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Necroptosis, a form of regulated necrotic cell death medi-
ated by RIPK1 (receptor-interacting protein kinase 1) ki-
nase activity, RIPK3, and MLKL (mixed-lineage kinase
domain-like pseudokinase), can be activated under apo-
ptosis-deficient conditions. Modulating the activation of
RIPK1 by ubiquitination and phosphorylation is critical
to control both necroptosis and apoptosis. Mutant mice
with kinase-dead RIPK1 or RIPK3 and MLKL deficiency
show no detrimental phenotype in regard to development
and adult homeostasis. However, necroptosis and apopto-
sis can be activated in response to various mutations that
result in the abortion of the defective embryos and human
inflammatory and neurodegenerative pathologies. RIPK1
inhibition represents a key therapeutic strategy for treat-
ment of diseases where blocking both necroptosis and ap-
optosis can be beneficial.

Necroptosis is a form of regulated necrotic cell death me-
diated by the kinase activity of RIPK1 (receptor-interact-
ing protein [RIP] kinase 1), RIPK3, and MLKL (mixed-
lineage kinase domain-like pseudokinase). Necroptosis
was first defined by its inhibition with specific chemical
inhibitors of RIPK1, such as necrostatin-1 (Nec-1) and its
improved analog, Nec-1s (Degterev et al. 2005, 2008).
The availability of Nec-1 facilitated the research investi-
gating the mechanism of necroptosis and its relevance
to human diseases and ignited tremendous interest in
this area over the past decade. Necroptosis has been estab-
lished as an important cell deathmechanism (Christoffer-
son and Yuan 2010; Weinlich et al. 2017). While the
activation of caspases mediates the signal transduction
and execution of apoptotic cell death (Degterev et al.
2003), necroptosis can be activated under apoptosis-defi-
cient conditions, leading to cell death and embryonic le-
thality. While multiple signals may potentially activate
necroptosis, tumor necrosis factor α (TNFα) remains the
best-understood and possibly most important trigger of
necroptosis under various pathological conditions in

humans. In addition, the activation of necroptosis can
also robustly promote inflammation bymediating the pro-
duction of inflammatory cytokines and the release of
damage-associated molecular patterns (DAMPs) from dis-
rupted cellmembrane, which occurs as a result of necrotic
cellular lysis. We focus this review on the mechanisms of
necroptosis and a closely related RIPK1-dependent apo-
ptosis (RDA) pathway induced by TNFα and discuss
the relevance of necroptosis in development and human
diseases.

Necroptosis activated by TNFα signaling

TNFα is an important proinflammatory cytokine involved
inmediating amyriad of human inflammatory and degen-
erative diseases (Vassalli 1992; Aggarwal 2003; Varfolo-
meev and Vucic 2018). Activation of TNFR1 (TNF
receptor 1) by TNFα sets off a rapid chain of intracellular
signaling events, including dynamic post-translational
modifications such as multiple types of ubiquitination,
deubiquitination, and phosphorylation, leading to the for-
mation of distinct protein complexes, which in turn dic-
tate cellular responses. RIPK1 functions as a key
integrator of these dynamic regulatory events by acting
as a critical cellular signaling hub tomodulate the cellular
responses and determine cell fate (Ofengeim and Yuan
2013; Christofferson et al. 2014; Peltzer et al. 2016; Wein-
lich et al. 2017). RIPK1 contains an N-terminal kinase
domain, an intermediate domain, and a C-terminal death
domain (DD) (Fig. 1). In TNFα-stimulated cells, activation
of RIPK1 kinase activity plays an important role in pro-
moting regulated cell death through either necroptosis
or apoptosis. Activated RIPK1 interacts with FADD and
caspase-8 to form complex IIa to mediate RDA or with
RIPK3 to form complex IIb to mediate necroptosis (Fig.
2). The kinase activity of RIPK1 provides a key pharmaco-
logical target for inhibiting both necroptosis and RDA.
Here we review the signaling mechanisms that regulate
the activation of RIPK1 downstream from TNFR1 to con-
trol cell death responses.
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The activation of RIPK1 kinase is controlled
by ubiquitination

Activation of TNFR1 by TNFα induces the formation of a
transient complex, named complex I or TNF-RSC, associ-
ated with the intracellular DD of trimerized TNFR1,
which recruits RIPK1 and TRADD by binding with their
DDs (Micheau and Tschopp 2003). TRADD in turn re-
cruits the adaptor proteins TRAF2/5 and the E3 ubiquitin
ligases cIAP1/2 into complex I to catalyze the K63 ubiqui-
tin modifications on RIPK1 (Bertrand et al. 2008). K63
ubiquitin chains on RIPK1 mediate the recruitment of
TAB2/3 to facilitate the activation of transforming growth
factor-β-activated kinase 1 (TAK1; also called MAP3K7).
K63 ubiquitination of complex I alsomediates the recruit-
ment of the linear ubiquitination (M1-Ubi) assembly com-
plex (LUBAC), composed of heme-oxidized IRP2 ubiquitin
ligase 1 (HOIL-1), the catalytic subunit HOIL-1-interact-
ing protein (HOIP), and shank-associated RH domain-in-
teracting protein (SHARPIN). Interestingly, the complex
of deubiqitinating enzyme CYLD and its adaptor, sperma-
togenesis-associated 2 (SPATA2), which can disassemble
M1-Ubi, are recruited togetherwith the LUBAC into com-
plex I (Kovalenko et al. 2003; Trompouki et al. 2003;
Draber et al. 2015; Elliott et al. 2016; Kupka et al. 2016;
Schlicher et al. 2016; Wei et al. 2017). Simultaneous re-
cruitment of M1-Ubi and deubiquitinating complexes
suggests that the M1-Ubi of complex I components,
such as TNFR1 and RIPK1, is modulated by both addition
and trimming.

In complex I, RIPK1 is extensively modulated by differ-
ent types of ubiquitin modifications, including M1 and
K63 (Fig. 1). The ratio of M1/K63 ubiquitination on

RIPK1 is critical for regulating its activation (Wei et al.
2017; Dziedzic et al. 2018). The activation of RIPK1 is reg-
ulated by both the M1-Ubi enzyme complex LUBAC and
the deubiquitinating complex CYLD/SPATA2 (Wei et al.
2017). The lack ofM1-Ubi, such as inHOIP-deficient cells,
highly sensitizes cells to the activation of RIPK1 kinase
and cell death in response to TNFα. On the other hand,
CYLD and SPATA2 deficiencies partially protect cells
against TNFα-induced apoptosis and necroptosis (Hitomi
et al. 2008;Wei et al. 2017). CYLDpromotes the activation
of RIPK1 by predominantly removingM1-Ubi and, less so,
K63 ubiquitin chains on RIPK1 after TNFα stimulation.
Loss of SPATA2 impairs the recruitment of CYLD to com-
plex I and preserves the M1-Ubi of RIPK1; as a conse-
quence, RIPK1 activation is impaired (Hitomi et al. 2008;
Moquin et al. 2013; Draber et al. 2015; Wei et al. 2017).

