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Abstract

As a catalytically inactive homolog of caspase-8, a proapoptotic initiator caspase, c-FLIP blocks
apoptosis by binding to and inhibiting caspase-8. The transcription factor nuclear factor xB (NF-
«B) plays a pivotal role in maintaining the homeostasis of the intestine and the liver by preventing
death receptor—induced apoptosis, and c-FLIP plays a role in the NF-xB—dependent protection of
cells from death receptor signaling. Because c-Flip—deficient mice die in utero, we generated
conditional c-Flip—deficient mice to investigate the contribution of c-FLIP to homeostasis of the
intestine and the liver at developmental and postnatal stages. Intestinal epithelial cell (IEC)- or
hepatocyte-specific deletion of c-Flip resulted in perinatal lethality as a result of the enhanced
apoptosis and programmed necrosis of the IECs and the hepatocytes. Deficiency in the gene
encoding tumor necrosis factor—a (TNF-a) receptor 1 (Tnfrl) partially rescued perinatal lethality
and the development of colitis in IEC-specific c-Flip—deficient mice but did not rescue perinatal
lethality in hepatocyte-specific c-Flip—deficient mice. Moreover, adult mice with interferon
(IFN)- inducible deficiency in c-Flip died from hepatitis soon after depletion of c-FLIP.
Pretreatment of IFN-inducible c-Flip—deficient mice with a mixture of neutralizing antibodies
against TNF-a, Fas ligand (FasL), and TNF-related apoptosis-inducing ligand (TRAIL) prevented
hepatitis. Together, these results suggest that c-FLIP controls the homeostasis of IECs and
hepatocytes by preventing cell death induced by TNF-a, FasL, and TRAIL.

INTRODUCTION

Apoptosis is a process of programmed cell death, and it is essential for development and
tissue homeostasis in multicellular organisms (1). Various stresses trigger the apoptotic
pathway through sequential activation of cysteine proteases called caspases. Death
receptors, such as tumor necrosis factor—-a (TNF-a) receptor 1 (TNFR1), Fas, and TNF-
related apoptosis-inducing ligand (TRAIL), initiate the apoptotic pathway through the
oligomerization of the adaptor molecule Fas-associated protein with death domain (FADD)
with the initiator caspase, caspase-8. Activated caspase-8 subsequently cleaves and activates
effector caspases, including caspase-3, —6, and =7, which results in the execution of
apoptosis. The apoptotic pathway is suppressed by the transcription factor nuclear factor xB
(NF-xB), which also controls various other responses, including immunoregulation and
organogenesis (2, 3). Moreover, previous studies have shown that NF-xB plays a pivotal
role in maintaining the homeostasis of the intestine and the liver by preventing death
receptor—induced apoptosis (4—7). NF-xB increases the expression of genes encoding
various anti-apoptotic and antioxidant proteins, such as cellular FADD-like interleukin-1p-
converting enzyme (FLICE) inhibitory protein (c-FLIP), Bcl-x,, Al (also known as Bfl-1), X
chromosome-linked inhibitor of apoptosis (XIAP), ferritin heavy chain, and manganese-
dependent superoxide dismutase (8, 9). Among these, c-FLIP is the most potent
antiapoptotic protein, and it binds directly to and inhibits caspase-8. In addition to increasing
the expression of c-FLIP (10), NF-xB maintains c-FLIP abundance by preventing its
proteasome-dependent degradation (11, 12).

Studies have revealed another type of programmed cell death, which is called programmed
necrosis or necroptosis (13, 14). The necroptotic pathway, which is triggered by TNF-a or
viral infection, largely depends on two related kinases, receptor-interacting serine-threonine
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kinase 1 (RIPK1) and RIPK3 (15-18). Whereas previous studies have shown that mice
deficient in Fadd, caspase-8, or c-Flip die at embryonic day 10.5 (E10.5) because of a
failure in yolk sac vascularization (19-22), mice lacking death receptors, such as Tnfrl- or
Fas -deficient mice, do not exhibit embryonic lethality (23, 24). Deletion of Ripk1 or Ripk3
rescues the embryonic lethal phenotype of Fadd - and caspase-8—deficient mice by
preventing necroptosis (25, 26). These results suggest that the FADD- and caspase-8—
dependent pathways block RIPK1- and RIPK3-dependent necroptosis during normal
development (13, 17, 27). On the other hand, another study showed that c-FLIP inhibits both
necroptosis and apoptosis in vitro (28). Consistent with this observation, compound deletion
of Ripk3 and Fadd, but not of Ripk3 or Fadd alone, is required to rescue the embryonic
lethality of c-Flip—deficient mice (29). Although several conditional c-Flip—deficient mice
have been reported (30-32), it is unclear whether c-FLIP controls homeostasis of intestinal
epithelial cells (IECs) or hepatocytes at both developmental and postnatal stages. Moreover,
it remains unsolved which signals induce apoptosis or necroptosis under c-Flip—deficient
conditions in vivo.

To address these issues, we generated conditional c-Flip—deficient mice. Whereas IEC- or
hepatocyte-specific c-Flip—deficient mice were born at the expected Mendelian ratios, they
died soon after birth by apoptosis and necroptosis. Moreover, inducible hepatocyte-specific
c-Flip—deficient mice died by severe hepatitis soon after depletion of c-FLIP in the
hepatocytes. Pretreatment of inducible hepatocyte-specific c-Flip—deficient mice with
combined neutralizing antibodies against TNF-a, Fas ligand (FasL), and TRAIL prevented
hepatitis after depletion of c-FLIP. Together, our data suggest that c-FLIP plays an essential
role in maintaining homeostasis of the intestine and the liver by preventing cell death
induced by TNF-a, FasL, and TRAIL.

