this

process has been attributed to the linear ubiquitination

mediated by the LUBAC complex, and the functional

details of this process are currently at the center of intense

investigation [37, 38].

According to a number of reports, procaspase-8 could

not be found in TNFRI complex I [36, 39]. These obser-

vations led to the search for the alternative platforms of

caspase-8 activation and resulted in the elucidation of the

TNF-R complex II, which is formed upon TNF-R1 stim-

ulation, but lacks receptor [35]. The mechanistic details of

complex II formation remain unclear. It was suggested that

dissociation of RIP1 and TRAF2 from complex I facilitates

the release of TRADD into the cytoplasm and its associa-

tion with FADD via DD interactions. Further, procaspase-8

is recruited to the FADD/TRADD complex to form com-

plex IIA (or TRADDosome) [17]. Activation of

procaspase-8 occurs in the TRADDosome and triggers

downstream death signaling (Fig. 1). Notably, NF-jB

system can regulate c-FLIP expression. Consequently,

apoptotic signals from complex IIA are suggested to be

prevented by NF-jB activation, resulting from complex I,

while a low activity of complex I permits complex IIA to

induce apoptosis, unhindered by c-FLIP [35]. Apoptotic

death can also be induced by a TRADD-independent

platform, named complex IIB, which consists of RIP1,

FADD, and procaspase-8 as reviewed in [17].

The regulation of caspase activity at the DISC and

complex II TNFR-1 is provided by the DED protein

c-FLIP. Alternative splicing leads to formation of three

c-FLIP isoforms: L (long), S (short), and R (Raji) as dis-

cussed in [40]. All three isoforms contain tandem DEDs,

while c-FLIPL additionally has the C-terminal inactive

caspase-like domain. The isoforms c-FLIPS and c-FLIPR

can be recruited to the DISC via DED interactions and

negatively regulate the activation of procaspase-8 [41]. The

isoform c-FLIPL has two functions: pro-apoptotic and anti-

apoptotic [42]. The long isoform can increase activation of

caspase-8 via formation of catalytically active procaspase-

8–c-FLIPL heterodimers [43]. The optimal amount of these

heterodimers for pro-apoptotic function of c- FLIPL is

achieved under conditions of strong stimulation of the DR

or a high concentration of c-FLIPS/R [42]. It has been

shown that c-FLIP controls the threshold behavior of DR-

induced apoptosis, and thereby it is likely that c-FLIP can

block apoptosis upon spontaneous activation of DR as

described in [40].

Thus, the main function of the multiprotein platforms

DISC or TNFR (IIA/B) complexes is to generate optimal

conditions for activation of initiator caspase-8, which

triggers downstream death pathways.

Necrosome/RIPoptosome as necroptosis-initiating

platforms

Programmed necrosis or necroptosis is a highly regulated

multistep program of cell death that intersects with the

regulation of apoptosis. Necroptosis is crucially different

from apoptosis by the cellular morphology and drastically

different signaling pathways, e.g., necroptosis is indepen-

dent of effector caspase activation as reviewed in [4, 5, 44].

In many cells, the mode of PCD can be transformed from

apoptosis to necroptosis by blocking of the former by

synthetic pancaspase inhibitor zVAD-fmk or viral proteins,

e.g., serpins.

As described above, the stimulation of TNFR1 leads to

the formation of complex I, which promotes NF-jB acti-

vation or transition to complex II. Under conditions of

apoptosis induction, active caspase-8 cleaves RIP1 and

inactivates it, but when caspase activity is blocked, nec-

roptotic cell death is triggered. RIP1 plays the central role

in the transduction of the necroptotic signal as discussed in

[44, 45]. Upon necroptosis induction, RIP1 interacts with

kinase RIP3 via RHIM domains, forming amyloid fibers

according to the recent X-ray structure of this complex

[46–48]. Since caspase-8 is inhibited, RIP1 and RIP3

participate in the formation of the necroptosis-inducing

complex, the so-called ‘‘necrosome’’ [46]. This complex

includes FADD, caspase-8, RIP1, and RIP3 (Fig. 1). The

adaptor molecule TRADD also may be a part of this

complex, but this requires further clarification [46]. The

post-translational modification of RIP1 plays a key role in

necroptosis induction: its deubiquitination and phosphory-

lation seem to be essential for necroptosis initiation [45].

The first inhibitor of RIP1 developed by chemical screen-

ing [49], Nec-1 (necrostatin-1), blocks phosphorylation of

RIP1 and thereby necroptosis [50, 51]. Recently, a number
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of more effective inhibitors of necroptosis including Nec-3

were developed and successfully used in in vivo experi-

ments [50, 52]. Importantly, necroptosis induction

promotes RIP3 phosphorylation and activation by RIP1,

which in turn phosphorylates the mixed-lineage kinase

domain-like (MLKL) protein, the crucial protein for nec-

roptosis death signal transduction [48, 53, 54]. The

N-terminal region of MLKL is reported to be required for

oligomerization and triggering cell death [55–57]. The

positively charged amino acids of this region bind to

phosphatidylinositol phosphate, which allows the recruit-

ment of MLKL to the plasma membrane and necroptosis

induction by directly permeabilizing the cell membrane

[55]. However, recent studies have shown that RIP3 might

also induce necroptosis by a RIP1-independent mechanism

[58]. Thus, the molecular execution mechanism of nec-

roptosis remains unclear and requires further detailed

investigation.

Another important necroptosis-inducing multiprotein

platform is the ‘‘RIPoptosome’’ [59, 60]. Its formation

depends on the activity of cellular inhibitors of apoptosis

proteins (cIAPs) 1/2. cIAPs ubiquitinate core components

of the complex, in particular, RIP1, which leads to the

proteosomal degradation of the complex and suppresses

RIPoptosome formation [59, 60]. The downregulation of

cIAPs by Smac (second mitochondria-derived activator of

caspases) mimetics or genotoxic stress triggers formation

of the RIP1/FADD/caspase-8 complex independently of

the involvement of TNF, TRAIL, CD95L, or mitochondria,

and induces caspase-8-mediated apoptosis or caspase-

independent necroptosis. Interestingly, it has been shown

that the RIPoptosome can be recruited to other signaling

platforms, such as the Toll-like receptor-3, and therefore,

could initiate necroptosis upon immune or pro-inflamma-

tory signals [59].