A20 (TNFAIP3) is a ubiquitin-editing enzyme and a neg-
ative regulator of NF-κB activation that is also recruited
into complex I following TNFα stimulation (Wertz et al.
2004; Vucic et al. 2011; Harhaj and Dixit 2012). A20 con-
tains an OTU domain that functions as a K63 deubiquiti-
nase to remove K63 ubiquitination of RIPK1, and its ZnF4
motif promotes K48 ubiquitin linkage on RIPK1 to direct
proteasome degradation (Wertz et al. 2004, 2015; Bosanac
et al. 2010; Shembade et al. 2010). A20 exerts an opposing
activity to CYLD, as A20 deficiency reduces the M1-Ubi
levels of RIPK1 and promotes the activation of RIPK1
and its pronecroptotic partner, RIPK3 (Draber et al.
2015; Onizawa et al. 2015; Dziedzic et al. 2018). As a re-
sult, A20-deficient cells are highly sensitized to TNFα-in-
duced RDA and necroptosis.

The recruitment of A20 to the TNFR1 is controlled by
ABIN-1, which, along with A20, binds to M1 ubiquitin

Figure 1. A schematic diagram of RIPK1 domains,
interacting proteins, post-translational modifica-
tions, and the catalytic enzymes that read or write
these modifications. RIPK1 contains an N-terminal
kinase domain, an intermediate domain with a RIP
homotypic interaction motif (RHIM), and a C-termi-
nal DD. The phosphorylation and ubiquitination
sites as well as types of ubiquitin linkages on RIPK1
are indicated together with their respective catalytic
enzymes. K63 ubiquitination chains on Lys377medi-
ate the recruitment of TAB2/3 and the activation of
transforming growth factor-β-activated kinase 1
(TAK1), which in turn phosphorylates IKKs for acti-
vating the NF-κB pathway. M1 ubiquitination of
RIPK1 is regulated by the linear ubiquitination as-
sembly complex (LUBAC) and the deubiqutinating
complex CYLD/SPATA2. The ubiquitin-binding pro-
teins ABIN-1, Optineurin (OPTN), and NEMO, each

carrying a UBAN motif that can bind with the linear ubiquitination chains, play important roles in regulating the activation of RIPK1.
The RHIM motif of RIPK1 is required for binding with RIPK3 to mediate necroptosis and may also interact with TRIF, DAI, and Toll-
like receptors to promote inflammation. Autophosphorylation of Ser166 is a biomarker for RIPK1 activation. The small molecule Nec-
1s is caged in a hydrophobic pocket between the N and C lobes of the kinase domain and forms an H bond between its nitrogen atom
and the hydroxyl oxygen of Ser161 on the activation loop to inhibit the activation of RIPK1. The cleavage of RIPK1 after Asp324 by cas-
pase-8 or the phosphorylation on Ser320/331/333/335 in human RIPK1 and Ser321/332/334/336 in murine RIPK1 by TAK1 orMK2 leads
to the suppression of RIPK1 activation. E3 ligase Pellino 1 (PELI1) mediates K63 ubiquitination on Lys115 of activated RIPK1 to promote
complex IIb formation and necroptosis. The DD is not only crucial for the initiation of TNFR1 signaling but also indispensable for RIPK1
activation by mediating RIPK1 dimerization during the transition from complex I to complex II.
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chains (Draber et al. 2015; Wertz et al. 2015; Dziedzic
et al. 2018). Lack of ABIN-1 leads to the loss of phosphor-
ylated A20 from complex I, elevated K63 ubiquitination of
RIPK1, and hypersensitivity to necroptosis (Dziedzic et al.
2018), highlighting the function of theABIN-1/A20 axis in
restricting RIPK1 kinase activation bymodulating its K63
ubiquitination.
Overall, K63 and M1 ubiquitin modifications in com-

plex I may provide the code to dictate the activation of
RIPK1 (Ofengeim and Yuan 2013). While it is still not

clear how the cell decodes the various ubiquitination
modifications on RIPK1, we now know that there are
three ubiquitin-binding proteins (NEMO, ABIN-1, and
Optineurin [OPTN]) that help to transmit and regulate
the signals provided by various ubiquitination events on
RIPK1. These three ubiquitin-binding proteins all carry
UBAN domains and can bind to predominantly M1 ubiq-
uitin chains (Rahighi et al. 2009; Hadian et al. 2011; Nan-
da et al. 2011; Ito et al. 2016; Nakazawa et al. 2016;
Dziedzic et al. 2018). Strikingly, the recruitment of
NEMO into complex I not only enables the formation of
the IKK complex and phosphorylation of IKKα/β by
TAK1 to promote the activation of NF-κB and MAPK sig-
naling pathways but also suppresses the activation of
RIPK1-mediated necroptosis and apoptosis (Wang et al.
2001; Kanayama et al. 2004; Haas et al. 2009; Legarda-Ad-
dison et al. 2009). As mentioned above, M1-dependent re-
cruitment of ABIN-1 provides a scaffold to recruit A20
into complex I to mediate K63 deubiquitination of
RIPK1 and inhibition of cell death (Dziedzic et al. 2018).
On the other hand, OPTN,which ismutated in both fami-
lial and sporadic amyotrophic lateral sclerosis (ALS) pa-
tients, promotes K48 ubiquitination and degradation
of RIPK1 and prevents neuroinflammation and axonal
degeneration (Ito et al. 2016).