Deletion of c-Flip in IECs results in perinatal lethality

To investigate a role for c-FLIP in controlling homeostasis of IECs, we generated IEC-
specific c-Flip—deficient mice by crossing c-Flip flox/flox (c-Flip™/F) mice with Villin-Cre
mice. Because expression of the transgenic Cre gene in Villin-Cre mice is driven by
regulatory sequences of the mouse Villin gene, Cre is efficiently expressed in immature and
differentiated epithelial cells of the small intestine and the colon (33). c-FlipF/F;Villin-Cre
mice were born at the expected Mendelian ratios; however, all c-FlipF/F;Villin-Cre mice
died within 1 day after birth (Table 1). We observed massive intestinal bleeding in c-
FlipF/F;Villin-Cre mice, and the intestines of c-FlipF/F;Villin-Cre mice were shorter than
those of control c-FlipF/F mice (Fig. 1A). Histological analysis showed that normal villi
completely disappeared and that the small intestines and the colon of c-Flip¥/F;Villin-Cre
mice were thicker than those of control mice (Fig. 1B and fig. S1). Large numbers of IECs
of c-FlipF/F;Villin-Cre mice displayed pyknotic nuclei and contained active caspase-3 (Fig.
1, B and C, and fig. S1). Moreover, typical apoptotic cells were already detected in the
intestines of c-FlipF/F;Villin-Cre mice at E18.5 (Fig. 1D), indicating that the apoptotic
process of IECs started in utero.
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Transmission electron microscopy (TEM) revealed that some IECs showed typical apoptotic
morphology, whereas others exhibited cytoplasmic vacuolization without apparent
chromatin condensation, suggesting that the 1ECs of c-FlipF/F;Villin-Cre mice died by both
apoptosis and necroptosis (Fig. 1E). To investigate the mechanism underlying the cell death
of IECs of c-FlipF/F;Villin-Cre mice, we investigated the expression of genes encoding
death ligands. The amounts of 116, Tnf, and Fasl, but not Trail, mMRNAs were increased in
the small intestines of c-Flip™/F;Villin-Cre mice at postnatal day 0 (P0) compared to those of
c-Flip¥/F mice (Fig. 1F), prompting us to test whether TNF-a might be responsible for the
death of IECs. Crossing of c-FlipF/F;Villin-Cre mice with Tnfr1 ™/~ mice partially rescued
the perinatal lethality of c-FlipF/F;Villin-Cre mice (table S1). Furthermore, a few c-
Flip¥/F;Villin-Cre:Tnfr1*/~ mice that survived longer than 5 months did not develop colitis
(fig. S2), suggesting that TNFR1-dependent signaling was involved in the development of
colitis in c-Flip¥/F;Villin-Cre mice. Together, these data suggest that c-FLIP plays an
indispensable role in preventing IECs from apoptosis and necroptosis.

Deletion of c-Flip in hepatocytes results in perinatal lethality

A previous study reported the phenotype of hepatocyte-specific c-Flip— deficient mice that
were generated by crossing c-Flip™/F mice with Albumin-Cre mice (32). Consistent with
this study, we found that c-Flip™F;Alb-Cre mice developed normally (Fig. 2A) and that
their hepatocytes and livers were not completely devoid of c-FLIP protein (Fig. 2B), but that
they showed an increase in susceptibility to hepatitis induced by anti-Fas antibody and
concanavalin A (Fig. 2, C to F, and fig. S3). That c-FLIP protein was not completely absent
in hepatocytes as well as in the livers of c-FlipF/F;Alb-Cre mice (Fig. 2B) prompted us to
hypothesize that the relatively mild phenotype of c-FlipF/F;Alb-Cre mice compared to that
of c-FlipF/F;Villin-Cre mice might be due to the incomplete depletion of c-FLIP protein in
hepatocytes.

To achieve complete depletion of c-FLIP protein in hepatocytes, we crossed c-FlipF/F mice
with a-fetoprotein (Alfp)—Cre mice, in which the expression of Cre is under the control of
the Albumin promoter and an Alfp enhancer (34). All c-FlipF/F; Alfp-Cre mice were born at
the expected Mendelian ratios, but, to our surprise, the mice died within 2 days after birth
(table S2). Therefore, we analyzed c-Flip¥/F;Alfp-Cre mice at PO and P1. We found that c-
FLIP was completely absent from the livers of c-Flip¥/F;Alfp-Cre mice (Fig. 3A).
Hepatocytes from c-Flip™/F; Alfp-Cre mice at P1 exhibited prominent cytoplasmic
vacuolization (Fig. 3B). Large numbers of active caspase-3—positive cells were detected in
the livers of c-Flip¥/F;Alfp-Cre mice at P1 but not at PO (Fig. 3C). Consistently, caspase-3
activities were substantially increased, and the cleaved form of caspase-3 was detected in
liver extracts from c-FlipF/F;Alfp-Cre mice (Fig. 3, D and E). TEM revealed that some
hepatocytes of c-FlipF/F;Alfp-Cre mice exhibited chromatin condensation (Fig. 3F).
Notably, other hepatocytes showed severe cytoplasmic vacuolic changes that were
characterized by distention of the endoplasmic reticulum and mitochondria without
chromatin condensation (Fig. 3F), suggesting that the hepatocytes of c-Flip™F;Alfp-Cre
mice died by apoptosis and necroptosis. Together, these data suggest that c-FLIP plays a
crucial role in the postnatal survival of hepatocytes by preventing apoptosis and necroptosis.
As opposed to the intestine, Tnfrl deficiency did not rescue the perinatal lethality of c-
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FlipF/F; Alfp-Cre mice, although the amount of Tnf mMRNA was increased in the livers of c-
FlipF/F;Alfp-Cre mice (Fig. 3G and table S3).

