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MCBO Lecture: Cell Death

A. Linkermann et al. Nature Reviews Immunology 14, 759–767 (2014)

Different roads to cell death

Caspases show conserved structural features

Caspases: cytein-dependent aspartate-directed proteases
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Activation of caspases follows conserved 
rules

Caspases: cytein-dependent aspartate-directed proteases

Caspase-activation can occur
along different routes!

Caspase-activation can occur e.g., 
after loss of mitochondrial integrity

Caspase activation can occur e.g., in response to 
receptor/ligand interaction
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Different caspases prefer different peptide 
sequences, at least in vitro

Peptide library

Proteom analysis

linker region specificity loop neighboring loop

cleaved by initiator

(inhibitor bound)

Effector caspases are present as inactive dimers, 
activated by cleavage between their small & large subunit

Effector caspase activation is mediated by apical 
caspases (8/9/10)

• Initiator caspases

– Not activated by cleavage

– Are present as inactive monomers

– Need to dimerize for activation

– Autoprocessing stabelizes dimer
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Adapter proteins interact with initiator 
caspases with „death folds“

homo vs. heterodimer

different substrate
specificties

e.g. FLIP/MALT1

Death-fold proteins control cell death & 
inflammation

Lahm et al, Cell Death & Differentation  2003

How do caspases actually kill cells?
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Death by a 1000 cuts?

• Chromatin condensation: (C3/C7)
– Acinus: p-histones, assists CAD function

• Loss of function - > death proceeds

• Nuclear integrity: (C6)
– Lamins: breakdown & regeneration of nuclear 

envelope
• Loss of function -> death proceeds

• Electron transport 
– NDUFS1 - complex I of e-transport chain

• ATP loss, generation of superoxide, OH- radicals

Death by a 1000 cuts?

• Phosphatitdylserine (PI) exposure
– Xkr8/Ced8 (lipid scramblase)

• Downregulated in tumor cell lines
• Caspase-3 substrate

• Membrane blebbing: (C3&7)
– Gelsolin, 
– p21 activated kinase (PAK)
– ROCK-1 kinase

• Actin remodelling, cleavage removes 
inhibitory domains,

• Inhibition blocks blebbing but not death 

Inhibition of caspases blocks morphological changes, 
but, most of the times, not cell death
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If caspases are so dangerous, can they be 
controlled, once activated?

• Viral caspase inhibitors
– Baculovirus (insect virus)

• IAP (Inhibitor of apoptosis protein)
• P35 (substrate & irreversible inhibitor)

– Cowpox virus
• Serpins (serine protease inhibitors, crmA)

• Drosophila
– Dronc - dIAP1

The IAPs in mice & men

.......the story so far........

.......but, how get adapters activated?
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Mitochondrial apoptosis
Apoptotic protease activating factor 1

The „Apoptosome�

Apoptotic protease activating factor (APAF1)

dATP

NAIP
CIITA
HET-E
TP1

Release of cytochrome C is fast and complete
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Consequences of „Apoptosome� loss

Cytochrome C K72A knock-in

APAF-1 gene trap
Hao et al: Cell, 2005

F. Cecconi et al, Cell 1998

In vertebrate cells, mitochondrial outer membrane 
permeabilization (MOMP) promotes release of 

IAP antagonists

MOMP is controlled by the Bcl2 family

Nature Reviews | Molecular Cell Biology

BIM PUMA

BAD NOXA

tBID

BCL-2 BCL-W MCL1 A1BCL-XL

BCL-2

e f
BCL-W MCL1 A1BCL-XL

MCL1BCL-XL

BAX

BAK

A1

BH3 TM

BH3 BH1 BH2BH4 TM

BH3 BH1 BH2BH4 TM

Initiators: BH3-only proteins
(BIM, PUMA, BAD, NOXA, BIK, HRK, BMF and tBID)

a b  BCL-XL

c  BAX d  BIM BH3 domain binding to MCL1

Guardians: multi-domain pro-survival proteins
(BCL-2, BCL-XL, BCL-W, MCL1, A1 and BCL-B)

'ȭGEVQTU��OWNVK�FQOCKP�RTQ�CRQRVQVKE�RTQVGKPU
(BAX, BAK and BOK)

α1 α2 α3 α4 α5 α6 α7 α8 α9

α1 α2 α3 α4 α5 α6 α7 α8 α9

α8

α8α8

α7

α7 α7

α5

α5

α2

α2α2

α4

α4

α9 (TM)

α4

α3

α3
α3

h4

h3

h2
h1Asp–Arg

salt bridge

BIM BH3C

C

N

similar globular structures: a helical bundle surrounding 
a central hydrophobic core helix (α5)31 (FIG. 2b,c). This 
fold generates a hydrophobic surface groove delineated 
by α-helices 2, 3, 4 and 5. This groove constitutes a cru-
cial interface for interactions with the BH3 domain of 
pro-apoptotic members of the BCL-2 family, such as BIM 
(BCL-2-interacting mediator of cell death; also known as 
BCL2L11) (FIG. 2d). These inter actions primarily occur 
on intracellular membranes, particularly the mitochon-
drial outer membrane, to which many family mem-
bers are directed by a carboxy-terminal hydrophobi c 
transmembran e domain (FIG. 2a).

