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Abstract The process of embryonic development is
highly regulated through the symbiotic control of differ-
entiation and programmed cell death pathways, which
together sculpt tissues and organs. The importance of
programmed necrotic (RIPK-dependent necroptosis) cell
death during development has recently been recognized as
important and has largely been characterized using genet-
ically engineered animals. Suppression of necroptosis
appears to be essential for murine development and occurs
at three distinct checkpoints, E10.5, E16.5, and P1. These
distinct time points have helped delineate the molecular
pathways and regulation of necroptosis. The embryonic
lethality at E10.5 seen in knockouts of caspase-8, FADD,
or FLIP (cflar), components of the extrinsic apoptosis
pathway, resulted in pallid embryos that did not exhibit the
expected cellular expansions. This was the first suggestion
that these factors play an important role in the inhibition of
necroptotic cell death. The embryonic lethality at E16.5
highlighted the importance of TNF engaging necroptosis
in vivo, since elimination of TNFR1 from casp87/ -,
fadd™"", or cflar™"", ripk3~"~ embryos delayed embryonic
lethality from E10.5 until E16.5. The P1 checkpoint
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demonstrates the dual role of RIPK1 in both the induction
and inhibition of necroptosis, depending on the upstream
signal. This review summarizes the role of necroptosis in
development and the genetic evidence that helped detail
the molecular mechanisms of this novel pathway of pro-
grammed cell death.
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Background

The importance of cell death during development has long
been recognized. One form of programmed cell death,
termed apoptosis, is induced by specific triggers to activate
a signaling cascade that ultimately ends in the packaging of
the cell by caspase proteases for easy disposal via phago-
cytosis [1]. There are two prominent apoptotic pathways:
intrinsic apoptosis, which is characterized by loss of
mitochondrial outer membrane integrity, and extrinsic
apoptosis, where ligated death receptors on the cell surface
initiate death (Fig. 1) [1]. The role of these apoptotic
pathways during development has been characterized using
genetically engineered animals. Deletion of pro-death
genes involved in intrinsic apoptosis such as apafl or bax
and bak led to mice with encephalopathy that presented
with forebrain outgrowth at E16.5, and the persistence of
interdigital webs [2—4]. By comparison, a paradoxical
phenotype was observed when components of the extrinsic
apoptotic pathway were ablated. Ablation of caspase-8,
FADD, or FLIP (cflar) resulted in embryonic lethality at
E10.5 with pallid embryos that did not exhibit the expected
cellular expansions, suggesting that these factors might
play roles in non-apoptotic developmental processes
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Fig. 1 Pathways leading to extrinsic apoptosis and necroptosis.
Binding of TNF to TNFRI leads to the recruitment of TRADD,
FADD and RIPK1 to form the proinflammatory complex . TRAF2
binds to TRADD and recruits the E3 ligases cIAP1 and cIAP2 that
mediate the ubiquitylation of RIPK1. This leads to the activation of
the IKK complex (consisting of NEMO, IKKa and IKKp) through
phosphorylation by TAKI1 and the subsequent degradation of IxBa
and the release and nuclear translocation of the NF-kB1 complex. In
case of RIPK1 deubiquitylation, through cIAP inhibition or ubiquitin
removal by the deubiquitylase CYLD, or binding of FasL to CD95,
RIPK1 can associate with FADD and recruit procaspase-8 and FLIP

(Fig. 2a) [5-8]. Pharmacological inhibition of caspase-8 in
cell culture yielded non-apoptotic death instead of pro-
longing cell viability under some conditions [9]. These
results suggested that caspase-8 was important for oppos-
ing an apoptosis-independent form of cell death. This
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in complex Ila. Homodimerization of caspase-8 on FADD can fully
activate caspase-8 and leads to apoptosis. However, when FLIP
heterodimerizes with caspase-8, the full activation is inhibited and
apoptosis is blocked. RIPK1 binds and activates RIPK3, resulting in
formation of the necrosome and the activation the pseudokinase
MLKL, leading to necroptosis. The caspase-8/FLIP heterodimer also
inhibits necroptosis. Upon ligation of TLR3 and 4, necroptosis can be
engaged through TRIF-mediated RIPK3 activation. Binding of IFNo/
B or IFNY to their respective receptors also results in activation of
necroptosis. Necroptosis induced via either TRIF or IFN receptors can
be blocked by RIPK1