Interferon-inducible c-Flip—deficient mice develop fatal hepatitis after injection with

polyinosinic-polycytidylic acid
That complete depletion of c-FLIP protein in hepatocytes resulted in perinatal lethality
prevented analysis of c-FLIP function in the hepatocytes of adult mice. To circumvent this
problem, we generated interferon (IFN)- inducible c-Flip—deficient mice by crossing c-
FlipF/F mice with Mx1-Cre mice, in which the expression of Cre is induced by polyinosinic-
polycytidylic acid (poly I:C). c-FlipF/F;Mx1-Cre mice were born normally and did not show
any phenotype before injection with poly 1:C; however, c-FlipF/F;Mx1-Cre mice, but not
control c-FlipF/F mice, died within 72 hours of being injected with a single dose of poly I:C
(Fig. 4A). Serum alanine amino-transferase (ALT) concentrations were substantially
increased in c-Flip/F;Mx1-Cre mice compared to those in c-FlipFF mice 24 hours after
injection with poly 1:C (Fig. 4B), suggesting that c-FlipF/F; Mx1-Cre mice died from severe
hepatitis. The amount of c-FLIP protein in the livers of c-Flip™/F;Mx1-Cre mice, but not c-
FlipF/F mice, gradually decreased and became undetectable 36 hours after injection with
poly I:C (Fig. 4C). Many hepatocytes of c-FlipF/F;Mx1-Cre mice displayed pyknotic nuclei
and contained active caspase-3 and were positive for TUNEL [terminal deoxynucleotidyl
transferase (TdT)—mediated deoxyuridine triphosphate (dUTP) nick end labeling] staining
(Fig. 4, D to F). Caspase-3 activities were substantially increased, and the cleaved form of
caspase-3 was detectable in liver extracts from c-FlipF/F;Mx1-Cre mice (Fig. 4, G and H).
Moreover, TEM revealed that hepatocytes displayed chromatin condensation with severe
dilation of mitochondria (Fig. 41), suggesting that c-Flip—deficient hepatocytes died mostly
by apoptosis. One possible reason why IFN-inducible c-Flip— deficient hepatocytes
exhibited apoptosis, but not necroptosis, was that rapid and strong caspase activation
resulted in cleavage of RIPK1 (fig. S4), which would result in blockade of the RIPK1- and
RIPK3-dependent necroptosis pathway.

Because Mx1 promoter—dependent expression of Cre is induced in hematopoietic cells as
well as in hepatocytes upon exposure to poly I:C (35), the loss of c-FLIP protein in
hematopoietic cells might synergize with its absence in hepatocytes to induce cell death. To
test this possibility, we performed reciprocal bone marrow (BM) transfer experiments. c-
FlipF/F;Mx1-Cre mice reconstituted with wild-type bone marrow cells exhibited severe liver
injury, which was manifested by increased serum ALT concentrations after injection with
poly I:C (fig. S5A). Histological analysis showed that many hepatocytes died by apoptosis
in c-FlipF/F;Mx1-Cre mice reconstituted with wild-type BM cells (fig. S5, B and C).
Moreover, caspase-3 activities were markedly increased in liver extracts from c-
FlipF/F;Mx1-Cre mice reconstituted with wild-type BM cells (fig. S5D). These results
suggest that concomitant ablation of c-Flip in hematopoietic cells and hepatocytes did not
affect whether the hepatocytes died by apoptosis or necroptosis. As expected, transfer of
wild-type BM cells into c-FlipF/F mice did not result in hepatitis upon injection with poly
I:C (fig. S5, A to C). In reciprocal experiments, we transferred BM cells from c-Flip™F or c-
FlipF/F;Mx1-Cre mice into wild-type C57BL/6 mice. Serum ALT concentrations were not
different between c-Flip¥F BM-and c-FlipF/F;Mx1-Cre BM-reconstituted mice after poly
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I:C injection (fig. S5E). Similarly, hepatic injury was not induced in these reconstituted mice
(fig. S5F). Together, these results suggest that c-FLIP in hepatocytes, but not hematopoietic
cells, plays a crucial role in the protection of hepatocytes from apoptosis.

Development of hepatitis largely depends on TNF-a, TRAIL, and FasL in c-FlipF/F:Mx1-Cre

mice

Given that poly I:C alone resulted in severe hepatitis and depletion of c-FLIP protein in
hepatocytes (Fig. 4), one might speculate that some death ligands were induced by poly I:C
and mediated apoptosis of hepatocytes under c-FLIP—deficient conditions. TRAIL, FasL,
and TNF-a induce hepatotoxicity under certain experimental conditions (36). We found that
poly I:C substantially increased the expression of the genes encoding these ligands in the
livers of wild-type mice (Fig. 5A). Pretreatment of c-FlipF/F;Mx1-Cre mice with mixtures of
three neutralizing antibodies against these ligands substantially prevented poly 1:C~induced
increases in serum ALT concentrations, the extent of apoptosis of hepatocytes, and the
activation of caspase-3 (Fig. 5, B to F). However, injection of anti-TNF-a, anti-FasL, or
anti-TRAIL antibody alone or in pairwise combinations was not sufficient to prevent
hepatitis in c-FlipF/F;Mx1-Cre mice (Fig. 5G). These results suggest that apoptosis of
hepatocytes was largely mediated by the death ligands TNF-a, FasL, and TRAIL.

