Chapter 5
Regulation of Death Receptor-Induced
Necroptosis by Ubiquitination

Maurice Darding and Henning Walczak

5.1 Introduction

Programmed cell death is critically important for the development and survival of
multicellular organisms. Hence, deregulation of cell death processes lies at the root
of many human diseases including neurodegenerative disorders, immunodeficien-
cies, autoimmune diseases and cancer. Apoptosis, the best studied form of pro-
grammed cell death, relies on signalling pathways leading to the activation of
caspases, an evolutionarily conserved family of cysteine proteases. During apopto-
sis, caspases cleave a large number of substrates in the cell, facilitating efficient
removal of the cellular corpse. In contrast, necrosis was long regarded as a form of
accidental and unregulated cell death caused by physical stresses. Necrotic cell
death occurs independently from caspases and lacks the morphological features that
characterise apoptotic cells. However, there is a growing body of evidence that
necrotic cell death can also occur in a regulated, programmed manner (Vandenabeele
et al. 2010). This mode of cell death is referred to as programmed necrosis or
necroptosis. Whereas apoptosis is generally thought of as an anti-inflammatory
form of cell death, through the release of damage-associated molecular patterns
(DAMPs), necrosis is thought to result in inflammation.

The first findings that indicated that necrosis can occur as a regulated process
came from research on members of the tumour necrosis factor (TNF) superfamily
(TNFSF) of cytokines. TNF, the first identified member of this family, is a pleiotro-
pic cytokine involved in inflammatory responses, immunity and cell death (Balkwill
2009; Walczak 2011). TNFSF cytokines bind to and cross-link their cognate
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receptors, the members of the TNF-receptor superfamily (TNF-RSF). These
single-pass membrane-spanning receptors are characterised by the presence of
cysteine-rich domains in their extracellular portion. Death receptors (DR) constitute
a subset of the TNF-RSF and are characterised by the presence of an intracellular
death domain (DD). The DR subfamily includes TNF-R1, TRAMP (DR3), CD95
(Fas/APO-1), TRAIL-R1 (DR4) and TRAIL-R2 (KILLER/TRICK/DR5/Apo2) as
bona fide members and DR6 as a less well-characterised member (Walczak 2013).
DRs are able to mediate programmed cell death by apoptosis following ligation by
their respective ligands, at least under certain conditions. The ligands of the bona
fide members are TNF, TL1A, CD95L (FasL/APO-1L) and TNF-related apoptosis
inducing ligand (TRAIL, also known as Apo2L), respectively. The signalling mech-
anisms induced by TNF, CD95L and TRAIL are best characterised. Whereas TNF
can mediate its effects through binding to two different receptors, TNF-R1 and
TNF-R2, of which only TNF-R1 contains a DD (Gray et al. 1984; Loetscher et al.
1990; Pennica et al. 1984; Schall et al. 1990; Smith et al. 1990), CD95L can induce
cell death via CD95 (Itoh et al. 1991; Oehm et al. 1992) or be inhibited by the solu-
ble receptor DcR3 (Pitti et al. 1998). TRAIL can induce apoptosis through binding
to its DD-containing receptors TRAIL-R1 and TRAIL-R2 (Pan et al. 1997a, b;
Screaton et al. 1997; Sheridan et al. 1997; Walczak et al. 1997; Wu et al. 1997).
However, TRAIL can also bind to three other receptors, TRAIL-R3, TRAIL-R4 and
osteoprotegerin (OPG), but these receptors lack a DD and, hence, do not trigger
apoptosis (Walczak and Krammer 2000).

Apart from their ability to activate signalling pathways that result in apoptosis,
DRs are also capable of gene activation and induction of pro-inflammatory
cytokines. The intracellular signalling pathways involved include the NF-xB path-
way and MAP kinase pathways (ERK and JNK pathways). Although the precise
mechanisms are currently unclear, the relative balance between the pro-apoptotic
and gene activation signals may be determined by several factors, including cell
type, strength of ligand-induced signal and presence or absence of certain intracel-
lular proteins that form part of the signalling complexes triggered by the different
ligands. When the gene activation pathway dominates over the pro-apoptotic path-
way, the consequence would be resistance to ligand-induced cell death.

TNF has long been known to also induce necrosis. In fact, when TNF was first
identified, it was shown to selectively induce necrosis in the mouse fibrosarcoma
cell line L.929 (Carswell et al. 1975). Intriguingly, inhibition of caspases, the central
executioners of apoptotic cell death, was found to exacerbate the necrosis-inducing
capacity of TNF, and this observation has been extended to cell death induction
by TRAIL and CD95L (Holler et al. 2000; Vercammen et al. 1998a, b). Hence, TNF,
TRAIL and CD95L are not only able to induce apoptosis but also necrosis.

