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Summary
The family of death receptors plays a critical role in regulating cell number and eliminating harmful
or virally infected cells. Agonistic stimulation of death receptors is known to lead two alternative
cell fates by either activating NF-κB to promote cell survival or inducing apoptosis to lead to cell
death; and now a third pathway, termed necroptosis or programmed necrosis has been identified.
Interestingly, a death-domain containing kinase, RIP1, is involved in mediating all 3 pathways, with
its kinase activity specifically involved in regulating necroptosis. The availability of necrostatin-1,
a specific inhibitor of RIP1 kinase, made it possible to dissect the distinct functional domains of
RIP1. Recent genome-wide siRNA screens have identified multiple players of necroptosis that may
interact with and/or regulate RIP1 kinase and mediate the signaling pathway and execution of
necroptosis. Necroptosis and necrostatins provide an exciting new opportunity for developing new
treatments for multiple human diseases involving necrosis and inflammation.

Introduction
How cells control their own demise is a fundamental question in biology. Although the notion
of cellular suicide was still a novel idea two decades ago, it has now been well-accepted that
cells may choose to die as a normal developmental cell fate or when damaged or infected with
virus [1]. Caspases are a family of cysteine proteases that can be activated to mediate apoptotic
cell death in response to agonistic ligands of death receptors, such as TNFα, FasL and Trail,
or mitochondrial damage as a result of inducing BH3-only members of pro-apoptotic Bcl-2
family. Apoptosis has been established as an evolutionarily conserved pathway regulating
programmed cell death. However, it has become increasingly clear that apoptosis is not the
only cellular mechanism that regulates cell death. At least a part of necrotic cell death, which
has been viewed traditionally as a form of passive cell death, may be executed through a
mechanism termed necroptosis or programmed necrosis [2]. Interestingly, necroptosis may be
activated upon stimulation by TNFα, FasL and Trail, the same ligands that can activate
apoptosis. Thus, cell death induced by the activation of death receptor may be executed through
alternative cell death pathways, apoptosis or necroptosis. The mechanism that dictates the
cellular decision to undergo apoptosis or necroptosis and the mechanism that mediates the
execution of necroptosis are under intensive investigation.

Receptor interacting protein 1 (RIP1)
Best known for its role in NF-κB activation, receptor interacting protein 1 (RIP1) plays a critical
role in necroptosis. Its serine/threonine kinase activity is essential for this necrotic death
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pathway but dispensable for both NF-κB activation and apoptosis, which rely on the
intermediate and death domains of the protein [3]. The small molecule inhibitor of necroptosis,
necrostatin-1 (Nec-1), is a potent inhibitor of RIP1 kinase activity [4].

RIP1 is autophosphorylated on Ser 161 within the activation loop, or T-loop of the kinase
[4]. This loop, modeled after the closely related kinase B-RAF, has two conformations: open
and closed. In the closed form, the loop blocks access to the catalytic cleft, but swings away
from the cleft when open, allowing the kinase access to its substrates. Autophosphorylation on
Ser161 is predicted to move the loop into its open form and activate the kinase [4]. Interestingly,
reconstitution of a phosphomimetic S161E RIP1 mutant into RIP1-deficient cells does not
induce necroptosis by itself, indicating that conformation shift of the activation loop is not
sufficient for its activation and other inputs are necessary. Dimerization of RIP1, however, is
sufficient to induce necroptosis [2]. This suggests that under normal conditions a RIP1 inhibitor
blocks kinase activity until upstream signaling, presumably from the TNFα receptor,
inactivates this inhibitor. The forced dimerization constructs may not be subject to this negative
regulation. Alternatively, the dimerization and activation of RIP1 may recruit additional
activating proteins necessary for downstream signaling. Identification of RIP1 substrates is
crucial to determining which pathways or targets are activated downstream. To date no
substrates of RIP1 have been identified that are involved in necroptosis.

RIP3
A RIP1 family member, RIP3, has recently been implicated in necroptosis [5–7]. Expression
of RIP3 has been proposed to sensitize necroptosis-insensitive cell lines to necroptosis. RIP1
and RIP3 interact via their RIP homotypic interaction motifs (RHIM) domains [8]. The two
proteins share 33% similarity in the kinase domain. Despite this similarity in the kinase domain,
Nec-1 is specific to RIP1 and does not inhibit RIP3 [4,5].