The cross-talk between necroptosis and apoptosis is

controlled by the balance of caspase-8 and c-FLIP isoforms

[59, 61]. It has been proposed that formation of caspase-8

homodimers within the RIPoptosome results in its catalytic

activity and induces apoptosis. In contrast, formation of

caspase-8–c-FLIPL heterodimers results in limited catalytic

activity, which is not sufficient to trigger apoptosis but

could cleave RIP1. This in turn leads to RIPoptosome

disassembly and cell survival. Upon interaction of hetero-

dimerized caspase-8 with the short c-FLIP isoform,

caspase-8 activation and RIP1 cleavage are inhibited,

thereby promoting RIPoptosome formation. In this situa-

tion, apoptosis is blocked and necroptotic cell death is

activated [59, 61] (Fig. 1). Recently, it has been shown that

depletion of RIP1 can switch TNF-induced necroptosis to

apoptosis [62]. This fact demonstrates that RIP1 is a neg-

ative regulator of FADD–caspase-8-mediated apoptosis

and shows that the absence of RIP1 can promote the

interaction of pro-apoptotic proteins, and can facilitate the

formation of complex IIA. Furthermore, the depletion of

RIP3 or MLKL can also shift TNF-induced necroptosis to

apoptosis, which indicates that RIP3 and MLKL also

negatively control FADD–caspase-8-mediated apoptosis

[63]. Interestingly, apoptosis induction upon depletion of

RIP3 or MLKL can be inhibited by Nec-1. These data

demonstrate that RIP1 kinase activity is involved in the

regulation of the switch between apoptosis and necroptosis

[63].

Although the core components of the RIPoptosome and

the necrosome have been identified, the stoichiometry of

these complexes is still unknown. It is clear that further

investigation of complex components will help to fully

understand the mechanism of PCD regulation.

Apoptosome: the caspase activation platform

in intrinsic apoptosis

The intrinsic (or mitochondrial) apoptotic pathway can be

triggered by different cellular stresses, including DNA

damage, heat shock, accumulation of unfolded proteins in

the endoplasmic reticulum, or nutrition deprivation [64].

These apoptotic stimuli lead to the mitochondrial outer-

membrane permeabilization (MOMP) and the release of

cytochrome c from the intermembrane space into the

cytosol. Cytochrome c is associated with binding sites on

the inner membrane that contain cardiolipin molecules.

The oxidation of cardiolipin leads to dissociation of cyto-

chrome c from this phospholipid [65]. Upon release from

the mitochondria, cytochrome c binds to Apaf-1 in a dATP/

ATP-dependent manner and triggers nucleotide exchange

and the stepwise assembly of the ring structure [66].

Multiple copies of procaspase-9 bind to the Apaf-1 ring to

form the apoptosome, the central signaling initiator plat-

form for caspase activation in the mitochondria-mediated

pathway (Fig. 1). The core apoptosome components have

been characterized using proteomics approaches [67, 68].

These studies have demonstrated that Apaf-1, caspase-9,

caspase-3 and XIAP are the major constituents of native

apoptosomes and that cytochrome c is not stably associated

with the active complex. A direct comparison of the

structure of Apaf-1 in the apoptosome to the Apaf-1

monomer reveals conformational changes that occur during

the first two steps of assembly. This includes an induced-fit

mechanism for cytochrome c binding to regulatory b-pro-

pellers, which is dependent on shape and charge

complementarity, and a large rotation of the nucleotide-

binding module during nucleotide exchange. These con-

formational changes create an extended Apaf-1 monomer

and drive apoptosome assembly. The Apaf-1 CARD has to

be free to interact with a procaspase-9 CARD either before
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or during apoptosome assembly. Irrespective of the timing,

the end product of assembly is a holo-apoptosome with an

acentric CARD–CARD disk and tethered procaspase-9

catalytic domains [69]. The interaction of procaspase-9

with Apaf-1 within the apoptosome increases procaspase-9

local concentration, which allows formation of catalyti-

cally active caspase-9. Malladi et al. [70] have shown that

procaspase-9 is processed only through the CARD-dis-

placement mechanism. It is a continuous cycle of

procaspase-9 recruitment/activation in which cleaved cas-

pase-9 is substituted by procaspase-9 and released from the

apoptosome. Five to seven procaspase-9 molecules seem to

be recruited to the apoptosome at the same time [71–73].

Even though multiple caspase-9 molecules can bind to the

apoptosome, at any time period only 1–2 molecules of

caspase-9 are active [74]. Importantly, the Apaf-1 apop-

tosome functions as a proteolytic-based ‘‘molecular timer’’

[70]. The intracellular concentration of procaspase-9 sets

the overall duration of the timer, procaspase-9 autopro-

cessing activates the timer, and the rate at which the

processed caspase-9 dissociates from the complex dictates

how fast the timer ‘‘ticks’’ over.

Until recently, a number of observations and experi-

ments supported the proximity-induced dimerization model

of procaspase-9 activation in which catalytic domains are

brought into close contact with each other within the ap-

optosome. It is thought that the active caspase is a dimer in

which one monomer is catalytically active, whereas the

second monomer is inactive. Proximity-induced dimeriza-

tion would induce conformational changes in appropriate

regions in procaspase-9 to form the active sites [75, 76].

However, recent detailed studies of the apoptosome sug-

gest an alternative allosteric model of procaspase-9

activation. In this case, the main driving force for caspase

activation is not dimerization, but a direct activation of

caspase-9 upon binding to the apoptosome [66]. Catalytic

domains from a single procaspase-9 may be bound directly

to the apoptosome platform to become active; this action

induces a conformational change of the caspase, which in

turn increases its activity. Furthermore, it has been shown

that autoproteolytic processing of caspase-9 is essential for

its activation [77]. As soon as the apoptosome is formed

and procaspase-9 is processed, downstream executioner

caspase-3 and -7 are recruited to the apoptosome via Apaf-

1 interactions. Further, caspase-9 activates effector casp-

ases and initiates their release from the apoptosome.