apoptosis-independent, regulated form of cell death, ter-
med necroptosis, has features of necrosis but utilizes a
signaling pathway involving Receptor-Interacting Protein
(RIP) kinases [10]. This review summarizes the role of
necroptosis in development.
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Fig. 2 Developmental checkpoints of mice deficient for components RelA-, HOIP-, and TAKI-deficient mice, rather than animals
of extrinsic apoptosis and necroptosis. Lifespan of mice harboring deficient for other components of these complexes (p50, Sharpin,

single (a), double (b) or triple (c) deletion of genes involved in HOILI1, TABI1, and TAB2)
extrinsic apoptosis and necroptosis. The embryonic dates listed are for
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Mechanisms of necroptosis

Necroptosis describes a novel programmed cell death
pathway that phenotypically resembles necrosis, where
cells swell and burst, resulting in an immunogenic response
[11]. Unlike necrosis caused by excessive damage,
necroptosis is mediated through controlled signal trans-
duction pathways (Fig. 1) [12].

Necroptosis is induced after binding of a death ligand to
its respective receptor on the cell surface, such as TNFR1,
CD95, or the TRAIL receptors (Fig. 1) [13-15]. The
molecular details of necroptosis were originally described
in the context of TNF-mediated signaling. Upon binding of
TNF to TNFRI1, pro-survival factors are recruited to the
death receptor, to form a pro-inflammatory complex
(complex I, CI1) [16]. This complex contains numerous
proteins involved in NF-xB signaling, as well as TRADD,
TRAF2, cIAP1/cIAP2, the linear ubiquitin chain assembly
complex (LUBAC), TAK1 and RIPK1. TRADD binds to
TNFR through its death domain and is required for the
recruitment of the other members of complex 1 [16].
RIPK1 is sequestered in this complex via its ubiquitylation
[16].

For necroptosis to be engaged, RIPKI requires post-
translational modifications, such as deubiquitylation
(Fig. 1) [17]. Subsequent to its deubiquitylation, RIPK1 is
released from C1 into the cytosol where it binds to FADD
and caspase 8 to form complex Ila (C2a), which promotes
apoptosis through caspase-8 homo-oligomerization [18]. If
caspase-8 activity is diminished, or if FADD levels are
low, RIPK1 preferentially binds to RIPK3 via a protein—
protein interaction domain known as the RIP Homotypic
Interaction Motif (RHIM) domain [19], leading to the
subsequent phosphorylation and activation of RIPK3 in
complex IIb (C2b), also called the “necrosome” [18]. It is
this complex that induces necroptosis [20]. Once activated,
RIPK3 recruits, phosphorylates and activates the pseu-
dokinase MLKL, which causes disruption of plasma
membrane integrity, resulting in the rapid death of the cell
[21]. While the exact mechanism by which MLKL medi-
ates death has not been conclusively elucidated, the current
hypothesis predicts that MLKL phosphorylation results in
its oligomerization and membrane disruption, resulting in
ion influx and osmotic stress, causing a cell death that
phenotypically resembles necrosis [22-29].

There is an important molecular interplay between
apoptotic pathways and necroptotic pathways which
appears to depend on caspase-8 level and activity (Fig. 1)
[30]. Caspase-8 deletion or inhibition experiments in vitro
and in vivo, suggested that caspase-8 inhibits necroptosis
[30]. Subsequent studies suggested that rather than causing
apoptosis, an enzymatically active complex of caspase-8,
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FLIP;, and FADD acted to inhibit necroptosis [31, 32].
Deletion of any of these three genes results in embryonic
lethality, suggesting that they may be critical for control-
ling necroptosis, which was confirmed by experiments
involving co-ablation of RIPK3 (Fig. 2b) [31-33]. The
exact molecular mechanisms involved in this suppression
are unclear but are thought to involve cleavage of RIPK1
and RIPK3, as well as other factors important for formation
of C2b, such as the deubiquitylase CYLD [31, 34].

