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regulation of RIPK1/FADD/caspase-8 complexes
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The mechanisms that underpin the production of small molecules and cytokines that lead to inflammation or programmed cell
death are intricately intertwined. So much so that some of the proteins that contribute to the transcriptional up regulation of
cytokines can switch their role in the right circumstances to generate cell death-inducing complexes. This entwinement is reflected
in the fact that inflammation helps an organism fight pathogens and that therefore pathogens are under an evolutionary pressure
to interfere with this process. Cell death is therefore a defensive measure that may serve to deny pathogens a host cell, expose
pathogens to the immune system and also provide additional inflammatory information to the host. Clearly such a system must be
tightly regulated and ubiquitylation is a post-translational protein modification that is at the heart of this regulation. In this review,
we discuss the regulatory ubiquitin events that dictate the formation and activation of death-inducing complexes containing
RIPK1/FADD/caspase-8, and examine how these events collectively determine cell fate.
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Facts

� Ubiquitin is a small molecule that can be post translationally
attached to proteins in different orientations.

� E3 Ligases attach ubiquitin to substrates, DUBs deubiqui-
tylate substrates and can counter the activity of E3 Ligases.

� The DISC, Complex 2 and the Ripoptosome are complexes
that all contain the core components RIPK1, FADD and
caspase-8.

� caspase-8 is activated by oligomerisation and can induce
apoptosis and inhibit necroptosis.

� MLKL is the key necroptotic effector and can be activated by
RIPK3 phosphorylation.

Open Questions

� Howmany ubiquitin molecules exist within a single ubiquitin
chain and how is ubiquitin chain length determined?

� What is the stoichiometry of RIPK1/FADD/caspase-8
containing complexes?

� Outside of ubiquitin, how many other post-translational
events regulate the formation and activation of FADD/
caspase-8 containing complexes?

Accomplishing higher-level tasks by multiplexing many
smaller individual units is a strategy used in many biological
systems. Such complex self-assemblages are seen in the
insect world, where social insects likeweaver or army ants use

their bodies to form chains or large scaffolds and structures to
benefit their colony1 (Figure 1a). The small 7-kDa ubiquitin
protein, like these ants, is a hard working multi-tasker that can
perform awide variety of tasks by linking upwith other ubiquitin
molecules in different combinations. Ubiquitin can either be
linked via the free ε-amine in lysine residues or the α-amine in
the N-terminal methionine of substrate proteins by ubiquitin E3
ligases to the c-terminal glycine of ubiquitin in an isopeptide
bond. Single ubiquitin molecules can also be attached to
target proteins and this is termed mono- or multi mono-
ubiquitylation. However because ubiquitin contains seven
lysine residues and the free N-terminal methionine, ubiquitin
molecules can be linked together to form a poly-ubiquitin
chain. The configuration of the ubiquitin chain is dependent on
whether a particular lysine or the N-terminal methionine within
the ubiquitin molecule is utilised. These chains can contain
single linkage types (e.g.: K63 only) or alternatively contain
multiple linkage types where ubiquitin molecules are
attached in different orientations within the same chain
(Figure 2). The different linkages that form are M1-, K6-,
K11-, K27-, K29-, K33-, K48- and K63-linked ubiquitin
(Figures 1b and c). In an elegant study by Emmerich et al.2

M1-linked poly-ubiquitin chains were shown to be heavily
dependent on the presence of K63-linked chains presenting
as either hybrid chains (M1 & K63 in the same chain) or
separate chains linked to the same protein (Figure 2). This
dependency of one linkage type for another is interesting when
ubiquitin-binding domain proteins are considered, as different
linkages existing in close proximity to one another may
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facilitate the recruitment of distinct protein complexes to
mediate their activation.
Ubiquitin researchers are beginning to understand and

decipher the code that enables cells to interpret different chain
configurations. New tools that allow researchers to investigate
the occurrence of different ubiquitin linkages are aiding in this
endeavour. For example, Tandem Ubiquitin Binding Entities
(TUBEs), that bind to and also stabilise ubiquitin chains, allow
for relatively simple purification of ubiquitylated proteins that
can then be analysed by western blot or mass spectrometry.
Linkage-specific TUBEs can also be used to specifically purify
K63-, K48- and M1-linked ubiquitylated proteins. Linkage-
specific ubiquitin antibodies can also be used similarly to
TUBEs and some have the additional benefit that they can be
used on denatured proteins. Furthermore, the use of linkage-
specific deubiquitinases (DUBs) can implicate the types of
ubiquitin linkages present in a sample and can help reveal
mixed and branched ubiquitin chains. Ubiquitin Chain Restric-
tion Analysis (UbiCREST) kits that contain all relevant DUBs
are available and allow researchers to characterise their chain
of interest with minimal effort.3 Targeted Mass Spectrometry is
without question the gold standard to prove ubiquitin
modification and has been used to identify residues targeted
with ubiquitin, some of which we discuss below.
The beauty of ubiquitin is that it can be combined in an

