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Roles of RIPK3 in necroptosis, cell signaling, and disease
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Receptor-interacting protein kinase-3 (RIPK3, or RIP3) is an essential protein in the “programmed” and “regulated” cell death
pathway called necroptosis. Necroptosis is activated by the death receptor ligands and pattern recognition receptors of the innate
immune system, and the findings of many reports have suggested that necroptosis is highly significant in health and human
disease. This significance is largely because necroptosis is distinguished from other modes of cell death, especially apoptosis, in that
it is highly proinflammatory given that cell membrane integrity is lost, triggering the activation of the immune system and
inflammation. Here, we discuss the roles of RIPK3 in cell signaling, along with its role in necroptosis and various pathways that
trigger RIPK3 activation and cell death. Lastly, we consider pathological situations in which RIPK3/necroptosis may play a role.
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INTRODUCTION
The finding that cell death is a genetically encoded and
evolutionarily conserved process in multicellular organisms was
a highly significant discovery at the end of the last century; its
discoverers were awarded the 2002 Nobel Prize for Physiology
and Medicine1. Typically referred to as “programmed cell death”
(PCD) in cases where it is initiated in the case of a physiological
setting (e.g., development) or “regulated cell death” (RCD) in
cases where the program is initiated by an external stimulus (e.g.,
chemotherapy)2, the processes by which cells commit “cell
suicide” are of vast and profound importance to the normal
physiology of living things and to our ability to intervene in
pathological situations. PCD allows tissues and organs to be
shaped and organized during development and continues to play
roles in adults, where it functions in tissue remodeling, organ and
tissue homeostasis, immunity, and tumor suppression, among
many other processes. Whereas coordinated PCD contributes to
health homeostasis, inadequate PCD or overactivation of PCD
frequently leads to pathological conditions and disease. While cell
death happens through a number of mechanisms or modes,
“apoptosis” is considered to be the most physiological form, and
is primarily executed through the activation of cysteine proteases
of the caspase family. These proteases target proteins involved in
the cell cycle and DNA repair, structural proteins, transcription
and survival factors, and other regulatory proteins, thus leading to
the organized destruction of the cell.
In the initial studies highlighting its discovery, receptor-

interacting protein kinase-3 (RIPK3, also referred to as RIP3) was
proposed to be a regulator of apoptosis downstream of the tumor
necrosis factor (TNF) receptor 1 signaling complex since its
overexpression led to caspase activation and cell death3–5. This
proposal was early in the cell death field, and a few years after the
discovery that ligands of the TNF superfamily were capable of
inducing the caspase-dependent apoptotic pathway, it became
clear that alternative cell death pathways were also initiated in the

absence of caspase activation that led to a form of death with a
“necrotic-like” morphology6–10 that was later referred to as
“necroptosis”11. For a number of years, receptor-interacting
protein kinase-1 (RIPK1, also referred to as RIP1) was the only
downstream factor known to be involved in necroptosis8,12.
Almost a decade after the discovery of RIPK1, RIPK3 came to the
forefront of necroptosis studies when it was determined that it
interacts with RIPK1 during necroptosis and is an essential
downstream partner for RIPK1 for this form of death13–15. The
kinase-dependent role of RIPK3 in necroptosis is now considered
its prototypical role in cellular function; however, it is now clear
that RIPK3 plays several different roles in cells and perhaps has
more than one function within necroptosis itself.

RIPK3 IN NECROPTOSIS
To clarify the role of RIPK3 in necroptosis, let us first clarify the
important differences between apoptosis and necroptosis;
furthermore, since some facets of necroptosis resemble those of
classic necrosis, let us also clarify how necroptosis differs from
necrosis. As mentioned, the downstream consequence of
apoptosis is the activation of the caspase proteases that cleave
their different substrates to trigger cell death. The nature of these
cleavage events results in a very organized process of cell death.
Among the characteristics of this cell death are cellular shrinkage,
chromatin condensation and fragmentation, nuclear condensa-
tion, and fragmentation, concluding in the formation of mem-
brane blebs that break off and become membrane-bounded
bodies that are rapidly phagocytosed by surrounding cells and
professional phagocytes of the immune system. Because of this
mechanism of action, apoptosis limits cell debris and content
leakage that would trigger inflammation.
In contrast, classic necrosis is a passive, nonprogrammed form

of cell death that is not genetically encoded but is the result of
direct cellular injury or other pathological trauma. As a passive
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form of cell death, it requires no energy, and it is characterized by
the swelling of cells and/or organelles rather than shrinkage.
Necrosis, therefore, results in (or is directly caused by) plasma
membrane rupture, thus cellular contents are leaked, and
inflammation is triggered16,17.
Necroptosis, on the other hand, is a mixture of apoptosis and