So why was the necrosis-inducing capacity of TNF and its siblings virtually
ignored by the cell death research community during the past two decades? The
reason for this is quite simple: apoptosis took centre stage and pushed necrosis off
into a “Schattendasein”. During this time there were some scattered reports about
TNF-, TRAIL- or CD95L-induced non-apoptotic cell death being necrotic, and
receptor-interacting protein 1 (RIP1) was the most likely candidate to be involved in
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mediating this (Holler et al. 2000). However, it was not until 2008 that Degterev
et al. discovered that TNF-induced necrosis can in fact be prevented pharmacologi-
cally, indeed by interfering with the kinase activity of RIP1 (Degterev et al. 2008).
This discovery has reignited interest in studying DR-mediated necrosis induction
because it suddenly appeared feasible to pharmacologically interfere with this type
of cell death, i.e. a cell death that could not only not be inhibited by caspase inhibi-
tors but was even exacerbated by caspase inhibition. Much hope was suddenly
placed on specific inhibitors of this newly discovered form of programmed necrosis,
also referred to as necroptosis, in regard to the possible treatment of several patho-
logical conditions that involve cell death. Clearly, the feat now is to identify the
components of and best pharmacological targets within the necroptosis signalling
pathways, as well as the matching pathological conditions in which inhibition of
programmed necrosis is likely to be beneficial. It is therefore important to gain a
detailed understanding of the processes that lead to the triggering of necrosis, both
in physiological situations and under pathological conditions, and the exact bio-
chemical mechanisms of necroptosis induction.

Ubiquitination, i.e. the post-translation modification of target proteins by ubiqui-
tin, is a central theme in DR signalling (Bianchi and Meier 2009; Walczak 2011;
Wertz and Dixit 2010). In this chapter, we will focus on the role of ubiquitination
and its reversal, de-ubiquitination, in DR-mediated signalling that results in necrop-
tosis. Following an introduction into the ubiquitin system and an overview of DR
signalling pathways, we will discuss how signalling towards necroptosis is medi-
ated by DRs, and how ubiquitination and de-ubiquitination events in DR-triggered
signalling complexes are currently thought to determine the balance between gene
activation, apoptosis or necroptosis as outputs of DR triggering.

5.2 The Ubiquitin System

Ubiquitin is a small 8 kDa protein belonging to the family of ubiquitin-like (Ubl)
proteins. Ubiquitination is important in a wide range of intracellular signalling pro-
cesses and normally results in the covalent attachment of ubiquitin to lysine (K)
residues of target proteins (Komander and Rape 2012). Ubiquitination involves the
action of a three-step enzymatic cascade involving a ubiquitin-activating enzyme
(E1), a ubiquitin-conjugating enzyme (E2) and a ubiquitin ligase (E3). In the first
step, ubiquitin is activated in an ATP-dependent manner by forming a thioester bond
with a cysteine residue in the E1 enzyme. Next, the ubiquitin is transferred from the
El to the E2 enzyme, which can bind E3s. Finally, the E3, which recruits specific
substrates, mediates the transfer of ubiquitin, usually via an isopeptide bond to the
lysine residues of the target protein. Ubiquitin E3s can be divided into HECT- and
RING-type E3s. In the case of HECT E3 ligases, ubiquitin is first transferred from
the E2 to a catalytic cysteine residue of the HECT domain. This ubiquitin-thioester
intermediate subsequently transfers ubiquitin to the substrate that is bound to the
HECT E3. In contrast to HECT E3s, RING-domain E3s do not form a



82 M. Darding and H. Walczak

ubiquitin-thioester intermediate and instead stimulate the direct transfer of ubiquitin
from E2 to substrate. An exception to this are the RING E3s that harbour RING-in-
between-RING domains (RBR) which were recently shown to function like RING/
HECT hybrids whereby the first RING domain binds the E2 after which the ubiqui-
tin moiety is first transferred to a cysteine in the second “RING” domain—which
therefore acts as a HECT rather than a RING domain—before ubiquitination of the
substrate (Stieglitz et al. 2012; Wenzel et al. 2011). The removal of ubiquitin
moieties from protein substrates is catalysed by a diverse class of proteases termed
de-ubiquitinases (DUBs).

When a single moiety of ubiquitin is covalently attached to a lysine residue of a
target protein, this is referred to as mono-ubiquitination. Ubiquitin itself contains
seven lysine residues (K6, K11, K27, K29, K33, K48 and K63), and these can in
turn be conjugated with another ubiquitin molecule, allowing the formation of ubiq-
uitin chains. Additionally, also the N-terminal methionine (M1) of ubiquitin can be
conjugated with another ubiquitin, resulting in M 1-linked chains (also called linear
chains) (Kirisako et al. 2006; Rieser et al. 2013; Walczak 2011). All lysines and M1
of ubiquitin are present in different positions on the surface of the protein. Therefore,
depending on which ubiquitin-contained lysine or whether M1 is used for ubiquitin
chain formation, each type of ubiquitin linkage adopts a structurally distinct confor-
mation (Komander 2009). The different ubiquitin linkages are connected to specific
downstream signalling processes which are, in turn, translated into distinct cellular
functions induced by specific proteins that are termed ubiquitin receptors. Ubiquitin
receptors harbour ubiquitin-binding domains (UBDs) that allow them to recognise
the different ubiquitin modifications through non-covalent interactions, in many
cases in a linkage-type-specific manner (Dikic et al. 2009). Ubiquitination-
dependent signalling is terminated by the action of DUBs that specifically hydro-
lyse ubiquitin chains, sometimes in a linkage-specific manner, and thereby
counteract the action of E3 ligases.