almost limitless number of potential combinations and these
can be dynamically regulated. It is therefore highly suited to
orchestrate complex, temporally regulated, signalling events
and many different signalling platforms utilise it. One that
stands out in the literature due to the intense research in the
area, and the early recognition of the important roles ubiquitin
plays in this pathway, is TNFR1 signalling. Upon binding of
TNF, TNFR1 generates both a membrane bound complex
(complex 1) and a cytoplasmic complex (complex 2) and it
appears, although no definitive data has been provided, that
the cytoplasmic complex evolves from the membrane bound
form. This sequence of eventswas proposed based on the fact
that the cytoplasmic complex can be detected after the
formation of the membrane bound complex and that both the
membrane bound and cytoplasmic complex contain the
molecule RIPK1.4 Although this data suggests a chronological
sequence it is noteworthy that certain treatments can generate

Figure 1 Weaver ant chains parallel ubiquitin chains. (a) A photograph of the
chain-like structures formed by the weaver ant (genus Oecophylla). Weaver
ants form head to tail chains in order to reach adjacent leaves during the building of
their nests. The leaves are then pulled closer together and larval secretions
are used to make a seal. (b) A Schematic of an ant used as to represent
the lysine residues (K6, K11, K27, K29, K33, K48 and K63), the N-terminal
methionine (M1) and the C-terminal diGly (GG) residues within ubiquitin. (c) A
Schematic using ants (top) and ubiquitin (Ub) (bottom) to represent a mixed K63/M1
ubiquitin chain

Figure 2 Ubiquitin linkages. Schematic depicting a few possible scenarios for ubiquitin chain orientations and combinations. Ubiquitin chains are thought to occur in single,
mixed or branched forms. Single chains occur when only one ubiquitin linkage is represented in the chain, whereas mixed linkages have more than one linkage type represented.
Branched chains on the other hand occur when two chain types are represented but when these chain types occur in distinct chains. Alternatively, co-dependency may occur if the
conjugation of one chain type (the 1st chain type) is dependent on another (the 2nd chain type)
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a cytoplasmic complex, containing RIPK1, Fas-associated
protein with death domain (FADD) and caspase-8 without the
assistance of TNF-TNFR1 signalling. The complex that forms
independently of cell surface receptor engagement has been
dubbed the Ripoptosome, but in our opinion is likely to be very
similar in composition to the cytoplasmic TNFR1 complex 2.5

Complex 2 and the Ripoptosome are both capable of
activating apoptosis and in the presence of the necroptosis-
inducing molecule RIPK3, these complexes also have the
potential to drive necroptosis. This review focuses on the
different FADD/Caspase-8 containing complexes and what is
currently known about the ubiquitylation of their components
and how these ubiquitylation events dictate signalling
responses.

Complex Complexes – the Death-Inducing Signalling
Complex, Complex 2 and the Ripoptosome

Complex 2 and the Ripoptosome are not the only complexes
containing caspase-8, FADD and RIPK1. In fact, the death-
inducing signalling complex (DISC) was the first complex
reported to contain these key players. This complex forms
downstream of the death receptors FAS/CD95,6 TRAIL-R1
(DR4) and TRAIL-R2 (DR5).7 The complex is generated as a
result of homotypic interactions between the death domain
(DD) present in the cytoplasmic tail of the receptor and the