necrosis. Like apoptosis, specific gene products are required for
necroptosis, and the cell itself has a central role in initiating its
own demise through a cellular “program”. Some energy is
required for necroptosis, as kinase activity is essential. Like
necrosis, necroptotic cell death results in plasma membrane
permeability, cell leakage, and immune system activation. Thus,
apoptosis, which has been thought to occur primarily without
triggering inflammation (this is, in fact, an oversimplification, as in
some contexts, apoptosis also activates the immune system), is
largely perceived as having different physiological outcomes than
necroptosis, which is highly proinflammatory18,19. In addition,
necroptosis processes have more recently been shown to activate
the immune system somewhat differently than classic necrosis.
Necroptotic cells may play multiple roles in innate immunity and
shape subsequent adaptive immunity through the release of
endogenous danger signals known as damage-associated mole-
cular patterns (DAMPs)20,21, which interact with pattern recogni-
tion receptors (PRRs) of innate immune cells to prime immune
cells to respond to pathogens and potentially harmful cells, such
as those that are infected or tumorigenic. The de novo synthesis
of cytokines and chemokines occurs especially in dying necrop-
totic cells22–24, likely due in part to the types of signals that
trigger necroptosis. Indeed, the activation of RIPK1/RIPK3 leads to
the upregulation of inflammatory chemokines to promote the
cross-priming of CD8+ T cells25–27 and/or promote the release of
DAMPs28; thus, necroptosis is believed to significantly contribute
to antitumor immunity.
As mentioned, necroptosis is highly dependent on RIPK3 as an

essential part of the necroptotic machinery13–15. The RIPK3 protein
is characterized by an N-terminal kinase domain, with which it
phosphorylates itself and other substrates, and a C-terminal
domain that contains a receptor-interacting protein homotypic

interaction motif (RHIM) through which it associates with other
proteins to oligomerize. Once activated (as described below),
RIPK3 autophosphorylates and then phosphorylates and activates
a pseudokinase called MLKL29,30, which is essential for membrane
permeabilization during necroptosis31,32. The phosphorylation of
MLKL by RIPK3 causes a conformational change in the MLKL
protein that exposes its N-terminal four- or five-helical bundle
domain that is usually tightly bound to the pseudokinase
domain32,33, but that once released from its interaction with the
pseudokinase domain mediates MLKL oligomerization. Reports
have significantly varied as to how many MLKL subunits (3, 4, 6, 8,
or more) are involved in the oligomers34, perhaps because of
differences between the mouse and human systems35,36, or
perhaps because the number of subunits may vary between
where it is activated and where it is inserted37. The oligomeriza-
tion of MLKL promotes its membrane translocation, which is
followed by membrane permeabilization. The exact mechanism
for this permeabilization has been debated, but MLKL has been
reported to bind to phosphoinositides38–41 and cause membrane
leakage, perhaps through the formation of channels or
pores37,42,43 or indirectly through interaction with ion channels
that let various cations through44,45. Regardless of whether this
involves further osmotic pressure, the membrane is sufficiently
permeabilized to let cellular contents out and kill the cell.

ACTIVATION OF RIPK3 BY MULTIPLE STIMULI
Necroptosis is initiated downstream of many cellular stressors,
including the signaling events activated by death receptor ligands,
such as TNF-α, FasL, or TRAIL, that act through their various death
receptors17,46. This is where necroptosis was discovered and
where most research has been conducted. In actuality, the term
“necroptosis” was initially applied specifically only to nonapoptotic
death receptor-initiated cell death11 but was then redefined to
include any cell death process “that critically depends on MLKL
and on the kinase activity of RIPK1 (in some settings) and RIPK3”47.
Since the discovery of MLKL, many cell death stimuli have been
added as initiators of necroptosis. Almost all of these can be