Death ligands produced by Kupffer cells upon exposure to poly I:C may be responsible for
hepatotoxicity

Finally, we investigated which cells in the liver exhibited cytotoxicity against hepatocytes
under c-Flip—deficient conditions. Previous studies have shown that natural killer (NK) cells
and Kupffer cells produce death ligands, such as TRAIL and FasL, and exhibit cytotoxicity
against hepatocytes under various conditions (37, 38). We first verified that the
administration of clodronate liposomes and anti—asialo GM1 (ASGM1) antibody completely
depleted Kupffer cells and NK cells, respectively, from the liver (fig. S6, A and B).
Depletion of Kupffer cells by clodronate liposomes, but not of NK cells by anti-ASGM1
antibody, completely prevented the development of hepatitis and markedly decreased the
amounts of Tnf and Fasl mMRNAs in the livers of c-FlipF/F;Mx1-Cre mice upon injection
with poly I:C (Figs. 5A and 6, A to E). That the amount of Trail mMRNA in the livers was not
decreased by administration of either clodronate liposomes or anti-ASGM1 antibody (Fig.
6F) suggested that both Kupffer cells and NK cells might be cellular sources of TRAIL in
the livers after injection with poly I:C. To our surprise, poly I:C failed to ablate c-FLIP
protein in the livers when Kupffer cells were depleted with clodronate liposomes (fig. S7A).
Poly I:C increased the amount of Ifnb1 mRNA, and depletion of Kupffer cells substantially
blocked the poly I:C—induced increase in the amount of Ifnb1 mRNA in the livers (fig. S7, B
and C). One might surmise that the depletion of Kupffer cells might block IFN production,
thereby inhibiting poly I:C—induced deletion of c-Flip. Therefore, we could not formally
determine which cells were primarily responsible for poly I:C—induced cytotoxicity against
hepatocytes. Nevertheless, our results suggest that c-FLIP plays a crucial role in the
protection of hepatocytes from cell death triggered by TNF-a, FasL, and TRAIL that are
released from or are present on Kupffer cells upon exposure to poly I:C.
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DISCUSSION

Here, we showed that c-FLIP plays an essential role in maintaining homeostasis of the
intestine and the liver by preventing apoptosis and necroptosis. Moreover, blockade of all
signals triggered by TNF-a, FasL, and TRAIL was crucial for preventing the death of
hepatocytes under c-Flip—deficient conditions. Whereas NF-xB prevents apoptosis by
increasing the expression of genes encoding various antiapoptotic proteins, c-FLIP plays a
dominant role in the protection of cells from apoptosis and necroptosis triggered by these
death ligands.

Although c-FLIP is involved in the suppression of apoptosis, a study showed that a long
form of c-FLIP blocks both caspase-8—dependent apoptosis and RIPK3-dependent
necroptosis in vitro (28). Moreover, another study revealed that the embryonic lethal
phenotype of germline c-Flip—deficient mice is rescued when mice are crossed with
caspase-8 and Ripk3 double-deficient mice. However, these studies did not elucidate the
mechanisms or signals that induced apoptosis or necroptosis under c-FLIP-deficient
conditions in vivo. In this respect, our study has revealed that blockade of three death
ligands—TNF-a, FasL, and TRAIL—might be sufficient to prevent the death of hepatocytes
under c-FLIP—deficient conditions.

More than half of IEC-specific Fadd — or caspase-8—deficient mice grow normally but
spontaneously develop colitis (39, 40), whereas IEC-specific c-Flip—deficient mice exhibited
perinatal lethality. Given that Fadd- and caspase-8—deficient IECs largely die by necroptosis
and that c-Flip—deficient IECs die by both apoptosis and necroptosis, concomitant induction
of apoptosis and necroptosis of IECs might result in a more severe and fatal colitis compared
to that caused by enhanced necroptosis of IECs alone. The perinatal lethal phenotype of
IEC-specific c-Flip—deficient mice is reminiscent of that of IEC-specific TGF B-activated
kinase 1 (Takl)-deficient mice (41). Given that c-Flip—deficient cells are highly susceptible
to TNF-a—induced apoptosis (42) and that the amount of Tnf mMRNA was substantially
increased in the intestines of c-FlipF/F;Villin-Cre mice compared to that in control mice at
PO, TNF-a might be one of the agents that induce the death of IECs. As expected, crossing
of c-FlipF/F;Villin-Cre mice with Tnfr1~/~mice, even under a Tnfr1*/~ genetic background,
partially rescued perinatal lethality and also prevented the development of colitis. However,
the rescue efficiency of crossing c-Flip™/F;Villin-Cre mice with Tnfr1 =/~ mice was very
low, suggesting that death ligands other than TNF-a, such as FasL or TRAIL, might be also
involved in the perinatal lethality of c-FlipF/F;Villin-Cre mice.

Accumulating studies have shown that commensal bacteria in the colon activate immune
cells through Toll-like receptor signaling that depends on the adaptor protein myeloid
differentiation marker 88 (MyD88), triggering the production of inflammatory cytokines,
such as TNF-q, that participate in the development of colitis (43, 44). Indeed, IEC-specific
deletion of Nemo, which encodes an essential regulatory component of the inhibitor of kB
(IxB) kinase complex, results in the development of colitis at 2 to 3 weeks after birth
because of the colonization of the gut by commensal bacteria (7). We hypothesize that the
intestinal epithelial barrier functions of c-Flip—deficient mice might be severely impaired
because of an increase in apoptosis of IECs; thus, the colonization of commensal bacteria
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might further exacerbate colitis when c-Flip™/F; Villin-Cre mice survive longer. However,
given that the apoptotic process of IECs of c-FlipF/F;Villin-Cre mice started in utero, we
would not expect the colonization of commensal bacteria to be responsible for the death of
c-Flip—deficient IECs in this context. Nevertheless, it would be intriguing to test whether
transfer of c-Flip™F;Villin-Cre mice into germ-free conditions might ameliorate the
apoptosis of IECs. Alternatively, during development, a few IECs might die and become
engulfed by phagocytes, which subsequently produce small amounts of TNF-a. Such
quantities of TNF-a might induce apoptosis of IECs of c-Flip—deficient mouse embryos
because they may have increased susceptibility to TNF-a—induced apoptosis.