molecule FADD, followed by death effector domain (DED)
mediated recruitment, oligomerisation and activation of
caspase-8 or 10 (Figure 3). The DISC also contains the
caspase-8 inhibitor cellular FLICE inhibitory protein (cFLIP),
which exerts critical functions that determine cellular fate.
Importantly, and distinctly to the Ripoptosome and Complex 2
the DISC is tethered to the cytoplasmic side of the plasma
membrane by the receptors (Figure 3). Notably, secondary
signalling complexes that do not contain the death receptor
can also be observed.8 The cytoplasmic TNFR1 complex 2,
forms downstream of the DD containing receptor TNFR1,
however differently to TRAIL-R1/R2 (DR4/5) and FAS/CD95 it
does not complex around the DDs of TNFR1 but rather forms
via the DDs of TRADDand/or RIPK1. TheRipoptosome on the
other hand forms irrespective of ligand-receptor engagement
at the cell surface and instead forms spontaneously upon cIAP
depletion.9,10 Because chemotherapeutic agents such as
Etoposide can trigger IAP depletion these drugs can also
promote the formation of the Ripoptosome (Figure 3).
Although this ~ 2 MDa complex contains the core components
caspase-8, FADD and RIPK1, in certain cell types and on
particular stimuli this complex can also recruit cFLIP and
RIPK3 (ref. 11) and also potentially the regulatory proteins
NEMO (IKKγ), TAK1 and ATM.12 RIPK3 is a necroptosis-
inducing RHIM-containing protein that can be activated by
other RHIM-containing proteins such as RIPK1, Toll/IL-1

Figure 3 Complex 2, the DISC and the Ripoptosome. (a) Schematic depicting the activation of RIPK1/FADD/caspase-8 containing complexes. Complex 2 forms downstream
of complex 1 upon ligation of TNF with its receptor TNFR1. TNF induces timerisation of TNFR1 and this stimulates recruitment the downstream signalling effectors, culminating in
the activation of NF-κB. Key ubiquitylation and phosphorylation events are important to limit the association of RIPK1 with FADD/caspase-8 in order to prevent cell death. (b) The
DISC forms upon ligation of the ligands, TRAIL or FasL to their cognate receptors. Ligand binding induces receptor trimerisation and the recruitment of FADD and caspase-8. In
type I cells caspase-8 activation can induce apoptosis via direct cleavage of downstream caspases. Through an incompletely defined mechanism a secondary signalling complex
can also form downstream of the DISC comprising signalling proteins, such as RIPK1 and the cIAPs, which stimulates the upregulation of cytokines and chemokines. (c) The
Ripoptosome, comprising the core components RIPK1/FADD/caspase-8, does not require ligand/receptor engagement and is a cytoplasmic complex that is kept in check by the
IAP proteins. The Ripoptosome can be induced upon genotoxic stresses such as Etoposide or removal/inhibition of the IAP proteins
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receptor domain-containing adaptor inducing IFN-β (TRIF),
and DNA-dependent activator of interferon regulatory factors
(DAI).13 Outside of these three well defined complexes, other
reports have demonstrated that a complex between FADD,
caspase-8, RIPK1 and RIPK3 forms on TLR ligation to
regulate inflammasome activation and IL-1β secretion.14–16

Regardless of the entry point the formation and activation of
this complex is highly regulated to avoid aberrant activation.

Weaving a Stronger Signal – Ubiquitin-Mediated
Regulation of RIPK1

Weaver ants work together to create intricate chains that allow
them to ratchet together leaves that are beyond the reach of a
single ant. These chains then allow other ants to bind together
the leaf seams using larval secretions to make a strong
enclosed nest. Similarly to the chains that assist the weaver
ant to build its nest, ubiquitin chains on RIPK1 allow it to
perform a variety of functions that culminate in both survival
and death signals. RIP kinases are studied intensively due to
their roles in both caspase-dependent and – independent cell
death and their ability to function downstream of signalling
receptors. Confusingly for researchers new to the field, in most
signalling cascades these kinases play a structural/scaffolding
role in their respective signalling complexes and their kinase
activity takes a back seat. Thus while RIPK1 knockout mice
are perinatal lethal with a massive systemic inflammatory
syndrome,17–20 RIPK1 kinase dead mice are viable and
healthy.21,22 Indeed even where RIPK2 kinase inhibitors
indubitably block NOD signalling it appears that they do so
by preventing a conformational change necessary for it to
perform its structural role.23

