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Thanks to the work of multiple
laboratories worldwide, the classical
dichotomy postulating that apoptosis
and necrosis would constitute dia-
metrically opposed cell death subrou-
tines has recently been dismissed [1].
Thus, approximately in the same year
when immunogenic instances of apop-
tosis were first characterized [2], the
traditional belief that necrosis would
represent a merely accidental, unregu-
lated cell death modality has been defi-
nitely abandoned [3]. This has fueled
an intense wave of research, advancing
our understanding of the molecular
mechanisms and pathophysiological
implications of regulated necrosis [4, 5].
The first and perhaps best-characterized
signaling cascade that leads to regu-
lated necrosis involves death receptor
signaling in the context of apoptosis
incompetence (e.g., due to chemical or
genetic inhibition of caspase-8), leading
to the activation of receptor-interacting
protein kinases 1 and 3 (RIP1 and RIP3)
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[5, 6]. The molecular mechanisms that
execute regulated necrosis downstream
of RIP1/RIP3 activation have not yet
been entirely elucidated, though it has
been suggested that RIP3 might trigger
a bioenergetic catastrophe by hyperac-
tivating several enzymes involved in
glycogenolysis and glutaminolysis [5].
Irrespective of these uncertainties, it is
now clear that the ligation of some death
receptors, in particular tumor necrosis
factor o (TNF) receptor 1 (TNFR), can
have at least three well distinct biologi-
cal outcomes: (i) activation of NF-kB-
dependent pro-survival signaling, (ii)
caspase-8 processing and execution of
extrinsic apoptosis, or (iii) activation of
the RIP1/RIP3 complex and induction of
regulated necrosis [5, 7]. The molecular
determinants that regulate this complex
signaling hub have only recently begun
to emerge. In a recent paper published
by Nature, Welz et al. demonstrate that
FADD, a death domain-containing cyto-
plasmic adaptor protein that is required
for the execution of extrinsic apoptosis
[8], operates as an endogenous inhibitor
of RIP3-mediated regulated necrosis in
the intestinal epithelium [9].

As Fadd”~ mice do not survive
beyond day 11.5 of embryogenesis [8,
10], to investigate the role of FADD
in the intestinal epithelium, Welz and
colleagues generated mice with an

intestinal epithelial cell (IEC)-specific
deletion of Fadd (which they dubbed
FADD™ X0 mice). FADD™¥° mice
were born normally but rapidly devel-
oped a severe and spontaneous intestinal
phenotype resulting in the death of ap-
proximately 50% of the animals before
weaning. Surviving animals displayed
reduced body weight, diarrhea, as well
as signs of severe colitis such as immune
cell infiltration of the intestinal mucosa
and local cytokine production. The im-
mune infiltrate included F4/80" and Gr-
1" myeloid cells as well as — especially
in older animals — B and T lymphocytes.
Still, diarrhea and colitis were observed
when FADD™X0 mice were crossed
with Ragl” mice, proving that B and
T cells are not essential for intestinal
inflammation in this model [9].

Driven by the fact that dying Fadd "
IECs failed to stain positively for cas-
pase-3 activation, exhibited ultrastruc-
tural signs of necrosis and expressed
higher levels of RIP3 than their wild-
type counterparts, Welz et al. decided
to introduce the IEC-specific deletion of
Fadd on genetic backgrounds deficient
for central modulators of regulated
necrosis including RIP3, TNF and the
deubiquitinating enzyme cylindromato-
sis (CYLD). The authors also reasoned
that the intestinal flora might have con-
tributed to the observed phenotype, and
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hence decided to test their observations
in the presence of wide-spectrum antibi-
otics, in germ-free animals and in mice
lacking MYDSS8, a critical mediator of
the innate immune response against
bacterial products such as lipopolysac-
charide (LPS) [9].

FADD" X%/ Ripk3~~ mice developed
normally and did not exhibit any signs
of colitis, suggesting that RIP3 is es-
sential for the death of Fadd”’ TECs and
the associated morbidity. Similar results
were obtained when FADD® KO mice
were crossed with mice whose IECs
express a catalytically inactive variant
of CYLD (CYLDA932™€ mice), with
Myd88~~ animals, or when FADD!®¢-K0
mice were grown in germ-free condi-
tions [9]. These observations suggest
that the colic phenotype of FADDCKO
mice results from a MYD88-mediated
signaling pathway that is ignited by
intestinal bacteria and executed by
RIP3. In line with this hypothesis,
wide-spectrum antibiotics largely ame-
liorated, though not entirely resolved,
colitis in FADD™X9 mijce, and when
germ-free FADD™*° mice were ex-
posed to conventional environmental
conditions, they rapidly developed
intestinal inflammation [9]. Notably,
FADD™ K0/ Tnf~ mice were partially
protected against the colic phenotype,
suggesting that intestinal bacteria might
activate RIP3 via TNFR, by eliciting
Toll-like receptor (TLR) signaling and
MYD88-dependent synthesis of TNF
(and other cytokines) in the context of
an autocrine/paracrine loop (Figure 1A).
These molecular cascades appear to be
specific for the model of necrotic colitis
elicited by the absence of FADD, as the
CYLDA932™¢ genetic background was
unable to rescue the colic phenotype of
NEMO™® O mice [9], which reportedly
depends on the activation of the apop-
totic machinery [11].

