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Abstract
Proper regulation of cell death is essential for metazoan development and functions. Unlike
apoptosis, necrosis is a more inflammatory form of cell death that might contribute to anti-viral
immunity. Indeed, necrotic cell injury is distinguished from apoptosis by extensive organelle and
cell swelling and plasma membrane rupture. Recent evidence indicates that an elaborate
biochemical network emanating from receptors in the TNF superfamily can induce apoptosis as
well as necrotic cell death. The induction of necrosis by TNF-like cytokines requires biochemical
components that are distinct from those involved in apoptosis. Specifically, serine/threonine
protein kinases in the receptor interacting protein (RIP) family are required for “programmed”
necrotic cell injury. In this review, we discuss the molecular crosstalk between apoptosis and
programmed necrosis, with a special emphasis on how caspases, protein ubiquitylation and
phosphorylation regulate the induction of necrotic cell injury.
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No accident: necrotic cell death is a programmed event
The balance between cellular proliferation and cell death is critical for homeostasis of higher
organisms. Pathologists have long relied on morphology to distinguish different forms of
cell death. The advent of molecular biology greatly enhanced our knowledge of the
biochemical regulation of apoptosis. By comparison, our understanding of the biochemical
pathways that regulate non-apoptotic cell death programs such as necrosis remained scarce.
Until recently, the prevalent view was that cellular necrosis is the consequence of non-
specific cell injury from trauma. However, with the identification of dedicated molecular
machinery regulating the process, the study of necrosis has experienced a renaissance lately.
Owing to the requirement for a dedicated molecular circuitry, we have coined the term
“programmed necrosis” to distinguish necrosis induced by tumor necrosis factor (TNF)
family death cytokines from those induced by non-specific trauma or injury (e.g. heat
shock). Other terms, including “necroptosis”, have also been used to describe receptor
interacting protein 1 (RIP1)-dependent, death cytokine-induced programmed necrosis [1,2].
Although the term “programmed necrosis” has also been used to describe poly (ADP-ribose)
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polymerase 1 (PARP1)-mediated cell death induced by DNA damaging agents [3], it
remains unclear if the underlying molecular mechanisms are the same. In this review, we
will focus on the recent advances in understanding the molecular regulation of programmed
necrosis induced by TNF-like cytokines.

Crosstalk between apoptosis and programmed necrosis
It is now clear that signaling by TNF-like death cytokines can result in at least one of three
outcomes: nuclear factor kappa-B (NF-κB) activation, apoptosis or programmed necrosis.
Evidence indicates that the activation of one response often opposes the others. For example,
under most circumstances, TNF stimulation results in NF-κB activation rather than cell
death. However, when NF-κB activation is inhibited, either by macro-molecular synthesis
inhibitors or by expression of a dominant negative mutant of the negative regulator IκBα,
TNF induces apoptosis (reviewed in [4]). These systems were widely used to study the
mechanism of TNF-induced apoptosis and contributed to the perception that TNF
predominantly induces apoptotic cell death. However, a very early study of TNF showed
that it causes solid tumor regression in the form of necrotic cell death [5]. In the late 1990s,
it was realized that caspase inhibition does not always inhibit TNF or Fas ligand (FasL)-
induced cell death in certain cell types. Rather, caspase inhibition by pan-caspase inhibitors
or expression of the viral caspase 1/8 inhibitor CrmA often led to necrosis marked by cell/
organelle swelling and rupture of the plasma membrane (reviewed in [6]). In addition,
expression of a dimerized FADD death domain (FADD-DD), which inhibits FasL- and
TNF-induced apoptosis, triggered caspase-independent cell death with characteristic
“necrotic” morphology [7,8]. A comparison between wild type and mutant Jurkat T-cells
reveals that FADD and caspase 8 deficiencies potently sensitize cells to programmed
necrosis [9]. Similarly, primary T-cells deficient in caspase 8 or transgenic T-cells
expressing FADD-DD are also highly sensitive to programmed necrosis [10,11]. These
results clearly illustrate that the molecular pathways regulating death ligand-induced
apoptosis and programmed necrosis are intimately intertwined. They also firmly establish
the paradigm that inhibition of caspase-dependent apoptosis primes cells towards
programmed necrosis.