Modulation of RIPK1 activation and downstream
outputs by phosphorylation

In complex I, K63 ubiquitination of RIPK1 by cIAP1/2
leads to the recruitment of TAB2/3 to promote the activa-
tion of TAK1. TAK1 performs multiple important prosur-
vival functions in complex I, including phosphorylation of
IKKα/β to promote the activation of NF-κB as well as tran-
sient phosphorylation of RIPK1 on multiple sites (includ-
ing S321, S332, and S334) to control activation of its
kinase activity (Figs 1, 2; Ea et al. 2006; Geng et al.
2017). In particular, transient S321 phosphorylation on
RIPK1 inhibits its binding to FADD and activation of
RDA. On the other hand, sustained TAK1-mediated phos-
phorylation of RIPK1 onmultiple sites of the intermediate
domain, including S321, promotes its interaction with
RIPK3 to mediate necroptosis. In addition, the IKK com-
plex, including NEMO and IKKα/β, can also mediate in-
hibitory phosphorylation on RIPK1. NEMO deficiency,
IKKα/IKKβ double deficiency, or treatment with IKK in-
hibitors such as TPCA-1 highly sensitizes cells to RDA in-
dependent of the NF-κB pathway (Dondelinger et al. 2015;
Koppe et al. 2016).
TAK1 is also important for mediating the activation of

MAP kinase p38 and its downstream kinase, MK2. MK2
can inhibit the activation of cytosolic RIPK1 by directly
phosphorylating S321 and S336 (Figs 1,2; Dondelinger
et al. 2017; Jaco et al. 2017; Menon et al. 2017). Inhibition
of MK2 or S321/336A mutation in murine RIPK1 pro-
motes the activation of RIPK1 kinase in the cytosol and
complex II formation (Dondelinger et al. 2017; Jaco et al.
2017; Menon et al. 2017). Thus, TAK1 orchestrates multi-
ple phosphorylation events on RIPK1 both directly and in-
directly via promoting the activation of IKK andMK2 and

Figure 2. Activation of TNFR1 may promote multiple alterna-
tive signaling pathways, including the activation of NF-κB,
RIPK1-independent apoptosis (RIA), RDA, and necroptosis. Acti-
vation of TNFR1 by trimerized TNFα induces the formation of a
membrane-associated transient complex (named complex I or
TNF-RSC), which includes RIPK1, TRADD, TRAF2/5, cIAP1/2,
LUBAC, ABIN-1, A20, NEMO, PELI1, CYLD, and SPATA2. In
complex I, RIPK1 is rapidly polyubiquitinated by K63-linked
and M1-linked ubiquitin chains mediated by cIAP1/2 and
LUBAC, respectively. K63 ubiquitination chains on RIPK1 medi-
ate the recruitment of TAB2/3 to facilitate the activation of
TAK1, leading to phosphorylation of the IKK complex and
RIPK1 on S320/S331/S333/S335. M1 ubiquitination chains on
RIPK1 mediate the recruitment of PELI1, ABIN-1, and NEMO.
ABIN-1 in turn recruits phosphorylated A20 to promote K63 deu-
biquitination of RIPK1. CYLD/SPATA2 promote the M1 deubi-
quitination of RIPK1. The activated IKK/NEMO complex
promotes the activation of NF-κB. When the output of the NF-
κB pathway is inhibited by cycloheximide, which blocks the ex-
pression of cFLIPL, FADD interacts with caspase-8 to form com-
plex IIa-RIA to promote RIA. Alternatively, dimerization of
RIPK1 can mediate the activation of RIPK1 during the transition
from complex I to complex II. Activated RIPK1∗ can interact with
FADD and caspase-8 to form complex IIa-RDA to promote RDA.
When caspase-8 is inhibited, activated RIPK1∗ is ubiquitinated by
PELI1 onK115 and bindswith RIPK3 to form complex IIb, leading
to MLKL activation and necroptosis. Nec-1s inhibits the activa-
tion of RIPK1 kinase and in turn prevents the formation of com-
plex IIa to block RDA and complex IIb to block necroptosis.
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in both complex I and cytosol to control the direction of
RIPK1 signaling.

Activation of RIPK1-independent apoptosis (RIA)
and RDA

Necroptosis can occur when apoptosis-deficient cells are
stimulated by TNFα. In apoptosis-competent cells, TNFα
stimulation can induce apoptosis in either a RIPK1-inde-
pendent or aRIPK1-dependentmanner.Whenprotein syn-
thesis is inhibited by cycloheximide, which blocks the
expression of caspase-8 inhibitor cFLIPL, mediated by the
NF-κB pathway, TNFα stimulation activates caspase-8 to
promote RIA (Kreuz et al. 2001; Micheau et al. 2001). In
RIA, RIPK1 may serve as a substrate of caspase-8 (Lin
et al. 1999). The cleavage of RIPK1 at the C terminus of
its kinase domain (after residue D324) provides an impor-
tant mechanism by which apoptosis may preempt the ac-
tivation of RIPK1 kinase and necroptosis. Inactivation of
caspase-8 by chemical inhibitors, such as zVAD.fmk, as
well as FADD or caspase-8 deficiency prevents the cleav-
ageofRIPK1 topermit theactivationofnecroptosis in cells
stimulated by TNFα.

On the other hand, in the absence of caspase inhibition,
disrupting the ubiquitination and phosphorylation status
of complex I by either cIAP1/2, LUBAC, TAK1, or
NEMO/IKK deficiency promotes the activation of RIPK1
kinase to lead to RDA (Dondelinger et al. 2015; Geng
et al. 2017; Wei et al. 2017). In addition, inactivation of
MK2, a downstream target of TAK1, also sensitizes cells
to RDA (Dondelinger et al. 2017; Jaco et al. 2017; Menon
et al. 2017; Mohideen et al. 2017). Phosphorylation of
S321 in RIPK1 is important for suppressing the activation
of RIPK1, as S321A mutation in murine RIPK1 switches
cells from RIA to RDA even though S321A mutation has
no effect on NF-κB activation (Geng et al. 2017; Jaco
et al. 2017).ActivationofRDA is also affected bycFLIP iso-
forms present in the cells. While long isoform FLIPL forms
a heterodimeric complex with caspase-8 in which the lat-
ter is partially active and inhibits RIPK1-dependent cell
death (Oberst et al. 2011), short isoform FLIPS forms cas-
pase-8 heterodimers completely devoid of catalytic activi-
ty, promoting RIPK1 kinase activation and necroptosis
(Feoktistova et al. 2011).

RIPK1 dimerization promotes its activation in the
transition from complex I to complex II

Multiple key mediators of the TNFR1 signaling pathway
are members of the DD family, including TNFR1,
RIPK1, TRADD, and FADD (Park et al. 2007). The six-he-
lical bundle structural folds of DDsmediate the formation
of key intracellular signaling complexes by forming
homotypic interactions with itself and other members
of the family. The interaction of the C-terminal DD of
RIPK1 with the DDs of TNFR1 and TRADD results in
the recruitment of RIPK1 into complex I. Interestingly, re-
cent evidence suggests that the dimerization of RIPK1
mediated by its C-terminal DD also plays an important
role in controlling its activation during the transition

from complex I to complex II. Amutation of K584 (murine
RIPK1)/K599 (human RIPK1), a lysine located on the sur-
face of the DD, to arginine does not affect the recruitment
of RIPK1 into complex I but blocks RIPK1 activation in
necroptosis and RDA and the formation of complex II
(Meng et al. 2018). Thus, the K584/K599 residue is re-
quired for the RIPK1-DD to homodimerize but not heter-
odimerize with the DDs of TNFR1 or TRADD. The DD
homodimerization-mediated activation of RIPK1 is criti-
cal in vivo, as K584R knock-in mutant mice are highly
resistant to TNFα-induced systematic inflammatory re-
sponse syndrome (SIRS), similar to what was observed in
RIPK1 kinase-dead knock-in D138N and K45A mice as
well as ripk3−/− mice (Duprez et al. 2011; Polykratis
et al. 2014; Shutinoski et al. 2016). The dimerization-me-
diated activation of RIPK1 may provide a mechanism to
control its activation in a concentration-dependent man-
ner so that pathological conditions or cell types that ex-
press higher levels of RIPK1 may be sensitized to the
activation of RIPK1 by dimerization.