Unlike the globular multi-BH domain family mem-
bers, most BH3-only proteins (FIG. 2a) are intrinsically 
disordered32, although their BH3 region becomes an 
amphipathic helix on interaction with protein partners 
(FIG. 2d). BID (BH3-interacting domain death agonist), 
which links the death receptor-mediated apoptotic 
pathway to the mitochondrial apoptotic pathway to 
amplify caspase activation33–35 (FIG. 1), is the structural 
exception. Its fold resembles that of the multi-BH 
domain members, with key BH3 residues being buried 
and thus inactive36,37. Cleavage of BID — for example by 
caspase 8 — generates the active truncated form (tBID), 
in which the BH3 domain is exposed. It is possible that 
under certain circumstances intact BID might function 
in a manner similar to BAX or BAK.

Interactions between BCL-2 family members. BH3-only 
proteins, which are induced transcriptionally or post-
translationally (see below) by cytotoxic stress signals 
(reviewed in REF. 38), carry out their pro-apoptotic 
function by two mechanisms39–41: neutralization of the 
pro-survival BCL-2 family proteins42–44 and direct acti-
vation of the pro-apoptotic effectors BAX and BAK45–48 
(BOX 1). Neutralization of the pro-survival proteins has 
been well characterized, both structurally and function-
ally, and this information has informed the development 
of novel therapeutics that target these proteins. The BH3 
amphipathic helix of BH3-only proteins binds the hydro-
phobic groove of pro-survival proteins predominantly 
by the insertion of four hydrophobic residues (h1–h4) 
along one face into hydrophobic pockets in the groove, 
and by the formation of a salt bridge between a con-
served BH3 Asp residue and a conserved Arg residue in 
the BH1 domain of the pro-survival proteins49–51 (FIG. 2d). 
However, mutational studies indicate that interactions 
across the entire interface contribute to binding52,53. 
Owing to subtle differences in their BH3 domains, and in 
the grooves of the pro-survival proteins, some BH3-only 
proteins (such as BAD (BCL-2 antagonist of cell death) 
and NOXA (also known as PMAIP1)) are selective for 
subsets of their pro-survival relatives, whereas other 
BH3-only proteins, particularly BIM, tBID and PUMA 
(p53 upregulated modulator of apoptosis; also known as 
BBC3), probably neutralize all of the pro-survival pro-
teins39,42,45 (FIG. 2e). Interestingly, structural studies have 
shown that the BH3-binding groove of the pro-survival 
BCL-2 family members has considerable plasticity54,55, 
which probably contributes to their ability to associate 
with multiple distinct BH3 domains (FIG. 2e,f).

Figure 2 | The structure of BCL-2 family proteins and the selectivity in their 
interactions. BCL-2 family members are related by regions of sequence and structural 
homology (a). When structural as well as sequence homology is considered30 the 
multi-domain members of the family (the pro-survival proteins and the effector proteins 
BAX, BAK and perhaps BOK) share four such BCL-2 homology regions (BH1–BH4), 
whereas the BH3-only proteins contain only the BH3 amphipathic helix, which mediates 
their interaction with the groove of multi-domain BCL-2 family members. Most family 
members also have a transmembrane (TM) domain for anchoring to organelles, most 
notably the mitochondria. The mouse homologue of human BCL-B, BOO, bears 
mutations that are thought to render it non-functional123. The BCL-2 family structural 
fold, of seven amphipathic α-helices bundled around a central hydrophobic helix (α5), is 
shared by the pro-survival members of the family, illustrated here by BCL-X

L
 (b), and by 

the pre-activated forms of BAX and BAK, represented here by cytosolic BAX, which has 
its transmembrane domain (α9) sequestered within its surface groove64 (c). The surface 
groove of multi-domain BCL-2 family proteins mediates interactions with the BH3 
domain of pro-apoptotic family members, shown here by the structure of a BIM BH3 
peptide bound to MCL1 (d)51. All BH3 domains insert four hydrophobic residues (h1–h4) 
into hydrophobic pockets in the surface groove and extend an Asp to a conserved Arg 
through a salt bridge. Some BH3-only proteins can bind to and neutralize all pro-survival 
proteins (and vice versa), whereas others (such as BAD or NOXA) bind only a limited 
subset39,42,45 (e). BAK is inhibited predominantly by BCL-X

L
, MCL1 and A1 (REFS 44,59), 

although BCL-2 can contribute in some contexts95,216, whereas BAX probably can be 
inhibited by all of the pro-survival proteins43 (f).
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a central hydrophobic core helix (α5)31 (FIG. 2b,c). This 
fold generates a hydrophobic surface groove delineated 
by α-helices 2, 3, 4 and 5. This groove constitutes a cru-
cial interface for interactions with the BH3 domain of 
pro-apoptotic members of the BCL-2 family, such as BIM 
(BCL-2-interacting mediator of cell death; also known as 
BCL2L11) (FIG. 2d). These inter actions primarily occur 
on intracellular membranes, particularly the mitochon-
drial outer membrane, to which many family mem-
bers are directed by a carboxy-terminal hydrophobi c 
transmembran e domain (FIG. 2a).