Fig. 1 Activation of RIPK3 by multiple stimuli. RIPK3 can be activated via various receptors when bound by their respective ligands. These
are TNF receptor 1 (TNF-R1), CD95, death receptors (DR4/5), Toll-like receptors (TLR3/4), and Z-DNA-binding protein-1 (ZBP1)/DAI. In the first
three of these pathways (but not TLR3/4 or ZBP1), RIPK1 is required and binds to RIPK3 through its receptor-interacting protein homotypic
interaction motif (RHIM). In the case of ZBP1, RIPK3 is recruited directly via the ZBP1 RHIM domain, while in the case of TLR3/4, RIPK3 is
recruited indirectly via the RHIM domain of TRIF. Once activated, RIPK3 autophosphorylates and then phosphorylates and activates MLKL to
induce a conformational change and translocation to the membrane, where membrane permeabilization follows. During this process, post-
translational modifications positively and negatively regulate the necroptosis pathway. Two E3 ligases, Pellino-1 (PELI1) and carboxy terminus
of HSC70-interacting protein (CHIP), may control the basal threshold of necroptosis. Another E3 ubiquitin ligase, TRIM21, is proposed to be a
regulator of necroptotic cell death in response to TRAIL. PPM1B suppresses necroptosis by dephosphorylating RIPK3.
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classified as pattern recognition receptors (PRRs) of the innate
immune system (see Fig. 1). These include Toll-like receptors 3 and
4 (TLR3 and TLR4, respectively) and ZBP1 (or DAI). Other pattern
recognition receptors, such as retinoic acid-inducible gene I (RIG-I)
(also referred to as DExD/H-box helicase 58, or DDX58), interferon-
α and interferon-β receptor (INFAR1), and STING1, may induce
necroptosis as well but are thought to initiate necroptosis
indirectly through gene induction of one of the previously
mentioned receptors48–50.
Necroptosis typically, but does not always, involves the sister

kinase of RIPK3, RIPK1, which is required for many necroptotic
signals, such as the prototypical necroptotic signaling pathway
downstream of death receptors that are initiated by TNF-α
through TNFRSF1B (TNF receptor 1)8,12. RIPK3 interacts with
RIPK1 through its receptor-interacting protein homotypic inter-
action motif (RHIM)51. Although RIPK1 is a kinase, most of its
signaling pathways do not actually require its kinase activity52

but rather its function as a scaffolding protein. An exception to
this is its signaling role in necroptosis. The assembly and
activation of the RIPK1-RIPK3 complex downstream of TNF-α are
dependent on the activities of both of these kinases13,53 to
autophosphorylate themselves but not apparently to phosphor-
ylate each other54. This complex, with its associated proteins,
including FADD and caspase-8, is often referred to as the
necrosome. The downstream RIPK1-RIPK3 complex is believed to
form a large amyloid-type aggregate through the interaction of
the two proteins55,56, although it is probably the oligomerization
of the proteins and not the amyloid nature of the complex that
leads to necroptosis57. When caspase-8 activity is high, apoptosis
prevails by several mechanisms of action. Firstly, active caspase-8
activates downstream apoptosis factors, but secondly, caspase-8
and other caspases cleave proteins that are essential for
necroptosis, including RIPK158, RIPK359, and the CYLD deubiqui-
tinase60 (the last of which potentiates necroptosis by removing
ubiquitin from RIPK1, allowing it to interact with RIPK3), thus
stabilizing RIPK1/RIPK3 oligomerization and downstream activa-
tion of MLKL. As RIPK1 plays many important nonnecrotic
proinflammatory and survival roles in death receptor signaling,
the prosurvival roles of RIPK1, as well as its apoptotic roles, often
must be prevented for necroptosis to proceed. For instance, in
the TNF-α pathway, RIPK1 is essential for the efficient activation
of the prosurvival transcription factor NF-κB, as well as the MAP
kinases ERK, JNK, and p3861, which sometimes may also result in
prosurvival signals. RIPK1 not only positively regulates the
activity of the necrosome complex after necrotic stimuli but
also negatively regulates promiscuous basal RIPK3 induction of
necrotic cell death57,62–64.
Thus, there are generally two main conditions that are important

for necroptosis to prevail downstream of death receptors: a
significant reduction in caspase activity and the inhibition of the
various E3 ubiquitin ligases and other proteins that ubiquitinate or
otherwise modify RIPK1 and drive it toward the induction of other
pathways to prevent it from associating with RIPK3.
The importance of apoptotic regulation of necroptosis is

highlighted by the knowledge that the developmental defects/
lethality of apoptotic gene deletions, including FADD knockout,
caspase-8 knockout, cFLIP-FADD double knockout (but not cFLIP
knockout alone), XIAP-cIAP1 double knockout and cIAP1-cIAP2
double knockout, are rescued completely or to some degree by
RIPK1/RIPK3 deficiency65–72.