The regulation of RIPK1 by ubiquitylation is well described
downstream of TNFR1. Ligation of TNF with TNFR1 stimu-
lates the recruitment of TRADD and RIPK1 to the cytoplasmic
DD of TNFR1. TRADD facilitates the recruitment of TRAF2,
allowing the recruitment of the cIAP proteins and subsequently
the recruitment of LUBAC (HOIP, HOIL and Sharpin) to
complex 1. These events, in addition to the K63-linked
non-degradative ubiquitylation of RIPK1 within complex 1,
stimulate the activation of the downstream signalling effectors
in certain cell types.24–26 Deregulation of complex 1 by
disrupting the ubiquitylation events causes the dismantling of
complex 1 and stimulates the formation and activation of
complex 2 (Figure 3). The primary E3 ligases responsible for
this ubiquitylation in most cell types are the cellular Inhibitor of
APoptosis proteins, cIAP1 and cIAP2.27–30 However, although
TNF-induced ubiquitylation of RIPK1 is almost completely
absent in cIap1−/−cIap2−/− double knockout cells immediately
following TNF stimulation there are still some high molecular
weight bands that can be visualised via western blot. This may
indicate that all the E3 ligases that regulate RIPK1 directly are
still not defined, or that additional ubiquitin-like linkages such
as SUMO or NEDD8 are attached to RIPK1 following TNF
stimulation. Other E3 ligases may play an indirect role in
regulating RIPK1 ubiquitylation, such as RNF11 that has been
shown to play a role in allowing A20 to deubiquitylate RIPK1
and terminate this signalling.31 IAP driven ubiquitylation is
critically important to prevent the cytotoxic activities of RIPK1,
potentially by delaying or limiting the recruitment of RIPK1 to a

FADD/caspase-8 containing complex. This is demonstrated
by the fact that mutation of a critical lysine in RIPK1, K377, to
arginine decreased TNF-induced ubiquitylation of RIPK1 and
increased the susceptibility of RIPK1 K377R expressing cells
to apoptosis.24,32 The significance of IAP regulation of RIPK1-
mediated cytotoxicity is highlighted by the fact that the early
embryonic lethality observed in cIap1−/−cIap2−/− and cIap1−/−

Xiap−/− mice is prevented by genetic deletion of RIPK1.30

Further evidence is provided from studies using chemother-
apeutic agents termed Smac-mimetics (SM), which mimic the
endogenous IAP antagonist Smac/DIABLO and inhibit the
action of IAP proteins. These compounds act by inducing cIAP
dimerisation which in turn promotes their auto-ubiquitylation
and proteasomal degradation33,34 and by relieving XIAP
mediated suppression of caspases. TNF-induced ubiquityla-
tion of RIPK1 is significantly reduced if cells are pre-treated
with SM compounds suggesting that IAPs mediate the
majority of RIPK1 ubiquitylation.28,29,35,36 Finally mutation of
cIAP E3 ligase activity also prevents RIPK1 ubiquitylation
upon TNF stimulation highlighting a central role for the cIAPs
in ubiquitylation of RIPK1.29,37 cIAP1-mediated ubiquitylation
of RIPK1 and other complex 1 components facilitates the
recruitment of the linear ubiquitin assembly complex
(LUBAC),29 which generates M1-linked ubiquitin chains. This
set of ubiquitin events at the TNFR1 complex 1 are relatively
well described, and the role for these chains in promoting NF-
κB and MAPK activation which in turn leads to cFLIP up
regulation arewell understood.Without wishing to detract from
all these studies it is worth noting that a proteome-wide
approach to examine ubiquitin modifications following TNFR1
signalling did not detect ubiquitylated RIPK1 although it was
able to identify many other well characterised ubiquitin
substrates (including TRAF2, cIAP1 and NEMO).38 This is
despite the fact that the authors were able to readily identify
RIPK1 ubiquitylation by western blot. This may be indicative of
the fact that there are many different RIPK1 variants that make
detecting individual targeted peptides by global Mass Spectro-
metry approaches difficult, as others have successfully
detected ubiquitin on RIPK1 by combining two-dimensional
separation with multiple reaction monitoring mass
spectrometry.39 This technical detail aside it is well established
that RIPK1 gets rapidly ubiquitylated at the membrane bound
complex following TNF signalling in a predominantly cIAP1-
dependent manner (Figure 3). However, less is known about
the ubiquitylation of RIPK1 on its ‘journey’ to the cytoplasmic
complex and how this might limit or promote the killing
potential of RIPK1. Other post translation modifications such
as phosphorylation have been reported to limit the cytotoxic
activities of RIPK1 following TNF40 indicating that this
transition from complex 1 to complex 2 is likely to be a highly
regulated process. Given that loss of the IAPs sensitises cells
to TNF-induced death and results in unmodified RIPK1 it is
plausible that ubiquitin acts to restrain RIPK1 and limits its
association with FADD/caspase-8. This may occur indirectly
through transcriptional up regulation of cFLIP, or it may
promote proteasomal turnover of RIPK1. Consistent with
proteasomal degradation, RIPK1 becomes K48 and K11
ubiquitylated upon TNF signalling.37,41 Alternatively the
presence of non-degradative ubiquitin chains might preclude
ubiquitylated RIPK1 from generating cytoplasmic RIPK1
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complexes. Consistent with this idea Cylindromatosis (CYLD),
a K63- and M1-linked deubiquitylating enzyme, and A20, a
DUB capable of interacting with M1-linked chains that appears
to, counter-intuitively, limit M1-linked ubiquitin chain cleavage,
seem to regulate such complex formation and cell death.42–45