5.3 Death Receptor Signalling

Two groups of DRs can be identified: those that recruit the adaptor protein Fas-
associated death domain (FADD) (CD95, TRAIL-R1, TRAIL-R2) and those that
recruit the adaptor protein TNFR-associated death domain (TRADD) (TNF-R1 and
DR3). The primary signalling outcome for the FADD-recruiting receptors is cell
death, whilst recruitment of TRADD results in gene activation as the primary sig-
nalling output (Fig. 5.1). Binding of TRAIL to TRAIL-R1 and/or TRAIL-R2, and
of CD95L to CD95, results in the formation of the death-inducing signalling com-
plex (DISC). First, the adaptor protein FADD is recruited to the intracellular portion
of the receptor(s) whose cross-linking was triggered by the respective ligand. This
happens through homotypic interaction between the DD of FADD and the DD of
TRAIL-R1/R2 or that of CD95. In addition to a DD, FADD also contains a death
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Fig. 5.1 Death receptor signalling. TNF-R1 signalling (left) and TRAIL-R1, TRAIL-R2 and
CD95 signalling (right) are depicted. DRs trigger two main signals. The primary signalling output
for TNF-R1 is gene activation via NF-kB and MAPK, whereas CD95, TRAIL-R1 and TRAIL-R2
primarily induce apoptosis. For all DR systems, the protein complex that forms at the plasma
membrane and exerts the primary function of the respective receptor is defined as complex-I.
Binding of TNF to its receptor TNF-R1 results in the formation of the TNF-R1 signalling complex
(TNF-RSC). Cross-linked TNF-R1 recruits RIP1 and the adaptor protein TRADD to the DD of the
receptor. Subsequently, TRADD recruits TRAF2, which in turn provides the platform for recruit-
ment of the ubiquitin E3 ligases cIAP1 and cIAP2. cIAP1/2 then place various ubiquitin chains of
different linkages on several components of the TNF-RSC. cIAP1/2-mediated ubiquitination of
TNF-RSC components allows recruitment of LUBAC. Once recruited, LUBAC places M1-linked
(linear) ubiquitin chains on RIP1 and NEMO. The different ubiquitin chains generated by cIAP1/2
and LUBAC in the TNF-RSC enable recruitment of the IKK and TAB/TAK complexes, which
leads to downstream gene activation. Binding of TRAIL or CD95L to their cognate receptors leads
to the formation of the death-inducing signalling complex (DISC). First, the adaptor protein FADD
is recruited by a homotypic interaction of the DD of one FADD molecule with the DDs of three
ligand-cross-linked receptors. Subsequently, the pro-forms of caspase-8 and caspase-10 are
recruited by interaction of their DED with that of FADD. Oligomerisation of caspase-8/10 in the
DISC leads to its activation and induction of apoptosis. FLIP isoforms can also be recruited to the
DISC, resulting in inhibition of apoptosis by completely or partially preventing caspase-8 activa-
tion. The primary complexes can dissociate from the DD of the respective receptor and recruit
additional proteins from the cytosol to form a secondary complex, also called complex-II, which
triggers the respective secondary signal. In the case of TNF-R1, this can be the induction of
necroptosis or apoptosis (see Fig. 5.2), whereas in the case of CD95 and TRAIL-R1/2, the second-
ary signal is gene activation

Apoptosis
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effector domain (DED) through which it recruits the two initiator caspases, cas-
pase-8 and caspase-10. Recruitment of caspase-8/10 to FADD results in their activa-
tion at the DISC. Active caspase-8/10 subsequently undergoes a series of
autocatalytic events, which separates the pro-domain from the caspase domains,
and stabilises caspase-8/10 dimers. Subsequently, fully activated caspase-8 cleaves
the downstream effector caspases caspase-3 and caspase-7, which results in apop-
totic cell death.

Caspase-8-mediated apoptosis is negatively regulated at the DISC by the caspase-
8-like molecule FLICE-like inhibitory protein (FLIP). FLIP can also be recruited to
the DISC through binding to the DED of FADD. The initially discovered form of
FLIP was a viral protein that was found to inhibit caspase-8 (Thome et al. 1997).
Shortly thereafter, the cellular version of this protein was identified (also called cel-
lular FLIP, cFLIP) (Irmler et al. 1997). In human cancer cells, two FLIP isoforms
are prominently expressed: the long, 55 kDa (FLIP,), and the short, 26 kDa (FLIP),
isoforms (Budd et al. 2006). FLIP, resembles caspase-8 in its domain architecture
but lacks a catalytic cysteine in the caspase-like domain necessary for enzymatic
activity. Hence, FLIP, represents an inactive pseudo-caspase. FLIPg is highly
homologous to viral FLIP and only encodes the pro-domain, which contains the
DED domains necessary for FADD binding. Dimerisation of FLIP; 5 with caspase-8
inhibits full caspase-8 activation and apoptosis. However, the FLIPg and FLIP; iso-
forms differentially regulate DR-induced necroptosis, as will be discussed in
Sect. 5.4. Caspase-8 activation at the DISC can also be regulated by ubiquitination
events. For instance, in DR signalling the E3 ligase Cullin-3 interacts with caspase-
8 in the DISC and modifies it with K48- and K63-linked poly-ubiquitin chains. The
ubiquitin receptor p62 is then recruited to poly-ubiquitinated caspase-8, which pro-
motes its aggregation and activation (Jin et al. 2009). In addition, K48-linked poly-
ubiquitination of caspase-8 was also reported to promote its degradation, thereby
shutting off apoptotic signalling (Gonzalvez et al. 2012).