In addition to death receptor-mediated necroptosis, other
signals, such as interferons or engagement of TLR signal-
ing through TRIF, can directly activate RIPK3 to promote
necroptotic death, bypassing the requirement for RIPK1
(Fig. 1) [35, 36]. In this situation, RIPK1 has an inhibitory
role [37]. The different mechanisms for inducing necrop-
tosis have functional consequences for how this pathway is
engaged during development.

Developmental checkpoints and necroptosis

In addition to an on-going role in adulthood, suppression of
necroptosis appears to be important at three distinct
checkpoints during mouse development [20, 38]. These
checkpoints were uncovered through the use of necropto-
sis-prone mouse strains (i.e. casp8~'~, fadd™'~, or cflar™'~
(encoding FLIP;) mice) that were rescued by elimination
of RIPK3 (Fig. 2a) [20]. Using these methods, a develop-
mental role for necroptosis was observed at E10.5, E16.5,
and P1 [20], discussed in further detail below.

The E10.5 checkpoint: a death receptor-mediated
apoptosis trio playing another role?

As discussed above, caspase-8, FADD, and FLIP are nec-
essary to prevent activation of RIPK3-dependent
necroptosis in response to TNF signaling (Fig. 1). In this
section, we discuss how the genetic evidence resulting
from examination of casp8_/ -, fadd_/ -, or cﬂar_/ ~ mice,
whose E10.5 lethality was rescued by elimination of
RIPK3, supports this conclusion [31-33].

Mice in which caspase-8 has been ablated undergo
embryonic lethality at E10.5 (Fig. 2a) [5]. Death was
originally attributed to impaired heart muscle development,
accumulation of erythrocytes, and neural tube defects. Ex
vivo whole embryo culture of E10.5 casp8~'~ embryos,
however, showed a delay in lethality and the elimination of
the heart and neural tube defects, suggesting that these
effects were secondary to the defects in vasculature
development in the yolk sac [39]. The formation of the
yolk sac vasculature is severely deformed in caspase-8-
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deficient embryos; in particular the yolk sac primary cap-
illary plexus does not develop into the more mature tree-
like hierarchy of vessels seen in WT mice [39].

Since the role of caspase-8 in apoptosis was clearly
defined, it was important to address whether the embryonic
lethality associated with caspase-8 deletion was due to a
lack of apoptosis. To answer this, Wallach and colleagues
generated transgenic animals using a bacterial artificial
chromosome system that expressed caspase-8 with a
mutated site in a self-processing site (D387A), rendering it
non-cleavable and unable to support apoptosis [40]. When
mice expressing this non-apoptotic version of caspase-8
were crossed to casp87/7 mice, lethality was rescued,
demonstrating that the apoptotic function of caspase-8 was
not necessary during development [40].

Lethality of casp8™'~ mice was fully rescued when bred
with ripk3™'~ mice resulting in a completely normal vas-
cular system, leading to the conclusion that the primary
role of caspase-8 during development is to inhibit RIPK3-
mediated lethality (Fig. 2b) [31, 33].

Since the activation of caspase-8 depends on the adapter
molecule FADD, it was not surprising that the loss of
FADD also led to E10.5 lethality with defects in the car-
diac area and abdominal hemorrhaging, as in casp8 ™'~
embryos (Fig. 2a) [6]. Concurrent ablation of RIPK3 from
fadd™"~ embryos allowed these mice to develop to adult-
hood, demonstrating that FADD, like -caspase-8 is
important for RIPK3 inhibition in development (Fig. 2b)
[32].