Hepatocyte-specific deletion of various genes whose products are involved in NF-xB
activation, including Tak1, RelA, and Nemo, does not induce perinatal lethality, but it results
in liver dysfunction in adult mice (6, 45-47). In contrast, c-FlipF/F;Alfp-Cre mice died soon
after birth because of liver failure, suggesting that c-FLIP plays a dominant role in the
postnatal development and protection of hepatocytes from cell death compared to other
molecules regulated by NF-xB. Although the amounts of Tnf MRNA were not different
between c-FlipF/F;Alfp-Cre and control mice at the time of birth, the amount of Tnf MRNA
was increased in the livers of c-FlipF/F;Alfp-Cre mice at P1. It is reasonable to speculate that
the amount of Tnf MRNA might be increased by environmental stresses after birth and,
therefore, that TNF-a participates in the cell death of hepatocytes. However, in contrast to c-
FlipF/F;Villin-Cre mice, crossing of c-FlipF/F;Alfp-Cre mice with Tnfr1=/~ mice did not
rescue the perinatal lethal phenotype. This suggests that death ligands other than TNF-a
might play a dominant or redundant role in inducing cell death of hepatocytes immediately
after birth.

Hepatocyte-specific deletion of c-Flip in neonatal mice resulted in necroptosis and
apoptosis, whereas inducible deletion of c-Flip in hepatocytes in adult mice preferentially
induced apoptosis. Notably, in contrast to the livers of c-Flip¥/F;Alfp-Cre mice, the
hepatocytes of c-Flip™/F;Mx1-Cre mice exhibited strong caspase activation that was induced
after injection with poly I:C. Given that strong activation of the caspase-dependent pathway
might block RIPK1- and RIPK3-dependent necroptosis through caspase-8— dependent
degradation of RIPK1 (28), apoptosis might be preferentially induced in the hepatocytes of
c-FlipF/F:Mx1-Cre mice. Indeed, degradation of RIPK1 and the subsequent detection of
cleavage products were observed in the hepatocytes of poly I:C—treated c-Flip™/F;Mx1-Cre
mice but not in those of c-FlipF/F;Alfp-Cre mice. In contrast, weak activation of the caspase-
dependent pathway might not be sufficient to degrade and inactivate RIPK1; therefore,
necroptosis might be induced in the hepatocytes of c-FlipF/F;Alfp-Cre mice. However, we
cannot formally exclude the possibility that IFN-dependent signals triggered by poly I:.C
might promote apoptosis through an as yet unknown mechanism. Moreover, the
susceptibility of hepatocytes to necroptosis might be different between newborn and adult
mice. Further study will be required to address these issues. Given that both apoptosis and
necroptosis might be increased in cells lacking c-FLIP, targeting molecules involved in
necroptosis as well as apoptosis might provide promising candidates to treat various
pathological conditions in which the abundance of c-FLIP is decreased, including infections
with herpes simplex virus type 2 or HIV and type 2 diabetes mellitus (48-50).
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MATERIALS AND METHODS

Reagents and cell culture

Mice

Poly I:C (Invivogen), clodronate liposomes (http://Clodronateliposomes.org), concanavalin
A (Sigma-Aldrich), and Hoechst 33258 (Molecular Probes) were purchased from the
indicated sources. Clodronate was a gift of Roche Diagnostics GmbH. The following
antibodies were used in this study and were obtained from the indicated sources: anti—c-
FLIP (Dave-2, Alexis), anti—B-actin (622101, BioLegend), antitubulin (T5168, Sigma-
Aldrich), anti—caspase-3 (9662, Cell Signaling), anti—cleaved caspase-3 (9661, Cell
Signaling), anti-caspase-8 (1G12, Alexis), anti-CD3 (145-2C11), anti-NK1.1 (PK136), anti-
F4/80 (BMS8, Caltag), anti-ASGM1 (986-10001, WAKO Pure Chemicals), anti-Fas (Jo-2,
BD Biosciences), anti-FasL (MFL3 and MFL4), anti-TRAIL (N2B2), anti-TNF-a (MP6-
XT22), anti-RIPK1 (R41220, BD Biosciences), anti-RIPK3 (IMG-5523-2, IMGENEX), and
control rat immunoglobulins (IgGs, 14131, Sigma-Aldrich). Unless otherwise indicated,
antibodies were purchased from eBioscience. Alexa Fluor 594—conjugated donkey anti-
rabbit 1gG antibodies (A21207), Alexa Fluor 488—conjugated rabbit anti—fluorescein
isothiocyanate (FITC, A11090) antibodies, and streptavidin-conjugated Alexa Fluor 488
(S11223) were from Invitrogen.

c-FlipF/F mice were on a 129/B6 mixed background and were described previously (31). c-
FlipF/F mice on a C57BL/6 background that were back-crossed with C57BL/6 mice for nine
generations were used for some experiments. C57BL/6 (CD45.2%) mice and C57BL/6-SJL
(CD45.1%) mice were purchased from CLEA-Japan Inc. and SankyoLab, respectively.
Villin-Cre, Mx1-Cre, and Alb-Cre mice were purchased from The Jackson Laboratory. Alfp-
Cre mice were generated as described previously (34). To generate IEC-specific c-Flip—
deficient mice, c-FlipF/F mice were crossed with Villin-Cre mice to generate c-
FlipF/F;Villin-Cre mice. To generate hepatocyte-specific c-Flip—-deficient mice, c-FlipF/F
mice were crossed with Alfp-Cre or Alb-Cre mice to generate c-Flip™/F;Alfp-Cre mice and
c-FlipF/F; Alb-Cre mice, respectively. Depletion of c-FLIP protein in the livers and
hepatocytes was analyzed by Western blotting with anti—c-FLIP antibody. To generate
inducible c-Flip-deficient mice, c-FlipF/F mice were crossed with Mx1-Cre mice. For
deletion of c-Flip, 8- to 12-week-old c-FlipF/F;Mx1-Cre mice were injected with poly I:C
(15 mg/kg) once. In parallel experiments, the respective Cre-negative mice were injected
with poly I:C and used as control mice. All experiments were performed according to the
guidelines approved by the Institutional Animal experiments Committee of Juntendo
University School of Medicine.