Unlike stimulation of the FADD-recruiting receptors, binding of TNF to TNF-
R1 does not usually result in cell death but instead induces transcription of genes
important for inflammation and cell survival. The TNF-induced signalling pathway
that results in gene activation has been best described for the activation of NF-kB
transcription factors. NF-kB family members (p65/RelA, c-REL, REL-B, NF- kB1
and NF-kB2) exist as homo- and heterodimers and regulate genes involved in
inflammation and cell survival. NF-kB dimers can shuttle between nucleus and
cytoplasm, but under resting conditions they are sequestered in the cytoplasm
because they are bound to inhibitor of kB (IkB) proteins. Ligation of TNF-R1 by
TNF results in the formation of a signalling complex that is referred to as the TNF-
R1 signalling complex (TNF-RSC) or complex-I of TNF-R1 signalling (Micheau
and Tschopp 2003) (Fig. 5.1). Both TRADD and RIP1 are independently recruited
to the DD of TNF-R1 through their respective DDs. TRADD serves as a platform
for the recruitment of TRAF2 and/or TRAFS5. Whilst TRAF2 carries a RING
domain, the role of TRAF2 as an E3 ligase in TNF signalling is controversial
(Alvarez et al. 2010; Yin et al. 2009). Although recruitment of TRAF2 to complex-I
is required for downstream signalling and gene activation, the RING of TRAF2 is
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reportedly dispensable for TNF-mediated activation of NF-kB (Vince et al. 2009;
Zhang et al. 2010). The importance of TRAF2 for TNF signalling can therefore be
attributed to the fact that it serves as a platform for recruitment of the RING E3
ligases cIAP1 and cIAP2 to the TNF-RSC through its cIAP interaction motif (CIM)
(Vince et al. 2009). The homologous proteins cIAP1 and cIAP2 are members of the
inhibitor of apoptosis (IAP) protein family. It appears that they can, at least in part,
compensate for the loss of each other. Nevertheless, subtle functional differences
seem to exist between cIAP1 and cIAP2 (Darding et al. 2011; Feltham et al. 2011;
Gyrd-Hansen et al. 2008) and it will be interesting to dissect this further. Members
of the TAP family, such as XIAP in mammals, are classically known to inhibit apop-
totic cell death by binding and inhibiting caspases directly. However, cIAPs do not
inhibit caspases directly but instead are implicated in ubiquitin-dependent signal-
ling pathways. Structural studies have demonstrated that the TRAF2-cIAP2 com-
plex consists of a TRAF2 trimer binding to one cIAP2 molecule (Mace et al. 2010;
Zheng et al. 2010). TRAFS is also a RING-containing protein, yet it apparently
cannot bind cIAPs which leaves its role in TNF signalling less clear than originally
thought (Silke 2011). Following recruitment of cIAP1/2 to the TNF-RSC, cIAPs
ubiquitinate various components of complex-I, most prominently RIP1 and cIAP1
itself, with K63- and K11-linked poly-ubiquitin chains (Bertrand et al. 2008; Dynek
et al. 2010; Gerlach et al. 2011; Varfolomeev et al. 2008). cIAP1-mediated ubiqui-
tination is critically important for TNF signalling as genetic or pharmacological
depletion of cIAPs results in loss of ubiquitination of RIP1 and failure to activate
NF-xB (Bertrand et al. 2008; Vince et al. 2007). cIAP1/2-generated ubiquitin link-
ages, placed on components of complex-I, allow the subsequent recruitment of the
linear ubiquitin chain assembly complex (LUBAC) (Gerlach et al. 2011; Haas et al.
2009; Ikeda et al. 2011; Tokunaga et al. 2009, 2011). LUBAC is an E3 ligase com-
plex that consists of two RBR proteins, HOIP (RNF31) and HOIL-1 (RBCK1), and
one additional factor, SHARPIN (SIPL1). Currently, LUBAC is the only E3 ligase
known to generate M 1-ubiquitin linkages under physiological conditions. Moreover,
LUBAC exclusively generates linear ubiquitin chains. HOIP is the central compo-
nent of this complex as the formation of linear linkages depends on the enzymatic
activity of the RBR of HOIP (Haas et al. 2009; Smit et al. 2012; Tokunaga et al.
2009). LUBAC is recruited to cIAP1/2-generated linkages by a UBD (a NZF2
domain) present in HOIP. Although cIAPs also contain a UBD, its role as a ubiqui-
tin receptor in TNF signalling is not known (Gyrd-Hansen et al. 2008).

