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Cell death pathways have evolved to maintain tissue homoeostasis and eliminate potentially harmful cells from within an organism,
such as cells with damaged DNA that could lead to cancer. Apoptosis, known to eliminate cells in a predominantly non-
inflammatory manner, is controlled by two main branches, the intrinsic and extrinsic apoptotic pathways. While the intrinsic
pathway is regulated by the Bcl-2 family members, the extrinsic pathway is controlled by the Death receptors, members of the
tumour necrosis factor (TNF) receptor superfamily. Death receptors can also activate a pro-inflammatory type of cell death,
necroptosis, when Caspase-8 is inhibited. Apoptotic pathways are known to be tightly regulated by post-translational modifications,
especially by ubiquitination. This review discusses research on ubiquitination-mediated regulation of apoptotic signalling.
Additionally, the emerging importance of ubiquitination in regulating necroptosis is discussed.

Cell Death & Differentiation; https://doi.org/10.1038/s41418-021-00922-9

FACTS

● The intrinsic apoptotic pathway is predominantly regulated
by degradative types of ubiquitination targeting both anti-
(e.g. Mcl-1) and pro- (e.g. Bim) apoptotic proteins.

● In the extrinsic apoptotic pathway, the core apoptosis
promoting proteins (FADD and Caspase-8) are predominantly
modified with non-degradative types of ubiquitin chains,
which mostly inhibit their pro-apoptotic functions.

● FLIP levels regulate Caspase-8 activity, and ubiquitination of
FLIP seems to exclusively affect its stability.

● RIPK1, RIPK3 and MLKL are specifically ubiquitinated during
TNF-α-induced necroptosis.

● During necroptosis, RIPK1 ubiquitination can either promote
or inhibit necroptosis, while RIPK3 ubiquitination predomi-
nantly inhibits necroptosis.

OPEN QUESTIONS

● How do non-degradative types of FADD and Caspase-8
ubiquitination inhibit Caspase-8 activity?

● What is the exact spatial and temporal order of protein
recruitment and ubiquitination events in TRAIL-R signalling
and how similar are these to TNFR1 signalling?

● How do non-degradative ubiquitin chains promote/reduce
necroptosis?

INTRODUCTION
Cell death is crucial for embryogenesis and maintaining homo-
eostasis within the body. Programmed cell death is a term used to

classify a range of innate signalling pathways such as apoptosis,
necroptosis, pyroptosis and ferroptosis that result in the termination
of a cell. Dysfunctional cell death is a hallmark of cancer and is also
known to cause neurodegenerative and immune-related diseases;
hence, it is important to understand the regulation of these
pathways. It is apparent that ubiquitination is intimately involved
in the regulation of multiple cell death pathways. The extrinsic
apoptotic pathway is a good example of how extensive, complex
and important ubiquitination can be in regulating a signalling
pathway [1]. In this review, we will first discuss the molecular biology
of ubiquitination and then we will explore the intrinsic and extrinsic
apoptotic pathways as well as the necroptotic pathway.

The complexities of ubiquitination
Ubiquitination is a type of post-translational modification that
involves the covalent attachment of ubiquitin (Ub) to a target
protein. Ub conjugation is reliant on an E1 (ubiquitin-activating
enzyme), E2 (ubiquitin-conjugating enzyme) and E3 (ubiquitin
ligase) enzyme [2, 3], and results in the formation of an isopeptide
bond between the C-terminus of Ub (Gly76) and, most commonly,
the side chain of a lysine amino acid in the target protein [3].

The ubiquitination and deubiquitination machinery. The specificity
of Ub conjugation system is reflected in the number of each type
of enzyme present, with two E1 activating enzymes, 38 E2
conjugating enzymes and ~600–1000 E3 ligases encoded by the
human genome [4]. The E3 ligases give specificity to the
conjugation process since they directly bind to the substrate [3].
Traditionally, E3 ligases are classified into three families: the
Homology to E6-AP C Terminus, Really Interesting New Gene
(RING) and RING-in-between-RING families [5–7]. Recently, two
new families of E3 ligases have been classified, named the RING-
Cys-Relay and RNF213-ZNFX1 families [8, 9].
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Like many post-translational modifications, ubiquitination can
be reversed; this is carried out by the DeUBiquitinating enzyme
(DUB) family. Generally, it is thought that DUB specificity is aimed
towards different kinds of Ub chain conjugates [10] (which will be
discussed further below). However, DUBs are continuously being
shown to associate with complexes containing E3 ligases,
negatively regulating their activity [11]; therefore, understanding
what complexes DUBs interact with will also allow us to
understand their physiological specificity.

Monoubiquitination: ubiquitination in its simplest form. A single
Ub molecule can be attached to a protein (monoubiquitination),
or multiple Ub monomers can be attached simultaneously to
several different lysines in a protein (multi-monoubiquitination)
(Fig. 1A). Monoubiquitination has been shown to regulate
trafficking of important signalling molecules, including H- and
N-RAS [12], EGFR [13], HDAC7 [14] and TRAF4 [15], in addition to
regulating protein complex formation [16].

Polyubiquitination: chain architecture. Ub monomers can form
more complex structures creating ‘chains’ of Ub attached to Ub’s
lysine residues (Fig. 1B). When this occurs, it is termed
polyubiquitination and can have diverse signalling outcomes
depending on the type of chain structure formed. Ub itself
contains 7 lysines (K6, K11, K27, K29, K33, K48, K63) and an
N-terminal methionine (M1); all of these residues can be
conjugated to additional Ub molecules and, when a specific

residue ‘links’ all the Ub monomers together, the chain is named
after that residue, such as K48-linked or K63-linked chains. The Ub
residue used for polyubiquitination dictates the structure of the
Ub chain; M1- and K63-linked chains adopt an ‘open’ conforma-
tion that resembles a linear chain, while K48-linked chains have a
compact ‘zig-zag’ globular conformation [17–19] (Fig. 1B). It
should be noted that in the literature, M1-linked chains are
commonly referred to as ‘linear chains’ and this does not refer to
K63-linked chains. The structure of the different chain conjugates
partially reflects their functions; for example, K63- and M1-linked
chains are known for their roles in recruitment of protein
complexes, while K48-linked chains are known to target proteins
for degradation by the ubiquitin proteasome system (UPS).