RIP1: a pleiotropic kinase controlling cell survival and cell death signals
A breakthrough in the study of programmed necrosis came when several groups described
that the serine/threonine kinase RIP1 plays an obligate role in mediating programmed
necrotic cell death induced by FasL, TNF, TRAIL (TNF-related apoptosis-inducing ligand),
and the combination of interferon and double stranded RNA [9,12–14]. Early studies
indicated that RIP1 plays an obligate role in the activation of NF-κB (reviewed in [15,16]).
For example, Abelson-transformed Rip1−/− pre-B cells were hypersensitive to TNF-induced
apoptosis. However, a recent study shows that Rip1−/− mouse embryonic fibroblasts (MEFs)
activate NF-κB normally in response to TNF [17]. The discrepant results might be due to the
differential requirement for RIP1 in the different cell types used in these studies.
Nonetheless, RIP1 polyubiquitylation at lysine 377, which lies in the intermediate domain
(Fig. 1), appears to be essential for NF-κB activation [18–20]. By contrast, an intact kinase
domain is crucial for RIP1-mediated programmed necrosis, but dispensable for NF-κB
activation [9,12]. Thus, RIP1 utilizes distinct domains to activate NF-κB and programmed
necrosis (Fig. 1).

Although RIP1 is normally dispensable for death cytokine-induced apoptosis, recent
evidence indicates that RIP1 can facilitate apoptosis under certain circumstances. For
instance, although RIP1 is not required for apoptosis induced by agonistic anti-Fas antibody
or crosslinked FasL, it promotes caspase 8 activation within the receptor-associated death
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inducing signal complex (DISC) and apoptosis in response to membrane-bound FasL [21].
In addition, RIP1 is required for detachment-induced, Fas-mediated anoikis [22]. Inhibitor
of apoptosis (IAP) antagonists are small molecule mimics that sensitize cells to apoptosis by
inducing autoubiquitylation and proteasomal degradation of cIAP1 and cIAP2, and the
autocrine production of TNF [23,24]. They potentiate RIP1 binding to the Fas DISC and
assembly of an alternative caspase 8 activating complex containing FADD and RIP1
[25,26]. Importantly, RIP1 kinase activity is crucial for the assembly and function of this
alternative caspase 8 activating complex [25]. Thus, in addition to programmed necrosis,
RIP1 kinase activity is also required for apoptosis induced by IAP antagonists (Fig. 1).

A RIP1–RIP3 pro-necrotic complex regulates programmed necrosis
The fact that RIP1 activates signaling pathways other than programmed necrosis suggests
that additional mechanisms must exist to specifically regulate or mediate its pro-necrotic
function. Recently, two separate RNA interference (RNAi) screens identified another RIP
family kinase, RIP3, as an essential mediator for TNF-, FasL- and TRAIL-mediated
programmed necrosis [27,28]. Rip3−/− primary MEFs respond normally to TNF-induced
apoptosis and NF-κB activation, but are resistant to programmed necrosis [27,28]. The
requirement for RIP3 in necrosis was further corroborated by a third report [29]. These new
studies demonstrate the importance of RIP3 in programmed necrosis and are consistent with
an early report which showed that RIP3 over-expression induces apoptotic as well as
necrotic cell death [30]. Thus, RIP3 is an essential inducer of programmed necrosis.

TNFR1 (TNF receptor 1) signaling is mediated through two spatially and temporally
separate signaling complexes: a transient and unstable receptor-associated signaling
complex termed “Complex I”, and a slow-forming receptor-independent cytoplasmic
complex termed “Complex II” [31]. Whereas RIP1 is recruited to both complexes, RIP3
only binds RIP1 within a “pro-necrotic” Complex II. The assembly of the pro-necrotic
RIP1–RIP3 complex is specifically induced during TNF-induced programmed necrosis, but
not during apoptosis or NF-κB activation. The RIP1–RIP3 interaction results in the
induction of their kinase activities [27]. Although intact RIP1 and RIP3 kinase activities are
critical for TNF-, FasL- and TRAIL-induced programmed necrosis in most cells, small
interfering RNA (siRNA)-mediated silencing of Rip1 expression conferred no protection
against TNF-induced programmed necrosis in L929 cells [32]. In addition, a mutant murine
cytomegalovirus (MCMV) expressing a defective programmed necrosis inhibitor M45
triggers programmed necrosis in a RIP3-dependent, but RIP1-independent, manner [33].
These results emphasize the central role of RIP3 in the necrotic signaling pathway and
indicate that programmed necrosis can proceed in a RIP1-independent manner. By contrast,
RIP1-driven necrosis that is independent of RIP3 has not been observed. Strikingly, Rip3−/−