The ubiquitin linkages placed on RIP1—and possibly other components of the
TNF-RSC—by cIAPs and LUBAC allow for more efficient recruitment and reten-
tion of the kinase complexes consisting of TAK1 and TAB2 or TAB3 and of NEMO,
IKKa and IKK, i.e. the TAK/TAB and IxB kinase (IKK) complexes, respectively.
In the native TNF-RSC, RIP1 is simultaneously modified with K11-, K48-, K63-
and M1-linked chains (Gerlach et al. 2011). Recruitment of the TAK/TAB and IKK
complexes is mediated by the UBDs present in TAB2 and NEMO, respectively. The
ubiquitin binding in ABIN and NEMO (UBAN) domain of NEMO is able to bind to
K63-, K11- and M1-linked ubiquitin chains, all of which are present in the native
TNF-RSC (Dynek et al. 2010; Gerlach et al. 2011; Lo et al. 2009; Rahighi et al. 2009).
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However, the affinity of NEMO’s UBAN for M1-linked ubiquitins is 100-fold
greater than for K63- and K11-linked ubiquitins. The UBD of TAB2, in turn, does
not bind MIl-linkages but specifically interacts with K63-linked ubiquitins
(Komander et al. 2009). In addition to RIP1, LUBAC modifies NEMO with linear
ubiquitin chains. In contrast to RIP1, on NEMO exclusively linear ubiquitin chains
have been identified when present in the native TNF-RSC, although it is currently
unclear what the functional role of this modification is (Gerlach et al. 2011).
Following activation, IKKp phosphorylates IkB which leads to recognition by the
Skp1-Cullin-F-box (SCF)B-TRCP E3 ubiquitin ligase complex. SCFp-TRCP ubig-
uitinates IkB with K48-linked chains, thereby targeting it for proteasomal degrada-
tion. This liberates NF-kB dimers from IkB-imposed inhibition so that they can now
translocate to the nucleus and drive expression of NF-«xB target genes.

TNF-induced NF-kB signalling is negatively regulated by its gene products. For
instance, IkB is rapidly transcriptionally upregulated upon NF-kB activation. In
addition, DUBs such as A20 and Cezanne are upregulated by NF-kB and mediate
disassembly of complex-I by hydrolysing the ubiquitin modifications present in the
complex. Other DUBs such as CYLD and USP21, whose expression does not
dependent on NF-kB, are also implicated in negatively regulating TNF signalling.
Although the specific roles of the individual DUBs in the disassembly of the TNF-
RSC are not clear, together they achieve removal of the different ubiquitin linkages
from the various components of the complex. Notably, RIP1 is usually almost com-
pletely stripped of its many ubiquitinations. It is likely that different DUBs are
recruited to different ubiquitin linkages on different components of the complex,
mediated by their own UBDs or UBDs present in their adaptor proteins. For instance,
ABINSs are adaptor proteins required for the recruitment of A20 to the TNF-RSC.
ABINs contain a UBAN domain, allowing them to bind linear ubiquitin chains
(Wagner et al. 2008).

Apart from being recruited to specific ubiquitin linkages, different DUBs appear
to be specific in cleaving certain ubiquitin-linkage types. For instance, A20 has been
reported to cleave K63-linked chains from RIP1, and subsequently targeting it for
degradation, thereby terminating TNF signalling (Wertz et al. 2004). CYLD is able
to cleave K63- and M1-linked ubiquitin chains whereas Cezanne reportedly specifi-
cally hydrolyses K11-linkages (Bremm et al. 2010; Komander et al. 2009). The
targeted recruitment of specific DUBs to certain linkages and their preferences for
catalysing specific linkage types probably serve to precisely fine-tune the extent and
duration of a given signal.

Whilst gene activation is the primary signalling outcome of TNF stimulation,
under certain circumstances TNF can also induce cell death. TNF-induced cell
death is mediated by a secondary complex that forms approximately 2 h after TNF
stimulation (Micheau and Tschopp 2003). This cytoplasmic complex, which derives
from complex-I, is frequently referred to as complex-II. Complex-II forms when
TRADD dissociates from the receptor and instead binds to FADD in the cytosol.
FADD in turn can serve as a platform for the recruitment of caspase-8 and FLIP.
When TNF successfully stimulates NF-kB-mediated expression of target genes,
formation of complex-II does not lead to apoptosis because anti-apoptotic genes,
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such as Bcl-2, cIAP2 and FLIP, are transcriptionally upregulated. Therefore, TNF
only kills under conditions where expression of NF-kB target genes is blocked, such
as upon genetic deletion of NF-kB, expression of a dominant negative form of IkB
or in the presence of the protein synthesis inhibitor cycloheximide. In these cases,
FLIP is not upregulated after TNF stimulation, allowing full caspase-8 activation in
complex-II and induction of apoptosis. As will be discussed further in the next sec-
tions of this chapter, complex-II can also be formed when ubiquitination events in
complex-I are perturbed, thereby altering the ubiquitination status of RIPI.
Unmodified RIP1 can then bind to FADD and caspase-8 and stimulate their associa-
tion, forming complex-II (Wang et al. 2008).

5.4 Necroptosis Signalling

As mentioned above, apart from gene activation and apoptosis, stimulation with
death ligands can also lead to the induction of necroptosis, in particular in the pres-
ence of caspase inhibitors. As necroptosis has only recently been discovered, at
present the necroptosis signalling pathway is not well understood but currently
under intense investigation. Importantly, whilst RIP1 plays a central role in
ubiquitin-mediated NF-kB signalling downstream of TNF-R1, RIP1 was also the
first factor found to be required for death-ligand-induced necroptosis in the pres-
ence of caspase inhibition (Holler et al. 2000). Subsequently, the kinase activity of
RIP1 was found to be the target of necrostatin-1, a chemical inhibitor of necroptosis
(Degterev et al. 2008). In addition to the kinase activity of RIP1, TNF- and virus-
induced necroptosis is dependent on the RIP1-related kinase RIP3 (Cho et al. 2009;
He et al. 2009; Hitomi et al. 2008; Zhang et al. 2009). Whereas RIP1 is involved in
the induction of apoptosis, necrosis and gene activation by TNF, RIP3 appears to
play a more specific role as a key determinant of necroptosis. RIP3 and RIP1 are
similar in structure as they both harbour an N-terminal kinase domain and can asso-
ciate with each other through their respective C-terminal RIP homotypic interaction
motif (RHIM) domains. However, RIP3 lacks the DD through which RIP1 is capa-
ble of interacting with other DD-containing proteins such as FADD, TRADD or
TNF-R1 itself.