Polyubiquitination: mixed and branched chains. Different types of
innate immune signalling, TNFR1 signalling included, have been
shown to modify RIPK1/2 with K63-linked chains, which are then
further elongated with M1-linked chains, to generate ‘mixed’ chains
[20] (Fig. 1C). This is important for the juxtaposition of the
Transforming growth factor-β-Activated Kinase 1 (TAK1) and IκB
Kinase (IKK) complexes, which are necessary for efficient NF-κB
signalling, because each complex preferentially binds to either K63-
or M1-linked chains, respectively. Furthermore, their co-localisation
allows the TAK1 complex to phosphorylate and activate the IKK
complex, thereby propagating NF-κB signalling [21].
Additionally, a ‘branched’ version of mixed chains was recently

reported [22] (Fig. 1C). Standard techniques, using mass

Fig. 1 The complexities of ubiquitination. A Diagram of monoubiquitination and multi-monoubiquitination. B Simplistic representations of
K48-linked and M1/K63-linked polyubiquitination (tetraubiquitin) chains. A (blue), B (green), C (red) and D (yellow) represent Ub monomers
within a tetraubiquitin chain, with A being proximal and D being the distal Ub monomers. C Simplistic representations of mixed/branched Ub
chains; blue and orange circles represent Ub monomers within a Ub chain, the colour indicates which residue (unspecified) the Ub monomer
is conjugated to the previous Ub monomer (e.g. K48, K63, M1).
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spectrometry, are ‘blind’ to detection of branched chains; however,
Ohtake et al. developed a method to detect and quantify K48/K63
branched chains [22]. Additionally, the same study reported that
the typically non-degradative K63-linked chains could be modified
with K48-linked branched chains and induce degradation [22]. The
study of mixed and branched chains is still in its early stages, but
clearly adds an important new layer of complexity to protein
regulation by ubiquitination.

The intrinsic apoptotic pathway
Intrinsic apoptosis senses a wide range of internal stress signals
that are usually produced by cellular stresses, such as DNA

damage, high levels of reactive oxygen species, endoplasmic
reticulum (ER) stress or nutrient starvation. All types of intracellular
stress signals eventually converge at the mitochondria where the
fate of the cell is decided. Members of the Bcl-2 family can be both
pro- and anti-apoptotic, and a balance between their levels
determines whether apoptosis occurs or not. There are three
subclasses of the Bcl-2 family: the pro-apoptotic executioners, the
pro-apoptotic BH3-only proteins and the anti-apoptotic Bcl-2
proteins. Since the balance between pro- and anti-apoptotic Bcl-2
family members’ levels is key to determining cell fate, it is
unsurprising that ubiquitin-mediated degradation regulates this
pathway in several ways (Fig. 2).

Fig. 2 Overview of ubiquitin-mediated regulation of the intrinsic apoptotic pathway. Cellular stress signals that induce intrinsic damage to
the cell, such as DNA damage, affect the levels of the Bcl-2 family of proteins. Depending on the levels of pro-apoptotic (green) and anti-
apoptotic (purple) Bcl-2 family proteins this can allow active Bak/Bax to induce MOMP. Cytochrome C is released from the mitochondria and
can form the apoptosome with Apaf-1 and Procaspase-9, which leads to active Caspase-3/7/9 generation and apoptosis induction. However,
XIAP is a potent inhibitor Caspase-3/7/9, but is neutralised by IAP antagonists (SMAC, Omi, ARTS) when they are released from the
mitochondria as well. Regulation of the intrinsic apoptotic pathway by E3 ligases (white ovals) and deubiquitinating enzymes DUBs (white
rectangles) are indicated. If an E3 ligase/DUB is pointing at a specific Ub chain (indicated by a chain of coloured circles), this means the E3
ligase/DUB is known to regulate the protein by targeting this specific chain; E3 ligases always add Ub chains while DUBs always remove Ub
chains. Arrows always indicate positive regulation of a protein they point at (or the protein at the end of the Ub chain they point at), while flat-
headed lines indicate the opposite.
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The Bcl-2 family executioners. Bax and Bak are the main pro-
apoptotic executioners that can oligomerise in the outer
mitochondrial membrane, when activated, forming pores that
induce Mitochondrial Outer Membrane Permeabilization (MOMP).
The E3 ligase IBRDC2 has been reported to target Bax for
ubiquitin-mediated degradation and, interestingly, IBRDC2 loca-
lises to the mitochondria only when active Bax is localised there,
suggesting that IBRDC2 plays a role in stopping MOMP induced by
active Bax [23].