Unlike the globular multi-BH domain family mem-
bers, most BH3-only proteins (FIG. 2a) are intrinsically 
disordered32, although their BH3 region becomes an 
amphipathic helix on interaction with protein partners 
(FIG. 2d). BID (BH3-interacting domain death agonist), 
which links the death receptor-mediated apoptotic 
pathway to the mitochondrial apoptotic pathway to 
amplify caspase activation33–35 (FIG. 1), is the structural 
exception. Its fold resembles that of the multi-BH 
domain members, with key BH3 residues being buried 
and thus inactive36,37. Cleavage of BID — for example by 
caspase 8 — generates the active truncated form (tBID), 
in which the BH3 domain is exposed. It is possible that 
under certain circumstances intact BID might function 
in a manner similar to BAX or BAK.

Interactions between BCL-2 family members. BH3-only 
proteins, which are induced transcriptionally or post-
translationally (see below) by cytotoxic stress signals 
(reviewed in REF. 38), carry out their pro-apoptotic 
function by two mechanisms39–41: neutralization of the 
pro-survival BCL-2 family proteins42–44 and direct acti-
vation of the pro-apoptotic effectors BAX and BAK45–48 
(BOX 1). Neutralization of the pro-survival proteins has 
been well characterized, both structurally and function-
ally, and this information has informed the development 
of novel therapeutics that target these proteins. The BH3 
amphipathic helix of BH3-only proteins binds the hydro-
phobic groove of pro-survival proteins predominantly 
by the insertion of four hydrophobic residues (h1–h4) 
along one face into hydrophobic pockets in the groove, 
and by the formation of a salt bridge between a con-
served BH3 Asp residue and a conserved Arg residue in 
the BH1 domain of the pro-survival proteins49–51 (FIG. 2d). 
However, mutational studies indicate that interactions 
across the entire interface contribute to binding52,53. 
Owing to subtle differences in their BH3 domains, and in 
the grooves of the pro-survival proteins, some BH3-only 
proteins (such as BAD (BCL-2 antagonist of cell death) 
and NOXA (also known as PMAIP1)) are selective for 
subsets of their pro-survival relatives, whereas other 
BH3-only proteins, particularly BIM, tBID and PUMA 
(p53 upregulated modulator of apoptosis; also known as 
BBC3), probably neutralize all of the pro-survival pro-
teins39,42,45 (FIG. 2e). Interestingly, structural studies have 
shown that the BH3-binding groove of the pro-survival 
BCL-2 family members has considerable plasticity54,55, 
which probably contributes to their ability to associate 
with multiple distinct BH3 domains (FIG. 2e,f).

Figure 2 | The structure of BCL-2 family proteins and the selectivity in their 
interactions. BCL-2 family members are related by regions of sequence and structural 
homology (a). When structural as well as sequence homology is considered30 the 
multi-domain members of the family (the pro-survival proteins and the effector proteins 
BAX, BAK and perhaps BOK) share four such BCL-2 homology regions (BH1–BH4), 
whereas the BH3-only proteins contain only the BH3 amphipathic helix, which mediates 
their interaction with the groove of multi-domain BCL-2 family members. Most family 
members also have a transmembrane (TM) domain for anchoring to organelles, most 
notably the mitochondria. The mouse homologue of human BCL-B, BOO, bears 
mutations that are thought to render it non-functional123. The BCL-2 family structural 
fold, of seven amphipathic α-helices bundled around a central hydrophobic helix (α5), is 
shared by the pro-survival members of the family, illustrated here by BCL-X

L
 (b), and by 

the pre-activated forms of BAX and BAK, represented here by cytosolic BAX, which has 
its transmembrane domain (α9) sequestered within its surface groove64 (c). The surface 
groove of multi-domain BCL-2 family proteins mediates interactions with the BH3 
domain of pro-apoptotic family members, shown here by the structure of a BIM BH3 
peptide bound to MCL1 (d)51. All BH3 domains insert four hydrophobic residues (h1–h4) 
into hydrophobic pockets in the surface groove and extend an Asp to a conserved Arg 
through a salt bridge. Some BH3-only proteins can bind to and neutralize all pro-survival 
proteins (and vice versa), whereas others (such as BAD or NOXA) bind only a limited 
subset39,42,45 (e). BAK is inhibited predominantly by BCL-X

L
, MCL1 and A1 (REFS 44,59), 

although BCL-2 can contribute in some contexts95,216, whereas BAX probably can be 
inhibited by all of the pro-survival proteins43 (f).
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MOMP is controlled by the Bcl2 family
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BH3-only proteins, such as 
BIM and the truncated form of 
BID (tBID) that can directly 
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Sensitizer BH3-only 
proteins
BH3-only proteins, such as 
BAD, that can activate BAX or 
BAK only indirectly by 
neutralizing pro-survival BCL-2 
family members, thereby 
preventing them from 
restraining BAX or BAK.