The kinase activity of RIP3 has also been proposed to be required for necroptosis.
Reconstitution of RIP3 deficient cells with a kinase dead K50A mutant is unable to restore
sensitivity to necroptosis [5,6]. RIP3 is phosphorylated on Ser 199 after necroptotic stimulation
and interestingly, although it is not yet clear if RIP1 may directly phosphorylate RIP3, this
phosphorylation event is inhibited by treatment with Nec-1 [6]. The effect of this RIP3
phosphorylation on necroptosis has not been analyzed. The ability of Nec-1 to inhibit this
phosphorylation event raised the possibility that it is RIP1, rather than RIP3 itself, that mediates
the phosphorylation of Ser199 on RIP3. Alternatively, since RIP1 is unable to phosphorylate
RIP3 in vitro, it is possible that the kinase activity of RIP1 is required for interacting with RIP3
and/or activating RIP3 phosphorylation. Consistent with this possibility, Nec-1 is able to inhibit
the interaction between RIP1 and RIP3 upon activation of necroptosis [5,6]. RIP3
phosphorylates RIP1 in vitro [5], although the physiological significance of this
phosphorylation and the phosphorylation site have not yet been determined.

Interaction between RIP1 and RIP3 via the RHIM domain is required for necroptosis [5,6].
The interaction of RIP1 and RIP3 is a specific necroptotic signaling event as it can only be
detected after treatment with necroptotic stimuli [5,6]. Since this interaction is inhibited by
treatment with the RIP1 kinase inhibitor, Nec-1, RIP3 appears to be activated by interaction
with RIP1. However, it is not clear if RIP1 requires RIP3 for its activity. Dimerization of the
RIP1 kinase domain, which lacks the RHIM domain, is sufficient to induce necroptosis, arguing
that perhaps RIP1 is able to induce necroptosis independently of RIP3 [2].

Necroptotic complex IIb
Under apoptotic competent condition, TNFα stimulation induces the formation of two
sequential protein complexes, complex I and complex IIa, that lead to the activation of NF-
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κB and apoptosis, respectively [9] [10] (Figure 1). TNFα binding to TNFR1 induces the
recruitment of RIP1 and other proteins to the receptor to form complex I. Subsequently, these
components dissociate from TNFR1 and RIP1 can be found in the cytosol in complex IIa,
which includes RIP1, caspase-8 and FADD. The signal leads to the transition from the complex
I to complex IIa is currently unclear. There is evidence that a second complex also forms in
necroptotic cells and is named complex IIb. Complex IIb contains at least one additional
component, RIP3 (Figure 1). Treatment with the RIP1 kinase inhibitor Nec-1 prevents both
RIP1 and RIP3 recruitment to complex IIb, suggesting RIP1 kinase activity is important for
this complex formation in necroptotic cells [5,6]. The involvement of FADD and caspase-8 in
the complex IIb is not clear as the loss of FADD or caspase-8 sensitizes cells to necroptosis.

Regulation of RIP1 kinase by ubiquitination
RIP1 kinase is specifically required for necroptosis except when cells are stimulated with IAP
antagonists (Smac mimetics), which leads to rapid degradation of cIAP1/cIAP2 [11]. For
example, RIP1 kinase activity is required for mediating apoptosis of Panc-1 cells treated with
TNFα and Smac mimetic. RIP1 is found in a complex containing FADD and caspase-8 upon
treatment with TNFα and Smac mimetic (which is enhanced by treatment with zVAD.fmk),
but not when treated with TNFα and zVAD.fmk only. This complex may be different from the
other variations on complex II described above as it is formed in the presence of Smac mimetic
to mediate apoptosis. However, we still do not understand why the loss of cIAP1/2 leads to
the requirement of RIP1 kinase in the formation of the second complex to mediate apoptosis.
In cells expressing RIP3, cells treated with TNFα and Smac mimetic may also undergo
necroptosis which is inhibited by Nec-1 [6]. Since cIAP1/2 mediates RIP1 ubiquitination, one
possibility is that the state of RIP1 ubiquitination is critical for the second complex.
Consistently, knockdown of the deubiquitinase CYLD can protect against apoptosis induced
by TNFα and Smac as well as necroptosis [11,12]. In addition, a number of E3 ligases have
been implicated in RIP1 ubiquitination including cIAP1/2, TRAF2, TRAF6, and A20 [13–
15].

Ubiquitination of K377 of RIP1 is necessary for NF-κB induction [16]. In addition, a mass
spectrometry study identified four basally ubiquitinated lysines on RIP1 including K115 in the
kinase domain, K570 in the intermediate domain, K603 and K626 in the death domain;
however, there has been no further characterization of these sites [17]. Some work has also
been done to examine the ubiquitin chain linkages on RIP1 after TNF stimulation. Immediately
after TNFα treatment, K63-linked chains are found on RIP1, which is required for binding
NEMO, a cofactor in the IKK complex, and involved in activating NF-κB [16,18]. RIP1
ubiquitination status is dynamic after TNFα stimulation as over time these are changed to K48
linkages through the action of A20 [15,19].