The BH3-only proteins. The pro-apoptotic BH3-only proteins (Bid,
Bim, Puma, Noxa, Bad, Bmf, Hrk and Bik) induce Bax/Bak pore
formation, either by directly activating Bax/Bak or passively by
sequestering the anti-apoptotic Bcl-2 proteins [24, 25]. Only Bim has
been reported to be regulated by several E3 ligases/DUBs, all via
degradation. The extra-long splice variant of Bim (BimEL) has been
shown to be marked for degradation by the E3 ligase Cbl [26];
however, another study showed this not to be the case in different
cell lines [27], suggesting that Cbl’s effects on Bim might be cell
type-specific. Additionally, BimEL was shown to be marked for
degradation by the E3 ligase complex CRL2CIS, which contains
Elongin B/C, Cullin-2 and CIS [28]. Phosphorylation of Bim by ERK in
response to ischaemia was shown to induce an interaction between
Bim and the E3 ligase TRIM2, resulting in its ubiquitination and
degradation [29]. Additionally, Rsk1/2 [30] and Aurora kinase [31]
were shown to phosphorylate BimEL at Ser93/Ser94/Ser98, indu-
cing its ubiquitination and degradation via the SCFβ-TrCP complex.
The DUB USP27X can interact with and stabilise Bim by reducing its
ubiquitination levels, but paradoxically, this was also reported to be
dependent on ERK-mediated phosphorylation of Bim [32]. This
could be explained by the presence of E3 ligases and DUBs within
the same complexes [11].

The anti-apoptotic Bcl-2 proteins. The anti-apoptotic Bcl-2 pro-
teins (Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and A1) can inhibit apoptosis
either by the direct binding and inhibition of Bax/Bak or by
sequestering BH3-only proteins that directly interact with Bax/Bak
[33]. Several studies have shown that Mcl-1 is regulated by
degradative types of ubiquitination. The DUB USP9X was reported
to stabilise Mcl-1 by removing K48-linked chains from it; however,
while K48-linked (but not K63-linked) chains could be detected on
tagged Mcl-1 with a linkage specific antibody, USP9X was never
demonstrated to specifically remove this linkage type from Mcl-1
[34]. Another DUB, USP13, was also shown to stabilise Mcl-1 by
reducing its ubiquitination [35].
In neuronal cells, the E3 ligase TRIM17 was shown to ubiquitinate

and degrade Mcl-1 in a process dependent on Mcl-1’s phosphor-
ylation by GSK3 [36]. The E3 ligase MULE was also shown to interact
with Mcl-1, resulting in its ubiquitination and degradation [37];
however, basal levels of Mcl-1 were not affected in MULE-deficient
cells [38]. Interestingly, it was found that the BH3-only proteins Bim
and Puma could displace the MULE:Mcl-1 interaction [39–41],
whereas Noxa’s interaction with Mcl-1 increased the MULE:Mcl-1
interaction, triggering its degradation, while also reducing the DUB
USP9X’s association with MULE [40, 42]. The SCFβ-TrCP and SCFFBW7

E3 ligase complexes have both been implicated in regulating the
intrinsic apoptotic pathway via Mcl-1 ubiquitination and degrada-
tion. GSK3 was observed to phosphorylate Mcl-1 at Ser159/Thr163
which induced both β-TrCP’s and FBW7’s association with Mcl-1,
resulting in its ubiquitination and degradation [43]. Additionally,
phosphorylation of Mcl-1 at Thr92 by CDK1-cyclin B1, in response to
mitotic arrest, was shown to induce ubiquitination and degradation
of Mcl-1 by the APC/C(Cdc20) E3 ligase complex [44].
Apart from Mcl-1, a recent study demonstrated that Bcl-xL is also

regulated by Ub-mediated degradation, by the transmembrane E3
ligase RNF183 in response to ER stress [45]. Although RNF183 is
usually localised to the ER and Bcl-xL to the mitochondria, the
mitochondria and ER frequently come into close proximity and

form membrane contact sites [46]. Additionally, a substrate on the
mitochondria has been reported to be efficiently ubiquitinated by
an ER-bound E3 ligase [47], indicating the plausibility of ER-located
RNF183 being able to ubiquitinate mitochondria-located Bcl-xL.

Downstream of MOMP. Once active Bak/Bax has induced MOMP,
pro-apoptotic factors such as cytochrome c and IAP antagonists
(SMAC, Omi, ARTS) are released from the mitochondria into the
cytosol. In the presence of ATP; cytochrome c, Apaf-1 and
Procaspase-9 interact and oligomerise, forming a complex that is
known as the apoptosome. The apoptosome allows Procaspase-9
to form homodimers, which induces its enzymatic activity and
autoproteolytic cleavage, resulting in its activation. Active
Caspase-9 can then cleave the executioner Caspases, Procas-
pase-3/7, thereby promoting apoptosis. However, if the anti-
apoptotic protein XIAP is present, it can potently block Caspase-3/
7/9 activity [48].
XIAP itself is an E3 ligase and a potent inhibitor of both the

intrinsic and extrinsic apoptotic pathways. Its E3 ligase activity
does not seem necessary for its function in inhibiting apoptosis in
humans [49] since its primary method of inhibiting apoptosis is by
directly binding to Caspase-3/7/9 [50]. Though, the E3 ligase
activity of XIAP is important for its auto-ubiquitination, which
results in its degradation [51]. Recently the E3 ligase TRIM32 was
demonstrated to either stimulate XIAP’s auto-ubiquitination or
directly ubiquitinate it, resulting in its degradation [52], while the
DUB USP11 was identified to interact with the BIR2 domain of
XIAP and induce XIAP’s deubiquitination and stabilisation [53].
Furthermore, the DUB USP9X has been suggested to deubiquiti-
nate and stabilise XIAP to promote cell survival during the mitotic
spindle assembly checkpoint [54]. Additionally, XIAP itself has
been reported to be an E3 ligase for several apoptotic-related
proteins including Bcl-2, SMAC, AIF and ARTS [55–58].
To overcome XIAP, the IAP antagonists, SMAC (Diablo), Omi

(HtA2) and ARTS (Sept4_i2), are released from the inner
mitochondrial membrane space following MOMP or, in the case
for ARTS, from the outer mitochondrial membrane preceding
MOMP [48] and inhibit XIAP [59–61]. Inhibition of XIAP by IAP
antagonists is conducted in a few ways but, in particular interest,
ARTS is able to do so by activating XIAP auto-ubiquitination and/
or ubiquitination through the E3 ligase SIAH-1 [61]. The E3 ligase
AREL1 was reported to ubiquitinate and degrade SMAC, Omi and
ARTS under apoptotic conditions, likely due to AREL1 being
localised in the cytosol and therefore only in proximity to XIAP
antagonists following MOMP [62].