TRADD recruits FADD to C1 via its death domain
(Fig. 1) [41]. Interestingly, TRADD-deficient mice (which
are resistant to TNF induced toxicity) are morphologically
normal and survive to adulthood, suggesting a fundamental
difference in the role of FADD and TRADD (Fig. 2a) [42].
Unlike TRADD, FADD contains a death effector domain
required for its binding to caspase-8 [43]. Attempts to
generate transgenic mice expressing only the DD domain
of FADD driven by the vav promoter failed to result in any
viable animals, although the authors did not determine at
which stage these animals died [44], reiterating the
importance of recruitment of caspase-8 to regulate the
necrosome. Subsequent work also demonstrated that the
death domain of FADD was essential for embryonic
development, as transgenic animals expressing FADD with
a mutated death domain (R117Q) failed to complement a
fadd-deficient background and led to death at E13.5 com-
pared to lethality at E10.5 of fadd-deficient mice alone
[45]. While expression of a different mutant in the death
domain (V121N) prevented E10.5 lethality, these animals
died at E16.5 through apparent engagement of the second
checkpoint discussed below [45].

Embryos lacking cflar die around E10.5 and were
originally reported to be phenotypically similar to casp§ or

fadd knockout embryos (Fig. 2a) [7]. Unlike cells lacking
casp8~"" or fadd™, cflar”'~ cells were sensitive to apop-
tosis, presumably because caspase-8 is free to homo-
oligomerize [30, 32]. When cﬂarf/ ~ mice were crossed
with ripk3™'~ mice, embryonic lethality was not bypassed
and embryos died with the same kinetics and gross phe-
notype as cﬂar_/ ~ mice alone (Fig. 2b) [32]. Closer
histological examination revealed that tissues in cflar, ripk3
double-deficient embryos underwent apoptotic cell death,
reinforcing the importance of FLIP in inhibiting both
apoptosis and necroptosis [32]. Subsequently, when fadd
was deleted in combination with c¢flar and ripk3, embryos
survived to adulthood (Fig. 2¢) [32]. This result suggested
that there is a close relationship between both apoptosis
and necroptosis during embryonic development and both
pathways are likely activated by the same signal, at the
same time point.

Tissue specificity of E10.5 death

The shared timing of embryonic lethality and phenotype of
death in the casp8~'~, fadd™'~, and cflar™'~ embryos
suggested a common role for these proteins in vascular
development. This has been empirically tested with the
subsequent establishment of conditional genetic models.
Consistent with the idea that heart and neural tube defects
were secondary to a vascular defect at E10.5, deletion of
caspase-8 in the brain or heart had no effect on develop-
ment [32, 46]. Deletion of caspase-8 in the liver also led to
the development of a normal mouse, however, this animal
was also protected from lethality resulting from injection
with the agonist, anti-CD95 antibody, Jo2 [47]. This sug-
gests that while apoptotic signaling was lost, the liver was
not prone to necroptosis in the basal state.

The pallid appearance of the casp8™'~, fadd™'~, and
cflar™" embryos led to the hypothesis that the lethality of
these mice might result from defective blood development.
The initial report of the casp8 '~ animal also suggested an
inability to recover hematopoietic colony forming units
from the embryo [5]. As expected, deletion of caspase-8
from the hematopoietic system using vav-cre was embry-
onic lethal, although the timing and cause of the death was
not reported [48]. The deletion of caspase-8 from differ-
entiated hematological tissues such as T or B cells did not
have any effect on the viability of the animals [48—50].
Similarly, loss of caspase-8 from macrophages or dendritic
cells resulted in viable animals, although cells from these
mice are reported to have an increased ability to stimulate
inflammatory cytokine expression through the inflamma-
some [51].

While there is evidence for a role for necroptosis in
development of the hematopoietic system, hematopoietic
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and endothelial development are closely linked (as
hematopoietic stem cells emerge from hemogenic
endothelium [52]), making it difficult to determine whether
a developmental defect resides in one or both tissues.
Endothelial deletion of caspase-8 generates animals that
phenocopy the caspase-8 knockout completely [47], but
rescue of this lethality with RIPK3 ablation has not been
attempted. More detailed analysis of this early stage of
development will be required to fully dissect the role of
necroptosis at this early checkpoint.