macrophages are also resistant to programmed necrosis induced by the Toll-like receptor 4
(TLR4) agonist LPS and the broad caspase inhibitor zVAD-fmk [29]. Although it is not
clear if this cell death results from direct TLR4 signaling or is indirectly mediated by LPS-
induced autocrine TNF expression, this result nonetheless raises the possibility that the
RIP1–RIP3 complex might regulate necrotic cell death emanating from receptors beyond the
TNF receptor superfamily.

The assembly of the pro-necrotic RIP1–RIP3 complex is mediated through the “RIP
homotypic interaction motif” (RHIM) [34] (Fig. 1). The RHIM represents an emerging
protein–protein interaction motif whose structure is undefined at present. In addition to RIP1
and RIP3, the RHIM is also found in the TLR3 adaptor Toll–interleukin-1 receptor (TIR)
domain-containing adaptor inducing interferon-β (IFN-β) (TRIF), the DNA-dependent
activator of interferon regulatory factors (DAI) [35,36], and the MCMV cell death inhibitor
protein M45 [37,38] (Fig. 1). In addition, the Drosophila melanogaster innate immune
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receptors PGRP-LC and PGRP-LE contain a “RHIM-like” motif that is important for
downstream signal transduction [39] (Fig. 1). The PGRP receptors signal via the immune
deficiency (IMD) protein, an adaptor that shares homology with the death domain of
mammalian RIP1 [40]. Furthermore, RHIM-mediated RIP1–TRIF and RIP1–DAI
interactions regulate NF-κB activation by TLR3/TLR4 and DAI, respectively [35,41,42].
TRIF can also induce cell death through a type I interferon-dependent RHIM-mediated
interaction with RIP1 [43,44]. Because Rip3−/− macrophages are resistant to TLR4-induced
programmed necrosis [29], it is tempting to speculate that TRIF might regulate programmed
necrosis through the RHIM-mediated RIP1–RIP3 interaction. The requirement of RHIM-
containing adaptors in necrotic and innate immune signaling pathways suggests that the two
pathways might have co-evolved to control innate inflammatory responses.

The identification of a RHIM in the MCMV M45 protein suggests that this virus might
target cellular responses mediated by RHIM-containing proteins. Indeed, an intact RHIM is
essential for both the M45-mediated inhibition of NF-κB activation by DAI [35,36] and
RIP1-induced cell death [37]. A recombinant MCMV virus encoding an M45 RHIM mutant
failed to establish a productive infection in tissue culture or in wild type mice due to the pre-
mature induction of RIP3-dependent programmed necrosis. Strikingly, productive infection
was not restored by necrostatin-1, a RIP1-specific kinase inhibitor [1,2], or siRNA-mediated
silencing of RIP1. By contrast, productive infection by the M45 mutant virus was restored in
Rip3−/− cells and Rip3−/− mice [33]. These results demonstrate that viral inhibition of RIP3
and programmed necrosis is an important innate immune evasion strategy employed by
certain pathogens (Box 1).

Questions remain regarding whether RIP1 or RIP3 is the upstream activator in the necrotic
signaling cascade, but several lines of evidence favor RIP1 as the upstream kinase. For
example, RIP3-dependent and RIP1-independent programmed necrosis has been observed
during MCMV infection and in L929 cells [32,45]. Necrosis-specific RIP3 phosphorylation,
but not RIP1 phosphorylation, is inhibited by necrostatin-1 [27]. Moreover, a kinase
defective RIP3 mutant binds RIP1 normally, indicating that an active RIP3 kinase is not
required for the assembly of the RIP1–RIP3 complex. Because necrostatin-1 abolished the
assembly of the RIP1–RIP3 pro-necrotic complex [27,28], these results are consistent with
the notion that RIP1 acts upstream of RIP3. However, RIP1 expressed in 293T cells is
unable to phosphorylate RIP3 in vitro, whereas RIP3 expressed in 293T cells weakly
phosphorylates RIP1 [27] . Furthermore, necrosis-specific RIP1 phosphorylation is absent in
Rip3−/− MEFs [27] . These results argue that RIP3 also regulates RIP1 function. Additional
experiments will be needed to unequivocally determine the order in which RIP1 and RIP3
are activated. Importantly, several putative phosphorylation sites on RIP1 and RIP3 were
recently identified [1,28]. Reconstitution of Rip1−/− and Rip3−/− cells with these
phosphorylation site mutants could help to determine the hierarchy of activation for RIP1
and RIP3 during programmed necrosis.