Induction of hepatitis

c-FlipF/F and c-FlipF/F;Alb-Cre mice (8 to 12 weeks old) were injected intravenously with
antibody against Fas (0.1 mg/kg) or with concanavalin A (15 mg/kg). Sera were collected,
and the livers were removed at the indicated times after injection.
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In vivo administration of neutralizing antibodies

c-FlipF/F;Mx1-Cre mice were injected intraperitoneally with control rat 1gG, anti—-TNF-a,
anti-FasL, or anti-TRAIL antibodies (300 pg per mouse). These antibodies were produced
and purified in-house, except for control rat 1gG. Two hours after injection of these

antibodies, mice were subsequently challenged intraperitoneally with poly I:C (15 mg/kg).

Depletion of Kupffer cells or NK cells

c-Flip¥/F;Mx1-Cre or C57BL/6 mice were injected intraperitoneally with clodronate
liposomes (400 pl per mouse) or anti-ASGM1 antibody (200 pg per mouse). Two days after
injection, depletion of Kupffer cells and NK cells was verified by immunohistochemistry
and flow cytometry, respectively.

Western blotting

Liver tissues were homogenized with a polytron (KINEMATICA) or cells were lysed in
radioimmunoprecipitation assay buffer [50 mM tris-HCI (pH 8.0), 150 mM NaCl, 1%
NP-40, 0.5% deoxycholate, 0.1% SDS, 25 mM B-glycerophosphate, 1 mM sodium
orthovanadate, 1 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, aprotinin (1
pg/ml), and leupeptin (1 pg/ml)]. After centrifugation, liver extracts or cell lysates were
subjected to SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene difluoride membranes (Millipore). The membranes were analyzed with the
indicated antibodies. The membranes were developed with SuperSignal West Dura
Extended Duration Substrate (Thermo Scientific) and analyzed with LAS4000 (GE
Healthcare Life Sciences).

Histological, immunohistochemical, and immunofluorescence analyses

Intestines and livers were fixed in 10% formalin and embedded in paraffin blocks. Paraffin-
embedded intestine and liver sections were used for H&E staining. TUNEL staining was
performed with the In Situ Detection Kit (Roche Diagnostics). Briefly, frozen liver sections
were incubated with a TdT reaction mixture containing biotin-16—-dUTP and visualized with
Alexa Fluor 488—conjugated streptavidin. Frozen intestinal and liver sections were incubated
with anti—active caspase-3 or FITC-conjugated anti-F4/80 antibodies and visualized with
Alexa Fluor 594—conjugated donkey anti-rabbit 1gG and Alexa Fluor 488—conjugated rabbit
anti-FITC antibodies, respectively. Confocal microscopy was performed with FV1000
(Olympus). Pictures were analyzed with FV10-ASW software (Olympus).

TEM analysis

Anesthetized mice were fixed by intracardial perfusion with 2% glutaraldehyde and 2%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Slices of these fixed tissues were
postfixed with 2% OsQy, dehydrated in ethanol, and embedded in Epok 812 (Okenshoji
Co.). Ultrathin sections were cut with an ultramicrotome (ultracut N or UCB6, Leica), stained
with uranyl acetate and lead citrate, and examined with a Hitachi HT7700 or JEOL
JEM-1230 electron microscope.
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Analysis of caspase activity

Caspase-3 activity was measured by fluorometric assay as previously described (51). Liver
extracts were incubated with 20 uM Ac-DEVD-AMC, and the release of fluorescent 7-
amino-4-methylcoumarin was measured with a fluorometer (FlexStation 11, Molecular
Devices).

Reciprocal BM transplantations

BM cells from donor mice were prepared and depleted with anti-CD5 beads by autoMACS
(Miltenyi Biotec) according to the manufacturer’s instructions. After the depletion of mature
T cells, ~4 to 5 x 10% BM cells were transferred to donor mice that had previously been
exposed to lethal radiation (9 Gy). At 6 to 8 weeks after transfer, the peripheral blood was
collected, and the chimerism of BM cells was calculated by counting the numbers of
CD45.1- and CD45.2-positive cells by flow cytometry. Average chimerisms were about 85
to 98%.

Isolation of liver mononuclear cells

Preparation of mononuclear cells from the livers was performed as previously described
(52). Briefly, the livers were passed through a stainless steel mesh and suspended in PBS.
After being washed, cells were resuspended in 30% Percoll containing heparin (100 U/ml)
and were centrifuged at 840g for 15 min at room temperature. The pellet was resuspended in
RBC lysis solution [0.1 M tris-HCI (pH 7.3), 0.17 mM NH4CI, 0.01 mM EDTA] and then
washed twice in RPMI 1640 medium containing 10% fetal calf serum. Cells were then
stained with FITC-conjugated anti-CD3 antibody and phycoerythrin-conjugated anti-NK1.1
antibody and were analyzed on a FACSCalibur flow cytometer (BD Biosciences). Data were
processed with CellQuest software (BD Biosciences).