Regulations for the formation of necroptotic complex IIb

Activation of necroptosis by RIPK1 also requires ubiquiti-
nation events downstream from complex I. Pellino 1
(PELI1), a member of the Pellino family, is an E3 ubiquitin
ligase known to be involved in mediating the Toll-like re-
ceptor 3 (TLR3)/TLR4 signaling (Jiang et al. 2003; Chang
et al. 2009). K63 ubiquitination of activated RIPK1 on
K115 by PELI1 is critical for the formation of complex IIb
(Wang et al. 2017). PELI1 is recruited into complex I in a
manner regulated by RIPK1 ubiquitination, as the lack of
RIPK1, TRADD, cIAP1/2, or LUBAC blocks the recruit-
ment of PELI1; however, the lack of PELI1 does not affect
the ubiquitination status of complex I or the activation
of RIPK1. PELI1 is critical specifically for the formation
of complex IIb, as peli1−/− mouse embryonic fibroblasts
(MEFs) were unable to form complex IIb and therefore
were highly resistant to necroptosis. Ubiquitination of
RIPK1 by PELI1 is unusual, as it can be inhibited by Nec-
1s; thus, ubiquitination of RIPK1 by PELI1 occurs only
on activated RIPK1. The phosphorylation of RIPK3 S232
and MLKL S345, the markers for the activation of RIPK3
and MLKL, respectively, was blocked in peli1−/− MEFs
stimulated by TNFα/SM-164/zVAD.fmk.

The intermediate domain of RIPK1 contains a 16-ami-
no-acidmotif named the RIP homotypic interactionmotif
(RHIM) that is also found in the C terminus of RIPK3 (Sun
et al. 2002). This domain is critical for the binding of
RIPK1 to RIPK3 and in mediating necroptosis (Cho et al.
2009). The interaction of activated RIPK1 with RIPK3
leads to the RHIM-dependent formation of complex IIb
(or necrosome), a core execution complex of necroptosis
that may be present in an amyloid-like conformation (Li
et al. 2012). RIPK1mRHIM mutant MEFs and primary fetal
liver macrophages carrying a knock-in mutation that
changes the core RHIM sequence 529–531 (QIG) to AAA
are highly resistant to necroptosis due to the inability of
mutated RIPK1 to bind to RIPK3 (Lin et al. 2016; Newton
et al. 2016b). On the other hand, the expression of ZBP1,
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another RHIM-containing protein, is induced in keratino-
cytes to mediate skin inflammation in mice with epider-
mis-specific RIPK1 deficiency but not epidermis-specific
FADD deficiency. However, since only RIPK1-deficient
keratinocytes have been shown to induce the expression
of ZBP1, which is known as an innate sensor of viral infec-
tion (Kuriakose and Kanneganti 2018), the interaction of
RIPK1-deficient keratinocytes with innate immune acti-
vators might be involved in inducing ZBP1. Thus, while
the RHIM domain of RIPK1 is essential for binding with
RIPK3 and mediating TNFα-induced necroptosis, the
lack of RIPK1 can induce the expression of ZBP1 to pro-
mote RIPK3 activation and necroptosis in the skin.
The intermediate domain of RIPK1, which contains the

RHIM, is regulated by both ubiquitination and phosphor-
ylation. In addition to phosphorylation of S321/S332/
S334/S336 as discussed above, LUBAC has been shown
tomediateM1-Ubi on RIPK1 in the intermediate domain,
and thusM1-Ubi on RIPK1may directly interfere with its
binding with RIPK3 to inhibit the formation of complex
IIb (Wei et al. 2017).

Execution of necroptosis by MLKL polymerization

Activation and phosphorylation of MLKL—a pseudoki-
nase composed of an N-terminal four-helical bundle
domain (4HBD) and a C-terminal pseudokinase domain
—by RIPK3marks an important execution step in necrop-
tosis (Cho et al. 2009; He et al. 2009; Zhang et al. 2009;
Sun et al. 2012; Zhao et al. 2012). RIPK3-mediated phos-
phorylation of MLKL induces a conformational change
in MLKL that transitions into an open active conforma-
tion to expose the 4HBD (Murphy et al. 2013; Hildebrand
et al. 2014). The phosphorylated MLKL has been reported
to lead to changes in its conformation to form disulfide
bond-dependent amyloid-like polymers and disrupt the
plasma membrane to execute necroptosis (Cai et al.
2014; Chen et al. 2014; Wang et al. 2014; Liu et al.
2017a; Reynoso et al. 2017). The T357/S358 phosphoryla-
tion of MLKL and the four cysteines responsible for the
disulfide bonds on the N-terminal domain (NTD) of
MLKL are essential for the tetramer and subsequent poly-
mer formation of MLKL. Neither T357A/S358A MLKL
nor the mutant in which the four cysteines are mutated
can form a functional tetramer or polymers and conse-
quently cannot induce necroptosis (Wang et al. 2014;
Liu et al. 2017a). Necrosulfonamide (NSA), which can
form a covalent adduct with Cys86 of human MLKL and
inhibit necroptosis of human cells, modestly blocks
MLKL tetramer formation but completely blocks MLKL
polymerization downstream fromMLKL phosphorylation
in complex IIb. Furthermore, forced polymerization of the
NTDofMLKL directly triggers necroptosis even in the ab-
sence of RIPK3. This is still blocked by NSA through the
inhibition of high-molecular-weight polymerization but
not the formation of tetramers (Sun et al. 2012; Liu et al.
2017a), suggesting that MLKL polymerization is indis-
pensable for necroptosis.
Thioredoxin-1 (Trx1), an oxidoreductase, is reported to

bind with MLKL and maintain MLKL at a reduced state

under basal conditions, thus blocking necroptosis by pre-
venting MLKL disulfide bond formation and polymeriza-
tion (Reynoso et al. 2017). Both Trx1 knockdown and
the addition of Trx1 inhibitors promoted MLKL polymer-
ization and necroptosis (Reynoso et al. 2017). These data
suggest that Trx1 may play an important role in negative
regulation of MLKL activation. However, necroptosis is
often not sensitive to the addition of reducing agents in
many cell lines and conditions (Degterev et al. 2005), a
critical feature of necroptosis that distinguishes it from
other forms of necrosis, such as ferroptosis; thus, MLKL
polymerization during necroptosis is likely not regulated
through nonspecific oxidative mechanisms.
Recombinant MLKL can bind to phosphatidylinositol