The extrinsic apoptotic pathway
The extrinsic pathway of apoptosis senses extracellular apoptotic
signals through Death Receptors that are present as transmem-
brane receptors in the plasma membrane. These receptors include
TNFR1 and TRAIL-R1/2 (DR4/5), and are activated by their
corresponding ligands TNF-α and TRAIL, respectively. In many
normal cells, Death Receptors primarily activate pro-survival and
inflammatory pathways via activation of the MAPK and NF-κB
pathways [63, 64]; however, in cancer cells, activation of the death
receptors typically induces apoptosis. Since a detailed review
surrounding the ubiquitination events in extrinsic apoptosis is
already present [1], this review will discuss the latest discoveries
and add to what is already known.

TNFR1-induced complexes. The complexes formed following
ligation of TNFR1 are well characterised, and the role of
ubiquitination studied in depth. It is thought that stimulated
TNFR1 recruits RIPK1 and TRADD, then TRADD recruits TRAF2/5,
which in turn recruits cIAP1/2 [65]. As E3 ligases, cIAP1/2 can
ubiquitinate multiple components of Complex I with K63-linked
chains, including RIPK1; subsequently, the E3 ligase linear
ubiquitination chain assembly complex (LUBAC) is recruited to
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the complex and adds M1-linked chains to RIPK1 [20, 66–68]. Both
types of chains present on RIPK1 lead to recruitment of the TAK1
and IKK complexes, and subsequent activation of the MAPK and
NF-κB pathways, respectively. Additionally, cIAP1 was shown to
modify RIPK1 with K11-linked chains, enhancing recruitment of
the IKK complex [69]. This complex of proteins described so far is
named Complex I; however, if RIPK1 is either deubiquitinated by
CYLD [70] or not ubiquitinated when recruited to Complex I (for
example, in the context of IAP depletion [65]) then Complex IIa or
IIb is formed, respectively. Depending on the cellular conditions,
both Complex IIa/b can induce apoptosis or necroptosis [71]
(Fig. 3).

TRAIL-R-induced complexes. More recently, TRAIL-R simulation
has been shown to induce formation of complexes containing

similar proteins to TNFR1-induced complexes, with analogous
regulation via ubiquitination. In TRAIL-R signalling, it is thought
that pro-apoptotic proteins (FADD and Caspase-8) are recruited to
TRAIL-R first and can act as a scaffold for anti-apoptotic protein
recruitment (RIPK1, TRAF2, cIAP1/2, LUBAC, the TAK1 and IKK
complexes) [1, 72, 73]. The complex described so far is termed
Complex I and is thought to be able to dissociate from the
activated TRAIL-R and form a complex in the cytosol, named
Complex II, which has a very similar composition to Complex I [74].
Both TRAIL-R-induced Complex I and II can activate NF-κB, MAPK
and apoptotic pathways, but only Complex II can activate
necroptosis as well [1] (Fig. 4). In this review, the death-inducing
signalling complex (DISC) will be used to refer the complex of
proteins within TRAIL-induced Complex I/II that specifically
induces apoptosis. The exact spatial and temporal location of

Fig. 3 Overview of ubiquitin-mediated regulation of TNFR1 apoptotic signalling.When trimeric TNF-α binds to trimeric TNFR1, Complex I is
formed through the recruitment of proteins via protein:protein interactions and interactions mediated by Ub chains, leading to activation of
the NF-κB and MAPK pathways. The basic ubiquitination events of Complex I have been displayed since this is not the focus of this review, but
a more detailed review of the ubiquitination events occurring at Complex I can be found here [124]. If RIPK1 is not ubiquitinated then it can
dissociate from Complex I and form Complex IIa or IIb. Complex IIa/b can generate active Caspase-8, which cleaves Procaspase-3 and induces
apoptosis. E3 ligases/DUBs that regulate Complex IIa/b do not necessarily regulate each complex specifically, it is for convenience they have
been drawn this way. Regulation by E3 ligases (white ovals) and deubiquitinating enzymes DUBs (white rectangles) are indicated. If an E3
ligase/DUB is pointing at a specific Ub chain (indicated by a chain of coloured circles), this means the E3 ligase/DUB is known to regulate the
protein by targeting this specific chain; E3 ligases always add Ub chains while DUBs always remove Ub chains. Arrows always indicate positive
regulation of a protein they point at (or the protein at the end of the Ub chain they point at), while flat-headed lines indicate the opposite;
however, due to FLIP(L)’s controversial signalling, lines pointing from E3 ligases/DUBs to FLIP indicate whether they induce stabilisation
(arrows) or degradation (flat-heads) of FLIP.
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the proteins during the TRAIL-R signalling cascade is not well
defined, compared to TNFR1 signalling. Additionally, it is unclear
what determines whether Complex I/II induces non-apoptotic vs
apoptotic signalling; however, M1-linked ubiquitination of
Caspase-8 by LUBAC has been shown to suppress its activity
[75], potentially allowing propagation of pro-survival and inflam-
matory pathways that are normally inhibited by Caspase-8 activity
[73, 76].