The role of FADD and caspases: friend or foe?
Caspase inhibition has been observed in malignant diseases and during certain viral
infections [9,46]. Under these conditions, TNF-like cytokines might preferentially induce
programmed necrosis. However, it is important to remember that programmed necrosis can
proceed in the absence of caspase inhibition. For instance, in Jurkat cells expressing both
TNFR1 and TNFR2, TNF stimulation alone is sufficient to induce RIP1 and RIP3
recruitment to the caspase 8 associated complex and programmed necrosis, although
apoptosis remained the dominant form of cell death under these conditions [9,47]. Caspase
inhibition further enhanced the kinetics of RIP1/RIP3 binding to caspase 8 and programmed
necrosis [27], in part through inhibition of caspase 8-mediated RIP1 cleavage [9,27,48].
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Cleavage of RIP1 at D324 results in the separation of the kinase domain from the carboxyl
terminal fragment containing the RHIM and DD. Thus, inhibition of caspase 8-mediated
RIP1 cleavage is crucial to ensure the phosphorylation and activation of downstream RIP1/
RIP3 substrates (Fig. 2). In addition to RIP1, RIP3 has also been reported to be a caspase 8
substrate [29,30]. For instance, RIP3 cleavage could be detected in response to different
apoptotic stimuli [30]. Furthermore, substitution of the putative caspase cleavage site on
RIP3 to alanine (D333A) abolishes the sensitizing effect of zVAD-fmk on programmed
necrosis [29]. Thus, although further work is needed to validate whether RIP3 is similarly
cleaved and inactivated by caspase 8 within Complex II, these results are in agreement with
the model that preservation of the integrity of both RIP1 and RIP3 is important for optimal
induction of programmed necrosis.

When compared to caspase 8, the role of the adaptor protein FADD in programmed necrosis
is enigmatic. FADD is required for programmed necrosis induced by FasL and TRAIL [12],
but dispensable for TNF-induced programmed necrosis [9]. In fact, TNF-induced
programmed necrosis is exacerbated in Jurkat cell variants that lack FADD expression [9]. It
is not clear why programmed necrosis induced by different TNF-like death cytokines
exhibits differential requirements for FADD. One possible explanation is that FADD is
required for assembly of the Fas- and TRAIL-R-associated DISC, but not the TNFR1-
associated Complex I. Because the pro-necrotic RIP1–RIP3 complex is formed as a
consequence of the receptor-associated complex, FADD deficiency might preferentially
inhibit necrotic signaling by Fas and TRAIL receptors.

Similar to the Jurkat cell variants that lack FADD expression, expression of FADD death
domain alone (FADD-DD), which dominantly inhibits caspase-dependent apoptosis, also
sensitizes cells to programmed necrosis. Primary T-cells expressing FADD-DD were
recently shown to undergo programmed necrosis in response to T-cell receptor stimulation
[11]. This finding is reminiscent of early results showing that expression of an FK506
binding protein (FKBP)-dimerized FADD-DD led to spontaneous programmed necrosis
[7,8]. FADD-DD might facilitate programmed necrosis by binding to and aggregating RIP1
through a DD–DD interaction [8]. In addition, because it lacks the death effector domain
(DED) that recruits caspase 8, FADD-DD might promote programmed necrosis by
inhibiting caspase 8-mediated RIP1/RIP3 cleavage (Fig. 2). This model explains why full-
length FADD and FADD-DD exhibit differential effects on TNF-induced programmed
necrosis. Strikingly, a fraction of cellular RIP3 constitutively associates with FADD. This
interaction appears to be indirect, because RIP3 and FADD expressed in 293T cells failed to
interact with each other [27]. The functional significance of this interaction will require
further investigation.