phosphates and cardiolipin and disrupt liposomes (Donde-
linger et al. 2014; Wang et al. 2014). Na+ or Ca++ influx
may also occur upon necroptosis induction to induce
the osmotic disruption of the plasma membrane (Cai
et al. 2014; Chen et al. 2014). In the latter case, activated
MLKLwas proposed to bind to the TRPM7 cation channel
to promote necroptosis (Cai et al. 2014). In addition, re-
cent studies show that activation of the endosomal sort-
ing complexes required for transport-III (ESCRT-III)
machinery downstream from the MLKL step leads to the
release of damaged plasmamembrane vesicles with an ex-
posed phagocytic phosphatidylserine signal. Such mecha-
nisms may work together with the release of cytokines
and DAMPs during necroptosis to allow dying cells to sig-
nal the surrounding cells (Gong et al. 2017; Yoon et al.
2017).

Necroptosis in development

Apoptosis is involved in mediating normal development.
Mutant mice that have lost various key components of
the apoptotic machinery (e.g., casp3−/− mice, casp9−/−

mice, and apaf-1−/− mice) show severe developmental de-
fects, including defective neural tube closure and embry-
onic/prenatal lethality (Kuida et al. 1996, 1998; Cecconi
et al. 1998; Yoshida et al. 1998). In contrast, mutant
mice that lack key elements of the necroptosis machinery
(e.g., ripk3−/− and mlkl−/− mice) or lack the kinase activ-
ity of RIPK1 (including three different kinase-dead
knock-in RIPK1 mutant mouse lines carrying D138N,
K45A, or ΔG26F27mutations) show normal development
and do not exhibit any obvious phenotype (Newton et al.
2004; Wu et al. 2013; Polykratis et al. 2014; Shutinoski
et al. 2016; Liu et al. 2017b). Thus, necroptosis and RDA
are not involved in mediating development or adult func-
tion under normal conditions. This is likely due to the fact
that necroptosis and RDA are activated primarily in re-
sponse to cytokines induced by pathological stimuli
(e.g., TNFα and mediated by death receptor signaling)
that are not present or activated under normal conditions.
The genes involved in mediating necroptosis, including

RIPK1, RIPK3, and MLKL, are not found in primitive or-
ganisms. RIPK1 orthologs are present in most vertebrate
species and mammals but not in more primitive organ-
isms such as nematodes or flies (Dondelinger et al.
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2016). RIPK3 and MLKL are found only in certain verte-
brates and mammals and not in some specific Craniata
clades and other discrete species. Within the Mammalia
class, the whole Carnivora order (including domestic
dogs [Canis lupus familiaris], domestic cats [Felis catus],
and ferrets [Mustela putorius furo]) lacks the MLKL
gene, whereas the infraclass of Marsupialia (opossums,
Tasmanian devils, and wallabies) lacks both RIPK3 and
MLKL genes. These observations argue against the view
that necroptosis is evolved as an essential host defense
mechanism.

We analyzed the breeding patterns of mammalian spe-
cies with fully sequenced genomes (Stockley and Hobson
2016) and found that organisms that possess an MLKL
ortholog have statistically significantly smaller litter siz-
es and longer interbirth intervals (Fig. 3). While the mean
litter size of organisms that have an MLKL ortholog is
2.3, the mean litter size for organisms that lack an
MLKL ortholog is 4.7. Similarly, while the mean inter-
birth interval for organisms that have an MLKL ortholog
is 1053.6 d, the mean interbirth interval for organisms
that lack an MLKL ortholog is 254.5 d. The exception
to this rule appears to be rodents, which have MLKL
but also large litter sizes and short interbirth intervals.
Thus, organisms that produce fewer offspring per litter
and have longer interbirth intervals may rely on necrop-
tosis-mediated elimination of unfit offspring early in the
pregnancy to allow for sooner de novo pregnancy and

eliminate the burden of rearing unhealthy offspring.
Such a developmental checkpoint, with a likely positive
influence on breeding and population growth, could be an
adaptation to compensate for the smaller litter sizes and
longer interbirth intervals. Thus, necroptosis may have
evolved as a mechanism to ensure the vitality of precious
vertebrate offspring.

Consistent with this idea, necroptosis may be activated
during embryonic development to abort fetuses with
severe developmental abnormalities, as RIPK3 deficiency
and MLKL deficiency can block the embryonic lethality
induced by mutations in multiple genes during different
stages of embryonic development. While this hypothesis
should be examined further in the future, here we review
four examples in which embryonic/perinatal lethality of
mutant mice can be blocked by inhibition of necroptosis
and sometimes apoptosis. We predict that many such ex-
amples exist, as the activation of necroptosis and apopto-
sis might provide a common strategy to abort defective
mutant embryos.

Activation of necroptosis and apoptosis
in embryonic day 10.5 (E10.5) embryos mutant
for caspase-8/fadd/cflar

Genetic ablation of caspase-8, FADD, or FLIP (cflar) re-
sults in defective vascular and heart development and le-
thality at E10.5 during mouse development (Varfolomeev
et al. 1998; Yeh et al. 1998, 2000). Embryonic lethality of
casp8−/− and fadd−/− mice is fully rescued when these
mice are bred in a ripk3−/− or mlkl−/− background.
casp8−/− ripk3−/−, fadd−/− ripk3−/−, casp8−/− mlkl−/−,
and fadd−/− mlkl−/− mice are normal, including in their
vascular and cardiac systems. Furthermore, consistent
with the essential role of RIPK1 in mediating necroptosis,
the embryonic lethality of casp8−/− and fadd−/− mice can
also be rescued by RIPK1 deficiency until birth (Zhang
et al. 2011; Dillon et al. 2014; Alvarez-Diaz et al. 2016).
On the other hand, the lethality of cflar−/− mice cannot
be suppressed by ripk3−/− alone but is blocked by double
deficiency of FADD and RIPK3 as in cflar−/− casp8−/−

ripk3−/−, cflar−/− fadd−/− ripk3−/−, and cflar−/− fadd−/−

mlkl−/−mice (Kaiser et al. 2011; Oberst et al. 2011; Dillon
et al. 2012; Alvarez-Diaz et al. 2016). Thus, the caspase-8/
FADD/FLIP complex is required for normal embryonic
vascular development. Defective embryos without cas-
pase-8 or FADD are eliminated by activation of necropto-
sis, whereas embryos that lack FLIP are eliminated
through the activation of both necroptosis and apoptosis.