Pro-survival proteins can also bind the BH3 domains 
of activated BAX and BAK (see below), and thereby 
restrain their pro-apoptotic activity56–58. All of the pro-
survival proteins seem to bind BAX, but BAK seems 
to be restrained mainly by MCL1, A1 and BCL-XL 
(REFS 43,44,59) (FIG. 2f). The interfaces in complexes of 
pro-survival proteins with BAX or BAK BH3 peptides 
closely resemble those in their complexes with the BH3 
peptides of BH3-only proteins49,60,61. This suggests a sim-
ple competition model for apoptotic regulation, whereby 
increased BH3-only protein levels (resulting in increased 
binding of pro-survival proteins) prevent or overcome 
the restraint of activated BAX or BAK by pro-survival 

proteins42–44. An alternative, but not mutually exclusive, 
model (BOX 1) suggests that the pro-survival proteins 
prevent apoptosis by neutralizing the BH3-only pro-
teins that can directly activate BAX and BAK39,45–47,62. 
Indeed, genetic and biochemical evidence supports the 
idea that both models operate within a tripartite net-
work of interactions between the three subgroups of the 
BCL-2 family40,41. The dominant pathway may vary with 
biological context, such as non-transformed cells versus 
tumour cells, or according to the cell death stimulus.

Activation of BAX and BAK. In healthy cells, BAK 
resides on the mitochondria, with its transmembrane 
domain (α9) spanning the outer membrane63. By con-
trast, BAX is primarily cytosolic in healthy cells, with 
its transmembrane domain tucked within its canonical 
hydrophobic groove64 (FIG. 2c), but cytotoxic signals pro-
mote the accumulation of BAX on the mitochondria64. 
Recent evidence indicates that BAX regularly cycles to 
the outer mitochondrial membrane in healthy cells but 
is then translocated back, possibly by interactions with 
pro-survival proteins such as BCL-XL (REFS 65,66). Hence, 
the mitochondrial enrichment of BAX during apoptosis 
may reflect either the activation of BAX in the cytosol, 
probably by a BH3-only protein (see below), or simply a 
shift in this equilibrium, such as less retro-translocatio n 
of BAX from the mitochondria.

During apoptosis, BAX and BAK change their struc-
ture from inert monomers with folds resembling the 
pro-survival proteins (FIG. 2b,c) into homo-oligomers of 
unknown structure that can permeabilize the mitochon-
drial outer membrane. This transition can be driven by 
activator BH3-only proteins (BOX 1), such as BIM or tBID, 
and, experimentally, even by their BH3 peptides. For 
BAX, two distinct activation sites have been proposed: 
the canonical hydrophobic groove, which is homolo-
gous to that of the pro-survival proteins67 (FIG. 3a), and 
an alternative site on the opposite side of BAX48 (FIG. 3b).

Insights into the activation mechanism recently 
emerged from studies of a form of BAX truncated to 
remove its transmembrane domain, BAX (ΔTM)67; 
this form mimics full-length BAX when its tail has 
inserted into the mitochondrial membrane. Notably, 
BAX (ΔTM) treated with a BID BH3 peptide (but not 
with BH3 peptides from sensitizer BH3-only proteins, 
such as BAD (BOX 1)), together with an ionic detergent, 
yielded crystals with the BID peptide bound in the 
groove of BAX (FIG. 3a). Mutagenesis studies based on 
this structure have defined the characteristics that dis-
tinguish ‘activator’ from ‘sensitizer’ BH3 domains, and 
have enabled the design of novel BH3 sequences with 
activator function67. For example, activation by the BID 
BH3 domain requires two Ile residues near its amino 
terminus at ‘h0’, a few residues before the canonical BH3 
region h1–h4 (FIG. 3a).

The BAX ‘rear’ activation site, which involves helices 
α1 and α6 (FIG. 3b), was proposed on the basis of NMR 
studies using activator BH3 peptides modified with a 
hydrocarbon staple and full-length BAX, which has its 
transmembrane domain located within its canonical 
hydrophobic groove48,68. The rear activation site might be 

Box 1 | Models for control of the apoptotic switch

Three models addressing how interactions between members of the BCL-2 family 
control the apoptotic switch are described (see the figure). In the direct activation 
model certain BH3-only proteins, particularly the truncated form of BID (tBID), BIM 
CPF|RGTJCRU�27/#��FKTGEVN[�GPICIG�CPF�CEVKXCVG�VJG�RTQ�CRQRVQVKE�GHHGEVQTU�$#:�CPF�
$#-39,45–48,62 (see the figure, part a). Detection of such complexes has been problematic, 
probably because the interactions are transient, but the associations were inferred on 
VJG�DCUKU�VJCV�$#:�EQWNF�RGTOGCDKNK\G�NKRQUQOGU�QPN[�VQIGVJGT�YKVJ�EGTVCKP�$*��
peptides, such as those of BIM and BID39,45,46,62. BH3-only proteins that lack this direct 
nCEVKXCVQTo�HWPEVKQP��UWEJ�CU�$#&��CTG�FGUKIPCVGF�nUGPUKVK\GTUo�VQ�KPFKECVG�VJCV�VJG[�
exclusively engage pro-survival BCL-2 family members, thereby releasing bound 
BH3-only activator proteins47��2TGEKUGN[�YJKEJ�$*��QPN[�RTQVGKPU�CTG�CEVKXCVQTU�
TGOCKPU|FGDCVCDNG�

Whereas the pro-survival proteins, such as BCL-2, primarily sequester BH3-only 
proteins in the direct activation model, in the indirect activation model42–44 (see the 
figure, part b���RTQ�UWTXKXCN�RTQVGKPU�OWUV�CNUQ�UGSWGUVGT�CP[�$#:�QT�$#-�OQNGEWNG�VJCV�
becomes activated and exposes its BH3 domain57,58��+P�VJKU�OQFGN��$#:�CPF�$#-�OKIJV�
be activated in multiple ways, such as by an unknown modification or spontaneously at 
C�NQY�TCVG��6JKU�OQFGN�GORJCUK\GU�VJCV�$#:�CPF�$#-�DGEQOG�HTGG�VQ�RGTOGCDKNK\G�VJG�
OKVQEJQPFTKCN�QWVGT�OGODTCPG�QPN[�KH�CNN�QH�VJG�RTQ�UWTXKXCN�RTQVGKPU�CTG�PGWVTCNK\GF�
D[|$*��QPN[�RTQVGKPU�QT�VJGKT�OKOKEU42–44.

The current consensus is that both the direct and indirect models apply in many 
circumstances. Thus, the unified model41 (see the figure, part c) requires that the 
pro-survival proteins sequester not only BH3-only proteins (‘mode 1’) but also activated 
$#:�CPF�$#-�
nOQFG��o���6JG�GHHGEV�QP�EGNN�VWTPQXGT�KP|XKXQ of BIM with altered binding 
specificities is consistent with this model40. The similar ‘embedded together’ model84, 
YJKEJ�KU�UWRRQTVGF�D[�CP�GNGICPV�CPCN[UKU�QH�VJG�KPVGTCEVKQPU�DGVYGGP�V$+&��$#:�CPF�
$%.�:

L
 on a synthetic membrane209��GORJCUK\GU�VJCV�CNN�QH�VJG�ETWEKCN�KPVGTCEVKQPU�CTG�

influenced by the membrane in which the molecules are embedded210.

REVIEWS
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Peter Czabotar et al. Nat. Rev. Mol. Biol. 2013

Possible modes of Bax/Bak activation

Most Anticancer Therapies Involve BH3-only proteins

• IR & DNA-damaging drugs -> Puma, Noxa
• RTK inhibitors -> Bim, Bmf, Bad
• HDACi -> Noxa, Bmf
• Proteasome blocker -> Noxa, Bim
• mAbs -> ADCC, loss of Bcl2/Mcl1 expression, 

• DRUG-RESISTANCE PHENOTYPES
– Cellular detoxification systems (GSH, MDR)
– Amplification of survival molecules (Her2, ER)
– Mutations in RTK binding pocket (Bcr/abl)
– Overexpression of pro-survival genes (Bcl2, Mcl1, Bcl-x)
– Loss/silencing of tumor suppressor genes (ARF, p53, PTEN)
– Loss/silencing of pro-death gene/function (e.g. Puma, Bim)
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Overcoming conventional drug-resistance by mimicing 
BH3-only protein function

Adams & Cory, Oncogene 2007

APOPTOSIS

Histologic analysis of caspase-3 activation in H146 xenograft tumors 
treated with ABT-263.

Shoemaker A R et al. Clin Cancer Res 2008;14:3268-3277

©2008 by American Association for Cancer Research

The other road to cell death, i.e. the extrinsic 
apoptosis pathway
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TNF/TNF-R familiy proteins act as trimers or 
multiples of trimers

CD95L-mediated DISC formation leads to 
caspase-8 -> caspase-3/7 activation

cFLIP can block
C8 activity in the DISC!

DISC: death-inducing signalling complex

TNF can signal more than just cell death
NF-kB activation via Complex I

Kinase domain  of 
RIPK1 not critical here!

e.g. IL6, FLIP, Bcl-x
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TNF-mediated apoptosis requires 
endocytosis and formation of complex II

Extrinsic and intrinsic pathway can be linked 
via the BH3-only protein Bid

Necrosis can be triggered by death receptors

Varvolomeev, Immunity, 1998

E10.5
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TRAF-2

Necrosis can be triggered by death receptors

Necroptosis

own kinase domain and phosphorylates the Thr357 and
Ser358 sites of human MLKL [20] at an a-helix within
the pseudokinase domain. This phosphorylation destabi-
lizes the monomeric MLKL structure and drives its oligo-
merization, which enables the N-terminal helix bundle to
bind phosphatidylinositol phosphate lipids (PIPs) [53,54]
and the mitochondria-specific phospholipid, cardiolipin (CL)
[53].