When caspase activity is inhibited, RIP1 in complex-II is now able to recruit
RIP3 to form a pro-necroptotic signalling complex frequently referred to as the
necrosome. The kinase activity of RIP1 is required for necrosome formation as this
can be inhibited by necrostatin-1 (Cho et al. 2009). Both RIP1 and RIP3 are highly
phosphorylated during necroptosis, which again can be inhibited by necrostatin-1,
suggesting that RIP1 is the upstream kinase responsible for phosphorylation of its
target RIP3 (Cho et al. 2009; Degterev et al. 2008). Phosphorylation of RIP3 on
S227 is needed for recruitment of the mixed-lineage kinase-like (MLKL) protein, a
pseudo-kinase that was recently identified as a crucial factor for necroptotic signal-
ling downstream of RIP1 and RIP3 (Sun et al. 2012; Zhao et al. 2012). MLKL
interacts with phosphorylated RIP3 through its C-terminal kinase-like domain
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during necroptosis induction. Following recruitment, MLKL is phosphorylated by
RIP3 at T357 and S358 (Chen et al. 2013; Sun et al. 2012). MLKL was identified as
the target of the small molecule inhibitor of necroptosis necrosulfonamide (NSA) in
a chemical library screen (Sun et al. 2012). NSA blocks necroptosis by covalently
binding to Cys86 in the N-terminal coiled-coil (CC) domain of MLKL, indicating
that this domain is important for MLKL’s function. As this residue is not conserved
in murine MLKL, NSA is unable to block necroptosis in mouse cells. One concept
that has recently been put forward, but awaits confirmation, is that RIP1/RIP3/
MLKL-containing necrosomes aggregate into amyloid-like structures, resulting in
the manifestation of the physical features of necroptosis (Li et al. 2012). Although
several other components have been implicated in the execution of necroptosis, the
biochemical mechanism of necroptosis induction is not yet understood and formal
genetic proof for the requirement of any factors for the execution of necroptosis,
apart from RIP1, RIP3 and MLKL, is currently lacking.

Recent studies in mice deficient for key components of the apoptosis machinery
provided insight on the mechanisms that regulate RIP1-/RIP3-dependent necropto-
sis (Dillon et al. 2012; Kaiser et al. 2011; Oberst et al. 2011; Zhang et al. 2011)
(Fig. 5.2). At the same time, they provided an explanation for the puzzling observa-
tion that deficiency in caspase-8, FADD or FLIP results in an embryonically lethal
phenotype that cannot be attributed to deregulated apoptosis. Since all of these three
gene-deficient mice die at the same stage of embryonic development at around
E10.5, displaying a phenotype that showed lack of vascularisation of the yolk sac
(Sakamaki et al. 2002; Varfolomeeyv et al. 1998), it could be deduced that caspase-8,
FADD and FLIP likely act in concert to prevent the death of a precursor cell of yolk
sac vascularisation. Until recently it was, however, unclear whether this hypothesis
was correct and, if so, what type of cell death the caspase-8/FLIP/FADD triad would
be capable of inhibiting. Strikingly, normal development is completely restored in
caspase-8- and FADD-deficient mice when RIP3 is absent (Kaiser et al. 2011;
Oberst et al. 2011). In addition, the embryonic lethality of FADD-deficient mice is
also rescued by the deletion of RIP1 (Zhang et al. 2011). However, similar to RIP1-
deficient mice, these animals die shortly after birth. These studies revealed that,
together, FADD, caspase-8 and FLIP antagonise RIP1-/RIP3-dependent necropto-
sis signalling.

What could be the explanation for these observations on the molecular level?
The different FLIP isoforms appear to be the key determinants in deciding cell fate.
Whilst FLIPs completely inhibits caspase-8 activation, counter-intuitively FLIP;
actually appears to promote localised activation of caspase-8 (Boatright et al. 2004;
Micheau et al. 2002; Oberst et al. 2011; Pop et al. 2011) (Fig. 5.2). FLIP, -mediated
activation of caspase-8 is achieved through dimerisation-induced conformational
changes of the FLIP,-caspase-8 heterodimer. Heterodimerisation of FLIP; and
caspase-8 allows cleavage between their respective large and small subunits and,
consequently, activation of the caspase-8 portion of the heterodimer. Although
FLIP, thereby imparts catalytic activity to caspase-8, this activity is not sufficient to
trigger cell death, because FLIP, prevents cleavage of the pro-domain of caspase-8.
Moreover, it appears that FLIP; -caspase-8 heterodimers display less proteolytic
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Fig. 5.2 Necroptosis signalling. The different cell death outcomes downstream of TNF-R1 are
depicted. Following formation of the TNF-RSC (complex-I), components of this complex, notably
TRADD and RIPI, can be released into the cytosol, forming a secondary complex referred to as
complex-II. This process is most likely facilitated by the action of DUBs. Complex-II can recruit
FADD, caspase-8/10, FLIP isoforms and RIP3, when expressed. The presence of FLIP isoforms in
complex-II inhibits full caspase-8 activation and hence apoptosis. The caspase-8/FLIP, heterodi-
mer also counteracts RIP1 and RIP3 signalling, thereby preventing necroptosis. When FLIP levels
are low, for example, when the gene activation signals of complex-I are inhibited, caspase-8 activa-
tion is uncontrolled and leads to apoptosis. When caspase-8 activity is completely absent, for
instance, by genetic deletion or by the presence of high levels of FLIPs in complex-II, RIP1 and
RIP3 signalling is unchecked. The kinase activities of RIP1 and RIP3 allow their stable oligomeri-
sation and recruitment and phosphorylation of MLKL, resulting in execution of necroptosis by a
yet undefined downstream pathway