Does protein ubiquitylation regulate programmed necrosis?
Protein ubiquitylation is an important process that regulates numerous signal transduction
pathways. Many proteins in the TNF signaling pathway are targets of ubiquitylation. For
instance, TNFR1-bound RIP1 is heavily modified through K63-specific polyubiquitylation,
although more recent results indicate that RIP1 can also undergo non-K63-mediated
ubiquitylation [49]. Polyubiquitylated RIP1 mediates activation of the pro-survival
transcription factor NF-κB by binding NEMO, the regulatory subunit of the IKK (I Kappa B
kinase) complex. Several interesting recent reports indicate that polyubiquitylated RIP1–
NEMO binding provides an early anti-death signal that is independent of NF-κB activation
[18,19,50,51]. The protection conferred by polyubiquitylated RIP1 appears to act through
preventing the RIP1–caspase 8 interaction [50,51].
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Could polyubiquitylated RIP1 similarly protect cells against programmed necrosis?
Interestingly, the K63-specific deubiquitylase (DUB) CYLD was recently identified in a
genome-wide RNAi screen as an important mediator for TNF-induced programmed necrosis
[32]. CYLD encodes a gene that is mutated in familial cylindromatosis, Brooke-Spiegler
syndrome, and multiple familial trichoepithelioma, an overlapping set of tumors affecting
the head, the neck and the skin appendages (reviewed in [52]). Consistent with a role in
programmed necrosis, CYLD promotes the assembly of the RIP1–FADD–caspase 8
complex in response to TNF, IAP antagonist, and zVAD-fmk treatment [25]. Importantly,
polyubiquitylated RIP1 is a CYLD substrate [53]. Furthermore, programmed necrosis
induced by IAP antagonists and TNFR-2 signaling both led to degradation of RIP1 targeting
E3 ligases such as cIAP1/2 and TRAF2 [23,24,54]. It is tempting to speculate that RIP1
polyubiquitylation sterically hinders the recruitment of downstream pro-necrotic proteins
such as RIP3. In this scenario, CYLD might facilitate programmed necrosis by removal of
the polyubiquitin chains on RIP1. Interestingly, in necrotic MEFs, FADD-associated RIP3
exhibits a partial “laddering” pattern that resembles polyubiquitylation [27]. However, it
remains unknown whether RIP3 polyubiquitylation is an important regulatory mechanism in
programmed necrosis.

Effector mechanisms of programmed necrosis
Although it is clear that caspase-mediated cleavage of cellular proteins causes apoptotic
death, much less is known about the mechanisms by which programmed necrosis kills cells.
The most remarkable morphological feature of programmed necrosis is the organelle and
cell swelling that culminates in rupture of the plasma membrane. The increase in cell
volume and extensive intracellular vacuole formation implies an imbalance in osmotic
pressure. Although the details remain fuzzy, the prevailing view is that reactive oxygen
species (ROS) production is an important effector killing mechanism for programmed
necrosis. ROS can induce lipid peroxidation or alter the function of certain channel proteins,
both of which can lead to necrotic cell injury. However, ROS are not specifically required
for programmed necrosis, as ROS also regulate apoptosis under certain conditions [55,56].
Factors such as the concentration of ROS produced and the cellular ATP level could
determine whether ROS triggers apoptosis or programmed necrosis [55,57].

The mitochondria are major producers of ROS. Consistent with a role for mitochondrial
ROS in programmed necrosis, inhibition of the mitochondrial complex I and complex II
(distinct from the Complex I and Complex II in TNF signaling pathway) protects the
fibrosarcoma L929 cell line against TNF-induced programmed necrosis [58]. RIP1 and RIP3
act upstream to regulate ROS production during programmed necrosis [27,29]. Although the
results are controversial, both RIP1 and RIP3 were reported to localize to the mitochondria
[59,60]. Indeed, a recent report shows that RIP3 interacts with several mitochondrial
enzymes including glycogen phosphorylase (PYGL), glatamate-ammonia ligase (GLUL)
and glutamate dehydrogenase 1 (GLUD1) [29]. RIP3 overexpression activates the activities
of these enzymes and enhances mitochondrial energy metabolism, which correlates with
enhanced ROS production and programmed necrosis [29]. Thus, the RIP1–RIP3 complex
might directly regulate ROS production from the mitochondria by engaging the
mitochondrial metabolism machinery.