The oligomerized MLKL within the dying cells then
translocates from the cytoplasm to the PIP- or CL-enriched
membranes Consistent with this idea, a chemical inhibitor
that disturbs the N-terminal domain functionality of
MLKL blocks MLKL translocation to membrane compart-
ments [20,53]. Association with PIP-enriched membranes
is crucial for MLKL-dependent necrosis; when intracellu-
lar levels of PIPs were decreased by inhibiting the enzymes
that generate them, MLKL-induced necrosis was attenu-
ated [54].

Different PIPs may also direct MLKL to different cellu-
lar compartments, which may have important functional
roles for necrosis induction. For example, plasma mem-
branes have the most abundant PI(4)P and PI(4,5)P2. This
could explain the vast damage on cell membranes after
necrosis induction. CL is mostly distributed in the inner
membranes of mitochondria, which can be exposed to (and,
therefore, associate with) MLKL during necrosis. Despite
the affinity of oligomerized MLKL for cardiolipin, the pre-
cise role of mitochondria in the execution of programmed
necrosis has not been clearly defined. Since the mimetics of
the mitochondrial intermembrane space protein Smac
accelerate necrosis [17], and because a mitochondrial phos-
phatase PGAM5 interacts with the RIP3/MLKL containing
necrosis death complex (necrosome) during necrosis, it is
possible that mitochondria could function either upstream
of necrosome formation or could participate in necrosis
execution [55]. Induction of necrosis in vitro, using high
doses of TNF, a caspase chemical inhibitor (z-VAD-FMK),
plus Smac mimetics, may bypass or mask such functions of
mitochondria. Similarly, other PIPs with distinctive distri-
bution in organelles may recruit oligomerized MLKL to the
corresponding membrane compartments. An antibody
that specifically recognizes the phospho-Ser358 of human
MLKL has been used to demonstrate that activated necro-
somes translocate to multiple intracellular organelles and
plasma membranes as cells undergo necrosis [53]. The iden-
tity of these organelles, as well as the consequences of MLKL
targeting on necrosis, remain to be clarified.

Different modes of action were proposed to account for
how oligomeric MLKL causes necrosis. It was reported that
Ca2+ influx mediated by the calcium channel TRPM7 is
required for necrosis execution [52]. A separate report
indicated that a Na+ influx preceded necrotic cell death
[56] is the death-inducing target of oligomerized MLKL.
However, cells cultured in calcium- and sodium-free media
were still able to undergo necroptosis, albeit a bit delayed
[49]. Therefore, the calcium and sodium influx observed in
necrotic cells could result from ion flow driven by normal
salt gradients across the plasma membrane once mem-
brane integrity has been compromised. In our opinion,
although the observed ion influx potentially contributes
to the necrotic phenotype, whether it is the trigger of cell
death still needs further characterization.

The physiological and pathological roles of
programmed necrosis
The specificity of RIP3 and MLKL in mediating necrotic
cell death indicates that the physiological function(s) of
this form of cell death are likely different to those of
apoptosis. The fact that knockout of either gene in mice
has little effect on animal development or fertility has
allowed detailed analysis of the physiological and patho-
logical roles of programmed necrosis.

Programmed necrosis is important in host antiviral
responses. The first evidence of this was the demonstration
that mice lacking the RIP3 gene are much more susceptible
to infection with vaccinia virus [18]. It appears that a viral-
encoded caspase 8 inhibitor can switch the apoptotic
response to necrosis in infected cells. If the cell expresses
RIP3, the resulting necrosis will release DAMP molecules
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Figure 2. Various upstream stimuli activate receptor-interacting kinase 3 (RIP3) via
pro-necrotic RHIM (RIP homotypic interaction motif)-containing proteins. Upon
stimulation with tumor necrosis factor (TNF), TNF receptor 1 (TNFR1) recruits
receptor-interacting protein kinase 1 (RIP1). When caspase 8 is inhibited by caspase
inhibitors or by virally encoded proteins, the RHIM domains of RIP1 and RIP3
associate to form microfilament-like complexes. Other RIP3-activating stimuli also
appear to function by promoting association between a RHIM domain containing-
protein and RIP3. For example, the RHIM-containing cellular protein DNA-dependent
activator of interferon regulatory factors (DAI; DLM-1/ZBP1) is a cytosolic DNA sensor
that is activated by type I interferon (IFN-I) responses. Infection with mutant murine
cytomegalovirus (MCMV) lacking functional viral M45-encoded inhibitor of RIP
activation (vIRA/M45) led to RHIM-mediated interaction between DAI and RIP3 and
necrosis of the infected cells. TIR-domain-containing adapter-inducing interferon-b
(TRIF) is a Toll-like receptor (TLR3/TLR4) adaptor that mediates the induction of
proinflammatory cytokines and type I interferons (IFNs) through the transcription
factors NF-kB and interferon regulatory factor 3 (IRF3). Similar to TNF-induced
necrosis, TLR-induced necrosis also requires RHIM-dependent binding between TRIF
and RIP3. Type I or II IFNs induce RNA-responsive protein kinase PKR activation
through the Janus kinase (JAK)-signal transducer and the activator of transcription
(STAT) pathway. Activated PKR interacts with RIP1 and subsequently initiates RIP1/
RIP3-dependent necrosis in the absence of Fas-associated protein with death domain
(FADD) or caspase 8.
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Different immune response signalling pathways 
can trigger necroptosis