Kinases at E10.5

Molecular experiments have proposed that the necroptotic-
signaling pathway involves a kinase cascade, resulting in
the phosphorylation and activation of key molecules such
as RIPK3. Specifically, RIPK1 activates RIPK3, which in
turn phosphorylates and activates MLKL (Fig. 1). To
examine this genetically, mice were generated in which
RIPK3 lacked its kinase activity (D161N). These mice die
at E10.5 from excessive apoptosis as lethality was rescued
by the additional ablation of caspase-8 [53]. In contrast,
mice expressing other RIPK3 kinase-inactive mutants
(D161G, D143N, and K51A) were not embryonic lethal,
suggesting that kinase activity and engagement of apop-
tosis by RIPK3 can be dissociated, and the concomitant
addition of RIPK3 inhibitors induced similar levels of
apoptosis in cells from each mutant [54]. This symbiotic
relationship between apoptotic and necroptotic pathways
mimics the phenotype of the cflar knockout animals, where
apoptosis occurred in embryos when RIPK3 was elimi-
nated (Fig. 2b) [32].

After TNFR ligation, the NF-kB pathway is engaged by the
phosphorylation of IKKa and IKKP by TAK1 (Fig. 1) [55].
Interestingly, TAK1 inhibition potentiates TNF-induced
RIPK1-dependent cell death, suggesting a potential role for
TAKI in limiting necroptosis [56]. TAK1-deficient animals die
at E10.5 (Fig. 2a), presumably with the same vascular pheno-
type as casp8-, fadd-, or cflar-deficient mice, since endothelial
specific deletion of TAK1 replicated the germline knockouts
[57, 58]. The role of RIPK3 in TAKI lethality has yet to be
reported, although evidence in cell lines shows a delay in death
of takl ™~ cells in the ripk3~'~ background [58].

Ablation of TNFR1 signaling in fakl ™'~ animals delays
lethality by 2 days, unlike the 6 days delay observed when
TNEFRI is ablated in casp8~~ or hoip™'~ (a component of
the linear ubiquitin chain assembly complex, LUBAC)
mice (discussed below), which could point to additional
roles for TAK1 in development (Fig. 2b) [37, 59, 60]. It is
conceivable that TGFp signaling (which activates TAK1),
rather than necroptosis, might be responsible for embryonic
lethality in the takl = embryos, as other knockouts in the
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TGF pathway have E10.5 lethality and defects in vascular
development [61]. Interestingly, mice deficient in other
components of the TNFR/NF-«B signaling pathway such
as IKKP and RelA, die around E14 with defects in the liver
[62, 63]; NEMO knockout mice also have a liver pathology
but die around E12.5 [64], and RIPK1 knockout mice die at
P1 [65] as discussed below (Fig. 2a). Collectively, this
suggests that a defect in NF-kB signaling is detrimental to
normal development, but may result in a different devel-
opmental phenotype compared with animals that die from
unregulated RIPK3 activity at E10.5.

E3 ligases at E10.5

Downstream of TNFR ligation with TNF, cIAP1 and 2 are
important for the ubiquitylation of components of the
TNFRI receptor C1 (Fig. 1) [66]. Unlike ablation of either
cIAP1 or cIAP2 alone, which leads to viable mice, deletion
of both genes yields embryonic lethality at E10.5 with
pathologies similar to those observed in the casp8~'~ and
fadd™"~ embryos (Fig. 2a, b) [67]. Deletion of HOIP also
leads to embryonic lethality at E10.5 with defects in the
endothelium and a similar phenotype (Fig. 2a) [59]. These
results implicate cIAP1, cIAP2, and HOIP (and by exten-
sion LUBAC) as regulators of necroptosis [68]. Consistent
with this hypothesis, endothelial deletion of HOIP results
in mice that mimic the endothelial loss of caspase-8 [32,
59]. In the absence of cIAP1/2 or HOIP, it is possible that
RIPK1 can no longer be properly ubiquitylated in C1, thus
potentially allowing for its disassociation with C1 and
association with FADD in C2a or RIPK3 in C2b and the
subsequent formation of the necrosome. Conversely, pre-
venting changes in RIPK1 ubiquitylation might lead to
inhibition of necroptosis by preventing RIPK1 from leav-
ing C1. Consistent with this hypothesis, mice deficient in
A20 (a ubiquitin editor) [69] or CYLD (a deubiquitylase
implicated in RIPK1 deubiquitylation) [70] are viable,
although a20™'~ mice die early in adulthood from multi-
organ inflammation and cyld”’~ animals display an
increase in inflammatory infiltrates with age [71]. The
defects observed in both of these mice likely result from a
failure to terminate NF-xB signaling, a predicted conse-
quence of prolonged presence of RIPKI in C1 [72].
Whether deletion of either A20 or CYLD delays lethality in
casp8~"", fadd™"", or cflar™’" mice is currently unknown.