The DED proteins: FADD. Death effect domain (DED)-containing
proteins are the mediators of death receptor-induced apopto-
sis in complexes such as the DISCs of the TRAIL-R-induced
Complex I and II, and the TNFR1-induced Complex IIa/b. The
two DED proteins essential to this process are FADD and
Caspase-8, FADD being an adaptor protein that mediates the
recruitment of Procaspase-8 and allowing Procaspase-8
to homodimerize and fully activate. Active Caspase-8 is

Fig. 4 Overview of ubiquitin-mediated regulation of TRAIL-R apoptotic signalling.When trimeric TRAIL binds to trimeric TRAIL-R, Complex I
is formed through protein:protein interactions and possibly through interactions mediated through Ub chains. Additionally, Complex I is
thought to be able to dissociate from TRAIL-R and form Complex II in the cytosol; this has a similar composition to Complex I. Both Complex I
and II can activate NF-κB, MAPK and apoptotic signalling, while only Complex II can also activate necroptosis. The exact recruitment process of
proteins within Complex I/II is not known; however, Caspase-8’s scaffolding function seems to be important for the interaction of FADD, FLIP
(L/S), RIPK1, LUBAC, the TAK1 complex and the IKK complex within Complex I/II, while TRAF2 and cIAP1/2 appear to associate with TRAIL-R. It
is not known how TRAF2 and cIAP1/2 associate with Complex II so, for convenience, they have been shown to interact with FADD. E3 ligases/
DUBs that regulate Complex I/II do not necessarily regulate each complex specifically, it is for convenience they have been drawn this way.
Regulation by E3 ligases (white ovals) and deubiquitinating enzymes DUBs (white rectangles) are indicated. If an E3 ligase/DUB is pointing at a
specific Ub chain (indicated by a chain of coloured circles), this means the E3 ligase/DUB is known to regulate the protein by targeting this
specific chain; E3 ligases always add Ub chains while DUBs always remove Ub chains. Arrows always indicate positive regulation of a protein
they point at (or the protein at the end of the Ub chain they point at), while flat-headed lines indicate the opposite; however, due to FLIP(L)’s
controversial signalling, lines pointing from E3 ligases/DUBs to FLIP indicate whether they induce stabilisation (arrows) or degradation (flat-
heads) of FLIP. Line colour also indicates the type of signalling that is regulated, either apoptotic (red) or non-death (blue) signalling.
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cytosolically free and able to cleave Procaspase-3/7, initiating
apoptosis.
Recently FADD has been shown to be ubiquitinated by the E3

ligase CHIP [77]. Using mass spectrometry, FADD’s K149 and K153
residues, located in its C-terminal death domain (DD), were identified
as ubiquitination sites and, when mutated simultaneously, inhibited
CHIP-mediated ubiquitination of FADD in vitro (cell free) [77].
Additionally, implementing in vitro assays (with FADD, CHIP and
mutated versions of Ub), FADD was shown to only be modified with
K6-linked chains via CHIP and double mutation of K149/153
increased cell’s sensitivity to TRAIL-induced apoptosis [77]. Interest-
ingly, double mutation of K149/153 did not affect FADD’s interaction
with other DD-containing proteins, like TRAIL-R2, but did exert more
potent apoptotic effects, which was mimicked by loss of CHIP [77].
FADD has also been shown to undergo M1-linked ubiquitination,

dependent on the catalytic subunit of LUBAC, named HOIP [78].
Jurkat cells were shown to induce FADD M1-linked ubiquitination
when treated with TNF-α alone; however, during TNF-α-induced
apoptosis, initial M1-linked ubiquitination gradually decreased
overtime, similar to NEMO (a known substrate of LUBAC and part
of the IKK complex) [78]. It was also shown that HOIP is cleaved by
Caspase-8 in apoptotic cells, indicating that M1-linked ubiquitina-
tion of FADD represses pro-apoptotic signalling of TNFR1 [78].

The DED proteins: FLIP. Caspase-8’s activation is known to be
regulated by its paralog, FLIP, which is expressed as two splice
variants, FLIP Long (FLIP(L)) and FLIP Short (FLIP(S)). Any
complexes mentioned so far that include FADD and Caspase-8
are usually accompanied by FLIP(L/S). FLIP(L/S) can form hetero-
dimers with Procaspase-8 and were traditionally thought to both
inhibit Caspase-8 activation. However, while the FLIP(S):Procas-
pase-8 heterodimer has no catalytic activity and potently inhibits
Caspase-8 activation, the FLIP(L):Procaspase-8 heterodimer does
have catalytic activity (that is spatially restricted [79]) and is able to
promote Caspase-8 activation, depending on its relative levels to
Procaspase-8 [79–85]. Overexpression of FLIP(L) will block fully
active Caspase-8 from forming and inhibit apoptosis. Like Mcl-1
and Bim, FLIP expression is tightly regulated by the UPS [86–88].
Mass spectrometry identified K351 and K353 as potential

ubiquitination sites within FLIP(L), specifically when LUBAC was
overexpressed [89]. Interestingly, during TNF-α-induced apoptosis
FLIP(L)K351R/K353R was detected with fewer M1-linked chains but
had an increase in K48-linked chains (the opposite to wild-type
FLIP(L)); along with data showing decreased FLIP(L) stability in
HOIP knock out cells, this study concluded that M1-linked chains
are able to inhibit degradative K48-linked chains from being
conjugated to FLIP(L), leading to FLIP(L) stabilisation during TNF-α-
induced apoptosis [89].
Recently, the SCFSkp2 E3 ligase complex was shown to interact