Measurement of serum ALT concentrations

Serum ALT concentrations were determined with an ALT assay kit (Kainos) according to
the manufacturer’s instructions. Briefly, diluted sera were incubated with ALT buffer at
37°C for 20 min. After incubation, ALT concentrations were calculated from a standard
curve derived from titrated concentrations of ALT.

gPCR assays

Total RNAs from the small intestines and the livers of mice at PO or P1 were extracted and
complementary DNAs (cDNAs) were synthesized with SuperScript Il (Invitrogen). gPCR
analysis was performed with a 7500 Real-Time PCR detection system with TagMan
Universal PCR Master Mix and Assays-on-Demand gene expression products of the target
genes together with an endogenous control [murine Gapdh (Mm 99999915 g1), Applied
Biosystems]. Primers specific for the following were used in this study: murine 116
(MmO00446190_m1), murine Tnf (Mm00443258_m1), murine Fasl (Mm00438864_m1),
murine Trail (Tnsf10: Mm0128606_m1), and murine Ifnb1 (Mm00439552_s1). The
expression of these genes was expressed relative to that of murine Gapdh with 7500 SDS
software (Applied Biosystems).

Sci Signal. Author manuscript; available in PMC 2015 June 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Piao et al. Page 12

Statistical analysis

Statistical analysis was performed by unpaired Student’s t test, Tukey’s one-way analysis of
variance (ANOVA) test, or the log-rank test, as appropriate. P < 0.05 was considered to be
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Deletion of c-Flip in IECs in mice results in perinatal lethality. (A) Macroscopy of the
intestines of c-FlipF/F and c-FlipF/F;Villin-Cre mice. Data are representative of four mice of
each genotype. The lower two intestines are from c-FlipF/F;Villin-Cre mice. (B)
Hematoxylin and eosin (H&E)-stained duodenal sections. Arrowheads indicate pyknotic
nuclei. Scale bars, 100 um. Images are representative of four mice of each genotype. (C)
Frozen duodenal sections from the indicated mice were stained with anti—active caspase-3
antibody (red) and nuclei were stained with Hoechst 33258 (blue). Lower panels show
merged images. Scale bars, 100 mm. Data are representative of four mice of each genotype.
(D) Apoptosis of IECs was detected in c-FlipF/F;Villin-Cre mice in utero. H&E-stained
intestinal sections of the indicated mice at E18.5 are shown. Arrowheads indicate pyknotic
nuclei. Scale bars, 100 mm. Images are representative of two mice of each genotype. (E)
Duodenums of the indicated mice were analyzed by TEM. Red arrows and arrowheads
indicate apoptotic cells and necrotic cells, respectively. An enlarged image of the black box
in the left lower panel is shown in the right lower panel. Scale bars, 2 mm. Images are
representative of two mice of each genotype. (F) The amounts of 116, Tnf, and Fasl mRNAs
are increased in the intestines of c-FlipF/F;Villin-Cre mice compared to those of c-FlipF/F
mice. RNAs were prepared and their relative amounts were quantified by quantitative
polymerase chain reaction (QPCR). Results are means £ SEM of nine mice of each
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genotype. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to control mice. Analysis was
performed with mice at PO except for those shown in (D).
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Fig. 2.
Susceptibility to anti-Fas antibody—induced apoptosis is increased in c-FlipF/F;Alb-Cre

mice. (A) Serum ALT concentrations. Sera were collected from c-FlipF/F and c-FlipF/F;Alb-
Cre mice of the indicated ages. Results are means + SEM of six to eight mice of each
genotype. (B) Analysis of c-FLIP protein in the liver (L), spleen (S), and hepatocytes.
Extracts of livers, spleens, and hepatocytes were prepared from 8-week-old c-Flip™/F and c-
Flip¥/F;Alb-Cre mice and were analyzed by Western blotting with antibodies against the
indicated proteins. Results are representative of three independent experiments. (C to F) c-
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FlipF/F mice (n = 8) and c-FlipF/F;Alb-Cre mice (n = 5) mice were injected with anti-Fas
antibody. Sera were collected, and mice were sacrificed 6 and 24 hours after injection. (C)
Serum ALT concentrations were determined. Results are means + SEM of five to eight mice
of each genotype. (D) H&E-stained liver sections 6 and 24 hours after injection with anti-
Fas antibody. Images are representative of five to eight mice of each genotype. Arrowheads
indicate pyknotic nuclei. (E) Liver sections frozen 6 hours after injection with anti-Fas
antibody were stained with anti—active caspase-3 antibody (red), and nuclei were stained
with Hoechst 33258 (blue). Lower panels show merged images. Images are representative of
two mice of each genotype. (F) Liver extracts harvested at the indicated times were analyzed
by Western blotting with antibodies specific for the indicated proteins. Data are
representative of three to four mice of each genotype. P and C indicate the proform and the
cleaved form of caspase-3, respectively. *P < 0.05; **P < 0.01; ns, not significant. Scale
bars, 100 pm.
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Fig. 3.