A plethora of pathways?
The complex regulation of RIPK3-mediated necroptosis is

not yet fully understood. Numerous other genetically
modified animals die around E10.5 with phenotypes that
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mimic those seen in mice prone to RIPK3-dependent
embryonic lethality. It is tempting to speculate that these
mice provide evidence for novel signaling pathways that
mediate necroptosis. FOXO1-deficient mice die at Ell
with vascular effects that are phenocopied by the condi-
tional loss of FOXOI1 in endothelia [73, 74]. Perhaps
FOXO1 could be an important transcription factor for the
components that control the necroptosis pathway. Similar
phenotypes are seen in animals deficient for Notch sig-
naling (such as Jagged 1 germline knockouts [75] and
Snaill endothelial specific knockouts [76]), suggesting a
possible role for these signals in limiting necroptosis. Mice
with deletions in genes that affect different biological
functions such as methylation (Jmjd5 knockout [77]),
altered signal transduction (RapGEF2 knockout [78]), or
nucleic acid sensing (Npm1 knockout [79]) also show early
embryonic lethality with vascular defects. Investigating the
role of these pathways in regulating necroptosis, formally
tested by eliminating RIPK3 or MLKL, would resolve
these possibilities.

A novel developmental checkpoint: E16.5

The molecular details of how TNF activates necroptosis
have been well described in vitro. What is the genetic
evidence that supports the role for TNF engaging necrop-
tosis in vivo? Recent work has demonstrated that
elimination of TNFR1 from casp8 ™", fadd™"~, or cflar™"~
embryos delays embryonic lethality from 10.5 until E16.5
(Fig. 2b) [37]. In each of these cases, the yolk sac vascu-
lature appears intact, and examination of these embryos did
not lead to an obvious cause of death. Similarly, removal of
TNFR1 from hoip-deficient animals also delayed lethality
to this later E16.5 checkpoint, with complete recovery of
vascular development (Fig. 2b) [59]. In contrast to
hoip™ =, mfr1™'~ embryos, hoip™'",tnf”'~ embryos have
vascular defects, leading to lethality at E12.5 [59]. These
results suggest that in addition to TNF, lymphotoxin, which
also engages TNFR1, might also play a role in death sig-
naling at E10.5, a hypothesis that has not been directly
examined in either the hoip™'~ or casp8~’~ contexts [37,
59]. While casp8™~ embryos are rescued to adulthood by
ablation of ripk3™'~, formal demonstration that hoip ™'~
animals die from unregulated RIPK3 or necroptosis
remains elusive, since no hoip™'~, ripk3~'~ or hoip™'~,
mlkl™'~ mice have been reported [31, 33, 59].

Since both HOIP and cIAPs are proposed to ubiquitylate
RIPK1, it seems strange that there is a partial rescue of
lethality in both casp8™~ and hoip™’~ embryos to E16.5
by TNFRI1 ablation, but c/API,cIAP2 double-deficient
mice crossed to the mfrl '~ background are rescued to
birth (Fig. 2b, ¢) [67]. Even more surprising is that the loss

of ripkl™= or ripk3™'~ bypasses the E10.5 lethality of
cIAPI,cIAP2 double-deficient mice leading to E12.5 and
E16.5 lethality, respectively (Fig. 2c) [67]. This suggests
that a combination of necroptosis and apoptosis mediates
lethality in many of these genetic mouse models, thus
further confounding the analysis of necroptosis signaling in
development.