with FLIP(L) and induce its proteasomal degradation, while a
stronger interaction with the Caspase-8 processed form of FLIP(L),
p43-FLIP(L), could also be detected [82]. p43-FLIP(L) is predomi-
nantly localised at the DISC and it was therefore not surprising that
the SCFSkp2 complex was also found to associate with TRAIL-R2 and
dampen TRAIL-induced apoptosis [82]. Furthermore, competition
for p43-FLIP(L) between the SCFSkp2 complex and DISC components
(FADD and Procaspase-8) was demonstrated, overall suggesting
that the SCFSkp2 complex competes with proteins within the DISC
for an interaction with p43-FLIP(L) and induces its ubiquitination-
dependent proteasomal degradation [82].
The E3 ligase MIB2 was recently shown to stabilise FLIP(L),

resulting in reduced TNF-α-induced apoptosis [90]. In vitro analysis
combined with antibodies specific for K48- and K63-linked chains
showed that MIB2 was able to conjugate both these chain types
onto FLIP(L) [90]. K48-linked chains are usually associated with
degradation of a target protein; however, the possibility of
branched chains might explain the effect of MIB2 on FLIP(L) [22].
Since FLIP(L) can promote Caspase-8 activation [79–85], the study

hypothesised that MIB2 ubiquitination of FLIP(L)’s Caspase-like
domain could be interfering with the FLIP(L):Procaspase-8 interac-
tion and, therefore, processing of Procaspase-8 [90].

Necroptosis
Necroptosis is a form of programmed necrosis that is Caspase-
independent, more pro-inflammatory than apoptosis [91, 92] and is
characterised by necrotic morphological changes, including cellu-
lar/organelle swelling and rupturing of the plasma membrane [92].
The most well-characterised pathway to induce necroptosis is by
TNFR1 signalling via Complex IIb and will be the main pathway
focused on in this review. As TNF-α stimulation of TNFR1 alone does
not form Complex IIb, cells are frequently co-treated with IAP
inhibitors (also known as SMAC mimetics) in combination with TNF-
α [65]. Caspase-8 activity from within Complex IIb, often driven
primarily by the Caspase-8:FLIP(L) heterodimer, cleaves RIPK1 and
RIPK3 within Complex IIb and is thought to inhibit necrosome
formation; however, the Caspase-8:FLIP(S) heterodimer has no
enzymatic activity and is unable to cleave RIPK1/3, thereby
promoting necroptosis [93, 94]. A lot of studies use the pan-
caspase inhibitor zVAD-fmk to inhibit Caspase-8 activity and
combine it with TNF-α and SMAC mimetics to induce necroptosis.

Necrosome formation: RIPK1 and RIPK3 dimerisation. RIPK1 and
RIPK3 are able to heterodimerise via their RIP homotypic interaction
motif (RHIMs) and are found within Complex IIb [95, 96]. When
complexed with one another, RIPK1 and RIPK3 auto-phosphorylate
and phosphorylate one other, which is essential for their interaction
and induction of necroptosis [95, 97]. If Caspase-8 activity is
inhibited, the amyloid structured necrosome can form, composed
predominantly of RIPK1 and RIPK3 heterodimers [96]. Within the
necrosome, RIPK3 can recruit cytosolically free RIPK3 and form a
homodimer that induces RIPK3 autophosphorylation, necessary for
RIKP3 to recruit and phosphorylate MLKL [98, 99] (Fig. 5).
While RIPK1 phosphorylation is well known to be crucial for

necroptosis, in the context of TNF-α signalling [97], ubiquitination
of RIPK1 has also been demonstrated to occur in a necroptosis-
specific manner. Using mass spectrometry to identify RIPK1
ubiquitination sites in HT29 cells, K115 of RIPK1 was found to be
specifically ubiquitinated during TNF-α-induced necroptosis [100].
To date, M1-/K63-linked Ub chains seem to be predominantly
conjugated to RIPK1 during TNF-α-induced necroptosis and RIPK1’s
K115 residue may be the sole site for these conjugates specifically
during necroptosis [100–103]. However, it is unclear how these two
chain types simultaneously occur at one site and, while mutation of
K115 dampens necroptosis, if both M1- and K63-linked chains
conjugated to K115 are both pro-necroptotic or if one chain type is
pro- and the other is anti-necroptotic.
The M1-linked ubiquitination of RIPK1 within the necrosome/

Complex IIb was also shown to be reliant on LUBAC; however, LUBAC
did not seem to affect necrosome formation or its signalling output
[101]. Recently, the DUB OTULIN was shown to remove M1-linked
chains from RIPK1 during necroptosis and, while not affecting
necrosome formation, increased TNF-α-induced necroptosis [103].
Additionally, OTULIN was shown to be phosphorylated at Try56
during TNF-α-induced necroptosis and mutation of this site abrogated
OTULIN-dependent M1-linked deubiquitination of RIPK1 and
supressed TNF-α-induced necroptosis [103]. Overall, this indicates
that M1-linked ubiquitination of RIPK1 could repress necroptosis [103].
Mutation of K612 of mouse RIPK1 disrupted its DD-mediated

interactions with other DD-containing proteins, such as FADD and
TNFR1 [104]. K612 mutation reduced RIPK1 recruitment to TNFR1-
induced Complex I in addition to reducing RIPK1 activation and
disrupting the overall ubiquitination pattern of RIPK1, possibly due to
the alteration of Complex I [104]. The consequence of this mutation
was reduced NF-κB and MAPK signalling, in addition to inhibition of
apoptosis and necroptosis due to TNFR1-induced Complex II not
being able to form from a disrupted Complex I [104].
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Studies have also suggested that RIPK3 ubiquitination is involved in
necroptosis propagation. The DUB activity of A20 was shown to
inhibit RIPK3 ubiquitination and reduce the RIPK1:RIPK3 interaction,
thereby suppressing TNF-α-induced necroptosis [105]. Mass spectro-
metry identified K5 of RIPK3 as a ubiquitination site, specifically
in A20-/- mouse cells undergoing necroptosis, and, using cell lines

stably expressing RIPK3K5A, was also shown to slightly increase RIPK1:
RIPK3 complexes during TNF-α-induced necroptosis [105]. RIPK3
was shown to undergo K63-linked ubiquitination in A20-/- mouse cells
and vice versa in HEK293T cells overexpressing RIPK3 and A20;
however, this was not demonstrated specifically for RIPK3’s K5
residue [105].