Activation of necroptosis by TNF-α through TNFRSF1B (TNF
receptor 1, or TNF-R1)
The activation of necroptosis, as mentioned previously, involves
RIPK1. Signaling within the TNF-R1 complex is mediated in large
part by the recruitment of the death domain-containing
proteins TRADD and RIPK1, which bind (via their death domains)
to each other and to the internal death domain of the TNF-R1

receptor upon activation by TNF46,61. RIPK1 can be recruited to
TNF-R1 in the absence of TRADD, especially when cells express
high levels of RIPK173–76; however, most studies show that RIPK1
ubiquitination is lost in the absence of TRADD. Some studies
have found a significant reduction in RIPK1 recruitment to the
activated TNF receptor in TRADD knockout cells73,74, while other
studies found no difference in the recruitment of unmodified
RIPK1 in its absence75–77. Once recruited to the complex, RIPK1
is modified by several post-translational modifications, including
phosphorylation and polyubiquitination, through several
mechanisms. K63 ubiquitination of TRADD recruits TRAF2, which
then recruits RING finger E3 ligases cellular inhibitor of apoptosis
protein-1 (cIAP1) and cIAP2, which promote K63 ubiquitination
of RIPK1 on its internal domain. Further recruitment of the linear
ubiquitin chain assembly complex (LUBAC) promotes linear M1
polyubiquitination.
The modification of RIPK1 via K63 allows the recruitment of the

TGFβ activated kinase-1 (TAK1) and IκB kinase (IKK) complexes,
which results in the activation of ERK, JNK, p38 and NF-κB78.
A2079, CYLD80, and OTULIN81 ubiquitin hydrolases remove the
K63-linked and linear ubiquitination of RIPK1. Other polyubiqui-
tination events modify RIPK1 with K48-linked ubiquitin chains
that promote the proteasomal degradation of RIPK182,83. While
RIPK1 degradation would in itself downregulate cell death, K48-
modified RIPK1 is also unable to trigger necroptosis. Correspond-
ingly, some phosphorylation events promote the cell death
activity of RIPK1, while other phosphorylation events (for instance,
Ser25 phosphorylation by IKKs84 or Thr189 phosphorylation by
TBK185) inhibit cell death and necroptosis.
Whilst RIPK1 is associated with the TNF receptor I complex, it

functions in cell signaling events, but does not appear to be
involved in cell death. However, should RIPK1 lose its protective
phosphorylation and polyubiquitination, it dissociates from the
main complex and forms secondary complexes, with or without
TRADD. It is believed that secondary TRADD-dependent com-
plexes induce apoptosis independent of RIPK1 or its kinase
activity, while complexes with RIPK1, FADD, and caspase-8 initiate
apoptosis that is dependent on the kinase activity of RIPK186,87.
Although FADD and caspase-8 are in the secondary complexes,
these are not required for TNF-dependent necroptosis but are
both inhibitory of the necroptotic process77, in part through
caspase-dependent cleavage of RIPK1 and RIPK3, as has been
mentioned58,59. Assuming that RIPK1 is not inactivated by
caspase-858, the autophosphorylation of RIPK1 leads to the
association of its RHIM domain with that of the RHIM domain
of RIPK351,57, and the oligomerization of these components leads
to the active necrosome13–15, which resembles an amyloid fiber55,
and mediates the phosphorylation of MLKL that is required for
necroptotic cell death29–32. In contrast to when in the receptor
complex, two different K63 ubiquitination events that occur to
RIPK1 later actually promote necroptosis by promoting necro-
some formation. The E3 ligase c-Cbl promotes K63-linked
polyubiquitination of RIPK1 under conditions where TAK1 is
inhibited, leading to a detergent-insoluble aggregation of RIPK1
and its binding partners and stimulating necroptosis88. Pellino-1
(PELI1) mediates K63-linked polyubiquitination to kinase-active
RIPK1, causing it to more strongly bind and activate RIPK389.
Conversely, ubiquitination by the carboxy terminus of HSC70-
interacting protein (CHIP) leads to lysosomal degradation of the
cytosolic, nonactivated pool of RIPK190.
Curiously, these last two E3 ligases also control the negative

regulation of RIPK3 through ubiquitination. While CHIP appears
to downregulate the basal levels of RIPK3 (also through
lysosomal-dependent degradation)90, PELI1 downregulates
kinase-active RIPK3 that has already been activated in the
necrosome through K48 polyubiquitination and proteasomal
degradation91,92. Thus, these two E3 ligases may control the
basal threshold of necroptosis in the cell. Other proteins are
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known to negatively control the RIPK1-RIPK3 interaction by
interacting with one of the RIPK proteins. Among these are c-Myc
(MYC)93 and Aurora kinase A (AURKA) and its substrate glycogen
synthase kinase-3 beta (GSK3β)94.
Last, there are some other mechanisms by which the RIPK1-