The cause of death in animals that die at the E16.5
checkpoint remains unclear. Hoip™'~, mfrl™'~ mice dis-
play severe heart defects with chamber dilation and blood
vessel dilation throughout the heart and other organs, yet
similar defects were not seen in the casp8 ", mfrl™'~
mice [37, 59]. Some insight can be gained by histological
examination of cﬂar_/ -, rika_/ -, mfrl = animals, as
histological analysis revealed that liver and spleen from
these mice undergo apoptotic rather than necroptotic death
(Dillon, Green unpublished).

To date, it remains unclear which signals might drive
activation of necroptosis at the E16.5 checkpoint. How-
ever, it is tempting to speculate that this signaling may
occur through another TNFR superfamily member. While
signaling through both CD95 and TRAIL has been impli-
cated in necroptotic cell death in vitro, neither has yet been
shown to be responsible for the embryonic death observed
at E16.5 [13, 80]. Additional experiments will be required
to delineate the developmental signals inducing necroptosis
at this point.

P1 checkpoint: dying at birth

RIPK1 is key in inducing cell death downstream of TNFR1
signaling through its inclusion in either C2a or C2b [16].
However, in response to direct activation of RIPK3 via
innate immune signals such as TRIF, RIPK1 appears to
inhibit rather than drive cell death (Fig. 1). Genetic
experiments described below provided support for this
initially counter-intuitive hypothesis.

Unlike the casp8~", fadd™"~, or cflar”’~ mice that die
at E10.5 or the ripk3- and mlki-deficient animals that reach
adulthood without a phenotype, the deletion of RIPKI1
leads to a surprising and novel phenotype, death at birth
(P1) [65]. Examination of ripkl ~/~ mice showed an
increase in cell death in both the thymus and adipose tis-
sues as well as widespread edema [65]. Given that RIPK1
plays an important role in TNF-induced NF-«xB signaling,
it was assumed that this phenotype was largely
attributable to these pro-survival functions of RIPK1 [65].
However, to address the possibility that cell death plays a
role in this postnatal lethality, three research groups elim-
inated both apoptosis and necroptosis from ripkl ™'~
embryos by deleting both caspase-8 (or FADD) and RIPK3
(Fig. 2¢) [37, 81, 82]. Elimination of both of these
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pathways led to an animal that survived into adulthood and
was grossly normal. However, ripkl™'~, casp8~'~ and
ripkl ™=, ripk3™'~ pups failed to reach weaning, with the
former dying at birth with the same kinetics as the ripkl '~
mouse, and the latter succumbing slowly over the first
week of life (Fig. 2b) [37, 81, 82]. From these data, it was
clear that postnatally RIPK1 inhibits both apoptotic and
necroptotic lethality triggered through both caspase-8 and
RIPK3, respectively.

Inhibition of necroptosis by RIPK1 was unexpected
since RIPK1 appears to be necessary for necroptotic death
at the E10.5 and E16.5 checkpoints, as demonstrated by the
delay of lethality of casp8~'~ mice to birth when crossed
onto the ripkl = background [37, 81, 82]. This observa-
tion is consistent with earlier reports that RIPK1 deficiency
allowed fadd_/ ~ animals to reach birth [83]. In contrast to
ripkl™'~ mice, mice expressing a kinase inactive version of
RIPK1 survive to adulthood, suggesting that kinase activity
of RIPK1 is dispensable for development, [53, 84]. The
kinase activity of RIPK1 is important for necroptosis
induced through TNFR1 [85], and therefore casp87/ ~or
fadd™"~ mice would be predicted to survive until birth
when crossed to mice expressing a kinase inactive version
of RIPK1, but this cross has yet to be reported.