Fig. 5 Overview of ubiquitin-mediated regulation of TNFR1 necroptotic signalling. When non-ubiquitinated RIPK1 dissociates from TNFR1-
induced Complex I, it can form TNFR1-induced Complex IIb. Caspase-8 activity, present in the Procaspase-8:FLIP(L) heterodimer, can negatively
regulate RIPK1/3 and inhibit necroptosis, while also regulating apoptosis. However, a lack of Caspase-8 activity within Complex IIb, either from
the Procaspase-8:FLIP(S) heterodimer, expression of viral FLIP or treatment with a caspase inhibitor (e.g. zVAD-fmk), leads to phosphorylation
and oligomerisation of RIPK1:RIPK3 heterodimers, which can induce the recruitment and phosphorylation of RIPK3 homodimers. RIPK3
homodimers can then recruit and phosphorylate MLKL, which then translocates/oligomerises to the plasma membrane, inducing necroptosis.
Complex IIb ubiquitination events have not been highlighted since they are covered in Fig. 3. Regulation by E3 ligases (white ovals) and
deubiquitinating enzymes DUBs (white rectangles) are indicated. If an E3 ligase/DUB is pointing at a specific Ub chain (indicated by a chain of
coloured circles), this means the E3 ligase/DUB is known to regulate the protein by targeting this specific chain; E3 ligases always add Ub
chains while DUBs always remove Ub chains. Arrows always indicate positive regulation of a protein they point at (or the protein at the end of
the Ub chain they point at), while flat-headed lines indicate the opposite.
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Necroptosis-induced K518 ubiquitination of RIPK3 reduces its
interaction with the necrosome and dampens necroptosis propaga-
tion, which was shown to be reversed by the DUB USP22 [106].
Unusually, the inhibitory ubiquitin chains conjugated to K518 of RIPK3
increase RIPK3 phosphorylation, which is counter-intuitive since
phosphorylated RIPK3 is indicative of its activation at the necrosome
[106].
The E3 ligase Parkin has also been implicated in RIPK3 ubiquitina-

tion and regulation of necroptosis driven by TNF-α [107]. Under
necroptotic stimuli, AMPK phosphorylates Ser9 of Parkin, activating
Parkin’s E3 ligase activity [107]. RIPK3’s K197, K302 and K364 residues
were shown to be ubiquitination sites for Parkin; additionally,
simultaneous mutation of these residues substantially decreased its
overall ubiquitination [107]. K33-linked chains were the only chains
found to be conjugated to RIPK3 in a Parkin-dependent manner;
however, overexpression of mutant Ub was used for all of these
experiments, so some caution should be taken when interpreting this
result [107].
The E3 ligase CHIP, known to suppress TRAIL-induced apoptosis by

ubiquitinating FADD [77], was shown to ubiquitinate both RIPK1 and
RIPK3, inducing their degradation via lysosomes [108]. K55 and K363
of RIPK3 were identified as the ubiquitination sites for CHIP-mediated
ubiquitination, and knock out of CHIP in mouse cells was shown to
increase TNF-α-induced necroptosis [108]. The stabilisation of RIPK3
was suggested to be the factor causing increased necroptosis
sensitivity induced by loss of CHIP [108]; however, both RIPK1 and
RIPK3 were stabilised with CHIP knock out [108] and the ratio, rather
than the total levels, of RIPK1 and RIPK3 seems to determine
sensitivity of cells to necroptosis [99]. Nevertheless, CHIP does appear
to protect cells from TNF-α-induced necroptosis, possibly by reducing
the levels of both RIPK1 and RIPK3 [108].
Another E3 ligase, TRIM25, was shown to induce degradation of

RIPK3 via K48-linked chains [109]. Mutation of K501 of RIPK3 markedly
reduced its TRIM25-dependent ubiquitination and increased TNF-α-
induced necroptosis, indicating that TRIM25 is anti-necroptotic by
reducing the expression of RIPK3 via proteasomal degradation [109].
However, overexpression experiments of mutant Ub were used to

determine chain types conjugated to RIPK3, so should be interpreted
with caution.
Additionally, the E3 ligase PELI1 was shown to interact with and

ubiquitinate K363 of RIPK3 (like CHIP) with K48-linked chains, inducing
proteasomal degradation of RIPK3; however, chain type was
determined with overexpression of mutant Ub and should, therefore,
be cautiously interpreted [110]. T182 was identified as a potential
autophosphorylation site within RIPK3, the phosphorylation of which
was necessary for autophosphorylation of S227 within RIPK3, a well-
known marker of active RIPK3 [110]. Unlike CHIP, PELI1 only interacts
with and degrades RIPK3 when T182 is phosphorylated and PELI1 is
found in complex with RIPK1/3 during necroptosis, altogether
indicating that PELI1 interacts only with active RIPK3 [110].
Considering that PELI1 can stop spontaneous necroptosis induced
by high levels of RIPK3, it is thought that, in addition to suppressing
TNF-α-induced necroptosis, PELI1 might act as a safeguard that
targets spontaneously autophosphorylated RIPK3 for proteasomal
degradation under basal conditions [110]. However, to complicate
matters, another study using PELI1 knock out cells reported that PELI1
promoted necroptosis and concluded that it was due to it acting as
an E3 ligase for RIPK1 [102]. While these conflicting results cannot
explain why two separate studies using similar PELI1 knock out cells
concluded opposite effects on necroptotic propagation, only the
RIPK3-focussed study demonstrated direct ubiquitination of RIPK3 by
PELI1 via an in vitro ubiquitination assay [110]. It is possible that the
interaction of RIPK1 with PELI1 is indirect and mediated via RIPK3;
indeed, mapping studies indicated that the RHIM domain of RIPK1 is
critical for its interaction with PELI1; this domain being crucial for the
RIPK1:RIPK3 interaction [102].