Proteolytic function of the apoptosome might be regu-

lated via binding of caspase-3 to the apoptosome and

subsequent inhibition of caspase-9 activity. Indeed, it has

been shown in vitro that high rates of caspase-3 activation

or high amounts of caspase-3 decrease the duration of

apoptosome activity. Caspase-3 and -9 have overlapping

binding sites on the central hub of Apaf-1, which might

allow the formation of hybrid apoptosomes with proteo-

lytic activities of both enzymes [75]. Importantly, caspase-

3 can also cleave Apaf-1, and cleaved Apaf-1 eliminates

binding with caspase-9. On the other hand, the regulation

of caspase activity and ‘‘apoptosome timer’’ duration is

controlled by XIAP (X-linked inhibitor of apoptosis pro-

tein), a natural inhibitor of caspases-9 and -3, and its

antagonist Smac, as well as the other players involved in

IAP-dependent ubiquitination and post-translational modi-

fications [74] (Fig. 1).

PIDDosome as a platform for caspase-2 activation

The PIDDosome was first described as a multiprotein

complex that can act as a procaspase-2 activation platform

upon genotoxic stress, by enabling autocatalytic procas-

pase-2 activation through induced proximity [78, 79]. The

complex assembly is provided by interactions between the

C-terminal fragment of PIDD (p53-induced protein with a

DD), RAIDD (receptor-interacting protein-associated ICH-

1/CED-3 homologous protein with a DD), and procaspase-

2 through their CARD and DD interactions. RAIDD plays

the role of a bridge that binds PIDD via DD:DD interac-

tions and procaspase-2 via CARD:CARD interactions.

In vitro experiments revealed that caspase-2 CARD is an

insoluble protein that can be solubilized by its binding

partner, RAIDD CARD, but not by the full-length RAIDD

[80], indicating that the full-length RAIDD in the closed

confirmation cannot interact with caspase-2 CARD. The

latter can be solubilized and can interact with the full-

length RAIDD in the presence of PIDD DD. Thus, PIDD

DD initially binds to RAIDD, after which caspase-2 can be

recruited to RAIDD via a CARD:CARD interaction. It is

important to note that PIDD can undergo sequential auto-

proteolytic cleavage to produce two different fragments:

PIDD-C and PIDD-CC. PIDD-C is the fragment that is

involved in maintenance of pro-survival and repair func-

tions, while PIDD-CC binds RAIDD and initiates

procaspase-2 activation [81] (Fig. 1). The X-ray crystal

structure of the PIDDosome reveals a ring-like structure of

the complex that includes five molecules of PIDD-CC,

seven molecules of RAIDD, and seven molecules of pro-

caspase-2 [82].

The PIDDosome formation depends on the process of

PIDD cleavage. As mentioned above, the PIDD-CC frag-

ment can interact with RAIDD leading to the formation of

the ‘‘death-related’’ multiprotein complex. The PIDD-C

fragment is known to be a positive regulator of NF-jB

signaling [83, 84]. Therefore, PIDD can play the role of a

molecular switch between cell survival and death. Recent

studies have shown a phosphorylation-dependent regula-

tory mechanism for this switch [85]. The phosphorylation
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of PIDD is controlled by Ataxia telangiectasia mutated

(ATM) and is necessary for the conformational change of

PIDD that allows interaction with RAIDD. The ATM/

ATR-caspase-2 pathway can be blocked by Chk1 (check-

point kinase-1), which suppresses PIDD phosphorylation

and inhibits PIDDosome formation. Interestingly, struc-

tural studies of PIDDosome have revealed the importance

of RAIDD conformation and microenvironmental variants

inside the cell upon genotoxic stress for the formation of

the PIDDosome [80].

Intriguingly, the activation of caspase-2 may occur

regardless of PIDD and RAIDD. There is a lot of evidence

that MEFs from PIDD-deficient mice undergo PIDD-

independent apoptosis that occurs normally in response to

various stress signals [86, 87]. The absence of PIDD does

not affect the normal mouse development, caspase-2 acti-

vation, or cell death induced by apoptotic stimuli. The

downregulation of PIDD and RAIDD by siRNA also failed

to influence processing and activation of caspase-2 after

treatment with 5-fluorouracil [88]. Furthermore, Manzl

et al. [86] reported the formation of high molecular weight

(HMW) complex, which contains caspase-2, in wild-type,

pidd-/-, or raidd-/- SV40-immortalized MEFs after a

temperature shift. The HMW complex containing caspase-

2, but not PIDD or RAIDD, could also be formed upon

cisplatin treatment (our unpublished data). Imre et al. [89]

demonstrated the initiator role of caspase-2 in pore-form-

ing toxin-mediated apoptosis and purified HMW complex

containing caspase-2 under these conditions. This platform

seems to activate caspase-2 in a PIDD/RAIDD-indepen-

dent manner. The obtained data indicate the existence of

alternative cellular platforms for caspase-2 activation.

However, the protein components of these complexes and

the molecular mechanisms are still unknown and demand

further investigation.

When and why is each platform activated?

The formation of multiprotein platforms is accompanied by

the transduction of death signals, and it can be initiated by

different external or internal events, such as crosslinking of

death receptors to their ligands, nutrition deprivation,

treatment with damaging agents, cell stresses, accumula-

tion of unfolded proteins, or heating [90]. However, the

induction of PCD and complexes assembly requires

appropriate conditions. It was suggested that the formation

of DISC depends on the conformation and plasma mem-

brane localization of death receptors. In particular, the pre-

association of CD95 and TNFR via the PLAD domain (pre-

ligand binding assembly domain) was proposed to play an

important role in DISC activation [91, 92]. Nevertheless,

the processes of membrane localization, association with

lipid rafts, and diffusion of death receptors in the cellular

membrane require further investigation. In addition, the

degree of the crosslinking of the death ligands seems to

play a key role in apoptosis induction. Interestingly, there

are a number of studies demonstrating that only the tri-

merized or oligomerized ligand is capable of inducing cell

death, while the monomeric ligand induces the NF-jB

signaling pathway [93]. The activation of caspase-8 at the

DISC is controlled by several mechanisms, including DED

chain formation, post-translational modifications of the

core DISC proteins, and the amount of c-FLIP proteins in

the cells [21]. The ratio between procaspase-8 and c-FLIP

at the DISC as a key factor controlling apoptosis onset was

extensively addressed by systems biology approaches [94].