In addition, while casp8−/−ripk3−/−, fadd−/−ripk3−/−,
and casp8−/−mlkl−/− double-deficient mice were viable
and matured into fertile adults, they rapidly developed
severe lymphadenopathy similar to FASL- or FAS-defi-
cient mice (Watanabe-Fukunaga et al. 1992; Kaiser
et al. 2011; Oberst et al. 2011; Dillon et al. 2012; Alva-
rez-Diaz et al. 2016). These results are consistent with
the requirement for caspase-8/FADD in mediating signal-
ing pathways downstream from Fas to control lymphade-
nopathy and autoimmunity. However, inactivation of
RIPK1 (as in mice with inactivated RIPK1 D138N or

Figure 3. MLKL expression and necroptosis in fast- and slow-
breeding mammalian species. (A) Comparison of litter sizes and
interbirth intervals in mammals that express or do not express
MLKL. Mean values are shown, and error bars represent standard
deviation. Student’s t-test was used to calculate the P-values. (B)
List of species used in A and their mean litter sizes and mean
interbirth intervals.
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K45A knock-in mutations), which blocks both necropto-
sis and RDA mediated by TNFα, does not lead to im-
mune system dysfunction such as that of caspase-8/
FADD null mutations.

Activation of necroptosis and apoptosis in E15.5 embryos
mutant for p65/RelA

NF-κB, consisting of p50 and p65/RelA, is critically in-
volved in mediating gene expression in response to infec-
tion, inflammation, and stress. p65/RelA−/− mice die at
E15.5with defective vascular development,massive hem-
orrhage, and cell death inmultiple tissues. The embryonic
lethality ofRelA−/−mice is fully rescued by the combined
ablation of FADD and RIPK3/MLKL or by blocking RIPK1
kinase activity by D138N or K45A knock-in mutations
(Xu et al. 2018). RelA−/− MEFs are sensitized to both apo-
ptosis and necroptosis. Since the ablation of TNFα or
TNFR1 can also rescue RelA-deficient mice from embry-
onic lethality (Doi et al. 1999; Alcamo et al. 2001), this
suggests that defective NF-κB signaling in developing em-
bryos promotes the activation of RIPK1 to mediate both
necroptosis and apoptosis through TNFR1.
Consistent with the role of RelA to suppress necropto-

sis during embryonic development, intestinal epithelial
cell (IEC)-specific knockout of RelA also leads to in-
creased IEC apoptosis and reduced Paneth cell numbers
in ileal crypts, which can be blocked by RIPK1 D138N
mutation (Vlantis et al. 2016).

Activation of necroptosis in E18.5 embryos mutant
for ABIN-1

ABIN-1, encoded by the gene Tnip1, is recruited into com-
plex I in TNFα-stimulated cells to facilitate the recruit-
ment of A20, an important ubiquitin-editing enzyme
that suppresses the activation of RIPK1 (Dziedzic et al.
2018). Abin-1 deficiency promotes the activation of
RIPK1 and necroptosis. Abin-1−/− mice die at E18.5 with
massive liver degeneration, which can be completely
blocked by the RIPK1 D138N knock-in mutation or
RIPK3 deficiency. Thus, mutant embryos that are defi-
cient for Abin-1 are aborted through the activation of nec-
roptosis, demonstrating that necroptosis can be activated
in defective embryos without inactivation of caspase-8/
FADD.

Early postnatal lethality of ripk1−/− mice

Ripk1−/− newborns appear normal at birth but fail to
thrive and die at 1–3 d of age (Kelliher et al. 1998). Since
the kinase activity of RIPK1 is prodeath and involved
in mediating both apoptosis and necroptosis, it is intrigu-
ing why ripk1−/− mice might die. The early postnatal le-
thality of ripk1−/− mice can be fully blocked upon
inhibition of both apoptosis and necroptosis in ripk1−/−

fadd−/− ripk3−/−, ripk1−/− casp8−/− ripk3−/−, and ripk1−/−

fadd−/− mlkl−/− mice, and the triple-mutant animals sur-
vive and live grossly normal lives but develop autoim-
mune lymphoproliferative syndrome (ALPS) later, likely

due to the lack of caspase-8 activity (Dillon et al. 2014;
Kaiser et al. 2014; Rickard et al. 2014b; Alvarez-Diaz
et al. 2016). At the cellular level, RIPK1 has an indispensi-
ble role in the initiation of necroptosis in response to
TNFα stimulation, as ripk1−/− MEFs cannot undergo nec-
roptosis upon TNFα stimulation (Dillon et al. 2014).
Therefore, RIPK1 is unlikely to be directly involved in
suppressing the activation of necroptosis. On the other
hand, since RIPK1 serves as a scaffold in coordinating
the activation of NF-κB (Kelliher et al. 1998; Ea et al.
2006), it is possible that the early postnatal lethality of
ripk1−/− mice might be due to defects in the activation
of NF-κB, which mediates the expression of multiple key
regulators of apoptosis and necroptosis; e.g., cFLIPL,
cIAP1, and A20. Consistently, the expression of cFLIPL

in ripk1−/− mice and ripk1−/− MEFs is reduced (Dillon
et al. 2014). Since the embryonic lethality of RelA−/−

mice is fully rescued by the combined ablation of FADD
and RIPK3/MLKL (Xu et al. 2018), the defects in the
activation of NF-κB might be involved in mediating the
perinatal lethality of ripk1−/− mice.
The signals responsible for necroptosis in the absence of

RIPK1 are still not well understood. One possible candi-
date is ZBP1 (DAI), as it can induce necroptosis through
directly binding to RIPK3 (Lin et al. 2016; Newton et al.
2016b). Mice with epidermis-specific RIPK1 deficiency
develop skin inflammation due to RIPK3/MLKL-depen-
dent keratinocyte necroptosis. The expression of ZBP1 is
elevated in ripk1−/− keratinocytes and can act to compen-
sate for the loss of RIPK1 and directly interact with RIPK3
in ripk1−/− keratinocytes to promote necroptosis. Howev-
er, since mice with epidermis-specific RIPK1 deficiency
do not die perinatally, it remains to be tested whether
the regulation of ZBP1 is also important in other RIPK1-
deficient cells and involved in mediating the perinatal le-
thality of ripk1−/− mice.