RIPK3-MLKL complex is controlled. For instance, protein phospha-
tase 1B (PPM1B) suppresses necroptosis by dephosphorylating
RIPK3, which then prevents MLKL from being recruited to the
necrosome95. Casein kinase family members, on the other hand,
are known to reinforce the phosphorylation of serine 22796,97,
which is the same event that initially occurs via autopho-
sphorylation, and therefore promotes RIPK1-RIPK3-MLKL complex
activation. Finally, reactive oxygen species (ROS), perhaps includ-
ing those directly induced in the TNF receptor complex via NADPH
oxidases61,98,99 or downstream of RIPK315,29 or from the mito-
chondria12,100–102, may affect the stability of RIPK1-RIPK3-MLKL,
although ROS, especially mitochondrial ROS, may not be
absolutely required for necroptosis to occur14,103. It is proposed,
for instance, that RIPK1 autophosphorylation is upregulated by
ROS104. Given that the thiol groups of cysteine residues within the
active sites of enzymes are often reactive with ROS due to their
low pKA105, which is well established for inactivating not only
classic protein tyrosine phosphatases106–108 but also dual speci-
ficity phosphatases109, it is likely that ROS may amplify necrosome
formation by inactivating phosphates that would remove the
important activating phosphates on RIPK1, RIPK3, and MLKL. For
instance, if PPM1B, which was mentioned above, was inactivated,
RIPK3 would have a higher propensity to remain phosphorylated
and to therefore activate MLKL.

Activation of necroptosis by Fas ligand (FASLG) through CD95
(FAS)
FAS was the first receptor discovered to mediate RIPK1-dependent
necroptosis8. Shortly after this, however, the Fas system was
largely abandoned for studying necroptosis in favor of using the
TNF system as a model for studying necroptosis. A few studies
have employed FAS as a control or second model system for the
verification of necroptotic requirements [see, for instance,
refs. 11,14], but fewer actual mechanistic necroptosis studies have
been performed using FAS than TNF-α. Therefore, many things
about FAS-induced necroptosis have been largely inferred from
the understanding of its well-known mechanisms for inducing
apoptosis and comparing this with what is known about the TNF
mechanism. The mechanism of FAS-induced necroptosis is
believed to be somewhat similar to that induced through TNF-R1.
Although secondary complexes also occur in response to

FASLG, it is not completely clear whether secondary complexes
are essential for FASLG-induced necroptosis, since FADD and
RIPK1 are recruited via their death domains directly to the
cytoplasmic death domain of FAS, and caspase-8 is brought along
directly into the receptor signaling complex16. Unlike the TNF
pathway, FADD appears to be required for necroptosis in the FAS
pathway, as FADD-deficient cells are completely resistant to both
apoptotic and necroptotic cell death8,110,111. This might be
because FADD supports RIPK1 recruitment to the complex. Similar
to the TNF pathway, the inhibition of caspase-8 and cIAPs is
usually required to direct the pathway away from apoptosis to
necroptosis8,68,71,112–114. While little else is known about FAS-
induced necroptosis (other than RIPK1 and RIPK3 are known to be
essential for the process), it is assumed that necrosome function in
FASLG-induced complexes functions downstream similarly to TNF-
induced complexes, with RIPK1-RIPK3 oligomerization leading to
MLKL phosphorylation.

Activation of necroptosis by TRAIL (TNFSF10) through DR4
(TNFRSF10A) and DR5 (TNFRSF10B)
TRAIL-induced cell death is mediated by different receptors, but
TRAIL also initiates necroptosis upon cIAP inhibition14,115 or TAK1

deficiency115–117 and/or when apoptosis is blocked. While two
receptors, DR4 and DR5, mediate TRAIL signaling in the human
system, only a single TRAIL receptor exists in mice, which appears
to be more similar to DR5 than to DR4. TRAIL-initiated necroptosis
is predicted to be very similar to the FASLG-induced necroptotic
pathway, given that (as in FAS signaling) FADD is essential for
necroptosis to proceed because it is largely through FADD-
dependent mechanisms that complex components are recruited
to the receptor77,118–120. RIPK1 is likewise essential for TRAIL-
induced necroptosis77,121,122, but unlike the mechanisms involved
in the FAS, TNF-R1, and DR5 receptors, RIPK1 does not directly
interact with the receptor but is recruited through interactions
with FADD-recruited caspase-8123, the FADD death domain itself,
and possibly the FADD-recruited TRADD death domain124. Unlike
in FAS signaling, TRADD is also recruited to the TRAIL receptor
complex via FADD124,125, but in this case, it largely has a negative
effect on cell death (at least upon apoptosis, necroptosis was not
examined), possibly by reducing FADD recruitment to the
receptor124. Alternatively, TRADD may promote survival signaling
through additional recruitment of TRAF2. Curiously, although less
FADD is recruited to the receptor, more RIPK1 is recruited to the
receptor complex in the presence of TRADD than in its absence124.
Similar to the TNF-R1 complex, ubiquitination negatively regulates
necroptosis; for instance, linear ubiquitination of RIPK1 by
receptor-recruited LUBAC blocks TRAIL-induced necroptosis126.
Similar to c-Cbl in TNF-initiated necroptosis, the E3 ubiquitin ligase
TRIM21 is an upregulator of necroptotic cell death in response to
TRAIL127. As with FAS and TNF-R1 signaling, secondary complexes
form downstream of the TRAIL receptor complex128,129; however,
whether these complexes are required for necroptosis and
whether the main receptor complex is capable of mediating
necroptosis have not been studied.