Activation of caspase-8 downstream from the DISC is

controlled differently in the so-called type I and type II

cells. The DISC formation in type I cells is characterized

by a high level of activated caspase-8, which is able to

directly cleave effector caspase-3 and -7. In contrast, in

type II cells, the signals of PCD are reinforced through

apoptosome activation [95, 96].

The supramolecular necroptotic platforms can be

formed in response to ligation of death receptors (CD95,

TRAIL-R, or TNFR) with cognate death ligands or geno-

toxic stress as well as TLR stimulation [61, 97–99]. When

apoptotic cell death is blocked by a pancaspase inhibitor or

viral proteins, leads to assembly of the necroptosis complex

core RIP1/RIP3, followed by necroptotic cell death; how-

ever, the exact mechanism of RIPoptosome/necrosome

formation and induction is still elusive.

The assembly of the apoptosome starts with the per-

meabilization of the mitochondrial outer membrane

(MOMP), which is controlled by Bcl-2 family members

[100, 101]. The Bcl-2 family includes three groups of

proteins: pro-apoptotic BH3-only proteins, e.g. Bad, Bid

and others, anti-apoptotic multidomain Bcl-2 proteins, such

as Bcl-2, Bcl-w and Bcl-xL, and multidomain pro-apop-

totic proteins, e.g. Bax, Bak. The last group of proteins

undergoes oligomerization upon interaction with BH3-only

proteins, leading to induction of intrinsic apoptosis path-

way. The proteins of the first group can promote the

conformational changes of pro-apoptotic Bcl-2 proteins

and, following oligomerization of Bax and Bak, lead to

MOMP [102, 103]. However, anti-apoptotic Bcl-2 proteins

can prevent Bax-Bak oligomerization, and therefore, the

interactions between Bcl-2 family members regulate

mitochondrial membrane status and subsequently the ap-

optosome assembly.

Another way for the initiation of apoptosome formation

is the mitochondrial permeability transition. The cell

stresses (such as ROS or high concentration of Ca2?) cause

the opening of non-specific pores that are formed by at

least three proteins: the voltage-dependent anion channel
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(VDAC), the adenine nucleotide translocator (ANT), and

cyclophilin D [104]. This process induces the loss of

membrane potential, mitochondria swelling, and rupture of

the membrane that leads to the release of apoptosome

components and cell death.

Interestingly, apoptosome formation plays an important

role in differentiation. A link between apoptosis and dif-

ferentiation was suggested even in the seminal paper on

apoptosis [105]. However, until recently, the mechanism

that separated these two biological processes was unclear.

Analysis of mouse embryonic stem cells undergoing dif-

ferentiation into cardiomyocytes and their apoptosis

revealed a significant time shift in apoptosome formation

during these events, discriminating apoptosis from differ-

entiation [106].

Recently a new role for apoptosome has been suggested

[107]. The authors found that Tango7, an effector of cell

death in Drosophila, collaborates with the active apopto-

some compartment via its C terminus and directly

stimulates the activity of this complex. Such kind of

stimulation led to caspase-dependent cell remodeling and

discriminated process of cell death from remodeling. In

Drosophila this sequence of events was essential to resolve

individual sperm from a syncytium.

The initial steps of PIDDosome formation have not been

clarified as well as the association of DISC or the apop-

tosome. As has been noted above, the PIDDosome

activation depends on the processing of PIDD, which might

be regulated by ATM kinase upon genotoxic stress [85].

However, molecular mechanisms regulating PIDD pro-

cessing and association of PIDDosome components are

poorly understood and require further investigations.

Is it possible to specifically activate any of the platforms

for therapeutic benefit?

During 40 years of research into various aspects of pro-

grammed cell death, including its signaling pathways, it

has been shown that alterations or abnormal activation of

PCD could lead to the development of a number of human

diseases. For example, inefficient activation of PCD is

associated with cancer, autoimmune disorders, and infec-

tion, while enhanced activation of many cell-death

modalities could result in the development of neurological

disorders [108, 109]. Therefore, regulation of PCD by

affecting the platforms of caspase activation and their

assembly could be one of the potential roads for treatment

of a wide spectrum of human disorders.

The targeted activation of the multiprotein platforms

requires special triggers that can promote formation of

complexes. DR ligands (e.g., TRAIL, FasL) seem to be the

most preferable and simple therapeutic strategy because

they directly induce the assembly of the DISC and promote

PCD through activation of the extrinsic pathway. Thus,

TRAIL agonist molecules are being developed and tested

as therapeutics in the treatment of human cancer [110,

111]. Importantly, although TRAIL was suggested to be an

efficient and specific trigger of cancer cell death, accu-

mulating evidence revealed that its killing capacity alone is

limited. However, TRAIL inefficiently sensitizes even

resistant tumor cells to treatment with various anticancer

drugs. [112]. The application of mutant variants of TRAIL

with superior selectivity (WO2009077857) or in combi-

nation with chemical therapeutic agents (WO2000048619)

might improve the efficiency of the treatment and solve

resistance problems [113, 114].

Approaches that trigger the apoptotic intrinsic pathway

through apoptosome formation might also be used for

successful therapeutic strategies. Agents promoting the

process of MOMP and assembly of the apoptosome can

target Bcl-2 family proteins and/or mitochondria [102].

These agents can downregulate the expression of Bcl-2

(antisense oligonucleotides) or activate pro-apoptotic fac-

tors (Bak-delivery vector and BH3-only mimetics) [101].