activity than caspase-8 homodimers on apoptotic substrates such as Bid and cas-
pase-3 (Hughes et al. 2007; Pop et al. 2011). FADD, serving as the scaffold for cas-
pase-8 and FLIPy, is also able to bind RIP1. The current model is that the FADD/
caspase-8/FLIP, complex allows localised caspase-8 activity that results in cleavage
of RIP1 and RIP3 which, in turn, probably results in their inactivation (Feng et al.
2007; Oberst et al. 2011). Hence, FLIP; inhibits both caspase-8-mediated apoptosis
and RIP1-/RIP3-dependent necroptosis (Fig. 5.2). In contrast, FLIPs, which com-
pletely prevents catalytic activity of caspase-8, cannot inhibit RIP1/3-dependent
necroptosis. Since FLIP; inhibits both apoptosis and necroptosis, in FLIP knockout
mice both pathways need to be neutralised in order to rescue the lethal phenotype.
Accordingly, embryonic lethality in mice lacking FLIP cannot be rescued by dele-
tion of RIP3 because in the absence of FLIP, apoptotic cell death can occur in an
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uncontrolled manner and, indeed, these embryos display apoptotic cell death (Dillon
et al. 2012). Consistent with this notion, the deletion of FADD in addition to FLIP
and RIP3 resulted in viable FLIP/FADD/RIP3 triple-knockout mice (Dillon et al.
2012). Thus, the components of the apoptotic machinery, FADD, caspase-8 and
FLIP have a survival role by means of negatively regulating RIP1 and RIP3, thereby
controlling aberrant necroptosis in the developing embryo.

Currently, it is not clear what the physiological roles of necroptosis are. Whereas
RIP1-deficient mice die perinatally, both RIP3- and MLKL-deficient mice are
healthy and do not display any remarkable developmental defects (Cho et al. 2009;
He et al. 2009; Wu et al. 2013). Whilst these knockouts show that necroptosis is not
required for normal development, they also provide invaluable means to study the
pathophysiological role of necroptosis. Evidence is emerging that necroptosis is
likely to play a crucial role in the host defence against viruses and other pathogens.
As viruses commonly bear genes expressing apoptosis inhibitors, RIP3-dependent
necrosis most likely serves as a second-line defence cell death mechanism to elimi-
nate infected cells when apoptosis is inhibited. Indeed, although RIP3-deficient
mice are developmentally normal, they are unable to control viral infections (Cho
et al. 2009; Upton et al. 2010). The notion that necroptosis is a crucial component
of anti-viral immunity is further supported by the recent finding that certain viruses
also express necroptosis inhibitors, such as the cytomegalovirus protein M45/vIRA
that binds and inhibits RIP3 (Upton et al. 2010). In addition, it has been suggested
that necroptosis of infected cells enhances the inflammatory response since necrop-
totic cells release pro-inflammatory DAMPs (Weinlich et al. 2011).