Activation of necroptosis by TLR4
The next best-studied pathway that induces necroptosis is
probably that which is downstream of TLR4, which is activated
in immune cells in response to bacterial lipopolysaccharide (LPS).
RIPK3 is required for LPS-mediated necroptosis; however,
although RIPK1 is recruited to some of the activated complexes,
it does not appear to be required130,131 Rather, RIPK3 is recruited
to Toll receptors through the cytosolic adaptor Toll/IL-1 receptor
domain-containing adaptor protein inducing interferon-β (TICAM-
1, also referred to as TRIF). This is one of two main adaptors that
are recruited to TLR4, the other being myeloid differentiation
primary response protein 88 (MYD88). TRIF contains a RIP
homotypic interaction motif (RHIM) similar to RIPK1, by which it
interacts with RIPK3. Thus, the TLR4 necrosome components
downstream of TRIF are TRIF itself, RIPK3, and MLKL. Like RIPK1,
TRIF is cleaved by active caspase-8132, allowing apoptosis to
downregulate necroptosis in this context, and although TLR4 is
not a potent mediator of caspase activation by itself, other
pathways that are induced downstream, such as TNF, can activate
caspase-8. For example, TLR3, which also utilizes TRIF, IS a strong
inducer of caspase-8 activation. Likewise, cIAPs 1 and 2 limits the
necroptosis induced by LPS, similarly to the TNF pathway133. In
addition to the noncanonical activation of necroptosis that occurs
downstream of TRIF, the MYD88 arm of the TLR4 pathway can
also induce the canonical RIPK1/RIPK3/MLKL necrosome,
although this may be dependent on the induction of TNF and
the TNF-R1 pathway134–136.

Activation of necroptosis by TLR3
TLR3 is a pattern recognition receptor that recognizes double-
stranded (ds)RNA, such as poly(I:C), as well as UVB-damaged self-
RNA137. TLR3 can induce apoptosis, which, like the other
receptors mentioned, is negatively modulated by cIAPs138.
Apoptosis requires RIPK1-mediated recruitment of FADD and
caspase-8139. Necroptosis induced by this receptor is mediated by
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TRIF and requires RIPK3 and MLKL130,136. TLR3-dependent
necroptosis does not require RIPK1 in most cells. However, there
are clearly some cell-type differences in TLR3 signaling, as
macrophages (but not fibroblasts or endothelial cells) require
RIPK1 for TLR3-mediated necroptosis136.

Activation of necroptosis by ZBP1 (DAI)
ZBP1/DAI is a nucleic acid pattern recognition receptor that binds
and detects zDNA and zRNA from pathogens and induces
necroptosis and apoptosis140–143. ZBP1 recruits RIPK3 via its RHIM
domain141, which then recruits and activates MLKL to induce
necroptosis143. RIPK1 is not essential for necroptosis induction
through ZBP1 but actually inhibits both apoptosis and necroptosis
induced by the receptor144,145.

NONNECROPTOSIS ROLES OF RIPK3
Contributions to apoptosis-caspase-8
While RIPK3 is not considered an essential molecule for death
receptor apoptosis, RIPK3 is required for the full initiation of
caspase-8 activity when LPS-treated macrophages are treated with
IAP inhibitors146. Moreover, while not absolutely essential, the
presence of RIPK3 does contribute to TNF-induced apoptotic cell
death under conditions of cIAP1/2 depletion or TAK1 inhibition115.