Dgletion of c-Flip in hepatocytes results in perinatal lethality. (A) Detection of c-FLIP
protein in the livers of the indicated mice. Liver extracts from the indicated mice at PO were
analyzed by Western blotting with antibodies specific for the indicated proteins. Results are
representative of three independent experiments. (B) H&E-stained liver sections from mice
at P1. Images are representative of five mice of each genotype. Scale bars, 100 um. (C)
Frozen liver sections at PO and P1 were stained with anti—active caspase-3 antibody (red),
and nuclei were stained with Hoechst 33258 (blue). Lower panels show merged images.
Scale bars, 100 pm. Images are representative of three mice of each genotype. (D) Caspase-3
activities in liver extracts taken from mice at PO and P1. Results are means = SEM of 3 to 4
mice for PO and of 11 to 15 mice for P1. **P < 0.01. (E) Liver extracts from the indicated
mice taken at P1 were analyzed by Western blotting with antibodies against the indicated
proteins. P and C indicate the proform and the cleaved form of caspase-3, respectively.
Results are representative of two independent experiments. (F) Livers were taken from the
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indicated mice at P1 and were analyzed by TEM. Images are representative of two mice of
each genotype. Red arrows and arrowheads indicate apoptotic nuclei and dilated
mitochondria, respectively. An enlarged image of the black box in the left lower panel is
shown in the right lower panel. Scale bars, 2 um. (G) The amounts of Tnf and 116, but not
Fasl or Trail, mRNAs are increased in the livers of c-Flip™/F;Alfp-Cre mice compared to
those in c-Flip™/F mice. The amounts of the indicated MRNASs in the livers at PO and P1
were quantified by gPCR. Results are means + SEM of six to eight mice. **P < 0.01; ns, not
significant.
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c-FlipF/F;Mx1-Cre mice develop fatal hepatitis after injection with poly I:C. c-Flip¥/F and c-
FlipF/F;Mx1-Cre mice were injected with poly I:C. Unless otherwise indicated, mice were
sacrificed 24 hours after injection. (A) Survival curves of the indicated number of mice of
each genotype. P values were calculated by the log-rank test. (B) Serum ALT
concentrations. Results are means + SEM from four mice of each genotype. ***P < 0.001.
(C) Kinetics of changes in c-FLIP protein abundance in livers after injection with poly I:C.
Liver extracts taken from mice at the indicated times were analyzed by Western blotting
with antibodies against the indicated proteins. (D) H&E-stained liver sections. Scale bars,
100 pm. Images are representative of 10 or 11 mice. (E and F) Frozen liver sections were
stained (E) with anti—active caspase-3 antibody (red, n = 4 mice) or (F) by the TUNEL
method (green, n = 2 mice). In each case, nuclei were stained with Hoechst 33258 (blue).
Lower panels show merged images. Scale bars, 100 um. (G) Caspase-3 activities in liver
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extracts. Results are means + SEM of four mice of each genotype. **P < 0.01. (H) Liver
extracts taken from c-FlipF/F and c-FlipF/F;Mx1-Cre mice at the indicated times were
treated with poly I:C and were analyzed by Western blotting with antibodies against the
indicated proteins. P and C indicate the proform and the cleaved form of caspase-3,
respectively. (1) TEM analysis of livers from the indicated mice after injection with poly
I:C. An enlarged image of the mitochondria is shown in the red box. Scale bars, 2 um.
Results are representative of two independent experiments for (B), (C), and (H).
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Fig. 5.
Development of hepatitis in c-Flip™/F;Mx1-Cre mice depends largely on TNF-a, TRAIL,

and FasL. (A) Poly I:C increases the amounts of Tnf, Fasl, and Trail mMRNAs in the liver.
C57BL/6 mice were injected with phosphate-buffered saline (PBS) or poly I:C. The amounts
of the indicated MRNAs in the livers were quantified by qPCR. Results are means + SEM of
five to six mice. (B to F) c-FlipF/F;Mx1-Cre mice were pretreated with control Ig (Control)
or a mixture of neutralizing antibodies against TNF-a, TRAIL, and FasL (TTF Abs), and
then injected with poly I:C. Sera were collected, and the livers were removed 24 to 26 hours
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after injection with poly I:C. (B) Serum ALT concentrations. Results are means + SEM of
five to six mice. (C) H&E-stained liver sections. Images are representative of five to six
mice under each condition. (D) Frozen liver sections were stained with anti—active caspase-3
antibody (red), and nuclei were stained with Hoechst 33258 (blue). Lower panels show
merged images. Images are representative of two mice from each condition. (E) Caspase-3
activities in liver extracts. Results are means + SEM of five to six mice from each condition.
(F) Liver extracts from mice treated with control antibody or TTF antibodies were analyzed
by Western blotting with antibodies against the indicated proteins. P and C indicate the
proform and the cleaved form of caspase-3, respectively. Results are representative of two
independent experiments. Scale bars, 100 pm. (G) c-FlipF/F;Mx1-Cre mice were pretreated
with control antibody or with antibodies against TNF-a, TRAIL, or FasL individually (left
panel) or in pairwise combinations (right panel), and then mice were injected with poly I:C.
Serum ALT concentrations were measured. Results are means £ SEM from six to eight
mice. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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Depletion of Kupffer cells, but not NK cells, prevents hepatitis in c-Flip™/F;Mx1-Cre mice.
c-FlipF/F;Mx1-Cre mice were left untreated or were treated with clodronate liposomes or
anti-ASGML1 antibody on day 0, and then mice were injected with poly I:C on day 2. Sera
were collected, and livers were removed 24 to 26 hours after poly I:C injection. (A) Serum
ALT concentrations were determined. Results are means £ SEM from four to five mice. (B)
H&E-stained liver sections. Images are representative of four to five mice under each
condition. Scale bars, 100 um. (C) Frozen liver sections were stained with anti—active
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caspase-3 (red), and nuclei were stained with Hoechst 3325 (blue). Lower panels show
merged images. Scale bars, 100 um. Images are representative of two mice from each
condition. (D) Caspase-3 activities in liver extracts. Results are means £ SEM from four to
five mice under each condition. (E) Liver extracts were analyzed by Western blotting. Blots
show lysates from two to three mice under each condition. P and C indicate the proform and
the cleaved form of caspase-3, respectively. Results are representative of two independent
experiments. (F) Depletion of Kupffer cells blocks poly I:C-induced increases in the
amounts of Tnf and Fasl mMRNAs. Relative amounts of the indicated mMRNAs in the livers
were quantified by gPCR. Results are means = SEM from four to five mice. *P < 0.05; **P
<0.01; ***P < 0.001; ns, not significant.
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