In contrast to the evidence supporting mitochondrial production of ROS, several recent
reports indicate that the plasma membrane-associated NADPH oxidase 1 (NOX1) forms a
complex with TRADD, RIP1 and the small GTPase RAC1 to regulate ROS production at
the plasma membrane [61]. The disparate results might be reconciled by the TNF-induced
shuttling of NADPH oxidases between the cytoplasm and the plasma membrane [62].
Alternatively, the pro-necrotic signal generated by NOX1-induced ROS might be amplified
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through mitochondrial ROS production. NOX1 recruitment requires riboflavin kinase
(RFK), which physically couples NOX1 to the TNFR1 signaling complex [63]. However,
RFK is more than just an adaptor linking NOX1 to the receptor, as products of the riboflavin
kinase reaction such as flavin mononucleotide and flavin adenine dinucleotide (FAD) rescue
the ROS production deficiency of Rfk−/− cells [63]. These results suggest that FAD might be
an unexpected co-factor in the assembly of a functional ROS-producing complex at the
plasma membrane.

It is noteworthy that ROS are not required for programmed necrosis in all cell types. For
example, ROS scavengers do not inhibit programmed necrosis in the monocytic lymphoma
U937 cell line, the colon carcinoma HT-29 cell line, or in Jurkat T-cells [28,59]. Rather, a
RIP1-dependent loss of cellular ATP was reported to precede programmed necrosis in U937
cells [59]. Through a poorly defined mechanism, RIP1 disrupts the interaction between
adenine nucleotide translocase (ANT) and cyclophilin D (CYPD) [59]. ANT and CYPD are
components of the mitochondrial permeability transition pore (mPTP) that regulates the
exchange of ADP and ATP between the cytosol and the mitochondria (reviewed in [64]).
During programmed necrosis, this ADP-ATP exchange function of the mPTP is
compromised [59]. Consistent with this observation, Cypd−/− cells are partially resistant to
TNF-, IAP antagonist-, and zVAD-fmk induced programmed necrosis [28]. Thus, the
cellular metabolic “fitness level” might greatly influence the outcome of pro-necrotic cell
signaling, a notion that seems to be supported by the correlation between reduced cellular
ATP level and increased susceptibility to necrotic cell injury in older individuals [57]. These
recent findings suggest that different effector mechanisms operate in different cell types to
mediate programmed necrosis (Box 2).

Concluding remarks
Recent studies have defined a RIP1–RIP3 kinase complex that regulates death cytokine-
induced programmed necrosis. Rip3−/− mice have provided a valuable model to examine the
role of programmed necrosis in anti-viral inflammatory responses. RIP1/RIP3-dependent
programmed necrosis might be important in other inflammatory diseases including drug-
induced tissue inflammation, auto-inflammatory diseases and cancers. Indeed, RIP3 is
required for cerulein-induced pancreatitis [28,29]. Drugs that target the RIP1 or RIP3 kinase,
such as necrostatins, are likely to be useful in the treatment of these diseases.

Despite the recent development, many questions remain about the molecular mechanisms
that regulate programmed necrosis. For example, what are the downstream substrates for the
RIP1–RIP3 kinase complex? What is the role of the mitochondria? Are proteases involved
as in apoptosis? What are the cellular targets affected by ROS or loss of ATP during
programmed necrosis? With a growing interest in studying this cell death pathway, one can
realistically hope that these questions will be answered in the near future.

Box 1 Viral inhibition of programmed necrosis

Many viruses encode gene products that inhibit the host apoptosis machinery (reviewed
in [65]). In these scenarios, programmed necrosis can serve as an alternative host cell
death mechanism that circumvents viral inhibition of caspases and apoptosis. Moreover,
the pro-inflammatory nature of programmed necrotic cell death might further stimulate
anti-viral immune responses. In support of an anti-viral role for programmed necrosis,
Rip3−/− mice are highly susceptible to vaccinia virus infections [27].