RHIM (receptor-interacting protein homotypic interacting motif) 

MLKL

that mobilize the host immune response against the virus.
There could be multiple ways by which host cells activate
necrosis when encountering a viral infection: for example,
they could activate the autocrine TNF family of cytokines;
they could activate RIP3 through toll-like receptors and
TRIF; or they could directly activate RIP3 by sensing
RHIM-containing viral proteins. Conversely, viruses can
also counter necrosis through their own necrosis-inhibitory
RHIM-containing proteins. For example, an interesting
study showed that sustained infection by MCMV is depen-
dent on a viral protein that interacts with RIP3 and blocks
its necrosis-inducing function [51]. In addition to its func-
tion in antimicrobial infection, programmed necrosis may
also be responsive to other forms of tissue injuries.

The RIP3 knockout mice also provided an animal model
to test the role of programmed necrosis in a variety of
tissue-damage related diseases. So far, drug-induced liver
injury [53], acute pancreatitis [17,19,57], ischemic reper-
fusion injury [58,59], TNF-induced systemic inflammatory
syndrome [60], terminal ileitis [38,61], retinal detachment
[62], cone cell degeneration [63], atherosclerosis [64], and
neuronal loss in a mouse model of Gaucher’s disease [65]
have all manifested more severe morbidity in wild type
animals compared to the RIP3 knockout animals. These
observations suggest that RIP3-mediated necrosis is part
of the secondary damage inflicted by the immune system in
response to initial chemical- or infection-caused injuries.
With the development of a rabbit monoclonal antibody that
can specifically recognize the phospho-Ser358 on human
MLKL, it is now possible to probe human tissues from

biopsy or autopsy samples using immunohistochemistry
methods and specifically detect the activation of this path-
way (Figure 4). Information gained from such studies will
be valuable in efforts to develop therapeutic agents for the
treatment of those diseases in which programmed necrosis
may contribute to its etiology.

Necrosis inhibitors
A range of chemical screens for necrosis inhibitors have
identified small molecule inhibitors that specifically block
programmed necrosis (Figure 1). The first reported necro-
sis inhibitor was Nec-1, which blocks necroptosis by inhi-
biting RIP1 kinase activity [14,15,66]. Nec1 has been used
to help researchers to distinguish whether or not an ob-
served cell death is necroptotic. Newer versions of Nec-1
with improved target specificity and drug-like properties
have since been developed [66,67]. Interestingly, Nec-1
also inhibits TLR3/4 mediated necrosis even when RIP1
kinase activity is not required. In this case, the kinase-
inhibited RIP1 may function as a dominant-negative effec-
tor to compete binding to RIP3 with TRIF [47].

Given that RIP1 also contributes to other processes in
addition to necroptosis, such as NF-kB signaling and apo-
ptosis, the direct targeting of RIP3 or MLKL could poten-
tially offer more specific inhibitors for the study and
treatment of programmed necrosis. However, a recent re-
port showed that a kinase-dead mutant form of RIP3 could
activate apoptosis through RIP1-mediated caspase 8 activa-
tion [68], thus implying that inhibition of RIP3 kinase might
result in unwanted apoptotic death. Although it is possible
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Figure 3. Mixed lineage kinase domain-like protein (MLKL)-containing necrosomes target membranes and disrupt membrane integrity. (A) Necrosome activation and
membrane targeting. Upon induction of necrosis, cytosolic receptor-interacting kinase 3 (RIP3) aggregates to form microfilament-like complexes through its RIP homotypic
interaction motif (RHIM) domains. Oligomerized RIP3 is then auto-phosphorylated at the Ser227 residue, increasing its binding affinity with its substrate MLKL. Once MLKL
is recruited by RIP3 and is subsequently phosphorylated at Thr357/Ser358, the necrosomes are activated. Phosphorylation on MLKL promotes its oligomerization and
releases the auto-inhibition of its N-terminal coil–coil domain that is imposed by the pseudokinase domain [70]. The oligomerization of MLKL enables MLKL to bind PIPs
and CL. Necrosulfonamide (NSA) inhibits this process by targeting Cys86 of human MLKL. PIP, phosphatidylinositol lipids; CL, cardiolipin. (B) Necrosomes direct
membrane rupture and organelle swelling. Different PIPs and CL orchestrate the translocation of MLKL to different membrane compartments, including the mitochondria
(orange), the endoplasmic reticulum (purple), the Golgi (pink), and lysosome (red), where MLKL punches holes that ultimately lead to necrotic cell death.
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MLKL, it is now possible to probe human tissues from
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may contribute to its etiology.