A study of the ubiquitination sites and enzymes involved in necroptosis will be important to
understand RIP1 complex formation in necroptosis. It is likely that the ubiquitination state of
RIP1 may influence its binding to interaction partners and therefore downstream effects in
necroptosis, much as it does in NF-κB signaling. The critical role of CYLD is direct evidence
of this. The expression of modifying enzymes, or lack thereof, may confer necroptosis
sensitivity or resistance to cells.

Downstream components of necroptosis
While the upstream signaling and modification of RIP1 are important to determine how
necroptosis is initiated, the identification of downstream components is necessary to show how
necroptosis is executed. Caspases are the executioners of apoptosis; however, these proteases
have no positive role in necroptosis. Thus far, an analogous class of executioner proteins has
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not been identified for necroptosis. Below we discuss a number of events that have been
proposed to contribute to the downstream events in necroptosis.

Reactive oxygen species
Reactive oxygen species (ROS) production is proposed to be an executioner of necroptosis.
Some cell types, such as L929 and MEFs, produce ROS in response to TNFα stimulation
[20,21]. ROS are thought to act by oxidizing, in addition to other cellular proteins, MAP kinase
phosphatases (MKPs) whose normal function is to downregulate JNK pathway signaling
[22]. This results in prolonged JNK activation and subsequently, cell death. However, reports
on the effect of JNK inhibition on necroptosis are conflicting [21,23]. Treatment with an
antioxidant such as butylated hydroxyanisole (BHA) is able to reduce ROS levels and also
inhibit cell death in some cell types [21]. However, antioxidant treatment is unable to protect
all cell lines from necroptosis [2], suggesting that ROS as an executioner of necroptosis is
likely a cell-type dependent phenomenon.

RIP3 has been reported to interact with several metabolic enzymes including glycogen
phosphorylase (PYGL), glutamate-ammonia ligase (GLUL), and glutamate dehydrogenase 1
(GLUD1) [7]. These enzymes increase substrates for use in oxidative phosphorylation, which
is a major source of ROS in the cell. RIP3-deficient cells have reduced ROS production
downstream of TNFα signaling [5]. However, ROS has not been shown to directly contribute
to necroptotic cell death in these systems.

An alternative, mitochondrial-independent pathway for ROS activation downstream of
TNFα receptor, TNFR1, has recently been described. Riboflavin kinase (RFK) interacts with
TNFR1 and TRADD after TNFα treatment. RFK in turn recruits the NADPH oxidases Nox1,
Nox2, and p22phox to the receptor [24]. RFK, Nox1 and Nox2 are crucial for downstream ROS
production [23,24]. RIP1 is not directly involved in this pathway. Nox1 knockdown partially
protects L929 cells from TNFα-induced necroptosis [23]. However, Nox1 knockdown does
not protect other cell types such as Jurkat cells from TNFα-induced necroptosis [4]. Thus, the
contribution of ROS to the execution of necroptosis must be evaluated by further studies.

Mitochondria
The mitochondrion is well known for its function in apoptotic cell death and has also been
implicated downstream of RIP1. A role for adenine nucleotide translocase (ANT) and
cyclophilin D (CypD) in the mitochondrial permeability transition has been proposed in
necroptosis. In a cardiac ischemia and reperfusion injury, CypD-deficient mice had decreased
infarct size and reduced levels of necrotic cell death compared to control animals [25]. CypD
is involved in necrotic cell death although its role in necroptosis has not been specifically tested.
TNFα and zVAD.fmk treatment results in a mitochondrial defect in ADP transport through
ANT, which is dependent on RIP1 [26]. However, there has been no further analysis of
mitochondrial function in necroptotic cells.

A BH3-only protein, Bmf, was identified in a siRNA screen for genes involved in necroptosis
[12]. Bmf-deficient thymocytes are still sensitive to death induced by most apoptotic stimuli
[27]. Upon addition of specific apoptotic stimuli, Bmf is believed to dissociate from the
cytoskeleton and translocate to the mitochondria and inhibit Bcl-2 cytoprotective proteins
[28]. Bmf appears to induce cell death in a manner dependent on its BH3 domain. It remains
to be shown what role Bmf plays in necroptosis.