Loss of CYLD reduces TNF SM induced formation of the
cytoplasmic RIPK1 complex while loss of A20 increases
complex 2 formation.46 The fact that SMs reduce RIPK1
modification in complex 1 coupled with the fact that DUBs help
generate complex 2 is suggestive that RIPK1 in complex 2, the
DISC or the Ripoptosome is likely to be minimally ubiquity-
lated. However, Geserick et al.8 showed that RIPK1 in the
DISC was quite strongly modified, even in the presence of IAP
depletion using SMs, and Cullen and colleagues47 also
observed prominent RIPK1 modification without SM treat-
ment. Likewise in a Ripoptosome generated by genotoxic
stress or SM treatment, RIPK1 bound to caspase-8 (although
largely unmodified) still retained higher molecular weight
species, and RIPK1 in the cytoplasmic complex-II is clearly
modified when bound to caspase-8.4,9,10

Ubiquitin modification of RIPK1 has also been explored in
the context of necroptosis. In situations where caspase
inhibitors block the activity of caspase-8 (and caspase-8/
cFLIP heterodimers), the cytoplasmic complex (complex 2,
DISC or Ripoptosome) matures into a RIPK3 and MLKL
containing complex. Immunoprecipitation of this necroptosis-
inducing complex revealed that RIPK1 is modified with K63-
andM1-linked ubiquitin.48 The observation that linear ubiquitin
is present strongly implies the presence of LUBAC, a
heterotrimeric complex that forms through interaction of HOIP,
HOIL-1 and Sharpin. Consistent with this, De Almagro et al.
demonstrated that knockdown of HOIL-1 and HOIP reduced
the linear ubiquitylation of RIPK1 in complex 2. The
ubiquitylation site on RIPK1 under these conditions was later
found to be K115 (Figure 4), and mutation of this site to
arginine decreased both linear and K63-linked ubiquitylation,
suggesting either mixed or branched chains form at that
particular site.48 An alternative explanation could be that one
linkage type could be required for the other linkage to be
conjugated (Figure 2), but this would require additional study.
Expression of RIPK1 K115R in cells reduced the killing
potential of RIPK1 under necroptotic conditions and impor-
tantly this mutation did not effect RIPK1 ubiquitylation at the
TNFR1 signalling complex or alter the activation of NF-κB and
JNK following TNF.48 Thus, ubiquitylation at this site appears
to specifically determine the signalling capabilities of RIPK1 in
complex 2. It also indicates that in contrast to ubiquitylation at
K377 this particular ubiquitylation event at K115 actually
promotes the killing activity of RIPK1. Interestingly the kinase
activity of RIPK1 is required for this ubiquitylation event
because a kinase dead version of RIPK1 was unable to be
ubiquitylated. However, ubiquitylation at this site does not
dictate the kinase activity of RIPK1, because mutation of this
residue does not alter the ability of RIPK1 to auto-
phosphorylate. One might imagine a situation whereby under
conditions that induce the killing potential of RIPK1, the kinase
activity of RIPK1 is activated and this stimulates the
ubiquitylation of RIPK1 at K115. It remains to be confirmed
whether this ubiquitylation is dictated by phosphorylation of
RIPK1 itself, which may induce a conformational change that

increases lysine availability, or whether phosphorylation of an
interacting partner is required, potentially an E3-ubiquitin
ligase that requires phosphorylation for activation. It also
remains to be seen whether these ubiquitylation events at
K115 are the same events that occur on RIPK1 in the
Ripoptosome and the DISC, as one could also argue that the
modification seen on RIPK1 when bound to FADD/caspase-8
is simply left over ubiquitin chains from DUB cleavage events
that have taken place upstream of formation of these
complexes. In line with this argument, the prediction that
LUBAC might also associate with complex 2 might simply
represent that linear ubiquitin events have taken place in
complex 1 and have evolved to be part of complex 2, and not
that LUBAC directly associates with complex 2. Nevertheless,
it has been demonstrated that LUBAC is recruited to the DISC
upon TRAIL stimulation and functions to linearly ubiquitinate
RIPK1 and caspase-8.49 Together these data suggest that the
formation of complex 2 can be influenced by ubiquitin events,
but that multiple factors determine whether there is sufficient
complex 2 activity to induce cell death and even the nature of
that death.