The BH3 mimetics have demonstrated a high potential for

cancer therapy. In particular, a number of studies were

devoted to the development of ABT-737 and ABT-263 that

are two well-established inhibitors of Bcl-2, Bcl-XL and

Bcl-W interactions, which in turn trigger pro-apoptotic

effects. Clinical trials of ABT-263 in blood cell cancers or

small cell lung cancers have demonstrated considerable

action. Furthermore, recent preclinical trials of ABT-263 in

combination with other drugs have shown increased effi-

cacy. Thus, the further development of BH3 mimetics, in

particular, in combinatory therapy is undoubtedly a

promising strategy [101]. The agents activating pro-apop-

totic factors are able to interact with mitochondrial

membrane components (lipid bilayer, VDAC, ANT) and

promote MOMP and the release of cytochrome c. Another

promising opportunity for the development of the anti-

tumor drugs includes targeting glycolytic pathways in

tumor cells, that are characterized by high level of gly-

colysis known as ‘‘Warburg effect’’ [115]. At present,

many agents that block glycolysis, such as inhibitors of

hexokinase, are being tested in clinical trials.

The activity of the death platforms is also strictly con-

trolled at the level of their post-translational modifications.

Recently, an elegant way of the apoptosome control by

ubiquitination has been described in breast cancer cells. It

has been shown that the ubiquitin E3 ligases, MDM2 and

HUWE1, inhibit the function of the apoptosome complex

by either directly ubiquitinating the apoptosome activator

CAS or indirectly via ubiquitinating anti-apoptotic Mcl-1

and PP5 (protein phosphatase 5) [116]. These findings

specifically suggest the potential for therapy directed

512 A. V. Zamaraev et al.

123



against MDM2 to activate the apoptosome in breast cancer

cells.

It was also found that rapid leukemia engraftment (short

time to leukemia, TTL(short)) in the NOD/SCID/huALL

(non-obese diabetic/severe combined immuno-deficiency/

human acute lymphoblastic leukemia) xenograft model is

indicative of early patient relapse [117]. Intact apoptosome

function, as reflected by cytochrome c-related activation of

caspase-3 (CRAC-positivity), was strongly associated with

prolonged NOD/SCID engraftment (long time to leukemia,

TTL(long)) of primary leukemia cells, good treatment

response, and superior patient survival. Conversely, defi-

cient apoptosome function (CRAC-negativity) was

associated with rapid engraftment (TTL(short)) and early

relapse. These data strongly emphasize the impact of cor-

rect apoptosome activation for ALL cells on the

engraftment phenotype in the NOD/SCID/huALL model,

and most importantly also on patient outcome.

Similarly, a systematic immunohistochemical analysis

of the expression of the key proteins involved in apopto-

some-dependent caspase activation (Apaf-1, procaspase-9

and -3, SMAC, and XIAP) in a cohort of stage II and III

colorectal cancer patients from a phase III trial of adjuvant

5-fluorouracil-based chemotherapy vs. postoperative

observation revealed the importance of the apoptosome

activation pathway for predicting both prognosis and

response to therapy [118].

The inhibition of necroptotic cell death can help to

control the inflammatory response found in many chronic

conditions. Preventing RIP3-mediated programmed

necrosis by inhibition of RIP1 activity and complex II

could be crucial in the treatment of inflammatory condi-

tions such as Crohn’s disease, irritable bowel syndrome,

and chronic skin inflammatory diseases; thus, necrostatin-

like drugs could be potential therapeutic agents for a range

of inflammatory and degenerative disorders [45]. Interest-

ingly, RIP1 was shown to maintain DNA integrity and cell

proliferation by regulation of mitochondrial oxidative

phosphorylation and glycolysis [119]. In lung cancer, loss

of RIP1 led to suppression of peroxisome proliferator-

activated receptor c coactivator-1a (PGC-1a) resulting in

accelerated glycolysis, spontaneous DNA damage, and

p53-mediated inhibition of cell proliferation. It is very

likely that maintenance of glycolysis by RIP1 is pivotal to

cancer cell energy homeostasis and may be exploited for

use in anticancer treatment.

However, there are still puzzles regarding the applica-

tion of targeting other platforms, such as the PIDDosome.

Many studies have demonstrated that a reduced level of

caspase-2 is associated with childhood acute lymphoblastic

leukemia and drug resistance of this disease, and gastric

carcinoma [120–122]. Thus, the data characterizing the

expression level of PIDDosome components may be

applicable for cancer prediction, but the question about

mechanisms of this platform activation and PCD induction

is still open.

It is obvious that a complete understanding of how

different platforms are regulated and how they can be

activated in various modalities of PCD can give us not

only fundamental information on PCD, but also may be a

potential clue toward the development of therapeutic

drugs.

Concluding remarks

Being involved in maintaining cellular homeostasis, cell

death is a well-organized and regulated process. The

mechanism of its activation/processing is controlled at

several levels. Caspases are one of the main families of

proteins involved in regulation of apoptotic cell death.

Accordingly, many studies have been performed to

examine the caspase activation mechanism. As a result of

these studies, it has become clear that formation of high

molecular weight complexes is an essential step for caspase

activation. Although the structural/functional organization

of two complexes, DISC and apoptosome, was well

described, recent publications revealed the significance of

the presence of different amounts of proteins and the chains

of their interactions for proper function of DISC. More-

over, these original data permitted us to understand how at

least the DISC complex is dynamically regulated. The

recruitment of caspases to the DISC, apoptosome, and

PIDDosome complexes results in a local increase in the

concentration of caspases, which leads to their activation

by proximity-induced oligomerization.

It is now clear that several distinct, yet intimately con-

nected, signal transduction cascades are in place to trigger

apoptotic cell death under some circumstances. Moreover,

accumulated evidence indicates the existence of cross-talk

between various cell-death modalities. Consequently, sev-

eral regulators and executors interact not only with

platforms initiating apoptotic cell death, but are also

involved in formation of non-apoptotic high molecular

weight complexes. This switch-like behavior might be

regulated by, for example, proteolysis as exemplified by

cleavage of PIDD. A list of PIDD-interacting proteins is

growing, leading to identification of new PIDD-containing

complexes, which may allow us to reveal yet unknown

functions of this interesting protein. Although in this

review we discussed complexes essential for activation of

apoptotic caspases, it is necessary to mention the existence

of caspases involved in regulation of inflammation,

including caspase-1 and -5 [11]. Similar to the activation

process of apoptotic caspases, activation of inflammatory

caspases occurs through the formation of high molecular

Cell death controlling complexes 513

123



weight complexes, called inflammasomes. Although the

principle of organization and activation of inflammasomes

is similar to the DISC, apoptosome, and PIDDosome, it is

unclear whether the structures of these complexes are also

similar.