5.5 Regulation of Necroptosis by Ubiquitination

As discussed above, ubiquitination events play an important role in TNF signalling.
In fact, over the years the ubiquitin system has emerged as a key regulator of cell
death and survival signalling. The first indications of the importance of ubiquitina-
tion came from studies on apoptotic signalling in Drosophila melanogaster. The
drosophila IAPs, DIAP1 and DIAP2, limit caspase activation by modifying both
initiator and effector caspases with degradative and non-degradative ubiquitin
chains (Broemer and Meier 2009). In mammals, recent evidence suggests that IAPs
can regulate caspase-8 activation directly and independently from DR signalling.
Loss of IAPs, either due to genotoxic stress or pharmacological inhibition, results in
spontaneous formation of a RIP1-containing cytoplasmic death-inducing complex
dubbed the “Ripoptosome” (Feoktistova et al. 2011; Tenev et al. 2011). Similar to
complex-II, the Ripoptosome contains the core components RIP1, caspase-8, FLIP
and FADD and can stimulate caspase-8-dependent apoptosis as well as necroptosis
when RIP3 is present. An important difference with complex-II is that the
Ripoptosome is assembled in the cytosol independently from DR signalling. Most
likely, cIAP1, cIAP2 and XIAP negatively regulate the Ripoptosome by targeting its
components for ubiquitination and degradation.
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Downstream of TNF-R1, the formation of ubiquitin linkages by cIAP1/2 plays
an important role in regulating the signalling outcome. First of all, as outlined
above, NF-xB activation downstream of TNF-R1 depends on various degradative
and non-degradative ubiquitination events. In addition, ubiquitination of RIP1, and
possibly other components of the TNF-RSC, by cIAPs and LUBAC, is important to
actively protect cells against the lethal effects of TNF. The importance of IAPs in
TNF signalling was manifested by the use of Smac mimetics (SMs). SMs are a class
of small molecule drugs that mimic the N-terminal IAP-binding motif (IBM) of the
mature form of the endogenous IAP antagonist Smac. Originally, these compounds
were designed to cause apoptosis of cancer cells by antagonising XIAP and reliev-
ing caspases from its inhibition (Li et al. 2004; Schimmer et al. 2004). However, SM
compounds exert their strongest effect on cIAP1 and cIAP2 by causing their protea-
somal degradation (Petersen et al. 2007; Varfolomeev et al. 2007; Vince et al. 2007).
These two cellular IAPs normally mediate the constitutive degradation of NF-xB-
inducing kinase (NIK), a kinase that mediates non-canonical activation of NF-xB.
Depletion of cIAPs by treatment with SMs results in stabilisation of NIK and spon-
taneous activation of non-canonical NF-kB signalling. In some cells, SM-mediated
activation of NF-kB leads to induction of TNF, resulting in subsequent autocrine
stimulation of TNF-R1. In the absence of cIAPs, cells are sensitised to the lethal
effects of TNF since components of complex-I, in particular RIP1, are no longer
ubiquitinated. The lack of ubiquitination in complex-I leads to the formation of the
cytoplasmic complex-II, which is dependent on RIP1 (Petersen et al. 2007; Wang
et al. 2008). RIP1 promotes the association between caspase-8 and FADD in com-
plex-II, resulting in caspase-8 activation and induction of apoptosis (Fig. 5.2). When
RIP3 is present, however, it can also be recruited to RIP1 in complex-II; when, in
addition, caspase-8 is inhibited, the combination of SM treatment and TNF stimula-
tion can result in necroptosis.

Apart from the E3 ligase activity of cIAPs, linear ubiquitination of components
of complex-I by LUBAC is also required to protect cells against the lethal effects of
TNF. Interestingly, mice carrying a mutation in the LUBAC component SHARPIN,
which results in loss of SHARPIN expression, develop chronic proliferative derma-
titis (cpdm) (Seymour et al. 2007). Whilst gene induction by TNF and other inflam-
matory ligands is attenuated, cpdm cells are sensitised to TNF-induced cell death
(Gerlach et al. 2011; Ikeda et al. 2011; Tokunaga et al. 2011). The observation that
TNF stimulation results in aberrant death of cpdm-derived cells and that this cell
death is both apoptotic and necroptotic—and hence possibly inflammatory—
inspired the cross between TNF-deficient and cpdm mice, with the result that the
formation of inflammatory lesions that characterises cpdm mice was completely
prevented in the absence of TNF (Gerlach et al. 2011). These data strongly support
a model according to which TNF-induced cell death, the only TNF signal that
was increased in cells derived from SHARPIN-deficient cpdm mice, is causative for
inflammation in cpdm mice. It remains to be shown, however, to which extent TNF-
induced necroptosis and/or apoptosis contribute to the cpdm-characterising inflam-
mation and whether, together, these two forms of cell death might be required and
sufficient for it to occur.
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Apart from E3 ligases, DUBs also play an important role in the regulation of
DR-mediated necroptosis. CYLD is recruited to the TNF-R1 signalling complex
where it targets ubiquitin linkages on RIP1 (Wright et al. 2007). CYLD has been
identified in a genome-wide siRNA screen in the mouse cell line 1.929 to be required
for efficient induction of TNF-induced necroptosis (Hitomi et al. 2008).
Subsequently, several other studies have confirmed the role of CYLD in necroptosis
as well as apoptosis (Bonnet et al. 2011; O’Donnell et al. 2011; Welz et al. 2011).
Similar to RIP1 and RIP3, CYLD is also being cleaved by caspase-8 after DR stim-
ulation. This inactivates CYLD and is another mechanism by which caspase-8 sup-
presses necroptosis (O’Donnell et al. 2011). The finding that CYLD appears to be
capable of not only cleaving K63- but also M1-linked ubiquitin chains (Komander
et al. 2009) strengthens the notion that linear ubiquitination by LUBAC prevents
RIP1 from inducing cell death. Recently, the novel DUB FAM105B/OTULIN/
Gumby has been identified as specifically hydrolysing linear ubiquitin linkages,
thereby antagonising LUBAC activity (Keusekotten et al. 2013; Rivkin et al. 2013).

Detailed investigations will be required to understand the exact mechanisms by
which cIAPs, LUBAC, OTULIN and CYLD, and most likely other E3 ligases and
DUBs, regulate the balance between the gene-activatory, apoptotic and necroptotic
outcomes of signalling downstream of death receptors. This will not only be impor-
tant downstream of TNF-R1 but also of TRAIL-R1/2 and CD95, as the necroptotic
signalling arm and the role of ubiquitination downstream of these receptors is less
well understood. Moreover, the elucidation of hitherto unknown components and
regulators of the necroptosis pathway beyond the ubiquitin system will clearly be
the focus of future studies. As necroptosis is being reported to be involved in a
wider range of pathologies, it will be crucial to completely dissect the signalling
pathways that results in necroptosis. Evidently, the understanding of the exact
molecular mechanism underlying necroptosis will lead to the identification of novel
therapeutic targets and opportunities.
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