In addition to colitis (inflammation
of the colon), FADD' X% mice also
developed enteritis (inflammation of
the small intestine), featuring massive
necrotic death of IECs and granulo-

cytic infiltration [9]. However, whereas
Ripk3~~mice were protected from both
enteritis and colitis as induced by the
[EC-specific knockout of Fadd, enteritis
was virtually unaffected by the absence
of functional CYLD, MYD88 and TNF,

or germ-free conditions [9], implying
that another, perhaps cell type-specific,
mechanism must exist that accounts for
RIP3 activation in the small intestine of
FADD™“¥9mice (Figure 1B). Of note,
these animals exhibited a consistent
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Figure 1 Mechanisms of regulated necrosis in the intestine of FAD

D'E“*O mice.

(A) In the colon of mice bearing an intestinal epithelial cell (IEC)-specific dele-
tion of Fadd (FADD'™*° mice), the bacterial flora elicits Toll-like receptor (TLR)
signaling, resulting in the MYD88-dependent synthesis of pro-inflammatory
cytokines including tumor necrosis factor o (TNF), interleukin-18 (IL-1B) and IL-
6. These stimulate immune cell infiltration of the intestinal mucosa. Moreover,
by binding to TNF receptor 1 (TNFR) on the surface of IECs, TNF activates a
signaling pathway that involves the deubiquitinating enzyme cylindromatosis
(CYLD) and receptor-interacting protein kinases 1 and 3 (RIP1 and RIP3), re-
sulting in the necrotic death of IECs. Altogether, these molecular and cellular
cascades underlie the severe colic disease that characterizes FADD"™“*° mice.
(B) FADD"®*° mice also manifest the RIP3-dependent loss of IECs in the small
intestine and develop enteritis. However, this does not appear to be triggered
by the bacterial flora, nor to rely on MYD88-dependent gene transactivation.

Interestingly, the small intestine of FAD

DIECfKO

mice is characterized by a consis-

tent reduction in the Paneth cell compartment. This results in impaired secre-
tion of antimicrobials, in turn allowing for increased bacterial proliferation and (at
least theoretically) facilitating the development of the concomitant colic disease.
However, the molecular mechanisms that drive the activation of RIP3 in the

small intestine of FADD'=°*°

mice remain obscure. In IECs from wild-type (WT)

mice, FADD operates as an endogenous inhibitor of RIP3-driven regulated ne-
crosis, thus preventing both colitis and enteritis. LPS, lipopolysaccharide.

Cell Research | Vol 21 No 10 | October 2011



reduction in Paneth cells compared
to their wild-type littermates [9]. As
Paneth cells normally secrete a wide
array of antimicrobial peptides into the
intestinal lumen, their depletion might
facilitate the expansion of the intes-
tinal flora, possibly exacerbating the
colic (but not the enteric) phenotype of
FADD X0 mice. Consistent with this
notion, Welz et al. detected, in the ileum
of FADD'™¢KO mice, impaired expres-
sion of antimicrobial factors including
lysozyme, a-defensin 20, a-defensin-
related sequence 1 and angiogenin 1 [9].
As defects in the autophagic machinery
have been associated with notable ab-
normalities in granule exocytosis by
Paneth cells [12, 13], it is tempting to
speculate that the signaling pathways
leading to RIP3 activation in the small
intestine of FADD™ X% mice may be
linked to the autophagic machinery.
Future investigation is urgently awaited
to elucidate these aspects.

Irrespective of these unresolved is-
sues, Welz et al. identified FADD as
a critical inhibitor of RIP3-dependent
regulated necrosis in vivo. Together with
the fact that the knockout of two essen-
tial components of the core machinery
for extrinsic apoptosis, namely Fadd
and Casp8, is embryonic lethal unless
Ripkl and Ripk3, respectively, are de-
leted as well [14, 15], this work suggests
the existence of an intimate crosstalk
between cell death subroutines that is
critical for development as well as for
multiple pathophysiological conditions.
Nature has invented an elegant design to
ensure this crosstalk: while FADD is a
positive effector of apoptotic cell death
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initiated via the extrinsic pathway, it
exerts a negative, inhibitory function in
regulated necrosis mediated by RIP3.
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