The anti-viral function of programmed necrosis suggests that viruses might have
developed strategies to interfere with this pathway. Indeed, several viral FLICE (caspase
8)-like inhibitor proteins (FLIPs) such as MC159 from the poxvirus Molluscum
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contagiosum and E8 from equine herpevirus potently inhibit programmed necrosis [27];
however the underlying mechanisms remain unknown. Viral FLIPs (v-FLIPs) were first
identified as apoptosis inhibitors. They share the amino-terminal death effector domains
(DEDs) with the initiator caspases caspase 8 and caspase 10, but lack an intact caspase
enzyme domain. Binding of the v-FLIP MC159 to FADD, caspase 8, or TRAF3
contributes to inhibition of death cytokine-induced apoptosis [66,67]. Transgenic
expression of MC159 leads to autoimmune symptoms and impairment of immune
functions similar to those caused by mutations in the Fas death receptor [68,69]. These
results further support an immuno-modulatory role for viral inhibitors of programmed
necrosis. Thus, the v-FLIPs and RHIM-containing inhibitors like M45 represent two
distinct classes of viral programmed necrosis inhibitors.

Box 2 Distinct effector mechanisms in programmed necrosis

ROS are essential for programmed necrosis in many transformed (e.g. L929) and primary
cells (e.g. embryonic fibroblasts). However, in cells of hematopoeitic origin (e.g. U937
and Jurkat) and the colon carcinoma HT-29 cell line, programmed necrosis proceeds in
the presence of ROS scavengers. Based on these observations, we propose that
programmed necrosis can be sub-divided into two classes (Figure I). In Type I cells such
as U937, disruption of mPTP function leads to bioenergetic breakdown and the eventual
demise of the cell. By contrast, Type II cells such as fibroblasts require high ROS levels
to trigger programmed necrosis. This scenario is akin to that of Fas-induced apoptosis,
where different cell types exhibit differential requirement for mitochondrial amplification
of the caspase-driven apoptotic signal [70]. Although Type I and Type II cells exhibit
differential requirements for ROS, the disruption of mPTP function can lead to
dysregulated electron transport chain and further ROS production. Thus, the
mitochondria might have important functions in programmed necrosis in ROS-
dependent, as well as ROS-independent, necrotic cell injury.
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Figure 1. The emerging family of RHIM-containing proteins
(a) Schematic diagram of human, viral and Drosophila adaptor proteins containing RHIMs.
The arrows indicate the amino acid residues and domains important for RIP1 function. S199
is a reported necrosis-specific phosphorylation target site on RIP3 [28]. (b) Sequence
alignment of the RHIM or RHIM-like domains. The red rectangle denotes the highly
conserved (I/V)Q(I/V/L)G tetrapeptide found in the RHIM. The red asterisks represent other
highly conserved residues within the RHIM domain. The numbers represent the amino-
terminal boundary of the listed sequences.
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Figure 2. Caspase 8-mediated cleavage of RIP1 and RIP3 inhibits programmed necrosis
The assembly of a cytoplasmic RIP1–RIP3 complex via the RHIM is critical for
programmed necrosis. This complex is further stabilized by phosphorylation of RIP1 and
RIP3. FADD and caspase 8 inhibit TNF-induced programmed necrosis by cleaving RIP1 (at
D324) and RIP3 (at D333) within this complex. Cleavage results in the release of amino-
terminal fragments containing the kinase domains, thereby preventing phosphorylation of
RIP1, RIP3 and other possible downstream substrates. Necrostatin-1 (Nec-1), which inhibits
RIP1 kinase activity, blocks programmed necrosis by preventing the stable association of the
RIP1–RIP3 complex.
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Box 2, Figure 1. ROS-dependent and independent programmed necrosis in different cell types
Assembly of the RIP1–RIP3 (pink–yellow) complex involves deubiquitylation of RIP1,
possibly by CYLD. The assembled RIP1–RIP3 complex might act on the mitochondria to
trigger downstream effector functions. In Type I cells such as the U937 cell line, Jurkat T-
cells, and the HT-29 cell line, ROS scavengers such as butylated hydroxyanisole (BHA) do
not rescue programmed necrosis. In these cells, programmed necrosis might be mediated by
loss of function of the mPTP and cellular ATP. By contrast, in Type II cells such as the
L929 cell line or MEFs, programmed necrosis is ROS-dependent as BHA rescues the cell
death. Evidence indicates that ROS can be produced at the RFK–NOX1–FAD plasma
membrane complex or within the mitochondria through RIP3-mediated interaction with
mitochondrial metabolic enzymes (PYGL, GLUL, GLUD1; orange). It is unclear if the two
sources of ROS might synergize with each other to facilitate programmed necrosis.
Ubiquitin (Ub): blue.
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