At the P1 death checkpoint, ripkl ~“ripk3™'~ animals
appear to have increased apoptotic cell death in the
intestines [37, 82]. Mice with intestine-specific ablation of
caspase-8, FADD, or RIPKI, survive to birth, but they
succumb within the first month and display gross abnor-
malities of the gut epithelia, providing evidence that both
necroptosis and apoptosis are important mediators of cell
death in the gut [86—89]. Necroptosis may also play a role
in maintenance of the skin. RipkI ™', tnfr]™’~ mice dis-
played skin pathology and died on average by P14 [37].
RIPK3 can be activated in the absence of RIPK1 via TRIF
and interferons [37]. To test whether engagement of TRIF
and interferon signaling causes lethality in the ripkl ™",
mfrl™~ mice, ripkl ™", mfrl™'", trif '~ and ripkl™'",
tnfrl™'~, ifnar~’~ animals were examined [37]. Despite a
increase in median survival to reach weaning, the skin was
significantly affected in ripkl ==, mfrl™"~, trif '~ and
ripkl ™=, mfrl™'", ifnar™'" animals and these animals
displayed a loss of hair consistent with the phenotype seen
in skin specific deletion of caspase-8, FADD, or RIPK1
[86, 90-92].

It is formally possible that inflammation rather than cell
death per se causes the early lethality of ripkl ™'~ animals.
Ripkl™~ mice display systematic multi-organ inflamma-
tion and intestinal damage immediately at birth, which
appears to depend on MyD88 and TNFR signaling,
respectively [65, 82]. Ablation of neither MyD88 nor
TNFR is capable of extending the lifespan of ripkl ™'~
mice past weaning at P21, despite a reduction of
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inflammation in ripkl ™=, myd88~'~ mice and intestinal
cell death in ripkl™'~, mfr]~'~ animals [82]. Furthermore,
the original source of MyD88 or TNFR signals driving this
pathology is also unknown, and while it is tempting to
speculate that colonization by bacteria activates these sig-
naling pathways, raising ripkl '~ mice in abiotic
conditions had no effect on lifespan [82].

The genetic data reviewed here revealed an unexpected
role for RIPK1 in suppressing early postnatal lethality
caused by Caspase-8/FADD-mediated apoptosis and
RIPK3-mediated necroptosis, supporting a model in which
RIPK1 may alternatively activate or inhibit necroptosis
depending on different upstream activation signals.

Necroptosis in other organisms

The developmental biology of necroptosis has been well
described in mice, but whether the pathway is conserved in
other organisms besides humans is currently under study
[93]. Zebrafish have been used as a tractable alternative
genetic model to study development, including hemato-
poiesis [94]. Zebrafish appear to have an intact death
receptor-mediated apoptosis pathway, but knockdown of
FADD via morpholino oligomer did not alter development
[95]. Zebrafish also have multiple caspase-8 homologues,
which has complicated attempts to determine whether an
intact necroptosis pathway exists in this species [95].

While the necroptosis pathway has been well studied in
human cells, there are differences in the mechanisms of
necroptosis in humans versus mice. For instance, human
MLKL (hMLKL) is inhibited by the drug NSA, while
mMLKL is not [96], suggesting the molecular details of
MLKL activation differ between the species. Despite these
potential differences, it is possible that defects in regulation
of necroptosis affects human development, as one family of
presumably necroptosis prone humans with caspase-8
mutations has previously been identified [97]. These
patients show a T cell immunodeficiency that mimics what
is seen in mice with T cell-specific caspase-8 loss [97].
These patients might survive development because of
either maintenance of residual caspase-8 activity or
redundancy with other caspases, allowing for the inhibition
of RIPK3. Consistent with this hypothesis, humans have a
caspase-8 homologue, caspase-10, whose role in necrop-
tosis to date has not been well defined [98].

Future perspectives
In the last several years, genetic investigations have led to

important insights into the molecular mechanisms of
necroptosis. From the initial observation that casp8 ™'~
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mice are rescued by loss of RIPK3, a detailed under-
standing of the pathway has emerged. It has been become
increasingly apparent that all of the major components of
this pathway are involved in other important pathways
within the cell such as responding to DNA damage and
inflammatory cytokine production. Future work will
require dissecting these distinct roles. Analysis of the
developmental biology and physiology of animals with
mutations in the necroptosis pathway and its regulation will
continue to contribute to our evolving understanding.
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