Autophagy
Autophagic vesicles are commonly observed in necroptotic cells, leading some to propose that
autophagy is an execution mechanism for necroptosis. In L929 cells, treatment with autophagy
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inhibitors 3-MA and wortmannin are able to partially inhibit zVAD-induced cell death.
Knockdown of autophagy related genes such as beclin1 and Atg7 were shown to be able to
inhibit necroptosis in L929 cells [29]. However, in other cell types this finding has not held
up. Jurkat cells, MEFs, and Balb c/3T3 cells were extensively tested for an effect of autophagy
inhibitors or knockdown of beclin1 and Atg5. None of these inhibitors of autophagy were able
to reduce cell death [2].

Necroptosis signaling may in fact activate autophagy, perhaps as a clean-up mechanism for
cell death. Experiments using proliferating T cells have shown that loss of FADD or caspase-8
increases cell death, which limits cell proliferation [30,31]. Addition of Nec-1 inhibits this
phenotype, suggesting that RIP1 kinase is activated and the cells die, presumably by
necroptosis [31]. In this case, it seems that what was thought to be type II autophagic cell death
is actually necroptosis and induced by RIP1 kinase activation.

It remains to be determined if autophagy is actually a response to necroptotic cell death. ROS
production is cell type dependent and unlikely to be a general execution mechanism. The
involvement of mitochondria is potentially very interesting, but has not yet been thoroughly
investigated.

Physiological Role of Necroptosis
Apoptosis plays a major role in physiological cell death, however, under pathological
conditions, necrosis is very common [32]. Necroptosis has been implicated in mediating
neuronal excitotoxicity. The RIP1 kinase inhibitor Nec-1 protects against glutamate-induced
oxytosis in hippocampal HT-22 cells [33]. Furthermore, necroptosis is involved in NMDA-
induced excitotoxicity in rat cortical neurons [34]. Excitotoxicity is involved in the pathologies
associated with chronic neurodegeneration such as Alzheimer’s disease and Parkinson’s
disease, and also in acute neurodegeneration such as that resulting from stroke [32].
Consistently, Nec-1 significantly decreases infarct size in a middle cerebral artery occlusion
mouse stroke model [2].

Additional evidence suggests that necroptosis can occur in both the neuronal and immune
systems. A murine genome wide siRNA screen for genes involved in necroptosis found clusters
of hits that were upregulated in neuronal tissue and immune cells [12]. Activation of innate
immune signaling through Toll-like receptor 3 (TLR3) in conjunction with IFNγ treatment can
induce necroptosis. Importantly, necroptosis may act as a second line of defense against viral
infections. Viruses encode caspase inhibitors like CrmA to block apoptosis, and a viral protein
inhibitor of RIP1, M45, has been discovered that can block RIP1 signaling [35], suggesting
regulation of necroptosis may be involved in virus-host interaction. RIP3−/− cells are protected
against cell death after viral infection; however, these mice have a reduced survival rate
compared to WT mice [5]. Necroptosis may function to stimulate the immune system in
response to infection.

Conclusions
Necroptosis is an important cellular death mechanism likely to be involved in many human
pathologies from viral infections to neurodegenerative diseases. Understanding the
modifications and regulation of RIP1 is critical for us to understand how cells make the critical
decision either to survive by activating NF-κB or to die through apoptosis or necroptosis. The
availability of Nec-1 as a specific inhibitor of RIP1 kinase has made it possible to dissect the
multiple functions of RIP1 in mediating the distinct downstream signaling pathway of cell
survivals through NF-κB activation, and cell death through apoptosis and necroptosis. The
recent genome-wide studies for genes involved in regulating necroptosis and discovery of RIP3
in necroptosis open exciting new avenues for research [5–7,12]. Compared to what is known
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about upstream signaling in necroptosis, the downstream mechanism of cell death is largely
open to future exploration. We expect necroptosis will be an exciting area of rapid research
development in the foreseeable future. Furthermore, neurostatins may provide an exciting
opportunity for developing new treatments for multiple human diseases involving necrosis and
inflammation.
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Figure 1.
The signaling complexes induced by TNFα to mediate NF-κB activation, apoptosis and
necroptosis. Stimulation of TNFR1 by TNFα leads to the formation of an intracellular complex
at the cytoplasmic membrane (complex I) that includes TRADD, TRAF2, RIP1 and cIAP1.
Ubiquitination of RIP1 at K377 by cIAP1 leads to the recruitment of NEMO, a regulatory
subunit of IKK complex that in turn activates NF-κB pathway. RIP1 is also involved in the
formation of complex IIa including FADD and caspase-8 to activate a caspase cascade to
mediate apoptosis. Under apoptosis deficient conditions or when cells are infected by certain
virus, RIP1 interacts with RIP3 to form complex IIb which is involved in mediating necroptosis.
The formation complex IIb requires the kinase activity of RIP1 that is inhibited by Nec-1.
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