Necroptosis in diseases

As discussed above, necroptosis might serve as a critical
checkpoint during embryonic development to ensure the
vitality of vertebrate offspring by aborting embryos with
severe developmental defects. Interestingly, necroptosis
can be reactivated during adult life and in aging in re-
sponse to acute and chronic insults. The activation of
RIPK1 and necroptosis has been implicated in many hu-
man diseases by mediating cell death and inflammation.
The application of Nec-1s has shown efficacy in amelio-
rating tissue injuries in animal models of diseases rang-
ing from ischemic brain, kidney, and heart injuries to
multiple sclerosis, ALS, and Alzheimer’s disease (AD)
(Zhou and Yuan 2014; Ofengeim et al. 2015, 2017;
Ito et al. 2016; Caccamo et al. 2017). Thus, the activa-
tion of RIPK1 and necroptosis may represent an impor-
tant pathological mechanism involved in mediating
cell death and inflammation in many human diseases.
Here we focus on reviewing those human diseases with
direct genetic links to the activation of RIPK1 and
necroptosis.
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ALS

ALS is a lethal degenerativemotor neuron disease with an
average survival of 3–5 yr after the diagnosis. Loss-of-func-
tionmutations in theOPTN gene have been implicated in
both familial and sporadic ALS cases (Maruyama et al.
2010; Beeldman et al. 2015; Cirulli et al. 2015). Mutant
mice with either total or conditional loss of OPTN in
oligodendrocytes or microglia develop progressive dys-
myelination and axonal degeneration (Ito et al. 2016). In-
hibition of RIPK1 kinase activity by D138N knock-in or
by pharmacological inhibition using Nec-1s in mice re-
stores the myelination and axonal integrity. Furthermore,
the engagement of necroptotic machinery in the CNS,
including RIPK1, RIPK3, and MLKL in mediating axonal
pathology, is also observed in SOD1G93A transgenic
mice and pathological samples from human ALS patients.
Thus, inhibiting RIPK1 kinase may provide an axonal
protective strategy for the treatment of ALS and other
human degenerative diseases characterized by axonal
degeneration.

ABIN-1 was found to be associated with both ALS and
schizophrenia in humans in genome-wide association
studies (McLaughlin et al. 2017). Although the implica-
tions of ABIN-1 in ALS and schizophrenia have not yet
been examined in animal models, the involvement of
ABIN-1 in regulating the activation of RIPK1 and necrop-
tosis during embryonic development suggests that, like
OPTN, ABIN-1 may be another ubiquitin-binding protein
involved in regulating the activation of RIPK1 in ALS and
possibly also in schizophrenia. If so, this may raise the in-
triguing possibility for a role of RIPK1-mediated necropto-
sis and apoptosis in schizophrenia and other mental
disorders.

A20 and Abin-1 deficiency-associated
immunopathologies

The systemic inflammation and early postnatal lethality
of A20−/− mice can be significantly ameliorated by ei-
ther catalytically inactive RIPK1 or RIPK3 deficiency
but not MLKL deficiency (Onizawa et al. 2015; Newton
et al. 2016a). Since A20 deficiency promotes the activa-
tion of RIPK1 and necroptosis (Dziedzic et al. 2018),
blocking RIPK1 and necroptosis might provide treat-
ments for human diseases with reduced A20 expression
and/or function. A20 has been identified as a suscepti-
bility locus in humans with genetic predisposition to
multiple immunopathologies, including Crohn’s disease
(CD), rheumatoid arthritis, systemic lupus erythemato-
sus, psoriasis, and type 1 diabetes (Vereecke et al.
2009). Furthermore, mucosal biopsies from CD patients
confirmed a consistent down-regulation of mucosal A20
expression (Arsenescu et al. 2008). In addition, ABIN-1
also shows strong association with psoriasis in humans
(Nair et al. 2009). Since A20-deficient myeloid cells are
sufficient to elicit the spontaneous inflammatory phe-
notype as seen in the full-body A20 knockout mice
(Turer et al. 2008), the activation of RIPK1 and necrop-
tosis in myeloid lineages may play an important role in

driving proinflammatory signaling under A20-deficient
conditions.

A heterozygous C243Y mutation in A20 in a Japanese
family has been found to be responsible for autosomal-
dominant Behçet’s disease, which is characterized by
the chronic inflammation of the blood vessels (Shigemura
et al. 2016). A reduced effect of C243YA20 comparedwith
wild-type A20 in suppressing cytokine production in cul-
tured cells suggests that it is a loss-of-function allele. Con-
sistently, heterozygous germline mutations in A20 have
been found in six unrelated families with early-onset sys-
temic inflammation, a disorder resembling Behçet’s dis-
ease (Zhou et al. 2016). These patients express mutant
truncated A20 proteins, which are likely to act through
haploinsufficiency. These results suggest that A20 might
be a dose-dependent suppressor of RIPK1 and necroptosis
in mediating the inflammatory pathology of these human
diseases.

NEMO deficiency syndromes

NEMO is a ubiquitin-binding protein with a UBAN
domain and can bind M1 ubiquitin chains (Hauenstein
et al. 2017). While the well-established role of NEMO is
to facilitate the efficient recruitment of IKKα/β into com-
plex I and support their activation in mediating NF-κB ac-
tivation (Ea et al. 2006; Wu et al. 2006), recent studies
suggest that NEMO is an important suppressor of RIPK1
(Legarda-Addison et al. 2009; Kondylis et al. 2015; Pesca-
tore et al. 2016; Vlantis et al. 2016). NEMOdeficiency pro-
motes the activation of RIPK1 and RDA independent of
NF-κB (Legarda-Addison et al. 2009). IEC-specific ablation
of NEMO causes apoptosis of Paneth cells and colono-
cytes and microbiota-driven chronic inflammation in
the colon, which is not reproduced in a combined IEC-spe-
cific ablation of RelA, c-Rel, and RelB. These data suggest
that NEMO suppresses colon inflammation through NF-
κB-independent functions. On the other hand, inhibition
of RIPK1 kinase activity or combined deficiency of
FADD and RIPK3 prevented epithelial and Paneth cell
death and colitis development in mice with epithelial
NEMO deficiency (Vlantis et al. 2016). Inhibition of
RIPK1 by D138N mutation can also block the embryonic
lethality of NEMO−/− mice. Therefore, NEMO prevents
intestinal inflammation and embryonic lethality by in-
hibiting RIPK1 kinase activity. These observations indi-
cate that RIPK1 inhibitors could be effective in the
treatment of colitis in patients with NEMO mutations
and possibly in inflammatory bowel disease (IBD). Hu-
man patients with immunodeficiency (ectodermal dys-
plasia with immune deficiency [EDA-ID]) caused by
hypomorphic NEMO mutations also suffer from colitis
that is not resolved by hematopoietic stem cell trans-
plantation (Fish et al. 2009), suggesting that NEMO defi-
ciency in stromal cells also causes colon inflammation
in humans.