Clearly, one of the biggest challenges is to understand

what drives the same proteins to be a part of various

complexes and how to influence these processes. The

recently introduced protein–protein database for the death

domain superfamily will be helpful to study the death

domain superfamily-mediated formation of cell death-

activating complexes. By analyzing the structural basis for

the assembly mechanism of cell death-activating com-

plexes, we hope to provide a comprehensive understanding

of their function. The switch of death modes has differ-

ential effects on physiological outcomes according to the

stimuli and tissue niche. Beyond being solely of academic

interest, obtained data might allow us to therapeutically

manipulate cell death in various pathological processes,

including cancer and autoimmune diseases.
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38. Ikeda F, Deribe YL, Skånland SS et al (2011) SHARPIN forms a

linear ubiquitin ligase complex regulating NF-jB activity and

apoptosis. Nature 471:637–641

39. Harper N, Hughes M, MacFarlane M, Cohen GM (2003) Fas-

associated death domain protein and caspase-8 are not recruited

to the tumor necrosis factor receptor 1 signaling complex during

tumor necrosis factor-induced apoptosis. J Biol Chem 278:

25534–25541

40. Oztürk S, Schleich K, Lavrik IN (2012) Cellular FLICE-like

inhibitory proteins (c-FLIPs): fine-tuners of life and death

decisions. Exp Cell Res 318:1324–1331

41. Golks A, Brenner D, Fritsch C, Krammer PH, Lavrik IN (2005)

c-FLIPR, a new regulator of death receptor-induced apoptosis.