Stronger Together – Ubiquitylation of Caspase-8 Dimers

Caspases require an upstream signal to trigger their conver-
sion from an inactive to an active conformation. Caspase-8 is
an apoptotic protease and like all initiator caspases, relies on
adaptor-mediated dimerisation of monomeric caspase-8.50

Dimerisation at the FADD DD, leads to further oligomers of
dimers and leads to autoproteolysis of the linker, separating
the large and small subunits of the catalytic domain.
Dimerisation is the main signal leading to caspase-8 activa-
tion, and kinetic activation studies have shown that linker
proteolysis enhances the equilibrium for caspase-8
dimerisation.50,51 Consistent with the idea that dimerisation
is the main signal for caspase-8 activation, caspase-8
cleavage mutants were reported to efficiently promote
apoptosis irrespective of processing.52 Another study using
caspase-8 knockout mice reconstituted with a BAC transgenic
caspase-8 cleavage mutant were somewhat resistant to FasL
induced killing, at least over short term experiments, however,
it was notable that the mice developed normally and did not
appear to develop the lymphoproliferative disease observed in
FAS (lpr) and FasL (gld) mutant mice.53 On the other hand
studies using an in vitro DISC reconstitution method, consist-
ing of either the FAS or TRAIL-R1 intracellular domain linked to
beads, FADD and caspase-8, showed that a non-cleavable
mutant displayed only intra-DISC activity (could cleave
another caspase-8 molecule or cFLIP) but was unable to
cleave a fluorescent substrate.54,55 Taken together it appears
that while linker proteolysis is not required for caspase-8
activation and for intra-dimer cleavage, it nevertheless helps
the dimeric active form of caspase-8 persist.
Germane to the theme of this review, it has been suggested

that caspase-8 dimerisation requires a ubiquitin-dependent
event. This ubiquitylation was shown to be mediated by the
CUL3-RBX E3 ligase complex (Figure 4). Silencing of CUL3
decreased TRAIL stimulated ubiquitylation of caspase-8,
limited recruitment of caspase-8 to the TRAIL-R1 DISC and
reduced caspase-8 activity and TRAIL induced cell death.56
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CUL3 was found associated with the DISC and the ubiquityla-
tion site on caspase-8 was identified as lysine 461. Ubiquityla-
tion of this residue helped recruit the ubiquitin-binding protein
p62/sequestsome-1, which recruited active caspase dimers
into aggresomes to cleave substrate proteins. Modification of
caspase-8 has also been detected upon TLR ligation under
conditions where the IAPs are removed.15 This stimulation
induces Ripoptosome formation but unexpectedly the mod-
ification of caspase-8 is somewhat dependent on RIPK3,
because Ripk3−/− BMDMs have reduced caspase-8 modifica-
tion upon LPS treatment in combination with SMs.15 Given that
RIPK3 is required for full caspase-8 activity under these
conditions it is plausible that this modification contributes to
caspase-8 activation.
Interestingly caspase-10 was not ubiquitylated in a similar

CUL3/RBX-dependent manner, even though the target lysine
is conserved in both caspases.56 It is also notable that in the
elegant in vitro DISC reconstitution experiments, already
discussed, that the minimal requirements for caspase-8
oligomerisation and activation are a DD, FADD and
caspase-8.54,55 Typical of the multi-functional nature of

ubiquitin, ubiquitylation has also been proposed to shut down
the activity of caspase-8 and limit its death-inducing capabil-
ities. This ubiquitylation is proposed to be driven by TRAF2 in a
RING-mediated event that stimulates the K48-linked ubiquity-
lation and proteasomal degradation of active caspase-8
subunits57 (Figure 4). Other authors have been unable to
demonstrate that the TRAF2 RING is able to interact with E2s
or ubiquitylate substrates arguing against the possibility that
the RING of TRAF2 ubiquitylates caspase-8.58 However
failure to find activity does not prove its absence and in other
experiments Traf2 knockout cells reconstituted with a
TRAF2 ΔRING mutant activated NF-κB in response to TNF
normally but were unable to protect cells from
TNF-induced death, strongly indicating a protective role for
the TRAF2 RING.59

Ubiquitin – Destroyer of Proteins – Ubiquitylation of
cFLIP Induces Apoptosis

cFLIP is an NF-κB-inducible anti-apoptotic protein that directly
limits the full activation of caspase-8. cFLIP serves as a
checkpoint to determine the signalling outputs of complex 2.