MLKL recruitment, translocation and oligomerisation. Homodi-
merised RIPK3 within the necrosome is able to recruit and
phosphorylate MLKL, necessary for MLKL activation [98, 99]. In
mouse models, ubiquitinated TRAF2 was shown to associate with
inactive MLKL and inhibit MLKL’s interaction with other compo-
nents of the necrosome, independent of TRAF2’s E3 ligase activity
[111]. However, TNF-α-induced necroptosis reduces TRAF2

Table 1. Necroptotic proteins and the ubiquitination machinery that regulates them during TNF-α-induced necroptosis.

Necroptotic protein Conjugation site
(Ms=Mouse)

E3 Ligase*/ DUB** (and Chain type
targeted)

Impact on death receptor
signalling

References

RIPK1 K115 Pellino-1???* (K63) ↑Necroptosis? [100, 102]

???* (M1) ↑Necroptosis? [100]

K376 (Ms) cIAP1/2* (K63) ↑Non-death, ↓Apoptosis,
↓Necroptosis

[125, 126]

K612 (Ms) ???* ↑Non-death, ↑Apoptosis,
↑Necroptosis

[104]

??? LUBAC* (M1) No effect? [101]

OTULIN** (M1) ↑Necroptosis [103]

CHIP* ↓Necroptosis [108]

CYLD** ↑Necroptosis [112, 113]

RIPK3 K5 (Ms) A20** (K63) ↓Necroptosis [105]

K55, K363 CHIP* ↓Necroptosis [108]

K363 Pellino-1* (K48) ↓Necroptosis [110]

K197, K302, K364 Parkin* (K33) ↓Necroptosis [107]

K501 TRIM25*(K48) ↓Necroptosis [109]

K518 USP22** ↑Necroptosis [106]

MLKL K219 (Ms) ???* (K63) ↑Necroptosis [119]

??? ???*(Multi-monoubiquitination) ↓Necroptosis? [120]

TRAF2 ??? CYLD** ↑Necroptosis [111]

*E3 Ligase, **DUB.
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ubiquitination and suppresses the TRAF2:MLKL interaction; there-
fore, allowing MLKL to propagate necroptosis [111]. In past
studies, the DUB CYLD was reported to promote necroptosis via
deubiquitination of RIPK1 [112, 113]; but recently, CYLD was also
shown to be responsible for deubiquitinating TRAF2 during
necroptosis, stopping TRAF2’s inhibition of MLKL [111]. Consider-
ing that CYLD is negatively regulated by Caspase-8-mediated
processing (like other necroptosis promoting proteins) [112], this
is a further indication of its importance in necroptotic propaga-
tion.
After MLKL has been recruited to the necrosome and

phosphorylated by RIPK3, this results in the oligomerisation and
translocation of MLKL to the plasma membrane, where it is able to
form higher-order structures [114, 115]. It is not completely clear
how MLKL induces necrosis, but there are currently two non-
exclusive models: either, MLKL acts as a platform at the plasma
membrane to recruit Ca2+ or Na+ ion channels [116, 117], or MLKL
forms part of a complex that creates a pore in the membrane
[114, 118].
Mass spectrometry identified K219 as a ubiquitination site of

mouse MLKL and mutation of the site was shown to reduce K63-
linked ubiquitination of MLKL, generated during TNF-α-induced
necroptosis [119]. Additionally, ubiquitinated K219 was shown to
predominantly promote necroptosis in mouse dermal fibroblasts
(MDFs) derived from MlklK219R/K219R knock-in mice, which almost
completely blocked TNF-α-induced necroptosis, and abrogated
phenotypes associated with necroptosis-induced tissue injury
were seen in MlklK219R/K219R mice [119]. Interestingly, MlklK219R/K219R

MDFs cannot form nearly as many higher-order MLKL polymers in
membrane fractions compared to wild-type MDFs, indicating that
K219 ubiquitination promotes MLKL oligomerisation at the plasma
membrane [119]. In contrast, another study showed that
exogenous expression of a non-ubiquitinated MLKL-USP21 fusion
protein (USP21 removes all Ub conjugates from a protein) had
minimal effects on TNF-α-induced necroptosis, but did affect MLKL
stability [120]. Additionally, this study also concluded that MLKL
was multi-monoubiquitinated (via UbiCRest) when recruited to the
membrane during necroptosis [120], but the effects of this type of
ubiquitination on necroptosis was unclear.
A summary of the ubiquitination events reported to occur

during necroptosis that are covered in this review can be found in
Table 1.

Concluding remark
It is evident that ubiquitination plays an important role in
regulating both the apoptotic and necroptotic pathways; elucida-
tion of the mechanisms underlying ubiquitin-mediated control of
cell death could provide evidence for the development of novel
treatments for diseases that have dysregulated cell death path-
ways such as cancer [121] and neurological diseases [122, 123].
One unanswered question is the mechanism of how non-
degradative Ub chains impact Death Receptor-induced com-
plexes’ formation, such as TRAIL-induced Complex I/II and the
necrosome. Hopefully development of new tools to detect
branched Ub chains will alleviate the gap in the knowledge
around this area.
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