NEMO has also been implicated in suppressing RIPK1
activation to inhibit the development of steatohepatitis
and hepatocellular carcinoma (HCC) (Kondylis et al.
2015). The loss of NEMO immunoreactivity has been
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found in a significant percentage of human HCC samples
and correlated with a poor 5-yr overall survival (Aigels-
reiter et al. 2012). Mice with NEMO ablation specifically
in liver parenchymal cells spontaneously develop steato-
hepatitis andHCC,which cannot be phenocopied by inhi-
bition of NF-κB signaling. Interestingly, inactivation of
RIPK1, but not deficiency of RIPK3, prevented hepatocyte
apoptosis and the development of HCC. Thus, the lack of
NEMO in liver parenchymal hepatocytes may promote
RDA and inflammation to lead to the development of
HCC.
Patients who carry hypomorphic NEMO mutations

develop X-linked ectodermal dysplasia with anhidrosis
and immunodeficiency, also known as NEMO syndrome.
A subset of NEMO syndrome patients carries NEMO C-
terminal deletion (ΔCT-NEMO) mutations and develops
inflammatory skin and intestinal disease in addition to
ectodermal dysplasia with anhidrosis and immunodefi-
ciency (Zilberman-Rudenko et al. 2016).ΔCT-NEMOmu-
tants show impaired interactions with A20, leading to
prolonged accumulationofK63ubiquitinatedRIPK1with-
in the TNFR1 signaling complex. Given the roles of
NEMO and A20 in suppressing the activation of RIPK1,
it is possible that the activationofRIPK1 is involved inme-
diating skin inflammation and intestinal diseases in these
patients.

LUBAC deficiency syndrome

Patients who have biallelic loss-of-function mutations in
HOIL-1, a component of the LUBAC, develop a fatal hu-
man inherited disorder characterized by chronic autoin-
flammation, invasive bacterial infections, and muscular
amylopectinosis (Boisson et al. 2012). These patient-de-
rived HOIL-1-deficient fibroblasts show reduced levels of
IKK kinase phosphorylation, slower IκBα degradation,
and a deficit in the recruitment and ubiquitination of
NEMO in response to TNFα stimulation. Given that an
important function of the LUBAC is to recruit and acti-
vate NEMO by adding M1 ubiquitination, HOIL-1 defi-
ciency also impairs the function of NEMO and
sensitizes cells to apoptosis. The livers of HOIL-1−/−

mice show increased activation of caspase-3 in response
to TNFα (Tokunaga et al. 2009). In addition, the loss of an-
other LUBAC component, SHARPIN, has been shown to
lead to an inflammatory pathology that is at least partially
driven by both caspase-8-dependent apoptosis and RIPK3-
dependent necroptosis in cpdm mice (Rickard et al.
2014a). Thus, it is possible that HOIL-1 deficiency in hu-
mans also promotes RDA.

Immunodeficiency associated with defective caspase-8

Specific loss of caspase-8 in T cells leads to failure in
antigen-driven expansion and promotes necroptosis.
However, loss of caspase-8 does not affect the cell cycle
progression or NF-κB activation (Ch’en et al. 2008). Simi-
larly, T cells with specific loss of FADD respond poorly to
TCR triggering and die by necroptosis, which can be in-
hibited by Nec-1 (Osborn et al. 2010). Mice with T-cell-

specific loss of FADD show immunodeficiency and suc-
cumb to Toxoplasma gondii infection more readily than
wild-type mice. Thus, caspase-8 and FADD function to
suppress the activation of RIPK1 inT cells during the early
phases of T-cell clonal expansion, which is important for
mediating a host defense response.
Homozygous human individuals with an inherited ge-

netic deficiency of caspase-8 manifest ALPS-related clini-
cal features and also exhibit defects in their activation of T
lymphocytes, B lymphocytes, and natural killer cells,
which leads to immunodeficiency characterized by recur-
rent sinopulmonary and herpes simplex virus infections
and poor responses to immunization (Chun et al. 2002).
Postnatal survival of caspase-8-deficient humans may be
due to the redundant function of caspase-10, the closest
paralog of caspase-8 in humans. Thus, caspase-8 has a
postnatal role in immune activation of naive lymphocytes
by suppressing the activation of RIPK1.

Conclusion

Discovery of the necroptosis pathway represents a major
breakthrough in the cell death field in the past decade.
While caspase-mediated apoptosis is involved in regulat-
ing cell numbers and morphogenesis during normal em-
bryonic development, we propose that necroptosis may
be involved primarily in aborting defective embryos dur-
ing development. Since the number of offspring that can
be produced by a vertebrate mother is very limited com-
pared with that of primitive organisms such as nematode
and flies, the quality control mechanisms that ensure
the vitality of newbornmammals could be critical for sur-
vival of the species and be mediated at least in part by
necroptosis.
Necroptosis can be reactivated under pathological con-

ditions in many human inflammatory and degenerative
diseases. However, it has become increasingly clear that
necroptosis is often not activated alone. The activation
of necroptosis and RDA may be involved in mediating
the deleterious effects of TNFα, although the contribu-
tions of each pathway and their interactions may vary un-
der different pathological conditions. While the kinase
activity of RIPK1 mediates both necroptosis and RDA,
its inactivation seems to have no significant consequence
on development and adult life. This is illustrated by a lack
of any gross phenotype in the RIPK1 kinase-dead D138N,
K45A, and ΔG26F27 knock-in mice, suggesting that
RIPK1 may provide a rare therapeutic target that can be
safely modulated for the treatment of chronic diseases.
In addition, the kinase domain of RIPK1 provides a

structural pocket suitable for the development of specific
small-molecule inhibitors (Degterev et al. 2008; Xie et al.
2013). RIPK1 inhibitors have already entered human clin-
ical studies for the treatment of multiple inflammatory
and degenerative diseases, including IBD,CD, rheumatoid
arthritis, ALS, and AD (Ofengeim and Yuan 2013; Harris
et al. 2017; Ofengeim et al. 2017). However, since studies
on RIPK3 inhibitors and RIPK3 kinase-dead knock-in
mice have revealed that RIPK3 inhibition can result in
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apoptosis (Mandal et al. 2014; Newton et al. 2014), this ki-
nase is not a suitable target for pharmacological inhibition
of cell death. Finally, MLKL deficiency has been shown to
offer less protection in multiple animal models, such as
the kidney ischemia reperfusion injurymodel, and no ben-
efit in blocking the inflammation and lethality of A20−/−

mice (Newton et al. 2016a), suggesting that MLKL might
not be an ideal target for developing drugs for human dis-
eases characterized by inflammation and degeneration.
Thus, targeting RIPK1 may provide an important thera-
peutic strategy to block both cell death and inflammation
for the treatment of human inflammatory and degenera-
tive diseases.
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