Figure 4 Ubiquitylation of RIPK1/FADD/caspase-8 containing complexes. Schematic depicting the ubiquitylation events that take place to regulate the activation of FADD/
caspase-8 containing complexes. In situations where the IAPs are removed by the addition of SM compounds and cells are stimulated with TNF, RIPK1 forms a prominent
complex with FADD and caspase-8. Under these conditions RIPK1 is modified with ubiquitin at lysine (K) 115 and this modification aids in its ability to induce apoptosis. “??”
indicate that these chains may not be exclusively linear chains and may be a mixture of K63 and linear chains. Upon stimulation with TRAIL, FADD and caspase-8 interact with the
cytoplasmic tail of the receptor to form the DISC. Caspase-8 is subsequently ubiquitylated by the cullin E3 ligase CUL3, and upon dissociation of caspase-8 from the plasma
membrane complex p62 is recruited to these ubiquitin chains to aid in full activation of caspase-8 and apoptosis. This activation of caspase-8 is reported to be negatively regulated
by the E3-ubiquitin ligase TRAF2. Both TNF-induced and TRAIL-induced activation of caspase-8 can drive the activation of ROS, which stimulates the activation of JNK. JNK can
subsequently drive phosphorylation and activation of the E3-ubiqutin ligase ITCH that can then regulate the levels of cFLIP by ubiquitylation at K167. Ubiquitylation of cFLIP can
be negatively regulated by the de-ubiquitinase USP8 that acts to reverse these events. Similarly, the regulation of FADD occurs outside of caspase-8 containing complexes and is
mediated by the E3-ubiquitin ligase Makorin, which acts to regulate the steady state levels of FADD
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cFlip comes in a variety of flavours attributed to the multiple
cFlip mRNA splice isoforms that give rise to either a long
55 kDa cFLIP (cFLIPL), a short 26 kDa cFLIP (cFLIPS) or a
smaller 23 kDa cFLIP (cFLIPR). cFlip clearly arose from a
genetic duplication event and is structurally highly similar to
caspase-8, the main point of difference being that its pseudo-
caspase domain lacks the critical catalytic residue required for
full caspase activation. Loss of cFLIP causes embryonic
lethality at embryonic day E10.5 and conditional deletion in
several tissues results in cell death and lethality.60,61 In
addition to the transcriptional regulation already described,
cFLIP can also be regulated by ubiquitin-mediated degrada-
tion. It has been proposed that the HECT E3-ubiquitin ligase
ITCH, can be phosphorylated and activated by TNF-TNFR1
activated JNK, and that it in turn then K48 ubiquitylates and
degrades cFLIP62–64 (Figure 4). Interestingly cFLIP is
protected from degradation by RIPK1 and TRAF2 because
in the absence of these two proteins cFLIP becomes rapidly
degraded and this degradation is blocked by proteosomal
inhibitors.59,65 It has been shown that cFLIP can be modified
on Lysine 167, and this ubiquitylation is controlled through a
phosphorylation event that occurs on the neighbouring
threonine residue at position 166 in response to ROS up
regulation but the relevance to cFLIP stability following Death
Receptor signalling was not explored.62 Conversely, the
deubiquitylating enzyme USP8 has been shown to interact
with cFLIP, reduce steady state ubiquitylation of cFLIP, and
thereby increase steady state levels of cFLIP (Figure 4). As
expected, USP8 depletion promoted FasL-, TRAIL- and
TNF-induced apoptosis, but whether over expression of
USP8 could help stabilise cFLIP post death ligand signalling
was not explored.66

Turned Over by Ubiquitin – Post-Translational Regulation
of FADD

FADD is an essential core component of the DISC, the
Ripoptosome and complex 2. The role of FADD is simple, but
nonetheless important, because it functions to bridge together
the killers, caspase-8 or -10, with the activators, RIPK1 or
TRADD. This role of FADD in these complexes is attributed to
its unique domain architecture as FADD contains both a DD
and a DED. Surprisingly the information regarding the
regulation of FADD by post-translational modifications is
limited, and to date only one group has demonstrated the
regulation of FADD by ubiquitylation.67 Nevertheless, Lee
et al. uncovered a ubiquitylation event that regulates the
stability of FADD and consequently the ability of FADD to
mediate apoptosis. This ubiquitylation regulates the steady
state levels of FADD and is driven by the E3-ubiqutin ligase
Makorin RING Finger Protein 1 (MKRN1; Figure 4). Silencing
of MKRN1 elevated the protein levels of FADD, reduced the
degradation of FADD upon cyclohexamide (CHX) treatment,
reduced ubiquitylation of FADD and increased the suscept-
ibility of cells to TNF- TRAIL- and FAS-induced apoptosis. This
data demonstrates that FADD is constitutively turned over by
MKRN1, providing a regulatory mechanism to limit inappropri-
ate apoptosis driven by FADD spontaneously associating with
caspase-8 or 10. FADD is turned over by the proteasome as
the degradation of FADD induced by CHX treatment is blocked