Caspase-8 mediated NLRP3 inflammasome-induced IL-1β
activation
Since caspase-8 activity leads to the processing of IL-1β and its
secretion, TLR4-initiated RIPK3-mediated activation of caspase-8
activity in cIAP-depleted macrophages leads to the production of
mature IL-1β 146. Perhaps more significantly, NLRP3 inflammasome-
induced IL-1β activation by TLR4 requires RIPK3 along with ROS
production146,147. In the absence of caspase-8, this requires MLKL,
but in its presence, only the expression RIPK3 is required for
inflammasome activation148. NLRP3 inflammasome activation
occurs prior to or independently of necroptosis146,147. RIPK3 is also
required for TLR3-mediated late signals that activate the inflamma-
some, which also has a corequirement for MLKL149. Therefore,
RIPK3 can promote NLRP3 inflammasome and IL-1β inflammatory
responses both dependent and independent of MLKL. In the
absence of A20, LPS induces spontaneous NLRP3 inflammasome
activation that is dependent on RIPK3150. In this case, the
ubiquitylation of pro-IL-1β is increased, which then further
promotes IL-1β cleavage and activation. Importantly, pathogens
may thus engage RIPK3-mediated signaling to activate NLRP3151.

NF-κB activation
Elucidating a role for RIPK3 in NF-κB activation has been a back-
and-forth story. When first discovered, overexpression studies
indicated that RIPK3 activated the NF-κB pathway3,4,152. Later,
studies in cells from knockout mice concluded that it did not
affect TNF-induced NF-κB13,153. However, these studies based their
observations on IκBα phosphorylation and degradation, which
were similar between WT and KO mice. Closer examination
revealed that although RIPK3 did not affect IκBα, LPS-induced and
NF-κB-dependent cytokine expression were greatly hampered in
bone marrow dendritic cells154. Further examination revealed that
nuclear translocation of the RelB-p50 heterodimer of NF-κB was
impaired in RIPK3 knockout cells. Thus, noncanonical NF-κB
activity requires RIPK3 in specific cell types.

Metabolism
RIPK3 may have additional alternative roles in regulating
metabolic enzymes associated with glycolysis and the mitochon-
dria. Zhang et al. identified several metabolic enzymes in
screening for interactions with RIPK3, including glycogen phos-
phorylase (PYGL), glutamate-ammonia ligase (GLUL), glutamate
dehydrogenase 1 (GLUD1), as well as fructose-1,6-bisphosphatase

2 (FBP2), fumarate hydratase (FH), glycosyltransferase 25 domain-
containing 1 (GLT25D1), and isocitrate dehydrogenase 1 (IDH1)15.
The interaction of PYGL, GLUL, and GLUD1 with RIPK3 was verified
in overexpression systems15. Later work by the same group further
showed more convincingly that RIPK3 (and MLKL) activates the
pyruvate dehydrogenase complex to increase aerobic respira-
tion102. This acts as a source of ROS during necroptosis but may
also regulate metabolism outside of a cell death setting.

RIPK3 KINASE ACTIVITIES
Very little has actually been studied with regard to
RIPK3 substrates, other than those found in necroptosis. While
there are some functions of RIPK3 (mostly adaptor complex
functions) that can occur in the absence of kinase activity155, most
RIPK3 activities are due to its enzyme function as a serine-
threonine kinase. In necroptosis, it is largely the phosphorylation
of the MLKL activation loop at T357, S358, S345, and S347 in
human MLKL or T349 and S352 in mouse MLKL that is necessary
for necroptosis to proceed. This activity is considered to be the
standard canonical kinase function. However, MLKL is definitely
not the only substrate for RIPK3. As mentioned in the preceding
paragraph, RIPK3 phosphorylates PYGL, GLUL, GLUD1, and other
metabolic enzymes mainly associated with mitochondrial meta-
bolic pathways to increase aerobic respiration, which may or may
not be solely associated with necroptosis15,102.
Interestingly, Al-Moujahed et al. showed that the deletion of

RIPK3 suppresses the reprogramming of MEFs into induced
pluripotent stem cells (iPSCs), a phenomenon that, in association
with other data indicating that the growth rate of RIPK3 KO MEFs
is significantly lower than that of WT MEFs, led them to conclude
that this was because RIPK3 affects the expression of cell cycle/
cell division genes. Consistent with this, phosphoproteomic
analysis of possible RIPK3 phosphorylated peptides concluded
that many of them were functionally associated with the cell
cycle156,157. Therefore, while little is known about cell cycle-
specific substrates, it is likely that RIPK3 has other functions of its
kinase activity outside of necroptosis.
Among the more recently identified substrates of RIPK3 is the

autophagy protein ULK1, which regulates both canonical and
alternative autophagy158. In our 2015 paper, we found that
cytotoxic chemotherapy, which induces DNA-damaging agents,
induces RIPK1/RIPK3 activity and subsequent necroptosis159.
Torri et al. found that RIPK1-independent RIPK3 phosphoryla-
tion is also induced by the genotoxic stress associated with
DNA-damaging agents, and RIPK3 then phosphorylates ULK1
on S746. This phosphorylation event thereby activates alter-
native autophagy158.