Necrosis inhibitors
A range of chemical screens for necrosis inhibitors have
identified small molecule inhibitors that specifically block
programmed necrosis (Figure 1). The first reported necro-
sis inhibitor was Nec-1, which blocks necroptosis by inhi-
biting RIP1 kinase activity [14,15,66]. Nec1 has been used
to help researchers to distinguish whether or not an ob-
served cell death is necroptotic. Newer versions of Nec-1
with improved target specificity and drug-like properties
have since been developed [66,67]. Interestingly, Nec-1
also inhibits TLR3/4 mediated necrosis even when RIP1
kinase activity is not required. In this case, the kinase-
inhibited RIP1 may function as a dominant-negative effec-
tor to compete binding to RIP3 with TRIF [47].

Given that RIP1 also contributes to other processes in
addition to necroptosis, such as NF-kB signaling and apo-
ptosis, the direct targeting of RIP3 or MLKL could poten-
tially offer more specific inhibitors for the study and
treatment of programmed necrosis. However, a recent re-
port showed that a kinase-dead mutant form of RIP3 could
activate apoptosis through RIP1-mediated caspase 8 activa-
tion [68], thus implying that inhibition of RIP3 kinase might
result in unwanted apoptotic death. Although it is possible
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Figure 3. Mixed lineage kinase domain-like protein (MLKL)-containing necrosomes target membranes and disrupt membrane integrity. (A) Necrosome activation and
membrane targeting. Upon induction of necrosis, cytosolic receptor-interacting kinase 3 (RIP3) aggregates to form microfilament-like complexes through its RIP homotypic
interaction motif (RHIM) domains. Oligomerized RIP3 is then auto-phosphorylated at the Ser227 residue, increasing its binding affinity with its substrate MLKL. Once MLKL
is recruited by RIP3 and is subsequently phosphorylated at Thr357/Ser358, the necrosomes are activated. Phosphorylation on MLKL promotes its oligomerization and
releases the auto-inhibition of its N-terminal coil–coil domain that is imposed by the pseudokinase domain [70]. The oligomerization of MLKL enables MLKL to bind PIPs
and CL. Necrosulfonamide (NSA) inhibits this process by targeting Cys86 of human MLKL. PIP, phosphatidylinositol lipids; CL, cardiolipin. (B) Necrosomes direct
membrane rupture and organelle swelling. Different PIPs and CL orchestrate the translocation of MLKL to different membrane compartments, including the mitochondria
(orange), the endoplasmic reticulum (purple), the Golgi (pink), and lysosome (red), where MLKL punches holes that ultimately lead to necrotic cell death.
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MLKL-Lipid interactions drive pore formation

• Phosphatidyl-inositol phosphate lipids (PIP) – > interaction critical for killing and membrane targeting
• Cardiolipin (CL) – inner mitochondrial membrane -> exposed during necrosis -> role unclear

K+

Na+
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Caspase-independent cell death (CICD)
after MOMP

• Less efficient

– Distinct morphology
– Necrosis-like

• Some cells can recover from 
MOMP if caspases are blocked

– Neurons, also in cell 
culture

– miMOMP
e.g.
cathepsins

Mechanisms of CICD
• Global mode

– Mitochondrial catastrophe

• Loss of OM integrity, dilution of intermembrane space proteins

• Mitochondrial dysfunction -> no more ATP production, lipid biogenesis, ROS 
scavanging........

• Selective mode
– Release of pro-death proteins from IMS

• EndoG endonuclease

– Can cleave DNA between nucleosomes

• AIF, essential gene involved in electron transport

– Tethered to inner membrane, 
– released upon loss of membrane integrity and protease processing,
– nuclear translocation - chromatinolysis

Lindsten Mol. Cell 2000

No MOMP, no developmental cell death in 
vertebrates?
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Cell type dependent differences in cell death modalities

0
0
0

Kirsch et al. Science 2010

A. Linkermann et al. Nature Reviews Immunology 14, 759–767 (2014)

Different roads to cell death
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MOMP can engage Necroptosis for CICD

MOMP can engage Necroptosis for CICD

MOMP induces TNF production in the absence 
of caspase activity
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MOMP induces TNF production in the absence 
of caspase activity

MOMP activates NF-kB signalling 

MOMP activates NF-kB signalling 
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MOMP activates NF-kB signalling 

MOMP activates NF-kB through IAP down-
regulation and NIK activation

MOMP induces TNF-mediated inflammation in 
the absence of caspases
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Cytosolic DNA 
sensing by cGAS

MOMP induced NF-kB-driven inflammation 
independent of STING or mtDNA

Paracrine effects of CICD on M1/M2 
macrophage polarization



20

CICD is tumor suppressive, apoptosis is not

CT26 cells GFP-tBid t2A-BCL2 -> xenotransplant

CICD is tumor suppressive, apoptosis is not

CICD activates anti-tumor immunity

NSG mice Balb/c 
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In RCC, caspase 7 expression is inversely correlated 
with survival, opposite for Nf-kB