J Biol Chem 280:14507–14513

42. Fricker N, Beaudouin J, Richter P, Eils R, Krammer PH, Lavrik

IN (2010) Model-based dissection of CD95 signaling dynamics

reveals both a pro- and antiapoptotic role of c-FLIPL. J Cell Biol

190:377–389

43. Pop C, Oberst A, Drag M et al (2011) FLIP(L) induces caspase 8

activity in the absence of interdomain caspase 8 cleavage and

alters substrate specificity. Biochem J 433:447–457

44. Ofengeim D, Yuan J (2013) Regulation of RIP1 kinase signal-

ling at the crossroads of inflammation and cell death. Nat Rev

Mol Cell Biol 14:727–736

45. Christofferson DE, Li Y, Yuan J (2014) Control of life-or-death

decisions by RIP1 kinase. Annu Rev Physiol 76:129–150

46. Cho Y, Challa S, Moquin D et al (2009) Phosphorylation-

driven assembly of the RIP1–RIP3 complex regulates pro-

grammed necrosis and virus-induced inflammation. Cell

137:1112–1123

47. Li J, McQuade T, Siemer AB et al (2012) The RIP1/RIP3

necrosome forms a functional amyloid signaling complex

required for programmed necrosis. Cell 150:339–350

48. Moriwaki K, Chan FK-M (2013) RIP3: a molecular switch for

necrosis and inflammation. Genes Dev 27:1640–1649

49. Degterev A, Huang Z, Boyce M et al (2005) Chemical inhibitor

of nonapoptotic cell death with therapeutic potential for ische-

mic brain injury. Nat Chem Biol 1:112–119

50. Teng X, Degterev A, Jagtap P et al (2005) Structure-activity

relationship study of novel necroptosis inhibitors. Bioorg Med

Chem Lett 15:5039–5044

51. Degterev A, Hitomi J, Germscheid M et al (2008) Identification

of RIP1 kinase as a specific cellular target of necrostatins. Nat

Chem Biol 4:313–321

52. Choi S, Keys H, Staples RJ, Yuan J, Degterev A, Cuny GD

(2012) Optimization of tricyclic Nec-3 necroptosis inhibitors for

in vitro liver microsomal stability. Bioorganic Med Chem Lett

22:5685–5688

53. Sun L, Wang H, Wang Z et al (2012) Mixed lineage kinase

domain-like protein mediates necrosis signaling downstream of

RIP3 kinase. Cell 148:213–227

54. Murphy JM, Czabotar PE, Hildebrand JM et al (2013) The

pseudokinase MLKL mediates necroptosis via a molecular

switch mechanism. Immunity 39:443–453

55. Dondelinger Y, Declercq W, Montessuit S et al (2014) MLKL

compromises plasma membrane integrity upon binding to

phosphatidyl inositol phosphates. Cell Rep 7:1–11

56. Chen X, Li W, Ren J et al (2014) Translocation of mixed lineage

kinase domain-like protein to plasma membrane leads to

necrotic cell death. Cell Res 24:105–121

57. Wang H, Sun L, Su L et al (2014) Mixed lineage kinase domain-

like protein MLKL causes necrotic membrane disruption upon

phosphorylation by RIP3. Mol Cell 54:133–146

58. Moujalled DM, Cook WD, Okamoto T et al (2013) TNF can

activate RIPK3 and cause programmed necrosis in the absence

of RIPK1. Cell Death Dis 4:e465

59. Feoktistova M, Geserick P, Kellert B et al (2011) CIAPs block

ripoptosome formation, a RIP1/caspase-8 containing intracellu-

lar cell death complex differentially regulated by cFLIP

isoforms. Mol Cell 43:449–463

60. Tenev T, Bianchi K, Darding M et al (2011) The ripoptosome, a

signaling platform that assembles in response to genotoxic stress

and loss of IAPs. Mol Cell 43:432–448

61. Feoktistova M, Geserick P, Panayotova-Dimitrova D, Leverkus M

(2012) Pick your poison: the ripoptosome, a cell death platform

regulating apoptosis and necroptosis. Cell Cycle 11:460–467

62. Vanlangenakker N, Bertrand MJM, Bogaert P, Vandenabeele P,

Vanden Berghe T (2011) TNF-induced necroptosis in L929 cells

is tightly regulated by multiple TNFR1 complex I and II

members. Cell Death Dis 2:e230

63. Remijsen Q, Goossens V, Grootjans S et al (2014) Depletion of

RIPK3 or MLKL blocks TNF-driven necroptosis and switches

towards a delayed RIPK1 kinase-dependent apoptosis. Cell

Death Dis 5:e1004

64. Danial NN, Korsmeyer SJ (2004) Cell death: critical control

points. Cell 116:205–219

65. Kagan VE, Tyurin VA, Jiang J et al (2005) Cytochrome c acts as

a cardiolipin oxygenase required for release of proapoptotic

factors. Nat Chem Biol 1:223–232

66. Yuan S, Akey CW (2013) Apoptosome structure, assembly, and

procaspase activation. Structure 21:501–515

67. Twiddy D, Brown DG, Adrain C et al (2004) Pro-apoptotic

proteins released from the mitochondria regulate the protein

composition and caspase-processing activity of the native Apaf-

1/caspase-9 apoptosome complex. J Biol Chem 279:19665–

19682

68. Hill MM, Adrain C, Duriez PJ, Creagh EM, Martin SJ (2004)

Analysis of the composition, assembly kinetics and activity of

native Apaf-1 apoptosomes. EMBO J 23:2134–2145

69. Yuan S, Topf M, Reubold TF, Eschenburg S, Akey CW (2013)

Changes in apaf-1 conformation that drive apoptosome assem-

bly. Biochemistry 52:2319–2327

70. Malladi S, Challa-Malladi M, Fearnhead HO, Bratton SB (2009)

The Apaf-1*procaspase-9 apoptosome complex functions as a

proteolytic-based molecular timer. EMBO J 28:1916–1925

71. Li P, Nijhawan D, Budihardjo I et al (1997) Cytochrome c and

dATP-dependent formation of Apaf-1/caspase-9 complex initi-

ates an apoptotic protease cascade. Cell 91:479–489

72. Qin H, Srinivasula SM, Wu G, Fernandes-Alnemri T, Alnemri

ES, Shi Y (1999) Structural basis of procaspase-9 recruitment by

the apoptotic protease-activating factor 1. Nature 399:549–557

73. Yuan S, Yu X, Topf M, Ludtke SJ, Wang X, Akey CW (2010)

Structure of an apoptosome-procaspase-9 CARD complex.

Structure 18:571–583

74. Würstle ML, Laussmann MA, Rehm M (2012) The central role

of initiator caspase-9 in apoptosis signal transduction and the

Cell death controlling complexes 515

123



regulation of its activation and activity on the apoptosome. Exp

Cell Res 318:1213–1220

75. Yuan S, Yu X, Asara JM, Heuser JE, Ludtke SJ, Akey CW

(2011) The holo-apoptosome: activation of procaspase-9 and

interactions with caspase-3. Structure 19:1084–1096

76. Reubold TF, Eschenburg S (2012) A molecular view on signal

transduction by the apoptosome. Cell Signal 24:1420–1425

77. Hu Q, Wu D, Chen W, Yan Z, Shi Y (2013) Proteolytic pro-

cessing of the caspase-9 zymogen is required for apoptosome-

mediated activation of caspase-9. J Biol Chem 288:15142–15147

78. Tinel A, Tschopp J (2004) The PIDDosome, a protein complex

implicated in activation of caspase-2 in response to genotoxic

stress. Science 304:843–846

79. Bouchier-Hayes L, Oberst A, McStay GP et al (2009) Charac-

terization of cytoplasmic caspase-2 activation by induced

proximity. Mol Cell 35:830–840

80. Jang TH, Zheng C, Wu H, Jeon JH, Park HH (2010) In vitro

reconstitution of the interactions in the PIDDosome. Apoptosis

15:1444–1452

81. Janssens S, Tinel A (2012) The PIDDosome, DNA-damage-

induced apoptosis and beyond. Cell Death Differ 19:13–20

82. Park HH, Logette E, Raunser S et al (2007) Death domain

assembly mechanism revealed by crystal structure of the?

Oligomeric PIDDosome core complex. Cell 128:533–546

83. Janssens S, Tinel A, Lippens S, Tschopp J (2005) PIDD medi-

ates NF-kappaB activation in response to DNA damage. Cell

123:1079–1092

84. Tinel A, Janssens S, Lippens S et al (2007) Autoproteolysis of

PIDD marks the bifurcation between pro-death caspase-2 and

pro-survival NF-kappaB pathway. EMBO J 26:197–208

85. Ando K, Kernan JL, Liu PH et al (2012) PIDD death-domain

phosphorylation by ATM controls Prodeath versus prosurvival

PIDDosome signaling. Mol Cell 47:681–693

86. Manzl C, Krumschnabel G, Bock F et al (2009) Caspase-2

activation in the absence of PIDDosome formation. J Cell Biol

185:291–303

87. Kim IR, Murakami K, Chen NJ et al (2009) DNA damage- and

stress-induced apoptosis occurs independently of PIDD. Apop-

tosis 14:1039–1049

88. Vakifahmetoglu H, Olsson M, Orrenius S, Zhivotovsky B

(2006) Functional connection between p53 and caspase-2 is

essential for apoptosis induced by DNA damage. Oncogene

25:5683–5692

89. Imre G, Heering J, Takeda A-N et al (2012) Caspase-2 is an

initiator caspase responsible for pore-forming toxin-mediated

apoptosis. EMBO J 31:2615–2628

90. Jin Z, El-Deiry WS (2005) Overview of cell death signaling

pathways. Cancer Biol Ther 4:139–163

91. Siegel RM, Frederiksen JK, Zacharias DA et al (2000) Fas

preassociation required for apoptosis signaling and domi-

nant inhibition by pathogenic mutations. Science 288:

2354–2357

92. Siegel RM, Chan FK, Chun HJ, Lenardo MJ (2000) The mul-

tifaceted role of Fas signaling in immune cell homeostasis and

autoimmunity. Nat Immunol 1:469–474

93. O’Reilly LA, Tai L, Lee L et al (2009) Membrane-bound Fas

ligand only is essential for Fas-induced apoptosis. Nature

461:659–663

94. Lavrik IN (2014) Systems biology of death receptor networks:

live and let die. Cell Death Dis 5:e1259

95. Scaffidi C, Fulda S, Srinivasan A et al (1998) Two CD95 (APO-

1/Fas) signaling pathways. EMBO J 17:1675–1687

96. Yin XM, Wang K, Gross A et al (1999) Bid-deficient mice are

resistant to Fas-induced hepatocellular apoptosis. Nature

400:886–891

97. Vercammen D, Beyaert R, Denecker G et al (1998) Inhibition of

caspases increases the sensitivity of L929 cells to necrosis

mediated by tumor necrosis factor. J Exp Med 187:1477–1485

98. Holler N, Zaru R, Micheau O et al (2000) Fas triggers an

alternative, caspase-8-independent cell death pathway using the

kinase RIP as effector molecule. Nat Immunol 1:489–495

99. Chan FK-M, Shisler J, Bixby JG et al (2003) A role for tumor

necrosis factor receptor-2 and receptor-interacting protein in

programmed necrosis and antiviral responses. J Biol Chem

278:51613–51621

100. Adams JM, Cory S (1998) The Bcl-2 protein family: arbiters of

cell survival. Science 281:1322–1326

101. Czabotar PE, Lessene G, Strasser A, Adams JM (2014) Control

of apoptosis by the BCL-2 protein family: implications for

physiology and therapy. Nat Rev Mol Cell Biol 15:49–63

102. Gupta S, Kass GEN, Szegezdi E, Joseph B (2009) The mito-

chondrial death pathway: a promising therapeutic target in

diseases. J Cell Mol Med 13:1004–1033

103. Kulikov AV, Shilov ES, Mufazalov IA, Gogvadze V, Nedo-

spasov SA, Zhivotovsky B (2012) Cytochrome c: the Achilles’

heel in apoptosis. Cell Mol Life Sci 69:1787–1797

104. Zamzami N, Kroemer G (2001) The mitochondrion in apoptosis:

how Pandora’s box opens. Nat Rev Mol Cell Biol 2:67–71

105. Kerr JFR, Wyllie AH (1972) CAR. Apoptosis: a basic biological

phenomenon with wide-ranging implications in tissue kinetics.

Br J Cancer 26:239–257

106. Akbari-Birgani S, Hosseinkhani S, Mollamohamadi S, Baharv-

and H (2014) Delay in apoptosome formation attenuates

apoptosis in mouse. Embryonic stem cell differentiation. J Biol

Chem 289:16905–16913

107. D’Brot A, Chen P, Vaishnav M, Yuan S, Akey CW, Abrams JM

(2013) Tango7 directs cellular remodeling by the Drosophila

apoptosome. Genes Dev 27:1650–1655

108. Favaloro B, Allocati N, Graziano V, Di Ilio C, De Laurenzi V

(2012) Role of apoptosis in disease. Aging (Albany NY) 4:330–349

109. Yu X, Deng Q, Bode AM, Dong Z, Cao Y (2013) The role of

necroptosis, an alternative form of cell death, in cancer therapy.

Expert Rev Anticancer Ther 13:883–893

110. Bouralexis S, Findlay DM, Evdokiou A (2005) Death to the bad

guys: targeting cancer via Apo2L/TRAIL. Apoptosis 10:35–51

111. Humphreys RC, Halpern W (2008) Trail receptors: targets for

cancer therapy. Adv Exp Med Biol 615:127–158

112. Stegehuis JH, de Wilt LH, de Vries EGE, Groen HJ, de Jong S,

Kruyt FE (2010) TRAIL receptor targeting therapies for non-

small cell lung cancer: current status and perspectives. Drug

Resist Update 13:2–15

113. Samali A, Szegezdi E, Mahalingham D et al (2009) Trail vari-

ants for treating cancer. WO2009077857-A2

114. Rosen GD (2000) Combined therapy of diterpenoid triepoxides
and trail for synergistic killing of tumor cells. WO2000048619-A1

115. Zhao Y, Butler EB, Tan M (2013) Targeting cellular metabolism

to improve cancer therapeutics. Cell Death Dis 4:e532

116. Kurokawa M, Kim J, Geradts J et al (2013) A network of sub-

strates of the E3 ubiquitin ligases MDM2 and HUWE1 control

apoptosis independently of p53. Sci Signal 6:ra32

117. Queudeville M, Seyfried F, Eckhoff SM et al (2012) Rapid

engraftment of human ALL in NOD/SCID mice involves defi-

cient apoptosis signaling. Cell Death Dis 3:e364

118. Hector S, Conlon S, Schmid J et al (2012) Apoptosome-

dependent caspase activation proteins as prognostic markers in

Stage II and III colorectal cancer. Br J Cancer 106:1499–1505

119. Chen W, Wang Q, Bai L et al (2014) RIP1 maintains DNA

integrity and cell proliferation by regulating PGC-1a-mediated

mitochondrial oxidative phosphorylation and glycolysis. Cell

Death Differ 21:1061–1070

516 A. V. Zamaraev et al.

123



120. Johansson B, Mertens F, Mitelman F (1993) Cytogenetic dele-

tion maps of hematologic neoplasms: circumstantial evidence

for tumor suppressor loci. Genes Chromosom Cancer 8:205–218

121. Nam JY, Jong WL, Yun JK et al (2004) Loss of caspase-2, -6

and -7 expression in gastric cancers. APMIS 112:330–335

122. Holleman A, Den Boer ML, Kazemier KM et al (2005)

Decreased PARP and procaspase-2 protein levels are associated

with cellular drug resistance in childhood acute lymphoblastic

leukemia. Blood 106:1817–1823

Cell death controlling complexes 517

123


	Cell death controlling complexes and their potential therapeutic role
	Abstract
	Introduction
	Caspase-activating platforms in death receptor signaling: DISC and complex I/complex II
	Necrosome/RIPoptosome as necroptosis-initiating platforms

	Apoptosome: the caspase activation platform in intrinsic apoptosis
	PIDDosome as a platform for caspase-2 activation
	When and why is each platform activated?
	Is it possible to specifically activate any of the platforms for therapeutic benefit?
	Concluding remarks
	Acknowledgments
	References