DISEASES INVOLVING RIPK3
In our work in cancer cell lines, we found that necroptosis
was induced by chemotherapeutics; further analysis revealed
that RIPK3 was silenced by methylation in cancer cell lines
and primary cancers, suggesting that the expression of necrotic
cell death molecules may play a role in tumor repression
and chemotherapy resistance in cancers. Other investigations
have concluded that necroptosis/RIPK3 has a role in cancer
mitigation and control32,92,159–164; it has also been suggested
that necroptosis-mediated inflammation and cell death may
alternatively contribute to tumorigenesis and an immunosup-
pressive tumor microenvironment163,165–167. As mentioned
previously, it has later become evident that necroptosis may
play significant roles in immunosurveillance due to the
de novo synthesis of cytokines and chemokines that occurs
especially in dying necroptotic cells22–24, along with the release
of DAMPs28, which promote efficient immunogenic responses
to cancer cells25–28.
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Over time, the list of diseases that involve necroptosis and/or
RIPK3 function has grown (see Fig. 2). Originally, this list included
a facilitative role in tissue damage, such as in ischemia-
reperfusion injury11,168, atherosclerosis169,170 and host defense
against viral infections171.
The findings from recent research in cardiovascular diseases

have continued to suggest roles for RIPK3/necroptosis172. Multi-
ple cardiovascular pathologies are affected, including athero-
sclerosis, myocardial infarction (see, for instance, ref. 173), stroke
and the accompanying (previously mentioned) ischemia-
reperfusion injury, abdominal aortic aneurysm, myocarditis, and
thrombosis172,174,175.
RIPK3/necroptosis is involved in lung disease and injury176–178.

This includes acute respiratory distress syndrome and both
acute and chronic lung injuries, both infectious and sterile in
nature177. Pulmonary diseases in which necroptosis/RIPK3 plays
a role are thought to include COPD, idiopathic pulmonary
fibrosis, and asthma.
In the liver, RIPK3/necroptosis has a role in many pathological

conditions174,179–183. Reports in which RIPK3/necroptosis is impli-
cated include immune-mediated liver injury, nonalcoholic fatty
liver disease (specifically nonalcoholic steatohepatitis), alcoholic
hepatitis, liver fibrosis, and cirrhosis. RIPK3 may also play a role in
Gaucher’s disease, which can have a heavy liver component184.
In kidney diseases, RIPK3/necroptosis has been reported to be

involved in acute kidney injury and chronic kidney diseases, and
the resulting renal fibrosis176,185–187.

Aside from the cardiovascular conditions previously men-
tioned above, RIPK3/necroptosis is implicated in many pathol-
ogies of the brain and nervous system. Among these are several
neurodegenerative diseases, including Parkinson’s disease,
Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), and
multiple sclerosis174,176,188,189. Targeting traumatic brain injury
(TBI) through RIPK3 inhibition is also currently a matter of
investigation189.
RIPK3 is thought to play a role in other autoimmune and

inflammatory diseases of various organs, including the skin. We
have shown a role for RIPK3 in toxic epidermal necrolysis (TEN)190,
a condition of the skin and mucous membranes that results from
adverse drug reactions. Among other inflammatory diseases,
RIPK1/RIPK3 are believed to play a role in psoriasis (an
autoimmune condition of the skin), rheumatoid arthritis (RA),
pancreatitis, Crohn’s disease, and inflammatory bowel disease
(IBD)174,176,188. In addition to rheumatoid arthritis, we have found
that RIPK3 contributes to osteoarthritis (OA), through roles at least
partly independent of MLKL activation191.

CONCLUSION
There is clearly much work to be done in the necroptosis
field with respect to cell death mechanisms and the involve-
ment of RIPK3 in signaling and disease. Due to the putative
effects on disease and inflammation, further efforts to under-
stand the roles of RIPK3 in signaling and disease are likely to be

Fig. 2 Impact of RIPK3-mediated necroptosis in human diseases. RIPK3-mediated necroptosis pathway dysregulation has been implicated
in the pathophysiological processes of several human diseases, including various cancers and liver, cardiovascular, neurodegenerative, lung,
pancreatic, intestinal, kidney, skin, and joint diseases.
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of significant benefit to science in general and especially
have implications for therapeutic gains in the treatment of
human diseases.
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