by treatment with MG132, suggesting that MKRN1 induces
K48-linked ubiquitylation of FADD. This research pinpoints
MKRN1 as a potential therapeutic target, which could be
beneficial in combination with treatments that activate extrinsic
apoptosis such as TRAIL. However, it will be important to also
consider the impact of globally reregulating cellular FADD
levels and the consequence this may have on cellular fate if
MKRN1 was targeted.

Concluding Remarks

Post-translational modification of proteins with ubiquitin opens
a pandora’s box of potential outcomes and it will take
significant experimental effort to fully understand the combi-
natorial complexity of ubiquitin events in signalling complexes.
The emergence of new tools to study ubiquitylation, such as
TUBEs, linkage-specific antibodies and the UbiCREST
system provides the hope that we will one day be able to
appreciate all of the intricacies. Nevertheless, it is very likely
that there are some simple rules underlying these complex
processes. If we take inspiration from the weaver ant, chains
begin with a single ant reaching out to a distant leaf, a second
ant climbs aboard and ant by ant the living chain grows until
their goal is reached. Interestingly, the higher the numbers of
worker ants present in a chain the higher the probability to join
that chain. Could ubiquitin chain length be regulated in a
similarly simple manner? In the case of ants the chain length is
determined by reaching the leaf goal but it seems unlikely that
ubiquitin chains bridge between different molecules and more
likely that they function as assembly platforms. If the goal of
ubiquitin chains is to bring two proteins such as the IKKs and
TAK1 together one can imagine a scenario where TAB2/TAB3/
TAK1 and LUBAC bind to K63-linked chains, LUBAC then
extends the K63 chainswith linear ubiquitin chains until NEMO
binds. If a K63 DUB is associated with the TAB/TAK complex
and a linear specific DUB is associated with NEMO then one
can imagine how chain length could be precisely regulated.
Thus recruitment of DUBs together with a chain protecting
entity (e.g., TAB, NEMO or A20) could serve to cap chains.
Cell death platforms have been of focus in recent years due

to their obvious therapeutic potential for cancer treatment and
their involvement in various auto-inflammatory diseases.
Much is understood about the upstream events that lead to
their formation, however, there are gaps in our understanding
of the protein composition and the post-translational modifica-
tions. This is highlighted by the fact that the Ripoptosome is a
~2 MDa complex which indicates that it cannot simply be
made up of a single unit of RIPK1 (~75 KDa), FADD (~23 KDa)
and a caspase-8 dimer (~110 kDa). Because there is no data
on the stoichiometry of these known components it is
impossible to know whether all components have been
described? Nor, as should already be apparent from this
review, is it clear what post-translational modifications are
essential to regulate the activity of this complex. It remains
possible that there are other ubiquitin-like modifications such
as SUMO and NEDD8 that contribute to the downstream
signalling responses, and certainly IAPs that regulate these
death complexes have been shown to be able to neddylate
substrates.68
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Ants account for ~ 20% of the animal biomass on the planet,
found on almost every landmass,69 and as the famed
myrmecologist EO Wilson noted, ‘if ants and other insects
disappeared the environment would collapse’, partly because
of their role the recycling of organic matter. The ubiquitin
system in cells accounts for just over 1% of total cellular
protein.70 Although it has been most recognised for its role in
tagging other proteins for destruction with K48-linked ubiquitin
chains, or waste disposal, it is worth considering that
approximately only 20% of cellular ubiquitin is accounted for
in any type of chain.70 Like an ant, ubiquitin is undoubtedly a
seemingly tireless multi-tasking worker. Others have used an
economy analogy to describe the ubiquitin system which we
have found inspiring.70 Picturing it as an ant functioning in a
colony has likewise stimulated us to think about how ubiquitin
might work in the context of a cell, and we hope that this
analogy is similarly thought provoking to the reader.
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